Hindawi

Geofluids

Volume 2019, Article ID 3191454, 20 pages
https://doi.org/10.1155/2019/3191454

Research Article

WILEY

Hindawi

Geothermal and Mineralogic Analysis of Hot Springs in the
Puracé-La Mina Sector in Cauca, Colombia

Darwin Augusto Torres-Ceron ,! Carlos Daniel Acosta-Medina,>

and Elisabeth Restrepo-Parra’

!Laboratorio de Fisica del Plasma, Universidad Nacional de Colombia, Manizales, Colombia
ZDepartamento de Matemdticas y Estadistica, Universidad Nacional de Colombia, Manizales, Colombia

Correspondence should be addressed to Darwin Augusto Torres-Ceron; dtorresce@unal.edu.co

Received 15 June 2018; Revised 13 September 2018; Accepted 8 November 2018; Published 27 February 2019

Guest Editor: Francesco Perri

Copyright © 2019 Darwin Augusto Torres-Ceron et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

Thermal waters are natural resources of great value to geothermal sciences, the tourism industry, and health. In this work,
geochemical classification of physicochemical results of 17 sources at the Puracé-La Mina (Cauca, Colombia) sector was
implemented in order to strengthen and determine their potential applications and enhance the continental tourism in
Colombia. The analyzed parameters were developed following the Standard Methods 22nd edition, at Universidad Nacional de
Colombia-Manizales. According to the results obtained by means of a geochemical classification, it was found that most of the
sources have a sulfated-acid nature which makes them heated vapor waters and volcanic waters. Likewise, it was observed that
all the sources are immature waters and still do not reach chemical equilibrium. On the other hand, mineralogical and chemical
characterization by means of XRD and XRF showed a high content of silica isomorphous minerals with a low concentration. In
addition, the presence of Fe,O, was observed, which is insoluble at pH > 5 and remains in the rock. Nevertheless, considering
that mine sources possess pH +2 and temperatures of 40°C, leaching is possible for iron justifying its presence in the water.
Instead, elements like Na*, K, Mg2+, and Ca?* have high mobility at the conditions of mine sources (low pH) as a consequence

of hydrolysis processes, which produce variations in water composition.

1. Introduction

Geothermal processes are directly related to the composition
of hot springs giving useful information about the compo-
nents that affect these hot springs and allowing the evaluation
of their applications [1], such as heating, medicinal applica-
tions, and bathing [2]. Hot springs can be located around
the world in different countries and regions. These different
locations make hot springs exhibit a great diversity of geo-
physical, geochemical, and biological properties depending
on the region and the origin of the waters. In this way, rock
and mineral chemistry is important in hot spring studies tak-
ing into account that information about water-rock interac-
tions can be obtained [3].

These differences make hot springs an interesting area of
research for specific biotechnological or ecological applica-
tions [4]. For this reason, several studies of hot springs placed

in different countries have been reported in the literature as it
is the case of Chabaane et al. [5] who developed a work that
attempted to enhance and optimize the potential exploitation
of the Hammam Sayala thermal spring in NW Tunisia. Using
several electrical techniques, new information of the hydro-
thermal system in this region was obtained helping to create
a therapeutic center for encouraging the regional thermal
tourism development [5]. Kikawada et al. [6] performed a
geothermometric study of hot spring waters in the Manza
area near the Kusatsu-Shirane volcano. These studies might
be meaningful for geochemical monitoring of active volca-
noes through the changes in the calculated equilibrium tem-
peratures of appropriate minerals for volcanic hot springs.
Apollaro et al. [7] carried out chemical and mineralogical
characterization studies in Calabria, south Italy, which were
aimed at evaluating the risks posed by pure amianthus (asbes-
tos) tremolit rocks found in Unidad Gimigliano-Monte


http://orcid.org/0000-0001-6672-9257
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/3191454

Reventino to human health. Results showed high contents of
Mn, V, and Cr and a minimal presence of Fe. Traces of Sr, Cu,
As, Pb, and Ba were also found in low concentrations. These
element contents are in accordance with reports in literature,
and some trace metals present in tremolit samples are highly
harmful for the human health.

Marini et al. [8] carried out a route model of a reaction
focused on simulating exchanges in the water-rock interac-
tion between rain water sediments and local currents during
the generation of Ca-HCOj waters. This model was made by
Marini and Ottonello [9] from data obtained in springs
located in Bisagno valley (Italy) in 1996. From these results,
the role that calcite plays can be highlighted, which absorbs
trace elements of Mn, Zn, Cd, and Co. This is due to the pre-
cipitation of calcite which is faster compared to the oxides
and hydroxides of clays. Al adsorption of these elements
from calcite can present a damper in the long term, which
can disturb other processes.

Several reports on hot spring studies in Latin America
have been found in Argentina, Brazil, and Mexico. Guido
and Campbell [10] developed a study of Jurassic hot spring
deposits of the Deseado Massif (Patagonia, Argentina),
where they conducted a detailed geological mapping and
sample analyses in five different sites that represented the
variety of hot spring deposits in the region. With the purpose
of observing the possibility of harvesting minerals from Rio
Grande (Brazil) volcanic rocks, Ramos et al. [11] carried
out studies in chemical and mineralogical characterization.
They found that the availability of P, K, and macronutrients
like Zn, Cu, Fe, and Mg, was evaluated by means of XRD,
XRF, and ICP-MS. On the other hand, a low concentration
of Al in aqueous media was evidenced, which is favorable
for plants due to the toxicity of this element at high concen-
trations. Prieto-Barajas et al. [4] explored the diversity of
bacterial culture communities residing in hot springs from
Arar6, México. They also analyzed the effect of seasonality
and related changes in physicochemical parameters of spring
waters. Physicochemical parameters, measured every season,
showed slight variations except for the temperature and arse-
nic concentration. Then, taking into account that each hot
spring has its own characteristics, there is a great interest in
performing studies of hot springs in Puracé-La Mina (Cauca,
Colombia) to identify their peculiarities.

With this objective in mind, Megyesi [12] reported stud-
ies regarding sulfur deposits in the Puracé sector in order to
corroborate that mineralization occurs in the porous rocks
of andesite and dacite tuffs through fractures impregnated
and filled with cold sulfur. On the other hand, in the INGEO-
MINAS (for its acronym in Spanish: Instituto Colombiano de
Geologia y Mineria) report, Garzén [13] reported studies of
geochemical analysis in the Puracé sector, including sources
in several sites like Piscina Tabio, La Mina, and Pilimbala,
among others and registered the type of water according to
the cations and anions. This study was performed around
20 years ago and, since then, the studied sources could have
been affected by several causes such as changes in the weather
and the influence of the inhabitants of this region, among
others. Consequently, it is necessary to updated these studies
and add other sources.

Geofluids

It is also of great importance to classify hot springs.
Thermal fluids, for instance, can be classified as primary
and secondary types. The primary thermal fluids are deep
deposits originating from magmatic waters that can undergo
changes during their rise to the surface. The secondary ther-
mal fluids are shallow fluids that generally come from the
primary fluids. Such fluids can be of several types, including
chlorinated, sulfated acid or carbonated fluids [14-18].
Mineral waters emerge to the surface in a natural way [19].
During the rise of the water to the surface, it undergoes com-
positional changes [17] due to cationic exchange processes,
hydrolysis [20], boiling, cooling, and leaching with rocks
[16,21]. The elemental and chemical compositions have been
studied by analyzing the mineralogy, finding the water alter-
ation, and observing rocks such as pyrite, elemental sulfur,
zeolites, and clays. Chlorite, among others, produces changes
in the fluids [16]. Although a classification was carried out to
some of these waters and sources, it is necessary to develop a
broad study of several characteristics that allows classifying a
great quantity of sources in this area in order to find more
suitable applications.

It is well known that territories like Puracé-La Mina can
have huge potential applications in tourism and sulfur and
other mineral harvesting. As a consequence, it is important
to consider all the variables in order to evaluate the possibil-
ities of industrial applications in this sector. One of these
variables is the quality of water and the presence of minerals
in rocks from a physicochemical analysis and mineralogical
characterization. The study was divided into three parts,
according to the location in the region of Cauca. In this
work, geochemical classifications of physicochemical results
are carried out in order to strengthen the mineralogical
characterization of thermal water in 17 sources of Puracé-La
Mina (Cauca, Colombia, South America) to acquire informa-
tion that contributes to enhancing the continental tourism
in Colombia.

2. General Geological Setting

Colombia is located in South America, between the Pacific
and Atlantic oceans. Colombia has a wide diversity of geo-
thermal systems (approximately 300) located in the zones
of Paipa, Azufral, Ruiz, Chiles, Cumbal, Galeras, Sotara,
Dofia Juana, Huila, and Puracé UPME (for its acronym in
Spanish: Unidad de Planeacién Minero Energética) [22, 23].
Puracé is located in the Andean Region of Colombia, south-
east of the city of Popayan, Department of Cauca, in the
Cordillera Central mountain range (Figure 1). According to
Simkin and Institution, the study area is close to the Puracé
volcano, which has presented volcanic activity in the last cen-
tury [24]. According to the reports by Sturchio et al. [25], a
detailed geological map of the area has not been made. How-
ever, Oppenheim [26] mentions that this volcanic area is a
dacitic shield and rises on a metamorphic basement from
2600 to 3800 meters above sea level, covered by a pyroclastic
lava andesitic cone [27].

The 17 sources included in this study are shown in
Figure 2. In this figure, the studied sites are described
according to the reports developed by INGEOMINAS as
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FIGURE 1: Colombian map and location of La Mina sector.

follows: COMI (upwellings in La Mina) (Figure 3(a)),
COPU (Pululé sector upwellings), COCI (natural waterfall
of Ichiago) (Figure 3(b)), COPT (natural upwelling of Puente
Tierra (Pilimbala), COTA (upwelling of Piscina Tabio),
COPV (water birth of Plan del Vinagre), COSA (waterfall
of San Antonio) (Figure 3(c)), and COGU (upwellings of
Guarquelld) [13]. Their respective classifications, georefer-
ences, and codifications are listed in Table 1.

3. Sampling and Analysis Methodology

3.1. Sampling. Twelve representative samples of surface
manifestations were collected on May 2017 from the geo-
thermal systems of the Puracé-La Mina sector (Table 1) for
the analysis of the physicochemical properties of interest.
The type of sampling performed was simple or timely. The
sampling was carried out in 10-liter containers, with 1-liter
graduations. The vessel was purged two or three times, and
it was then placed in the flow, measuring the time with a
timer. In this way, the parameter Q= V/t was obtained.
The flow, Q is given in L/s, where V and ¢ represent the vol-
ume and time, respectively. During the sampling, HNO, was

Map of the Agustin Codazzi Geographic Institute [54].

added until pH < 2 for hardness and metal analyses; pH,
temperature, and conductivity parameters were measured
for all samples. Titanium and ORP analysis was not carried
out in this study.

The seven representative solid samples of the sector were
taken on November 2017 in the sources P1-A, P1-B, P2-A,
P2-B, P3-A, P3-B, and P10-A for the XRD and XRF analyses.

3.2. Analysis Methodology

3.2.1. Physicochemical Characterization of the Sources. Phys-
icochemical characterization of the sources was carried out in
the Water Laboratory at Universidad Nacional de Colom-
bia-Manizales, based on Standard Methods 22nd edition
[28], and the laboratory is accredited by IDEAM (for its acro-
nym in Spanish: Instituto de Hidrologia, Meteorologia y
Estudios Ambientales) through the ISO standard 17025.
Some of the methods of analysis are described as follows:
The total hardness was determined by means of the 2340-C
EDTA method, with an aliquot of 15mL at a concentration
of 0.01 M of EDTA. Then, 2mL of ammoniacal buffer solu-
tion and 2 drops of eriochrome black indicator were added
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FIGURE 2: Location of the monitoring sites of the Puracé-La Mina sector and lithological section. Map of the Servicio Geol6gico Colombiano
[55]. Nppl (lavas of andesitic compositions), Qplv (ash flow reservoirs), Qfg (fluvioglacial deposits), Qsh (andesitic lava), Qrn (andesitic lava)

(Batolito Ibagué), and Pzmc (green and black shales).

(a)

(®)

(c)

F1GURE 3: (a) Upwelling of the mine placed at approximately 1700 m inside the sulfur mine, (b) waterfall of Ichiago, and (c) waterfall of

San Antonio.
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TasLE 1: Points of the Puracé-La Mina sector.
Code Cod. Source N w
P1 The mine upwelling 22122« 624’307
P2 Water jet of rock 2 mine ' ’
COMI P3 Outside of carpentry 221'06.8" 076°24'36.1"
P4 Water jet of soda mine 221'2.2" 26°24'32.7"
VAR AR
P5 Water jet of rock 1 mine
P6 Upwelling of soda water 221'22" 76724'32.7"
COPU
P7 Waterfall of Pulul6 village 223'42.5" 076°25'54.0"
COCI P8 Waterfall of Ichiago 2°23'38.5" 076725'23.7"
T P9 Intake tank of natural water of Puente Tierra 221'36.9" 07624'4.9"
COP
P10 Pool of Puente Tierra 2°21'46.6" 076724'12.0"
P11 Tabio, lateral upwelling of pool 223'7.1" 076725'49.5"
COTA
P12 Tabio, behind the pool 223'6.8" 076725'49.7"
COPV P13 Before the bridge of Rio Vinagre 2°22'55.4" 76°26'17.5"
COSA P14 Waterfall of San Antonio 2°230.6" 76°27'2"
P15 Upwelling of rock 1 in Guarquey6 223'26.3" 76726'21.0"
COGU P16 Upwelling of rock 2 in Guarquey6 223'26.8" 7626'24.6"
P17 Upwelling of rock 3 in Guarqueyd 2°23'26.8" 76°26'25.0"

*It is located inside the sulfur extraction mine about 1800 m from the entrance. In the interior, no coordinates were taken; then, the coordinates of the entrance
are recorded at a height of 3607 MAMSL (meters above mean sea level). Code, codification (Cod.), source, coordinates refer to 17 sources.

and, finally, it was labeled. The nitrates were determined by
means of the 4500-NO,-B method. The sample was filtered
and acidified with 1 mL of HCI, at a concentration of 1.0 M.
Afterwards, a calibration curve was obtained plotting the
absorbance as a function of the concentration with standards
prepared from a certificated NOj nitrate standard in a range
between 0 and 7 mg-N/L. Finally, the measurement was made
using a UV spectrophotometer (Perkin Elmer UV-Vis Spec-
trometer Lambda 20) with a lambda =220 nm. The (SO,)*~
ions were determined by means of the 4500 (504)2_—E
method with 20mL of buffer solution to a sample of
100 mL. Later, the sample was agitated, and afterwards, BaCl,
was added and the measurement was made using a turbidim-
eter. For the Cl ions, the 4500-CI-B method was used, where
a sample of 100 mL was taken. For those which were too col-
ored, 3mL of AI(OH), was added. Then, it was filtered, the
pH was fixed between 7 and 10, and finally, it was labeled
with AgNO,, using K,CrO, as an indicator. Atomic absorp-
tion by flame was employed for metal detection using the
iCE 3000 (Thermo Fisher Scientific) equipment; the limits
of detection are shown in Table 2. Turbidity was determined
by means of the 2130-B. A Metrohm Swiss-made device was
used for the pH-L measurements, pH=4. A Merck buffer
solution (citric acid/sodium hydroxide/hydrogen chloride)
and Merck pH =7 buffer solution (disodium hydrogen phos-
phate/potassium dihydrogen phosphate) were used. Metrohm
Swiss-quality titration equipment was used for the multip-
robe analysis, and the charge imbalance is carried out using
PHREEQC software.

TABLE 2: Atomic absorption by flame.

Metal Detection limit (ppm)
Fe 0.0043
Al 0.0280
Zn 0.0037
Na 0.0037
K 0.0009
Ca 0.0037
Mg 0.0022
Mn 0.0016

3.2.2. Mineralogical Characterization. The mineralogical
characterization was carried out in the GMAS™ Laboratory,
Bogota, Colombia. For the XRD and XRF analyses, the
samples were pulverized and sieved with 63 um nets at
an approximate weight of 2g.

The mineralogical composition and structural parame-
ters of the rocks were evaluated by XRD with an X-ray dif-
fractometer (Bruker D8 Advance-series I) that was operated
at 20kV and 30mA, with an X-ray source emitting CoK
(1.7890 A) radiation. The measuring range was from 5 to 70
with a scan speed of 0.3 s/step and a step size of 0.015; a nickel
filter was used. The analysis was carried out using the EVA
[29] and TOPAS software [30].

For the XRF measurements, the samples were dried at
105°C for 12 hours. Then, spectrometry wax (Merck) was
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TaBLE 3: Major element concentrations of the geothermal waters from the Puracé-La Mina sector, Cauca, Colombia. Units are in ppm, total
hardness (CaCo,), less than detection limit (<DL), not detectable (ND), and charge imbalance (CI).

Sample SO, Ccr Na K Ca Mg Fe Mn Al HCO;  CO% CaCo, F~ CI

P1 3242 949 405 72.5 367 286 64.6 8.3 79.4 0.0 0.0 1653 0.1 5:8
P2 3356 1056 348 132 178 240 76.4 11.0 113 0.0 0.0 1890 0.1 16:3
P3 3162 903 260 79.6 283 270 80.4 4.8 119 0.0 0.0 1593 0.1 9:5
P4 3633 1129 375 103 543 377 75.5 124 188 0.0 0.0 1930 0.1 5:8
P5 3809 1153 268 87.8 457 316 75.9 13.2 171 0.0 0.0 1930 0.1 8:3
P6 950 218 69.4 16.4 56.3 82.5 5.1 3.0 35.7 0.0 0.0 485 0.1 4:3
pP7 969 362 81.1 21.5 62.2 97.6 12.2 3.6 38.8 0.0 0.0 544 0.1 18:2
P8 36.4 1.3 2.3 1.8 3.6 1.9 <IDL <IDL IDL 15.2 0.0 19.8 0.0 39:8
P9 7.8 1.3 1.3 1.1 0.9 0.6 0.6 <IDL IDL 14.0 0.0 10.9 0.0 70:9
P10 156 36.4 18.9 4.8 34.5 133 <IDL 0.4 3.1 0.0 0.0 128 0.1 0:3
P11 964 355 110 25.7 74.0 85.2 22.0 3.4 37.4 0.0 0.0 702 0.1 13:6
P12 131 56.5 6.0 5.7 38.6 15.4 3.2 0.7 5.6 0.0 0.0 150 0.1 6:3
P13 117 76.5 23.3 8.1 14.0 26.1 1.8 1.3 15.7 0.0 0.0 178 0.1 16:9
P14 2058 462 128 36.1 104 90.5 92.1 4.6 51.6 0.0 0.0 830 0.1 29:2
P15 934 274 76.2 17.4 61.3 67.9 7.3 3.3 412 0.0 0.0 530 0.1 20:4
P16 907 266 70.8 18.8 62.3 81.2 6.7 32 40.0 0.0 0.0 470 0.1 16:4
P17 911 256 67.0 18.6 96.4 87.3 8.2 3.2 27.8 0.0 0.0 475 0.1 13:8

added in 10:1 ratio and the samples were homogenized by
means of a hydraulic press at 120kN for one minute until
pills of 337 mm diameter were obtained. The XRF semiquali-
tative analysis was done with the SemiQ 5 software, scanning
11 times with the purpose of detecting all the elements pres-
ent in the sample excluding H, C, Li, Be, B, N, and O, and the
transuranic elements.

4. Results

4.1. Physicochemical Analyses. The physicochemical compo-
sition of the 17 sources of the Puracé-La Mina sector are
shown in Tables 3 and 4. The sources present mostly acidic
pH, but ions of sulfates (up to 3809 ppm) and chlorides (up
to 1153 ppm) and a total hardness of up to 1930 ppm are
the most predominant. The concentrations of some metals
such as Zn and Cr are low or very low and were below the
limit of quantification. The sources exhibited maximum
and minimum temperatures of 48°C and 9.7°C, respectively.

Table 4 shows that pH values measured in the laboratory
were lower than those measured on the site, finding decre-
ments of 2.1 pH units for P8 and P9 sources and +0.3 pH
units for the other sources. This change is attributed to the
temperature variations due to transport from the sampling
site to the laboratory. As a consequence of this decrease of
temperature, a dissociation of (HSO,)*” ions [31] and sec-
ondary ion precipitation were produced [32].

The chemical classification of the 17 sources of the
Puracé-La Mina sector, based on the majority of the ions,
was represented by Piper (Figure 4) and Stiff diagrams
(Figure 5).

Table 5 shows that most of the waters are partially equil-
ibrated with 13 sources (76%), while 3 sources (18%) of

waters were magnesium type, and only one source (6%)
was calcium type. Likewise, in the classification of the anions
(Table 5), it was observed that 16 sources (94% of waters)
were of sulfated type and one source (6%) of partially bicar-
bonated type, corresponding to the natural water source.

The classification of the 17 sources analyzed in this work
was developed according to water type with the following
percentages: 4 sources (24%) of sodium chloride and potas-
sium, and sulfate magnesium; 6 sources (35%) of sodium
chloride and potassium sulfated magnesium; 2 sources
(12%) of sodium chloride and magnesium; 2 sources (12%)
of chloride and sulfated calcium, and one source (12%) of
mildly sulfated bicarbonate, chloride-type calcium, and sul-
fated magnesium, respectively.

Taking into account the previous classification, it was
observed that the majority of the waters in the Puracé-La
Mina sector are of sulfated nature. The sulfated water has
an acidic nature with a pH lower than 4. In the studied cases,
it was observed that most sources have a pH between 2.15
and 3.93, discarding the sources of COCI and COPT. These
waters would correspond to acidic waters heated with vapor,
which occurs after the boiling of the thermal waters.

le/(SO4)27correlation showed R?=0.98. This ratio of
salinity of the COMI source is relatively high in comparison
to other sources. Sources with lower salinity are Guarquell6
sources (P15, P16, and P17) that possess similar features
and moderate salinity. Finally, P8 and P9 are sources with
low salinity [33] as is shown in Figure 6(a). Likewise, ratios
of CI"/(SO 4)27 under 0.65 indicate that La Mina sector waters
are not developing during a long period of time and at a
depth enough to react with rock [34]. On the other hand,
considering the total ionic salinity [35, 36] (Figure 6(c)), the
following observations were made:
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TABLE 4: Major element concentrations of the geothermal waters from the Puracé-La Mina sector, Cauca, Colombia. Units are in ppm;
laboratory (pH-L), on site (pH-S), suspended solid totals (SST), conductivity (C) (in uS/cm), flow (F) (in L/s), dissolved oxygen (DO), not
detectable (ND), less than detection limit (<IDL).

Sample t (°C) pH-S pH-L F C SST Cr NO, NO, DO Si Zn
P1 47.0 2.21 1.99 22.4 9790 0.5 <IDL 0.3 ND 0.0 45.4 1.0
P2 48.0 2.14 1.89 22.3 11,230 5.0 <IDL 0.3 ND 0.0 48.9 1.2
P3 40.6 2.17 1.93 — 9780 4.0 <IDL 0.3 0.5 0.0 60.6 1.0
P4 40.0 227 1.92 0.15 11,650 22.0 <IDL 0.3 ND 0.0 53.7 1.2
P5 36.0 2.15 1.86 10.7 11,710 19.0 <IDL 0.5 0.1 0.0 50.4 1.2
P6 24.4 2.88 2.52 1.8 2660 5.5 <IDL 0.8 0.2 0.0 34.5 0.3
pP7 21.3 2.72 2.36 13.7 3160 4.5 <IDL 1.8 0.1 0.0 38.7 0.4
P8 15.3 8.08 5.98 98.3 50.3 1.5 <IDL 0.2 0.5 7.5 7.7 <IDL
P9 9.7 7.81 5.68 11.9 26.2 3.0 <IDL 0.1 1.2 55 IDL <IDL
P10 16.7 393 4.16 34 391 4.0 <IDL 0.1 ND 1.2 21.5 <IDL
P11 26.6 2.72 2.35 12.1 3900 2.0 <IDL 2.2 2.1 3.0 41.4 <IDL
P12 14.2 3.39 3.15 40.3 604 6.5 <IDL 0.3 ND 6.7 10.8 0.0
P13 16.7 3.70 3.40 3.3 755 2.5 <IDL 0.6 ND 0.0 27.5 0.1
P14 16.9 2.37 2.05 69.3 6490 8.5 <IDL 12.0 2.9 4.6 354 0.5
P15 21.7 2.77 2.54 0.1 3010 6.5 <IDL 1.0 0.3 0.0 38.0 0.3
P16 22.3 2.81 2.59 0.9 2710 1.5 <IDL 0.9 1.6 0.0 38.1 0.3
P17 22.0 2.81 2.57 0.7 2830 2.0 <IDL 0.9 ND 0.0 39.3 0.3
100

A COMI © COTA
® COPU @ COoPV
O cocl © COSA
@ COPT @ COGU

FIGURE 4: Piper diagram showing the hydrochemical compositions of some hot springs in the Puracé-La Mina sector.
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FIGURE 5: Representative Stiff diagrams of the sources of the Puracé-La Mina sector.

(1) For COMI sources, a TIS between 200 and 250 meq/L
is observed, which supposes that chemical features
were acquired to depth levels by means of
water-rock interaction with smooth rocks and dolo-
mite, although Na/K ratios do not exceed 10 equiva-
lent units

(2) For the case of other sources, their majority present
a TIS between 0 and 100meq/L, and Na/K ratios
are below the COMI ones and do not exceed 7
equivalent units. This low salinity indicates that
waters from these sources come from low-depth
wells and can be a product of a mixture of cold
and warm waters

The high correlation value R?* =0.83 between Cl/Ca®"
ions confirms the strong presence of chloride-calcium waters.
Similarly, high correlations were obtained for Cl7/Na,
CI'/K*, and ClI"/Mg*" with R*>=0.919, R*=0.917, and
R?=0.954, respectively, as shown in Figure 6(b). These
relationships indicate that soluble salts prevail in most of
the sources of the area and that Ca>* and Mg”" are causing
hardness in the samples [34, 37].

For the classification of hardness, the following parame-
ters were established by the World Health Organization
(WHO): soft type, 0-60; moderately hard, 61-120; hard,
121-180; and very hard, >180 ppm of CaCOj;, respectively.
Based on the results of Table 3, sources in the Puracé-La
Mina sector contain two soft-type sources, three hard-type
sources and, twelve very-hard-type sources. From this

classification, COMI sources stand out, which have values
between 1653.3 and 1930 ppm of CaCO;. According to
the literature, the mobile elements such as Na, K, Mg,
and Ca are the product of the lixiviation of clay minerals
such as rhyolites [16, 38], which may be responsible for
the high presence of these ions, in the sources in the
Puracé-La Mina sector.

4.2. CI', (S0, and (HCO,)” Giggenbach Diagram. In
Figure 7, all the samples were classified according to
the ternary diagram Cl —(SO,)* -(HCO,)” described by
Giggenbach in 1988 [39]. In this type of sources, HCI is
assumed to be derived from HCl of magmatic origin,
(80,)°” from the oxidation of magmatic SO,, and HCO,
from CO,. This anions are generally associated with the acid
immature waters of fluids originally magmatic [32, 40].
Most of the sources are sulfated-acid type as it is observed
in Figure 4 and Table 5. In Figure 7, the sources are grouped
in the volcanic origin sections, which are typical of volcanic
geothermal systems associated to volcanos. These sources
have low pH value, caused by the Cl™ and (SO,)* ions which,
in turn, form a HSO;/(SOP)*~ buffer. During the water-rock
interaction process, this system produces higher rock disso-
lution, generating higher conductivity [14, 41]. In the case
of the COMI sources (Figure 5(a)), higher metal concentra-
tions were observed, such as Fe and Si, which in turn produce
oxides such as SiO, (from minerals like cristobalite, quartz,
tridmite, among others) and Fe,O, (pyrite). Those minerals
have covalent bonds which are very difficult to break;



Geofluids

TaBLE 5: Chemical classification of waters of the Puracé-La Mina sector, according to cations, anions, and water type.

Sample Cations Anions Water type

. - Chlorinated sodium and calcium
P1 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Chlorinated sodium and calcium
P2 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Chlorinated sodium and calcium
P3 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Chlorinated sodium and calcium
P4 Partially equilibrated Sulfated type Sulfated sodium and potassium

. - Sodium chloride and potassium
P5 Partially equilibrated Sulfated type Sulfated magnesium
P6 Magnesium type Sulfated type Sodium chloride and magnesium
P7 Magnesium type Sulfated type Sodium chloride and magnesium
P8 Partially equilibrated Slightly sulfated Mildly sulfated
P9 Partially equilibrated Slightly bicarbonated Mildly bicarbonate
P10 Partially equilibrated Sulfated type Chloride and sulfated calcium

. - Sodium chloride and potassium
P11 Partially equilibrated Sulfated type Sulfated magnesium
P12 Calcium type Sulfated type Chloride and sulfated calcium

. Sodium chloride and potassium

P13 Magnesium type Sulfated type Sulfated magnesium

. s Sodium chloride and potassium
P14 Partially equilibrated Sulfated type Sulfated magnesium

. s Sodium chloride and potassium
P15 Partially equilibrated Sulfated type Sulfated magnesium

. - Sodium chloride and potassium
P16 Partially equilibrated Sulfated type Sulfated magnesium
P17 Partially equilibrated Sulfated type Chloride-type calcium and sulfated magnesium

however, since they are sulfated acid with pH < 2, they would
favor this dissolution and their high presence, as it is
observed in Tables 3 and 4.

On the other hand, the vapors of geothermal systems,
which flow through the fractures, heat the underground
waters. In this case, it is observed that the P8 (COCI) source
is located in heated vapor waters and, as a consequence, it has
low concentrations of (SO,)* as it is observed in Figure 5(b).
Finally, the P9 (COPT) source belongs to the peripheral
waters which are characterized for being waters that,
although they have interacted with the rocks, have not
reached the equilibrium with these rocks, and they are char-
acterized for having a low contribution of HCO; and a neu-
tral pH, as it is observed in Figure 5(c).

The HCOj and other ionic species originated from the
mixture between CO, and H,O. Based on the above, values
of 15.2 ppm and 14.0 ppm of HCOj for the P8 and P9 foun-
tains are observed in Table 3. This is because this species is
stable at pH between 5.5 and 8.0, and this is the reason why
only these two fountains present values of HCO;. In the
other fountains, values of 0.0 ppm of HCOj; are observed,
due to the high temperatures and to the fact that at pH
between 3 and 1, the formation of HCO; is inhibited [32].
However, some fountains like P10, P12, P13, and P14 present
temperatures below 20°C (Table 4).

4.3. Na*-K"-Mg** Diagram. This diagram allows establish-
ing a physicochemical equilibrium between the water-rock
interaction and temperatures of the geothermal reservoirs
[42], thus allowing the study of the maturity of the waters
by means of the principal cations Na -K*-Mg>" [39].

Figure 8 shows that all the sources tend to be close to
Mg**, which indicates that the upwellings of the Puracé-La
Mina sector are immature waters and that they have not
reached the chemical equilibrium. Likewise, Giggenbach
mentions that this type of waters is not suitable for evaluating
the temperature by means of the Na/K relationship [39]. This
indicates that these waters do not interact with the rocks for a
sufficient amount of time.

According to the K/Mg geothermometer [39] (equation
(1)), it is indicated that, for the sector of COMI and P14,
the temperature oscillates between 71.61 and 91.61°C.

. 4410
© 13.95-1log (K*/Mg)

~273.15. (1)

For subsequent studies, it is recommended to measure
the geothermal gradient in order to establish the depth of
the reservoir in such a way that more information can be
found about the recharge area and the main structures that
control the ascent to the surface, since some sources have
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FIGURE 9: Sample P1-A (a) XRD patterns and (b) rock sample of crystalline tuff.
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F1Gure 10: Sample P1-B (a) XRD patterns and (b) rock sample of crystalline tuff.

been little studied and this type of studies have not been
reported in the literature.

4.4. Mineralogical characterization. XRD results and the
analysis of the macroscopic description of the samples show
that the P1-A sample (Figures 9(a) and 9(b)) is a
dark-gray-colored rock with inlays of white minerals, white
subtranslucent, somewhat tabular, light yellow crystals, and
lithic black volcanic rock type (crystalline tuff). The P1-B
sample (Figures 10(a) and 10(b)) is volcanic ash composed
of silica with high sulfur mineralization of volcanic rock type
(crystalline tuff). The P2-A sample (Figures 11(a) and 11(b))

is a medium gray to dark-gray-colored rock with silica iso-
morphs such as cristobalite, tridymite, and sulfur of volcanic
rock type (crystalline tuff). The P2-B sample (Figures 12(a)
and 12(b)) is a volcanic rock (crystalline tuff) with white
and yellow crystals. The P3-A sample (Figures 13(a) and
13(b)) is a volcanic rock (crystalline tuff) with titanium min-
eralization (black). The P3-B sample (Figures 14(a) and
14(b)) is a volcanic rock (breccia). The P10-A sample
(Figures 15(a) and 15(b)) presents a variety of minerals such
as cristobalite, tridymite, and albite; the latter being the
one present at the highest proportion, and the rock type
is a crystalline weathered tu with iron oxides.
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FIGURE 12: Sample P2-B (a) XRD patterns and (b) rock sample of crystalline tuff.

In samples P1, P2, and P3, the presence of a TiO, anatase
phase is observed. Ramos et al. [43] relate Ti- and Fe-based
compounds with the titanomagnetite mineral whose Fe
leaching is not favored at pH above 5. However, in sources
P1, P2, and P3, with pH values under 2:21 and temperatures
0f 40°C (Table 4), iron leaching is favored as a consequence of
water-rock interaction, generating an increase in the TiO,
phase in the form of anatase and rutile.

Tables 8 and 7 show that the samples are mostly
composed of SiO,, Al,O;, and SO;. On the other hand,
Ti and Fe oxides are observed with concentrations lower

than 81 ppm in the P1, P2, and P3 fountains, and lower
than <IDL in P10. As mentioned earlier, Fe solubility is
subjected to temperature and mainly to the pH [43]. Tita-
nium analysis was not carried out in this study.

5. Discussion

5.1. Changes in pH and Error Charge Imbalance. Taking
into account that the zone of study considered in this
work (Puracé-La Mina) presents sources with pH between
2 and 4 for the majority of sources and (SO,)*” ion as the
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FIGURE 14: Sample P3-B (a) XRD patterns and (b) rock sample of crystalline tuff.

major component, error in charge imbalance can be attrib-
uted to the oxidation of compounds and elements as Fe,
H,S, and S,0;, and the degassing of CO, and the decre-
ment of temperature. In this case, it is important to con-
sider that during hydrolysis and oxidation reactions
processes, free H" ion can be considered as a main cation
with pH < 2.5. In order to verify the abovementioned
results, Nordstrom carried out a test related to how
(8203)2’ oxidation affected the water chemistry [44]. Dur-
ing this process, it was also observed how the oxidation
of thiosulfate would produce considerable amounts of
(80,)*” ion, which can result in an important imbalance
in ion balance. On the other hand, the increment in tem-
perature can cause a major difference in pH. Additional

Geofluids

to this, it is important to consider the next chemical reac-

tions [44, 45]:
HSO, < H' + 503"
Fe’* + %OZH* o Fe + %HZO
Fe** + H,0 & FeOH*" + H*
AP* + H,0 < Al(OH) gm
AIOH?* + H,0 < Al(OH) %H

0
Al(OH) % +H,0 < Al(OH) - H'

(PK = 1.98)
(PK =7.77)
(K, =2.19)
(K, = 6.93)
(pK, = 5.10)
(K, = 6.70)
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TABLE 6: Minerals in samples from the Puracé-La Mina sector.
Minerals Chemical formula P1-A P1-B P2-A P2-B P3-A P3-B P10-A
Cristobalite Sio, 48 45 69 43 58 62 —
Tridymite Sio, 32 16 27 32 — — —
Sulfur S 20 39 — 25 — — —
Pyrite Fe, O, — — 4 — — — —
Gypsum CaSO,*2H,0 — — — — 24 25 —
Anatase TiO, — — — — 18 13 —
Quartz Sio, — — — — — — 4
Halloysite Al,Si,05(0OH),*2H,0 — — — — — — 10
Koalinite AlLSi,05(OH), — — — — — — 27
Biotite K(Mg, Fe); AlSi;O,,(OH,F), — — — — — — 8
Albite NaAlSi,O — — — — — — 51

Finally, when pH < 3, ion H" percentage in meq
increases in a such a way that at pH < 2.2, it can represent
the 50% in moles of the total ions. In addition, this can
lead to an increment in (SO,)*” concentration approaching
the pure H,SO, line and Fe and Al ions are dominant.

Some sources were compared with more recent records
reported by INGEOMINAS in the case of the La Mina 1
source, and similar values are observed in pH (difference
of +0.2), concentration of (SO4)2’, ClI” with sources P1
and P2, with a difference of +140 ppm, and similarity in
the Piper and Stiff diagrams. The Guarquelld source pre-
sents similarity (Pipper and Stif diagrams) with the sources
P15, P16, and P17. However, an increase in the (SO4)2’ ions
is observed, which indicates that during the time elapsed
from the taking of the sample and the measurement in the
laboratory, there was an increase in the concentration of

(80,)*, thus generating an imbalance in the ion charge.
Finally, the sources P8 and P9 showed a charge imbalance
>20%, which was due to the addition among ions that was
less than 1.5 meq/L.

5.2. Thermal Water. The absorption of magmatic volatile
products that prevails in groundwater leads to the formation
of reactive substances. In the magmatic vapor phase, SO, is
one the main components that, when interacting with H,0O,
is transformed into H,S and (SO4)2_ (equation (3)). Then,
the oxidation of H,O to (SO,)*” by atmospheric CO, and
gas vapors present in the surface waters lead to the formation
of sulfated-acid waters with high concentrations of (SO,)*~
(equation (4)) [32] and CI” ions [16, 46]. Another issue to
take into account, concerning the high concentration of
(804)2_ ions in the Puracé-La Mina sector, is the closeness
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TaBLE 7: XRF analysis of La Mina samples (a) P1-A, (b) P1-B, and
(c) P2-A.

(a)

Element compound P1-A (%) wt
SiO, 56.15
SO, 41.30
Fe,0, 1.74
TiO, 0.42
Ba 0.11
AL O, 0.07
Cl 0.06
Ce 0.03
Na,O 0.02
MgO 0.02
CaO 0.02
Cr 0.02
Zr 82 ppm
K,O 81 ppm
MnO 70 ppm
P,04 51 ppm
Nb 48 ppm
Cu 40 ppm
Se 18 ppm
(b)
Element compound P1-B (%) wt
SO, 72.14
Sio, 26.47
Fe,0, 0.91
TiO, 0.33
Ba 0.07
AL O, 0.03
Cl 0.02
Ce 98 ppm
CaO 77 ppm
W 69 ppm
Zr 46 ppm
Bi 43 ppm
Pb 35 ppm
Cu 22 ppm
Se 20 ppm
Sr 15 ppm
Nb 10 ppm
(c)
Element compound P2-A (%) wt
SiO, 85.56
SO, 9.27
Fe,0, 3.50
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TaBLE 7: Continued.

Element compound P2-A (%) wt
TiO, 0.86
Ba 0.25
ALO, 0.22
Cl 0.08
MgO 0.05
Na,O 0.04
CaO 0.03
Cr 0.02
Zr 0.02
Nb 0.02
MnO 0.01
P,0, 0.01
K,0 0.01
Pb 80 ppm
Cu 51 ppm
Sr 29 ppm

of the thermal sources to the Puracé volcano, which has been
the source of S exploitation.

4802(111?) + 4H20(1) ad HZS(LIC) + 3HZSO4(QC) (3)

2—

HZS(uc) + 202(g) < 2H(+ac) + (504)(ac) (4)

Taking into account the high solubility of magmatic gases

like HCI and HF [47], it can be inferred, based on Table 3,

that there is a higher presence of magmatic gases of the
HCI type, since the amount of CI™ ions are high.

5.3. Minerals. Considering the results shown in Table 6, a
great variety of minerals composed of mainly Si, Fe, Ti,
Al, and S are observed. In this way, rocks exposed to water
can react under several agents being involved with physical
and chemical alterations due to water absorption and
resulting in the rupture of ionic bonds and hence in rock
expansion. Similarly, hydrolysis processes lead to transfor-
mations in rocks giving special characteristics to the water.
This is the reason why elements like Na, K, Mg, and Ca
exhibit high mobility and high concentration due to the
leaching of minerals as igneous rhyolite [16, 38]. An exam-
ple of water-rock interactions is expressed in the following
chemical reaction [48]:

drolysis
KAISi, 05 + H,0 2™ HAIS1,04 + K* + OH™  (5)

Some metals which can be considered as health haz-
ards are found in very low concentrations in both water
and rocks including Cr, Zn, Rb, Sr, Ba, Ce, and Se. Some
metals are not found in elementary form such as Cr. This
element is generally found in the form of chromite
(FeCr,0O,), in the oxidation state Cr®* (most toxic form),
and in crocoite (PbCrO,). At pH < 4, its dominant form
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TaBLE 8: XRF analysis of La Mina samples (a) P2-B, (b) P3-B, and
(c) P10-A.

(a)

Element compound P2-B (%) wt
Sio, 62.34
SO, 36.38
TiO, 0.63
ALO, 0.19
Fe,0; 0.16
Ba 0.09
Na,O 0.06
Cl 0.03
MgO 0.03
CaO 0.02
K,O 0.02
Ce 0.02
Cr 0.01
Zr 0.01
MnO 0.01
P,04 86 ppm
Nb 83 ppm
Sr 22 ppm
Se 13 ppm
(b)
Element compound P3-B (%) wt
Sio, 93.44
TiO, 3.05
ALO, 1.25
S0, 0.97
Fe,0, 0.66
Ba 0.23
CaO 0.08
K,O 0.07
MgO 0.06
PO, 0.06
Na,O 0.03
Zr 0.03
Ce 0.02
w 0.02
Cl 0.02
Cr 93 ppm
Pb 64 ppm
Sr 60 ppm
Nb 39 ppm
Cu 38 ppm
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(0)
Element compound P10-A (%) wt
Sio, 53.26
ALO, 35.34
Fe,0, 3.42
TiO, 221
Na,O 1.98
CaO 1.92
K,O 0.66
SO, 0.36
Ba 0.33
P,0, 0.21
MgO 0.10
Sr 0.06
\% 0.05
Zr 0.04
MnO 0.02
Cl 0.02
Cu 0.02
Zn 52 ppm
Nb 37 ppm
Rb 23 ppm

is Cr’* (its less contaminating form). This element gener-
ally forms complexes with ClI-, OH", F~, and (SO,)*".
However, the Cr concentration in waters was below IDL
(Table 4) [49].

For the sample P10-A, XRD results showed a high con-
centration of albite (Table 6). This mineral is mainly com-
posed of Na, Al Si, O, and traces of Ca. According to the
report of Apollaro et al. [50], albite presents high concentra-
tions of metal traces as Sr, Fe, Ba, and Rb, among others;
meanwhile, other elements are present in concentrations
lower than 10 ppm. In this manner, for the analyzed sam-
ples, these metal traces measured by XRF are present in
concentrations lower than those reported by Apollaro
(Table 8), except Fe, which is present in the form of oxide
(3.42%).

Only for a sample corresponding to the P2-A source
(Table 6) can the presence of pyrite (Fe,O;) be observed
as determined by XRD analysis, corresponding to the
results obtained from XRF analysis (Tables 7 and 8). On
the other hand, in other sources, there is a low percentage
of the (Fe,0;) phase, as shown in the XRF analysis. Nev-
ertheless, there is no evidence in the results of the XRD
analysis of this compound, being an indication that it
can be in a low concentration or in an amorphous phase.
Pyrite generally reacts with water and oxygen allowing the
formation of sulfates [51] as evidenced in the following
equation [52, 53]:

4FeS, + 150, + 2H,0 < 4Fe** +4(S0,)*"

. (6)
+4HSO; (pH = 2)
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The alteration of the minerals, considering the mobil-
ity when reacting with the reported water, would be
described as follows: Cl>SO,>Ca>Na>Mg>K>S§iO,>-
Fe,0;> ALO;. This would explain the high presence of
Cl™ and (SO,)*” ions in the fountains of the mine (P1, P2,
and P3). For example Cl~, which is in low concentrations
according to the XRF analysis, would have higher values in
the water analyses [49].

6. Conclusions

The physicochemical characteristics of 17 sources of the
Puracé-La Mina sector were analyzed by means of ternary
diagrams allowing their classification based on the most rep-
resentative ions. In this way, it was possible to classify the
sources, observing that most of the water analyzed is of sul-
fated chloride type. These results are consistent with the
interpretations of the Piper and Stiff diagrams since most of
the sources have an acidic pH due to the high concentrations
of (SO4)2’ and Cl ions.

The sources of the Puracé-La Mina are immature waters,
and they have not reached the chemical equilibrium yet. This
indicates that the sources have not interacted for a sufficient
time with the rocks, and the sources have a volcanic origin,
which is typical of volcanic geothermal systems associated
with volcanoes. The P8 source is placed in heated vapor water
with low thermal contributions, and the P9 source belongs to
peripheral waters with low thermal contribution.

The correlations of Cl vs Na, K, Mg, and Ca present values
of R*>0.82, indicating that the soluble salts prevail in the
sector and that chloride-calcium type waters also prevail.
The correlation of Cl vs SO, contains values of R*>0.98
, and the ratio of Cl/SO, is less than 0.65, indicating that
the waters of this sector do not interact with sufficiently
deep regions to react with the rocks, which is consistent
with the diagram of cations that show the immaturity of
the waters.

Taking into account the characteristics such as low pH,
temperatures ~ 30°C, high concentration of (SO4)2_, and the
geographical location near the Puracé volcano, in the La
Mina sector, the error in the charge balance of the sources
exceeding 10% is a product of the oxidation of compounds
such as Fe, H,S, and §,0;, the degassing of CO,, and the
decrease in temperature that generates an increase in H"
ions, which must be included as the main cation because,
according to [44], H" ions can represent up to 50% by mole
of total ions.

Chemical and mineralogical characterization showed the
presence of TiO, and Fe,Oj that can be associated to the tita-
nomagnetite phase which has no solubility at pH > 5. Never-
theless, some sources of the analyzed territory have pH values
in the order of 2 and temperatures of 40°C, which favor iron
leaching, justifying the presence of this metal in water for
these sources. In this way, the hydrolysis processes are
favored at low pH and high temperatures (>30°C), producing
transformations in rocks, and hence, elements like Na, K, Mg,
and Ca have high mobility and are present in high concentra-
tions in water.

Geofluids

The composition of minerals and lytic oxides of volcanic
type rock, crystalline tuff, and breccia are represented by the
presence of several isomorphous minerals of silica SiO, with
accessories like Ti, Zr, and Cr, which are at low concentra-
tions and are not that important to determine the name of
the rock.
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