UNIVERSIDAD DE JAEN

CENTRO DE ESTUDIOS AVANZADOS EN
CIENCIAS DE LA TIERRA, ENERGIA

Y MEDIO AMBIENTE

FACULTAD DE CIENCIAS EXPERIMENTALES
DEPARTAMENTO DE GEOLOGIA

TESIS DOCTORAL

INTERACCION DE APORTES
HIDROTERMALES EN AGUASY

SEDIMENTOS LACUSTRES:

EL LAGO SOCHAGOTA (BOYACA - COLOMBIA)

PRESENTADA POR:
GABRIEL RICARDO CIFUENTES OSORIO

DIRIGIDA POR:

DR. ROSARIO JIMENEZ ESPINOSA
DR. JUAN JIMENEZ MILLAN

Jaén, octubre 2021






P

‘\1 - S
Q@& wv

00
o @@Qv

/‘ua‘

UNIVERSIDAD DE JAEN

@ @0 M%Oﬁr (Boyacd - Colombia)

Tesis Doctoral 2021 / Gabriel Ricardo Cifuentes-Osorio



Zona de estudio: El Lago Sochagota (Boyacd - Colombia)



INTERACCION DE APORTES HIDROTERMALES EN AGUAS Y
SEDIMENTOS LACUSTRES: EL LAGO SOCHAGOTA
(BOYACA - COLOMBIA)

INTERACTION OF HYDROTHERMAL INPUTS IN LAKE
WATERS AND SEDIMENTS: THE SOCHAGOTA LAKE
(BOYACA—- COLOMBIA)

Memoria para optar al grado de Doctor
Jaén, octubre de 2021

Fdo.: Gabriel Ricardo Ci spirante al Grado de Doctor

Los Directores del trabajo:

Fdo: Juan Jiienez Millan

Centro de Estudios Avanzados en
Ciencias de la Tierra, Energia y Medio Ambiente
Departamento de Geologia.

Facultad de Ciencias Experimentales.

Universidad de Jaén.



Los directores de tesis, D*. Rosario Jiménez Espinosa, D. Juan Jiménez

Millan y pertenecientes al Departamento de Geologia de la Universidad de Jaén

HACEN CONSTAR: Que el trabajo expuesto en la presente Tesis Doctoral:
“Interaccion de aportes hidrotermales en aguas y sedi-
mentos lacustres: el Lago Sochagota (Boyaca - Colombia)
presentado por D. Gabriel Ricardo Cifuentes Osorio ha
sido realizado bajo nuestra direccion y supervision, cum-
pliendo todas las exigencias para su presentacion y defensa

para optar al Grado de Doctor.

Jaén, octubre de 2021

Fdo.: Rosario Jiménez Espinosa Fdo.+Juan Jiménez Millan

/

Este trabajo fue financiado por el proyecto de investigacion espariol
PGC2018-094573-B-100 del MCIU-AEI-FEDER, y grupo de investi-
gacion RNM- 325 de la Junta de Andalucia (Esparia). A la Asociacion
Universitaria Iberoamericana de Posgrado (AUIP), a la Universidad
de Boyaca y a los grupos de investigacion colombianos Gestion Ambiental
COL0005468 y Gestion de Recursos Hidricos COL0005477.



Esta tesis se presenta como una recopilacion de los siguientes articulos

cientificos:

Cifuentes, G.R., Jiménez-Millan, J., Quevedo, C.P., Jiménez-Espinosa,
R., 2020. Transformation of S-bearing minerals in organic matter-rich
sediments from a saline lake with hydrothermal inputs. Minerals 10,
525. https://doi.org/10.3390/min10060525.

Cifuentes, G.R., Jiménez-Millan, J., Quevedo, C.P., Galvez A., Cas-
tellanos-Rozo J., Jiménez-Espinosa, R., 2020. Trace element fixation in
sediments rich in organic matter from a saline lake in tropical latitude
with hydrothermal inputs (Sochagota Lake, Colombia): The role of
bacterial communities. Science of the Total Environment. https://doi.
org/10.1016/j.scitotenv.2020.143113https://doi.org/10.1016/j.scito-
tenv.2020.143113

Cifuentes, G.R., Jiménez-Millan, J., Quevedo, C.P., Nieto Fernando.,
Cuadros Javier., Jiménez-Espinosa, R., 2020. Low Temperature Illitiza-
tion through Illite-Dioctahedral Vermiculite Mixed-Layers in a Tropical
Saline Lake rich in Hydrothermal Fluids (Sochagota Lake, Colombia).
Minerals 2021, 11,523. https://doi.org/10.3390/min 11050523.

Cifuentes, G.R., Jiménez-Espinosa, R, Jiménez-Millan, J., Quevedo,
C.P. 2021. Damming induced natural attenuation of hydrothermal waters
by runoff freshwater dilution and sediment biogeochemical transforma-

tions (Sochagota Lake, Colombia). Enviado a la revista Water.



Agradecimientos

Este es mi agradecimiento a todas aquellas personas que me han
ayudado a poder realizar la tesis.

Mis mas sinceros agradecimientos a mis directores de tesis, a los
profesores D* Rosario Jiménez Espinosa y a D. Juan Jiménez Millan
por todo el apoyo, dedicacion, paciencia, conocimiento y consejos
que me permitieron comprender de una forma precisa el significado
de afrontar el proceso investigativo de alto nivel, asi como el que me
han ayudado con todas las dudas que me han podido surgir sobre el
trabajo a lo largo de la tesis. Ha sido un privilegio el haber conocido
v trabajado con estos dos grandiosos investigadores y seres humanos,

mil gracias

Quiero también expresar mi especial agradecimiento a los coautores
de los articulos de los que se compone esta tesis doctoral, a los Doctores
Javier Cuadros, Fernando Nieto, Antonio Galvez del Postigo, José
Castellanos Rosso, y Claudia Patricia Quevedo Vargas que han contribui-
do de manera significativa en mi formacion y que generosamente han
dedicado su tiempo, conocimiento y esfuerzo para la consecucion de

estos resultados.

A la D°. Rosita Cuervo Payeras, Presidenta del Consejo Directivo de
la Universidad de Boyaca, quien gestiono y materializo el programa
de becas para la formacion de doctores en ciencias basicas entre la
Universidad de Jaén de Esparia, Universidad de Boyaca y la Universidad
de Ciencias Ambientales de Colombia, bajo la gestion administrativa
v financiera de la Asociacion Universitaria Iberoamericana de Postgrado
(AUIP). y quien desde el inicio confio y brindo el apoyo necesario

para culminar con éxito este nuevo logro académico.



A todos los técnicos que aportaron a la consecucion de los datos per-
tenecientes al Centro de Instrumentacion Cientifico-Técnico (CICT)
de la Universidad de Jaén y al Centro de Instrumentacion Cientifica

(CIC) de la Universidad de Granada, que me explicaron y estuvieron

conmigo mientras llevaba a cabo la realizacion de los experimentos. A

Antonio Piedra por su gran ayuda, apoyo y colaboracion en la prepa-

racion de las muestras.

A mis comparieros del programa de la AUIP pertenecientes a la Univer-
sidad de Ciencias Ambientales UDCA de Colombia, en especial a Ivian
Herrera que desde el inicio de estos estudios ha estado apoyando con
su amistad y conocimiento para lograr este objetivo tan importante, y
a mis comparieros de la Universidad de Boyaca con quienes vivimos
esta etapa tan importante académica y personal para cada uno de

nosotros Maria Inés, Patricia, Claudia y José.

Y finalmente, a mi familia por siempre estar ahi apoyandome para
conseguir mis suenos. A Marcela que, con su amor incondicional, su
tenacidad y ganas de vivir me ensenio a ver la vida diferente, solo
palabras y sentimientos de amor y de admiracion para la mejor esposa
v mamd. A mis hijos Daniel y Andrés quienes también han dado lo mejor
en este tiempo que estuve lejos de ellos, que han entendido el valor del

estudio y el sacrificio. Gracias

A todos aquellos que de alguna forma hicieron parte de este proyecto.






INDICE

RESUIMEI ..ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeaaas 13
CAPITULO 1 e 18
L INETOAUCCION vttt e e eeeeeeeas 18

1.1 Problema de investigacion que se aborda: catalizadores de procesos
minerales y geoquimicos en condiciones eXtremas ..........coeceeveeereveneeneeans 19

1.2 Introduccién a los contenidos del estudio y estructura de la Tesis .....20

1.2.1. La atenuacion de las condiciones fisico-quimicas extremas de
aguas hidrotermales en embalses lacustres artificiales ......................... 21

1.2.2. La illitizacion lacustre sedimentaria promovida por el efecto de
fluidos de origen hidrotermal .............cccoeevieeiieiieiiieieee e 24

1.2.3. Las transformaciones de minerales con azufre en sedimentos
lacustres ricos en Materia OTZANICA. ......cveerveerveerreereereereereesseerenereennes 27

1.2.4. El efecto de las comunidades bacterianas de los sedimentos
en las transformaciones minerales y en los ciclos de los principales

CLETNETIEOS ....vtineiiieieieet ettt 29
1.3. A1€a de eSTUAIO ...cvoeoeeceeeeeeeeeeee e 32
1.3.1. Geografia fisica y clima .......ccoceevieiiiniinieeeeeeeeee, 32
1.3.2. Entorno geoldgico e hidrogeoldgico .........ccveevvieevierenieeniieniens 36
CAPITULO 2 oot 39
ODJEUIVOS 1eeuvieiieiieiieiteesteestestestesteestaesttesstesssesssessaesssessaesssesssesssesssesssenssensns 40
CAPITULO 3 .ottt 41
Composicion, condiciones fisico-quimicas y origen de las aguas del Lago
SOCRAZOLA ..ot e 41
CAPITULO 4 ..ot 63
Mineralogia de arcillas de los sedimentos del lago: illitizacion sedimentaria
promovida por fluidos hidrotermales ............ccccceeeeiieriiiniienieeeeeeee e 63
CAPITULO 5 .ot 83

Asociacion de minerales con azufre de los sedimentos: fijacion y
transformacion del azufre de origen hidrotermal ............cccoovvevvecivecieenieennen. 83



CAPITULO 6 e 99

Caracterizacion geoquimica y microbiologica de los sedimentos: papel

de la comunidad bacteriana en el ciclo de los elementos ...........coeeveeeeennnn.... 99
CAPITULO 7 oottt st s s s s 113
T DISCUSTION <.t e e e e e e e e e eeeeeeeeeaeeeeeaeaeeeeeeeaenas 113

7.1 Aportes hidrotermales y efecto regulador del lago sobre la calidad

dE 1aS QZUAS ...veieviieiie et et e 114
7.2 Minerales detriticos y minerales arcillosos neoformados ................. 118
7.3 El ciclo del azufre en los materiales del Lago Sochagota ................. 120
7.4 Distribucion EOqUIMICA ......cuevverierieriieriesieeie e eee e eee e 122
7.5 El papel de las comunidades bioldgicas .........cccceeveeciieieerieenieennnne. 123
7.6 Origen del enriquecimiento en elementos traza e integracion de
PTOCESOS eeeenerrieeeuieeeeeieeeeatteeeeauteeeeataeeeasseeeanssaeesasseessssaeesansaeesansseessnnee 126
CAPITULO 8 ..o seeses s 130
CONCIUSIONES ...ttt ettt ettt et 130

REFERENCIAS ..ottt 135






En ambientes lacustres de salinidad elevada e intensa activi-
dad biologica asociada a la descomposicion de la materia organica se
producen transformaciones minerales complejas. El estudio de estas
transformaciones es una herramienta esencial para la evaluacion de los
principales ciclos biogeoquimicos en entornos naturales, la evaluacion de
su integridad medioambiental y su uso eficiente. Este trabajo plantea el
analisis de los procesos que ocurren en el Lago Sochagota (Boyaca, Colom-
bia), formado por aguas sulfatadas sddico-potasicas con sedimentos si-
liciclasticos ricos en caolinita y materia organica. La determinacion del
comportamiento integral de este sistema lacustre requiere una aproxi-
macion multidisciplinar (mineralogica, hidroldgica y geomicrobiologica)
y multiescala (desde la nanométrica mineral hasta la escala de ciclos

locales y globales de elementos).

El estudio, en primer lugar, tiene como propdsito examinar
el efecto que tiene el Lago Sochagota como represa y su funcion de
atenuacion natural de los contaminantes. La construccion de esta puede
considerarse una estrategia eficaz para amortiguar las aguas que conten-
gan una alta salinidad. El area volcénica del sistema de Paipa (Boyaca,
Colombia) presenta procesos de hidrotermalismo ligado a la fuente de
calor endégeno residual de la actividad volcanica de la region. Ademas,
la presencia de un entramado de fracturas profundas ayuda al flujo de
aguas termales y altamente mineralizadas ricas en SO,”, Na'-K", asi
como en otros elementos metalicos, en el agua del drea de la cuenca del
rio Salitre y de recarga del lago. Un proceso hidrogeoquimico adicional
es la mezcla con agua fria rica en Fe procedente de acuiferos cuater-
narios superficiales ligados a sedimentos aluviales adyacentes al lago.
De esta forma, esta agua salinizada rica en Fe esta siendo incorporada
el Lago Sochagota, aunque es importante destacar la influencia de las

aguas de lluvia en la composicién quimica del lago. Dentro del Lago
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Sochagota tienen lugar una serie de procesos hidrogeoquimicos, bio-
geoquimicos y mineraldgicos significativos que influyen en la dindmica
que presenta este cuerpo de agua, pudiéndose observar que las concen-
traciones de elementos disueltos se atenuaron significativamente debido
a una serie de transformaciones. La dilucion por escorrentia pluvial y
la precipitacion de sulfuros de hierro mediada por bacterias reductoras
de sulfato en los sedimentos ricos en materia organica fueron los prin-
cipales procesos involucrados en la atenuacion de la concentracion de
SO,*, Fe, As Cu y Co en el agua del lago. Los procesos de illitizacion
que se producen en los sedimentos podrian favorecer la disminucion de
KyAL

La caracterizacion mineral sugiere que en la formacion de los
sedimentos del lago estuvieron implicadas diversas fuentes de aportes
(detritica, hidrotermal y 6rgano-antropogénica) que propiciaron el de-
sarrollo de transformaciones minerales que afectan a los principales
ciclos biogeoquimicos. La formaciéon de minerales en sedimentos su-
perficiales de sistemas lacustres puede producirse como consecuencia
de la saturacién de la concentracion de algunos iones en los fluidos
intersticiales, la interaccion con los aportes detriticos y procesos asocia-

dos a la descomposicidon de materia organica y la actividad microbiana.

Los principales minerales de los materiales depositados en el
Lago Sochagota son caolinita y cuarzo detriticos. En las zonas central
y norte del lago aparecen sedimentos con alto contenido de materia
orgéanica y minerales arcillosos neoformados. La mayoria de estos ma-
teriales ricos en materia organica se caracterizan por la presencia
de minerales portadores de azufre como son la mackinawita, pirita, y
azufre elemental (S°). Asimismo, se realizé la identificacion de un in-
terestratificado vermiculita ilita-dioctaédrica (I-DV) e illita, los cuales

estan ausentes en los sedimentos de la entrada sur.

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
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En los sedimentos, las caracteristicas texturales de pirita, azufre
nativo y calcita podrian asociarse a la neoformacion de minerales como
consecuencia de la interaccion entre los fluidos intersticiales y los com-
ponentes solidos del sedimento. Las facies sulfatadas-sddico-potésicas
de las aguas hidrotermales que alimentan el Lago Sochagota pueden
suponer la fuente de azufre y potasio necesarias para la formacion de
algunas de estas fases. Los sistemas geotermales pueden ser fuente de
cantidades significativas de azufre hidrotermal para las aguas superfi-
ciales, incrementando la salinidad y reduciendo las opciones potenciales

de uso antrépico.

La alta salinidad promovida por aportes hidrotermales, las
condiciones reductoras de los sedimentos ricos en materia organicay la
presencia de un precursor mineral arcilloso apropiado proporcionaron
un marco adecuado para los procesos de illitizacion a baja temperatura.
Las condiciones climaticas himedas, templadas y frias provocaron la
formacion de particulas metaestables de pequefio tamafio de I-DV por
la meteorizacion de las rocas sedimentarias y las rocas volcanicas acidas
que drenan el Lago Sochagota. Estas particulas se depositaron en el
entorno de baja energia de la parte central y norte del lago. La interaccion
de estos sedimentos ricos en materia organica con las aguas salinas del
lago enriquecidas en potasio hidrotermal provoc6 un ambiente reductor
que favorecio los procesos de movilizacion de hierro y su incorporacion
al interestratificado I-DV, que actué como precursor mineral para una
illitizacion rapida a baja temperatura, revelando el importante papel de
los minerales arcillosos como sumidero de potasio de origen hidrotermal

en lagos de regiones geotermales.

Por otro lado, la presencia de agregados de formaciones celu-

lares de nanoparticulas de mackinawita rellenando la parte interna de
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fragmentos de plantas indica que los microorganismos estuvieron in-
volucrados en la asimilacion de azufre hidrotermal. La alteracion de
mackinawita en un ambiente con exceso de sulfuro libre produjo la
formacion de pirita framboidal. La evolucion hacia condiciones con la
presencia de oxigeno favoreci6 la formacion de morfologias complejas

de azufre.

En un ultimo estudio se abordaron las relaciones entre la concen-
tracion de los elementos traza en los sedimentos, el contenido de materia
orgénica, la composicion mineraldgica y la actividad de la comunidad
bacteriana en los sedimentos del lago. En la entrada sur del lago, caracteri-
zada por la presencia de sedimentos ricos en cuarzo y caolinita y pobres
en materia organica, se localizan los mayores contenidos en Zr (hasta
603 mg/kg) y elementos mayores detriticos tales como Na, Ti, Al y Si.
Por otra parte, en la zona central y norte del lago los sedimentos arcillosos
ricos en materia orgénica (hasta 11.10%) que contienen minerales con
S, I-DV e illita, estan enriquecidos en S, Fe, Zn, Mo, Rb, Co, K, Cr,
Sb, Ni, As, Ba, Cu, Mn, Pb, P, Mg y Sr. La presencia de nanoparticulas
de sulfuro de hierro enriquecidas en metales pesados en las costras de
células microbianas y la presencia de una comunidad bacteriana en la
que predominan las bacterias sulfatoreductoras (SRB) (Desulfatiglans,
Desulfobacterales y Sva0485) sugieren que la precipitacion del azufre
hidrotermal y la acumulacion de elementos traza en los sedimentos es
regulada por la actividad de dichos microorganismos. La cristalizacion
de azuftre, barita y calcita y las buenas correlaciones entre Ba, Sr y
Ca indican que el sulfuro previamente precipitado puede ser oxidado
por la actividad de una comunidad de bacterias oxidantes del azuftre
(Thioalkalimicrobium, Sulfurovum, Arcobacter y Sulfurimonas), lo que

posiblemente propicia procesos de liberacion de los metales al medio.

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
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1. Introduccion




1.1 Problema de investigacion que se aborda: catalizadores
de procesos minerales y geoquimicos en condiciones ex-
tremas.

El ambiente restringido que puede desarrollarse en algunos sedi-
mentos lacustres condicionados por la accidén conjunta de diversos factores,
tales como el contexto geoldgico, climatico o bidtico, propicia el desarrollo
de condiciones favorables para la aceleracion de determinados procesos

geoquimicos y de transformacion mineral.

La composicion mineral y quimica de los sedimentos lacustres
es el resultado del balance entre un conjunto de procesos detriticos y
autigénicos que ocurren en la cuenca de deposito. Dado que es frecuente
que las asociaciones minerales de los sedimentos sean utilizadas como
indicadores ambientales y climaticos (Chamley et al., 1983; Chamley
1989; Griffin et al., 1968), es necesario profundizar en el conocimiento
de las variables que controlan el equilibrio quimico que determina la
conservacion de la naturaleza detritica, su modificacion o la formacion
de nuevas fases minerales en sedimentos superficiales. El avance en
este aspecto del conocimiento es especialmente importante en los casos
en que las condiciones extremas del medio (salinidad, Eh, pH, actividad
microbiologica) actiian como catalizadores de los procesos de neofor-
macion y transformacion de minerales en los sedimentos (Andrade et
al., 2014, 2018; Cuadros et al., 2017; Deocampo et al., 2009). Dichos
procesos pueden afectar significativamente a los principales ciclos elemen-
tales y condicionar la interpretacion de la asociacion mineral como indi-

cadora de condiciones climaticas o ambientales.

En la presente tesis doctoral se ha abordado la integracion de

la caracterizacion minuciosa de los sedimentos y aguas de un lago de

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
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elevada salinidad producida por los aportes hidrotermales procedentes
del sistema geotérmico en el que se integra: el Lago Sochagota (Colom-
bia). La combinacion de la composicion mineral y geoquimica de los
sedimentos, la hidroquimica de las aguas y la constitucion de las prin-
cipales comunidades microbioldgicas de los sedimentos ha permitido:
a) identificar algunos de los procesos implicados en la neoformacion de
arcillas y sulfuros y su papel en la fijaciéon o movilizacién de metales y

b) evaluar las implicaciones ambientales de dichos procesos.

Para ello, este estudio ha pretendido expandir el estado del cono-
cimiento sobre: 1. La atenuacion de las condiciones fisico-quimicas
extremas de aguas hidrotermales en embalses lacustres artificiales; 2.
La illitizacion lacustre sedimentaria promovida por el efecto de fluidos
de origen hidrotermal; 3. Las transformaciones de minerales con S en
dichos ambientes; 4. El efecto de las comunidades bacterianas de los
sedimentos en dichas transformaciones y en los ciclos de los principales

elementos.

En el siguiente apartado se expone la forma en que se ha planteado
el desarrollo de estos temas de investigacion y como se estructuran en

la Tesis

1.2 Introduccion a los contenidos del estudio y estructura de
la Tesis

La presente tesis doctoral se presenta como un conjunto de traba-
jos publicados por el doctorando de acuerdo con lo establecido en el
articulo 25 del Reglamento de Estudios de Doctorado de la Universidad
de Jaén (version aprobada por el Consejo de Gobierno de la Univer-

sidad de Jaén con fecha 18 de febrero de 2019). De este modo, cuatro

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
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capitulos desarrollan los campos en los que la presente tesis ha expandi-
do el conocimiento, indicados en el apartado anterior. Estos capitulos se
corresponden con los articulos publicados o en proceso de publicacién
o revision redactados en inglés. Se incluyen, ademas, los siguientes
capitulos redactados en castellano: introduccién general, objetivos,
discusion y conclusiones finales. La descripcion de la metodologia
empleada se realiza en cada uno de los trabajos que constituyen los

capitulos de la Tesis.

1.2.1. La atenuacion de las condiciones fisico-quimicas extremas

de aguas hidrotermales en embalses lacustres artificiales

Los sistemas hidrotermales activos son fuente de fluidos que
introducen y transportan metales y otros elementos. Algunos de los
elementos presentes en este tipo de fluidos hidrotermales, por ejemplo:
Fe, Pb, Zn, S y As pueden tener efectos negativos sobre el ambiente.
Los fluidos hidrotermales pueden ser una fuente importante de hierro
y elementos traza en aguas enriquecidas que descargan en rios y lagos
en areas geotermales activas. Los embalses son considerados como una
estrategia efectiva para controlar contaminantes disueltos transportados
por rios; estos pueden ser empleados para controlar la calidad de agua
regulando los contaminantes originados por actividades urbanas, indus-
triales y agricolas (Khadse et al., 2019) asi como de procesos naturales.
Adicionalmente, aquellas que tienen funcién de almacenamiento de
agua son parte importante para el manejo regional de los rios y sirven
como solucion para el control y administracion de los recursos hidricos
(Aghasian et al., 2019)

El azufre es un componente importante y muy frecuente en nu-
merosos sistemas hidrotermales. Su presencia controla la geoquimica

y la distribucion de la mayoria de los elementos traza (Kaasalainen et
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al., 2011; Kaasalainen et al., 2015). En los sistemas geotérmicos, este
elemento se encuentra en forma de acido sulfhidrico (H,S) en los reser-
vorios hidrotermales y es puesto en la superficie, a menudo, a través de
manantiales de aguas termales alcalinas de origen hidrotermal (Bjorke,
etal., 2015).

Los reservorios pueden producir fluidos enriquecidos en gases
volatiles, como gas carbonico (CO,) y acido sulfhidrico (H,S), en una
proporcion que puede cambiar dependiendo del grado de ebullicion (el
contenido en H,S aumenta con el incremento de la ebullicion). La mezcla
del fluido hidrotermal con H,S y el agua superficial no termal da lugar
a aguas ricas en sulfatos (SO,*) debido a la oxidacion del H,S de origen
hidrotermal (Kaasalainen ef al., 2011; Nordstrom et al., 2009) Las des-
cargas de manantiales con flujos ricos en SO,” puede alterar la com-
posicion de las aguas superficiales produciendo importantes alteraciones
ambientales aguas abajo de los manantiales, tales como el incremento
de la salinidad, lo cual puede impedir el aprovechamiento de los recursos
hidricos para diferentes usos antrépicos. Ademas, los sistemas hidroter-
males activos son una fuente importante de fluidos que transportan
metales a los sistemas superficiales. Algunos de esos metales presentes
en los fluidos hidrotermales (p.ej., Pb, Zn, y As) pueden tener efecto
negativo sobre el ambiente, por lo que es necesario determinar su com-
portamiento para reconocer los posibles impactos ambientales (p.ej.,
Kristmannsdottir et al., 2003). Los metales de los fluidos hidrotermales
pueden proceder de volatiles igneos o incorporarse por los procesos
de interaccion agua-roca, causando fluidos salinos con altas concen-
traciones de metales (Aiuppa et al., 2005). En ocasiones, estas aguas
son acumuladas en lagos naturales o embalses artificiales que generan

ambientes hidrologicamente restringidos.
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Los embalses se consideran, con frecuencia, una estrategia eficaz
para controlar los contaminantes disueltos transportados por los rios.
Estos se pueden utilizar para controlar la calidad del agua mediante la
regulacion de los contaminantes procedentes de las actividades urbanas,
industriales y agricolas, asi como de los procesos naturales. Ademas, los
embalses son herramientas importantes para la gestion regional de rios
y proporcionan soluciones para el control y la gestion de los recursos
hidricos (Willis et al., 2003). Sin embargo, el entorno hidrolégicamente
restringido causado por los embalses puede aumentar los procesos de
eutrofizacion (p.ej., Aghasian et al., 2019; Zhang et al., 2019) que pro-
ducen sedimentos ricos en materia orgdnica que pueden interactuar con
las aguas almacenadas. En estos sedimentos se desarrollan importantes
comunidades de microorganismos asociadas a la descomposicion de la
materia organica (tales como bacterias sulfato-reductoras) que pueden
jugar un papel importante en la inmovilizaciéon y remocion de azufre y
otros elementos relacionados (Niu et al., 2018; Cifuentes et al., 2020b).
El destino de los elementos en estos sistemas acudticos depende de di-
versos procesos biogeoquimicos que controlan su precipitacion, adsor-
cion, desorcion y transporte (Chen et al., 2018; Wang et al., 2015). Para
comprender la distribucion de elementos en estos embalses y la efectividad
de la estrategia de represas es necesario caracterizar los procesos criticos
que controlan el destino de los elementos en y la interrelacion de estos
procesos biogeoquimicos en el sistema natural (Nordstrom, 2011; Chen
et al.2018).

Quevedo et al. (2020a) indicaron que dos embalses principales
regulan la salida de agua superficial de la cuenca alta del rio Chicamocha:
el embalse de La Playa y el Lago Sochagota. Estos embalses almacenan
agua para satisfacer diversas demandas, tales como ganaderia, agricul-

tura, turismo e industria, y sus aguas reciben aportes antropogénicos de

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos

Capitulo 1
Lacustres: El Lago Sochagota (Boyaca - Colombia) 23 apituo



actividades agricolas y aguas residuales, asi como aportes de aguas ter-
males naturales, que producen aguas de alta salinidad muy eutrofizadas
y sedimentos ricos en materia organica. Quevedo ef al. (2020b) estudiaron
los factores que controlan la contaminacion por metales pesados de las

aguas y sedimentos del embalse La Playa.

La presente Tesis se centra en el otro embalse significativo de la
region: el Lago Sochagota. Como se describird mas detalladamente en
el apartado correspondiente al area de estudio, geografia fisica y clima,
el Lago Sochagota se encuentra ubicado en una zona de clima oceénico
de altiplano subtropical situada en el area geotérmica asociada al volcan
de Paipa en la Cordillera de los Andes. Los datos obtenidos indican
que los sistemas geotérmicos proporcionaron importantes aportes hi-
drotermales de azufre y metales a las aguas del lago. El objetivo de este
trabajo fue evaluar la efectividad de las represas para mejorar la calidad
del agua identificando las fuentes de agua y los procesos de interaccion

involucrados.

Este estudio ha constituido la base del articulo. “Damming induced
natural attenuation of hydrothermal waters by runoff freshwater dilu-
tion and sediment biogeochemical transformations (Sochagota Lake,
Colombia)” Cifuentes, G.R.; Jiménez-Millan, J.; Quevedo, C.P;

Jiménez-Espinosa, R. que ha sido enviado a la revista Water.

1.2.2. La illitizacién lacustre sedimentaria promovida por el
efecto de fluidos de origen hidrotermal

Existe una evidencia creciente de que las reacciones rapidas de
los minerales arcillosos pueden actuar como sumideros de elementos

importantes en procesos sedimentarios y diagenéticos. En este sentido,
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se han propuesto diferentes transformaciones de minerales de la arcilla
que secuestran a largo plazo elementos (como potasio o hierro) en en-
tornos sedimentarios, diagenéticos e hidrotermales (Baldermann et al.,
2017). La mayoria de las fases minerales formadas durante la diagénesis
requieren largos periodos de tiempo (cientos de miles a millones de
afios) o altas temperaturas (o ambas) para formarse. Sin embargo, los
minerales arcillosos proporcionan abundantemente superficies reactivas

para la adsorcidn y desorcion de elementos y compuestos.

La velocidad de reaccion es una combinacion de la estabilidad de
la arcilla y el suministro de cationes que se pueden incorporar a las nue-
vas fases de la arcilla. Sin embargo, existe evidencia de que se pueden
producir reacciones de arcilla mas rapidas en sistemas donde la quimica
de los fluidos en reaccion estd muy lejos del equilibrio con los minera-
les de la arcilla (Drief et al., 2002).

En ambientes sedimentarios y diagenéticos, la alta concentracion
de cationes en las aguas y la baja disponibilidad de oxigeno, que favorece
el desarrollo de reacciones redox microbianas que involucran al hierro
y al azufre, son factores que controlan determinantemente las transforma-
ciones minerales secuenciales de las arcillas (Noé€l e al., 2017; Cuadros
et al., 2018). La alta concentracion de cationes y la actividad bioldgica
se deben frecuentemente a la composicion especifica de los sedimentos,
la hidrologia y las condiciones climaticas, tales como las que se pueden
generar en lagos salinos o suelos de manglares (Cuadros et al., 2018;
Huggett, et al., 2016). En estos entornos hidrologicamente restringi-
dos, las arcillas detriticas pueden interactuar con los fluidos salinos que
conducen a la neoformacion de minerales. A medida que las arcillas
reaccionan en el agua salina, los cambios de cation octaédrico pueden
aumentar la carga de la capa (p.ej., mediante la sustitucion de magnesio

por aluminio o la reduccion de hierro) y la esmectita puede convertirse
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en illita (Deocampo 2015). La illitizacidon a baja temperatura puede
ocurrir mediante ciclos repetidos de desecacion o mediante la interaccion

con salmueras ricas en potasio (Deocampo, et al., 2009).

En lagos de regiones geotérmicas, la evolucién quimica de las
aguas puede verse influida por aportes hidrotermales. Los metales se
incorporan a los sistemas geotérmicos a través de los fluidos acuosos y
se transportan como iones simples o acomplejados con ligandos como
CI, HS  y OH (p.ej., Barnes, 1997; Aiuppa., et al., 2005). En areas
volcanicas, la interaccion progresiva agua-roca entre rocas (basalticas o
rioliticas) controla la composicion de los fluidos. Cuando las rocas son
predominantemente rioliticas, como las del volcén Paipa (en la que se
localiza este estudio), se cree que la quimica de los fluidos esta dominada
por la lixiviacion de rocas (Kaasalainen et al., 2015), lo que produce
altas concentraciones de elementos alcalinos. La descarga posterior en
el lago hace que las aguas modificadas hidrotermalmente reaccionen
mas con los minerales detriticos, lo que puede resultar en el desarrollo
de sedimentos con composiciones mineralogicas singulares. Muchas
reacciones minerales a baja temperatura no estan controladas por la ter-
modindmica sino por la cinética. Las transformaciones de minerales
de la arcilla como, por ejemplo, el proceso de illitizacion, requieren no
solo suficiente tiempo de reaccion o disponibilidad de cationes, sino
también precursores minerales apropiados. La esmectita o los intere-
stratificados illita-esmectita son los precursores arcillosos propuestos
con mas frecuencia para la formacion de illita en cuencas sedimentarias
(p.ej., Lanson, et al., 2002), paleosuelos (p.ej., Huggett et al., 2016) y
suelos de manglares (p.ej., Andrade et al., 2014). Sin embargo, Dietel
et al., (2018) observo que la transformacion a illita también se puede
producir a través de un interestratificado poco frecuente: illita-vermiculita
dioctaédrica (I-DV).
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Esta Tesis ha caracterizado los cambios mineraldgicos que tienen
lugar en las arcillas de los sedimentos en el Lago Sochagota (Colom-
bia). Pueden distinguirse tres factores decisivos en el desarrollo de las
transformaciones en este lago: a) la composicion de los sedimentos de-
triticos ricos en caolinita y con presencia de I-DV en algunas zonas; b)
la naturaleza de las aguas del lago como fluidos salinos de baja tempera-
tura con aporte hidrotermal y c) el clima tropical a templado que ha
permitido una gran acumulacioén de materia organica en los sedimentos.
Los resultados indican que el I-DV puede actuar como un precursor
mineral en la illitizacion rapida a baja temperatura y revelan el importante
papel de los minerales arcillosos como sumidero de potasio de origen

hidrotermal en lagos de regiones geotérmicas.

Los contenidos de este trabajo han sido incluidos en el articulo
“Low Temperature Illitization through Illite-Dioctahedral Vermiculite
Mixed-Layers in a Tropical Saline Lake rich in Hydrothermal Fluids
(Sochagota Lake, Colombia)” Cifuentes, G.R.; Jiménez-Millan, J.;
Quevedo, C.P.; Nieto, F.; Cuadros, J.; Jiménez-Espinosa, R.” publicado
en la revista Minerals. https://www.mdpi.com/2075-163X/11/5/523?-
type=check update&version=

1.2.3. Las transformaciones de minerales con azufre en sedimentos
lacustres ricos en materia organica.

En lagos naturales o artificiales que almacenan aguas enriquecidas
en azufre, los ambientes hidrolégicamente restringidos pueden propiciar
el desarrollo de reacciones y transformaciones minerales que impliquen
a diferentes fases que incluyan este elemento. En condiciones tropi-
cales, la alta eutrofizacion (Aghasian, et al., 2019; Zhang, et al., 2019)

favorece la formacion de depdsitos ricos en materia organica en los que
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la interaccion entre los fluidos salinos y la actividad orgénica cataliza
las reacciones con minerales en los sedimentos (Cuadros et al., 2017).
Las reacciones microbioldgicas redox que involucran compuestos de
azufre pueden controlar algunos procesos sedimentarios autigénicos en
esos ambientes (Ferreira et al., 2007). Rickard et al., 2007 revisaron ex-
haustivamente la quimica de los sulfuros de hierro. El monosulfuro de
hierro resultante de la precipitacion de Fe?" y S** es makinawita (Kraal,
et al., 2013). Este precipita como particulas tetragonales inestables que
se transforman en cristales ordenados. La makinawita se transforma a
través de diferentes pasos, en funcion de la concentracion de O, y H,S,
a greigita (Fe,S,), pirita (FeS,), azufre elemental (S°) y o6xidos e hi-
droxidos férricos. Es importante mencionar que las concentraciones de
H,S en ambientes sedimentarios de baja temperatura estan asociadas a
la actividad de microrganismos sulfato-reductores (Rickard, 2012). El
estudio de Picard, ef al. (2018) indicd que, aunque la mackinawita y la
greigita no se suelen conservar en rocas sedimentarias, su formacion
puede ser controlada por microrganismos que tienen, posiblemente, una
funcién critica en los ciclos biogeoquimicos actuales del hierro y el
azufre. Entre los sulfuros, la pirita se caracteriza por su elevada estabili-
dad y abundancia Rickard (2012). Cosmidis et al. (2019) demostraron
la importancia del azufre nativo (S°) en los ciclos biogeoquimicos del
azufre, el cual es producido por reacciones de oxidacién (quimicas o

biologicas) de otras fases minerales con azufre en estado reducido.

En la presente Tesis, se ha abordado la neoformacion sedimentaria
de diferentes minerales con azufre en los sedimentos ricos en materia
orgéanica del Lago Sochagota. Los resultados obtenidos han permitido
avanzar en el conocimiento de los procesos implicados en la fijacion y

transformacion del azufre de origen hidrotermal de las aguas del lago.
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Este trabajo constituye la base del articulo publicado “Transforma-
tion of S-bearing minerals in organic matter-rich sediments from a saline
lake with hydrothermal inputs.” Cifuentes, G.R.; Jiménez-Millan, J.;
Quevedo, C.P.; Jiménez-Espinosa, R. Minerals 2020, 10, 525, https://
doi.org/10.3390/min10060525”

1.2.4. El efecto de las comunidades bacterianas de los sedimentos
en las transformaciones minerales y en los ciclos de los princi-

pales elementos.

Los ciclos de los principales elementos mayores y trazas sensibles
a las modificaciones redox asociadas a la descomposicion de la materia
organica desempefian un papel clave en la regulacion del clima de la
Tierra y en el quimismo de sedimentos, suelos, hidrésfera y atmosfera
(Findlay et al., 2017). Algunos de los factores mas cominmente pro-
puestos para explicar la concentracion en trazas de elementos en los
sedimentos de los lagos en areas geotermales es la presencia de aportes
hidrotermales que incrementan la salinidad de sus aguas (Kristmanns-
dottir et al., 2003), la movilidad de los elementos en sedimentos ricos
en materia organica (Andrade et al., 2018; Moreira et al., 2017) y el
papel de las bacterias sulfato-reductoras (SRB) y las bacterias sulfa-
to-oxidantes (SOB) en los ciclos bioquimicos (Niu et al., 2018).

Los sistemas hidrotermales activos son fuentes de fluidos que
transportan metales, algunos de esos metales presentes en fluidos hidroter-
males (Pb, Zn, y As) pueden tener efecto negativo sobre el ambiente por
lo que es necesario determinar su comportamiento para reconocer los

posibles impactos ambientales (Kristmannsdéttir ef al., 2003).

Los fluidos hidrotermales salinos pueden ser una entrada impor-

tante de aguas ricas en trazas de elementos en lagos localizadas en areas
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geotermales activas. La abundancia de materia orgénica reactiva y las
condiciones reductoras generadas en ambientes con alta produccion de
materia organica (ecosistemas tropicales) fomenta multiples reacciones
minerales asociadas frecuentemente con actividad bioldgica, afectando
la movilidad de elementos como azufre y arsénico y la concentracién
de otros elementos traza (Zn, Pb, y Cu). La precipitacion de sulfuros
puede afectar considerablemente el comportamiento de estos elemen-
tos. Andrade et al., (2018) han sugerido que las reacciones reductoras
mediadas por microorganismos que implican a compuestos de hierro y
azufre pueden controlar la distribucion de esos elementos traza en los
sedimentos de esos sistemas (Noél ef al., 2017). Los enriquecimientos
en elementos traza (Cu, Ni, Co, Pb, Zn) de sedimentos de lagos que
contienen framboides de azufre estan frecuentemente relacionados a un
alto contenido de materia orgénica (Hu et al., 2016; Large et al., 1999).
La pirita es el mineral mas representativo de los framboides y se en-
cuentra principalmente en los intersticios del material organico (Hu et
al., 2016), lo que sugiere que la materia organica favorece la precipitacion
de pirita a través de procesos microbianos de sulfato-reduccion para
convertirse en un sumidero adicional de elementos traza. Moreira et
al., (2017) han sugerido que la materia organica carbonosa y la pirita
tienen un efecto importante sobre la inmovilizacion de los metales en

sedimentos depositados en regiones altamente productivas.

Las SRB se encuentran cominmente en los sedimentos de rios
y lagos (Niu et al., 2018). Muyzer y Stams (2008) han indicado que
€s0s microrganismos anaerobios procaridticos heterdtrofos emplean el
sulfato como aceptor de electrones para transformar materia organica en
sedimentos bajo condiciones anaerobias. Qi ef al. (2004) han sugerido
que en este proceso se produce H_S, el cual reacciona con los metales

disponibles para estabilizarlos como sulfuros. Por lo tanto, las SRB
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pueden convertir iones de metales (Cu, Pb, Cr, Zn, Hg, As) en sul-
furos de metales de baja solubilidad en ambientes enriquecidos con
metales pesados debido a procesos naturales como la entrada de fluidos
hidrotermales (Frank et al., 2013), y jugar un papel importante en la
eliminacion de contaminantes toxicos generados por polucion antrdpica
(Kiran et al., 2017; Tarekegn et al., 2020; Wolfenden et al., 2005). Por
otra parte, las SOB pueden oxidar los sulfuros a sulfatos, afectando la
bioquimica del azufre (Kiihl et al., 1992; Niu et al., 2018) y posibilitando
la liberacion de los metales asociados a los minerales con azufre. (Niu
etal., 2018).

De acuerdo con lo anterior, las SRB y las SOB pueden definirse
como los grupos de bacterias dominantes responsables de la biogeo-
quimica del azufre (Kiihl et al., 1992; Niu et al., 2018). De hecho, la
actividad de las SRB y SOB controla el balance del ciclo del azufre
(Niu et al., 2018). Ademas, estos grupos de microrganismos pueden
influenciar las bio-transformaciones de los metales en las aguas y los
sedimentos. Las SRB pueden estar asociadas con los procesos de remo-
cion por cristalizacion de los metales en agua y sedimentos (White et
al., 1998). Estos procesos pueden ser favorecidos por la presencia de
bacteria reductoras del hierro (IRB). La reduccion biologica de Fe** es
un mecanismo efectivo que transforma Fe*" a Fe?”. La actividad conjunta
de SRB y IRB puede afectar la disponibilidad de los metales pesados en
suelos y sedimentos (Zhang et al., 2019). Sin embargo, la actividad de
SOB puede favorecer la oxidacion del sulfuro precipitado, promoviendo de

nuevo la liberacion de metales toxicos en el ambiente (Niu ez al., 2018).

La integracion de los estudios mineraldgicos, geoquimicos y micro-
bioldgicos de las aguas y sedimentos del Lago Sochagota fue publicada

en el trabajo “Trace element fixation in sediments rich in organic matter
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from a saline lake in tropical latitude with hydrothermal inputs (Socha-
gota Lake, Colombia): The role of bacterial communities”. Cifuentes,
G.R.; Jiménez-Millan, J.; Quevedo, C.P.; Galvez, A.; Castellanos-Rozo,
J.; Jiménez-Espinosa, R. Science of the Total Environment 2021, 762,
143113. https://doi.org/10.1016/j.scitotenv.2020.143113”

1.3. Area de estudio

1.3.1. Geografia fisica y clima

La cuenca del Lago Sochagota esta situada en la vertiente occi-
dental de la Cordillera Oriental del Departamento de Boyaca (Colom-
bia). En esta se ubica el Lago Sochagota que es un embalse artificial
construido en 1956 sobre una zona pantanosa con un suelo mal drenado,

con fertilidad baja y escasa profundidad.

El lago esta ubicado en la zona turistica de Paipa a 2.496 metros
sobre el nivel del mar (Barco et al., 2010) y comprende una superficie
aproximada de 8.150 hectdreas. Sus coordenas son: Latitud 5°46'05"N
y Longitud 73°07'04"W

Se estima que la capacidad del lago en su nivel maximo (re-
bosando sobre la compuerta), es aproximadamente de 4,5 millones de
m® (4,5 Hm?) y que la lamina de agua, en el mismo nivel cubre una
superficie de 1,6 Km? y una profundidad de 2,8 m. En los alrededores,
la vegetacion predominante estd formada por pastizales y juncos en las
riveras. Cabe destacar que existe una importante y desarrollada industria

hotelera y de recreo alrededor de este lago.

El principal afluente del Lago Sochagota es la Quebrada Hon-

da — Rio Salitre, el cual recibe la influencia de actividades agricolas,
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pecuarias, recreativas y mineras. Dicho afluente recibe descargas pro-
venientes de manantiales de aguas termales, mineralizadas y dulces,
después de su aprovechamiento con fines recreativos (Balnearios la
Playa, los Delfines, etc.). El lago también recibe aportes termales de
manantiales en el area de influencia cercana, que afloran en su interior o
que se articulan con el sistema regional (rio Chicamocha) a través de las
estructuras conocidas como “darsenas”. Las darsenas, si bien no reali-
zan aportes directos al lago, forman parte del sistema de forma integral,
pues tras su uso el agua es almacenadas temporalmente en dos tanques
en tierra que facilitan su regulacion y vertido al rio Chicamocha. El
efluente del lago es regulado mediante una compuerta que a través de
un canal conduce el agua hacia el rio Chicamocha. Asi mismo, debe
existir una sincronizacion y regulacion de apertura de las compuertas,
tanto en el Lago Sochagota, como en las que existen en las darsenas y
controlan el flujo hacia el rio Chicamocha, pues esto puede generar un
cambio en la calidad del agua y en su uso potencial (agricola en el distrito
de riego, para consumo humano, etc.). En la figura 1 se presenta el esquema

general del sistema. (Diaz et al., 2015)
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Figura 1. Esquema General del Sistema

El efluente del lago (en el canal), recibe adicionalmente aguas
residuales de un sector del municipio de Paipa que presenta rezago en
la conexion del sistema de alcantarillado a la Planta de Tratamiento de
Agua Residual municipal (PTAR). De otra parte, en el afio 1998, empez6
el funcionamiento del colector perimetral (Plan de accion e inversion
generacion térmica 2002-2009, citado por Barco Rincon y Méndez An-
garita, 2010, el cual se proyecto para la recoleccion de las aguas proveni-
entes del sector hotelero, casas de recreo, cabafas, entre otras existentes
en inmediaciones al Lago Sochagota. Es necesario, realizar la revision
no solo de la infraestructura existente, sino de los sectores que carecen
de cobertura del sistema de alcantarillado o que disponen sus aguas en
pozos sépticos u otros sistemas de tratamiento, de manera que se garan-
tice una adecuada operacion, mantenimiento y disposicion final del agua
residual, situacion que puede comprometer no solo la calidad del agua

del Lago Sochagota, del rio Chicamocha, del suelo y el subsuelo.
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El clima en Paipa es templado. La precipitacion en Paipa es
significativa, con precipitaciones incluso durante el mes mas seco. El
clima aqui se clasifica como Ctb (clima ocednico) por el sistema Kop-
pen-Geiger. La temperatura media anual en Paipa se encuentra a 14,4
°C. En las horas centrales del dia, la temperatura oscila entre 20 y 22°C,
mientras que, durante la madrugada, la temperatura minima esta entre
los 6 y los 8°C. No obstante, en la temporada seca de inicio de afio, las
temperaturas minimas pueden situarse ligeramente por debajo de los
5°C. Paipa tiene un comportamiento de lluvias bimodal, es decir, dos
temporadas secas y dos temporadas lluviosas. El promedio de lluvia
total anual es de 881 mm. Los meses de diciembre, enero, febrero,
julio y agosto son predominantes secos. Las temporadas de lluvias se
extienden desde finales de marzo hasta principios de junio y desde finales
de septiembre hasta noviembre. En los meses secos de inicio de afio,
llueve de 4 a 6 dias/mes y en los meses secos de mitad del afio llueve en
promedio 17 dias/mes. En los meses de mayores lluvias, en promedio
llueve entre 18 y 20 dias/mes. El sol brilla cerca de 4 horas diarias en los
meses lluviosos y en los meses secos de principio de afio, la insolacion
llega a 6 horas/dia. La humedad relativa del aire es cercana al 70% en
la época seca de inicio de afio y en épocas de lluvias alcanza el 78%.
(IDEAM, s.f))

Para llevar a cabo este estudio se establecié una red de muestreo de
20 puntos distribuidos en el lago. Se tomaron muestras de sedimentos
en cada punto de la red, obteniendo testigos de un metro que se dividieron
en dos muestras en funcion de la profundidad (superior e inferior), em-
pleando un tubo Shelby estandar. La zona sur del lago esta caracterizada
por la presencia de sedimentos pobres en materia organica constituidos
principalmente por cuarzo y caolinita, mientras que, los sedimentos de

las zonas centro y norte son negros, con granos de tamafo muy fino
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y ricos en residuos de plantas. En la figura 2 se presenta el grafico de
localizacion del Lago Sochagota y los puntos de muestreo. (Cifuentes
et al.,2020a)
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Figura 2. Localizacion del Lago Sochagota y los puntos de muestreo.

1.3.2. Marco geologico e hidrogeoldgico

Desde el punto de vista geoldgico, el Lago Sochagota esta lo-
calizado en una importante area geotermal que desarrolla sistemas hi-
drotermales asociados a los volcanes de la Cordillera de Los Andes que

intruye rocas sedimentarias del Cretacico (Figura 2).

Los principales afloramientos que son fuente de sedimentos
al lago son rocas de las siguientes formaciones sedimentarias: a) For-
macion Plaeners (Cretédcico), formada por radiolaritas intensamente de-
formadas; b) Formacion Los Pinos (Cretacico), con limolitas y lechos de
areniscas cuarzosas; ¢) Formacion Labor-Tierna (Cretacico), con arcillas

y areniscas que incluyen abundantes intercalaciones de areniscas cuarzosas;

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos

Capitulo 1
Lacustres: El Lago Sochagota (Boyaca - Colombia) 36 apruto



d) Formacion Gauduas (Maastrichtian-Paleoceno) con arcillas y limol-
itas que incluyen abundantes intercalaciones de areniscas cuarzosas; (€)
Formacion Bogoté (Paleoceno tardio- Eoceno temprano), formada por are-
nisca cuarzosas, limolitas y arcillas; f) Formacion Tilatd (Plioceno-Pleis-
toceno) que se superpone discordantemente a materiales del Cretacico
y Paledgeno y estd formada predominantemente por niveles de arena
ricos en cuarzo, lechos de limolitas y arcilla; g) Depdsitos cuaternar-
ios de arenas, limos, arcillas y conglomerados que se superponen a la
Formacion Tilata y que corresponden a los materiales caracterizadas por
la presencia de caolinita y cuarzo depositados por la actividad aluvial,
lacustre y fluvio lacustre mas reciente, también presente en la cuenca
del rio Chicamocha, (Cifuentes et al., 2020c).
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Figura 2. Mapa geologico de la cuenca del Lago Sochagota.
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Ademas, el Lago Sochagota recibe aportes de los depdsitos pi-
roclasticos del Plioceno - Pleistoceno que constituyen el volcan Paipa
(Pardo et al., 2005). Este edificio volcénico se caracteriza por la presencia
de una caldera colapsada que incluye manantiales hidrotermales asociados
a fallas profundas que descargan aguas termales ricas en SO,-Na-K y
aguas frias ricas en hierro (Cifuentes et al., 2020c). Esas aguas salinas
hidrotermales fluyen de norte a sur a través de la Quebrada Honda - Rio
Salitre (Cifuentes et al., 2017; Cifuentes et al., 2020c).
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Objetivos




Objetivo General

Determinar la influencia antrépica y natural de los procesos que controlan
los parametros fisicoquimicos de las aguas y la composicion mineralogica y

geoquimica de los sedimentos del Lago Sochagota (Colombia).

Objetivos Especificos

Evaluar la influencia de los aportes hidrotermales en la hidroquimica
de las aguas del Lago Sochagota y la efectividad del embalse para la

mejora de la calidad de las aguas.

Valorar los factores que controlan la autogénesis de arcillas, especialmente

de illita, en ambientes lacustres salinos ricos en materia organica.

Determinar los procesos involucrados en la asimilacion sedimentaria
del azufre de origen hidrotermal de las aguas en fases minerales neoforma-

das y sus procesos de transformacion.

Determinar el origen de los elementos traza en los sedimentos de un

humedal de origen hidrotermal.

Evaluar el papel de las comunidades bacterianas en la formacion de mi-
nerales con azufre y su influencia en la acumulacion de metales mayores

y en trazas en los sedimentos depositados en el Lago Sochagota.
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Composwlon condiciones fisico-quimicas
y origen de las aguas del
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Abstract: Volcanic area of Paipa system (Boyaca, Colombia) contains a magmatic heat source and
deep fractures which help to flow up hot and high mineralized waters with a further combination
with cold superficial inputs. This mixed water is recharging the Salitre River and downstream feed-
ing the Sochagota Lake. This incoming water can contribute to substantial increases of hydrothermal
SO*-Na water into the water of the Salitre river basin area, rising the salinity. An additional hydro-
geochemical process is the mix with cold Fe-rich water from alluvial and surficial aquifers. This
salinized Fe-rich water is feeding the Sochagota Lake, although the impact of the freshwaters from
rain on the hydrochemistry of the Sochagota Lake is significant. A series of hydrogeochemical, bio-
geochemical and mineralogical processes occur inside the lake. The goal of this study was to exam-
ine the effect of the Sochagota Lake as a damming that acts as a natural attenumation of the contami-
nants. Damming in the Sochagota Lake can be considered as an effective strategy for attenuating
high mineralized waters. The concentrations of dissolved elements were attenuated significantly
Dilution by rainfall mnoff and precipitation of iron sulfides mediated by sulfate reducing bacteria
in deposits rich in organic material were the main processes involved in the concentration attenua-
tion of 504, Fe, As Cu and Co in the lake water. Furthermore, the K-consuming illitization pro-
cesses occurring in the sediments could favor the decrease of K and AL

Keywords: Sochagota Lake; Paipa volcanic area; natural contaminant attenuation; S and Fe uptake,
precipitation of pyrite.

1. Introduction

Geological ambiances with hydrothermal activity are a font of fluids that deliver and
transport metals and other elements. Some of the elements found in hydrothermal liquids
(eg., Fe, Pb, Zn, S and As) could induce negative effects on the environment, thus it is
essential to determine their behavior to identify probable environmental impacts (e.g.,
[1]). These elements can be added into the hydrothermal solutions from the source water,
the magmatic volatiles due to the water-rock interaction, produdng salty fluids with im-
portant metal concentrations [2,3]. Saline hydrothermal solutions might be a significant
contribution of iron and trace-element water to streams and lakes in geothermal areas.
Damming reservoirs are frequently considered as an effective strategy for controlling dis-
solved pollutants transported by rivers. Dams can be utilized to monitor the water quality
by regulating pollutants from anthropogenic activities (e.g., [4]) as well as from natural
processes. Moreover, barriers storing water are significant instruments for local river
management and offer keys for controlling and administration of water resources [3].
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However, the hydrologically-limited environment produced by dams could rise eutroph-
ication processes (e.g., [6,7]) producing organic matter-rich sediments that can interact
with stored waters. Significant microorganisms communities associated with the organic
matter decay (such as sulfate reducing bacteria) are present in these sediments and can
work as an important factor on the immobilization and removal of S and other related
elements [8, 9]. The fate of elements in these aquatic systems depends on many biogeo-
chemical processes that control their predpitation, adsorption, desorption and transport
[10, 11, 12, 13]. In order to understand the distribution of elements in these reservoirs and
the effectiveness of the damming strategy it is necessary to characterize the critical pro-
cesses controlling the destiny of elements in the ponds and the interrelation of these bio-
geochemical processes in natural system [14, 10].

[15] indicated that two principal dams control the discharge of the upper Chicamocha
River basin: the La Flaya dam and the Sochagota Lake dam. These barriers stock water to
account for several demands, such as ranching, farming, tourism and manufacturing, and
their reservoirs receive anthropogenic entries from farm actions and wastewater as well
as input from geothermal waters that yield high salinity waters, important eutrophication
and sediments enriched in organic matter. [16] studied the factors controlling heavy met-
als pollution of waters and deposits from the La Flaya dam. The present study is focused
on the other significant dam of the region: the Sochagota Lake. The lake is placed in a
subtropical mountain region with an oceanic climate and located in the Andean geother-
mal Paipa volcanic area. [17,9] exposed that these geothermal structures provided remark-
able hydrothermal inputs of sulfur to the waters of the Sochagota Lake. We aimed to eval-
uate the effectiveness of damming for improving water quality identifying the water
sources and the interaction processes involved. Despite the importance of such processes,
studies of types have been lacking.

2. Materials and Methods

2.1. Study area

The Sochagota Lake is an artificial pool with an entertaining utilization constructed
on an earlier natural wetland. Itis situated in an upland (height 2496 m) of the Department
of Boyaca in the Paipa province (Colombia), extending over 1.8 km? (Figure 1). The largest
depth of the lake is around 3.2 m. A tributary of the Chicamocha River, the Salitre River,
feed the lake by the south.

The province of Paipa presents an average annual temperature of 14.4 °C. The rainfall
is well distributed along the year with an average precipitation of 911 mm/yr. The classi-
fication of the climate is subtropical highland oceanic (Cfb by the Képpen system).

Geologically, the study zone is in the principal Andean geothermal system in Colom-
bia, the Paipa volcanic region where hydrothermal activities associated to these volcanoes
can be recognized [18]. Siliceous sedimentary rocks (Cretaceous) were intruded by differ-
ent volcanic rocks (Figure 2). In this area there is an absence of any kind of evaporitic
sedimentary deposits. The adjacent volcanic structure is the Paipa volcano [19] outcrops
in the southern area of the Sochagota Lake appearing Pliocene-Fleistocene pyroclastic al-
kaline rhyolites and trachyandesites rocks. A collapsed caldera (3 km wide) with numer-
ous hydrothermal vents, promoted by important fractures, controls the rise up of hot flow
fluids and cold shallow waters with several processes of mixing producing sodium-sul-
fate water facies. These waters move through the Salitre River basin and are mixed with
the lake and rain water in the Sochagota Lake [17,9].
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Figure 1. Geographical location of the study area and identification of samples sites. Red points represent the hydrother-
mal springs and the yellow points are the sites from the Sochagota Lake Base map: Google Earth.

The conceptual model of the Paipa geothermal system [20,21] considers that the heat
source is magmatic and related to the Paipa volcano. The relationship between the geo-
thermal system and the magmatic body is derived from their proximity. The main reser-
voir of water is located in the old volcanic caldera formed at the end of the first eruptive
epoch, in addition, a secondary reservoir would be related to the quaternary sedimen-
tary cover. The dirculation of hot spring water is carried out through faults (Figure 2).
The discharge zone is structurally controlled, hot fluids rise to the surface preferentially
through fault intersection zones. The main recharge zone by infiltration must occur in
the southern mountains of approximately 3500m altitude, however, there is a local re-
charge area around the volcanic caldera.
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Figure 2. Map of the main geological outcropping and the principal fault system of the Pipa volcanic area related to the
Sochagota Lake. Modified from [16].
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[9] indicated that organic matter-poor sediments (TOC < 0.7%) with quartz and kaolinite
near the south entrance of the lake (Figure 3a) were enriched in Zr (up to 603 mg/kg) and
some major detrital elements (Na, Ti, Al and Si). Fine sized clay rich sediments deposited
in the deep zones of the lake (central and northern segments) were characterized by high
contents in organic matter (up to 11.10%) and the crystallization of S-bearing minerals,
clay mineral mixed layers and illite (Figure 3b). These sediments were enriched in S, Fe,
Zn, Rb, Co, K, Cr, Sb, Ni, As, Ba, Cu, Mn, Mg and Sr. The presence of Fe-sulfides nano-
particles enriched in heavy metals encrusting microbial cells and a dominant sulfate-re-
ducing bacteria (SRB) community (Desulfatiglans, Desulfob ales and Sva0485) suggested
that the precipitation of the hydrothermal S and the aocumulauon of trace elements into
the sediments was regulated by SRB activity. The crystallization of 5°, barite and calcite
and the good correlations between Ba, Sr and Ca indicated that previously precipitated
sulfide can be oxidized by the activity of a relevant sulfur oxidizing bacterial community
(Thioalkalimicrobiwm, Sulfurovum, Arcobacter and Sulfurimonas) which could favor the re-
lease of the metals.

2.2, Methods
2.2.1. Data acquisition and analytical procedures

In order to analyze the Sochagota Lake water composition, 20 samples were taken in Sep-
tember of 2017 at different depths: shallow, medium and deep (Figure 1). Furthermore, 16
samples from mineral and thermal waters from hydrothermal springs were collected in
August of 2015 by Proagua Foundation and provided by Corpoboyaca (Regional Auton-
omous Corporation of Boyaca) in 2016, with the aim of establishing the influence of these
waters on the water lake composition. At each site in the lake, water samples were col-
lected in different clean high-density polyethylene bottles (HDPE), rinsed several times
with the water lake to be sampled. One of the sample bottles was adidified to pH<2.0 with
nitric acid (HNOs), ACS reagent and a purity of 70%, to stabilize trace metals. The filling
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of the tubes was done using sterilized syringes and filtered by 0.45 um filter pore size then
adidified. In a different bottle we kept not acidified sample, used for cations and anions
analysis. These water samples were carried in iceboxes to laboratory and mantained at
4°C for forthcoming analysis. Analyses were carried out in various laboratories. Major
elements were determined in an Ion Chromatograph model Metrohm 850 Professional
(Scientific Instrumentation Centre, University of Jaén) with relative errors of analysis are
+1% for major anions and cations). The analysis of metals and trace elements were done
by ICP-mass spectrometer Agilent Model 7500, being the errors <5% RSD (Scientific In-
strumentation Centre, University of Jaén). We used the AquaChem software package
(Schlumberger Water Services), and SPSS and Statgraphics Statistics software to analyze
hydrochemical data. Easy_Quim [37] was used to make the graphical representation of
Piper, Shoeller-Berkaloft and Salinity diagrams.

Figure 3. Images of the lake sediments by an electron microscope. (a) BSE picture of a southern area of the lake sample,
where crystals of quartz in a kaolinite rich matrix can be seen. (b) BSE image of a sample taken in the north of the lake
‘with parts rich in organic matter and framboidal pyrite in an plentiful dlay-rich matrix. Phy: phyllosilicates, Kln: kaolinite,
Qz: quartz, Py: pyrite, OM: Organic matter.

Different physico-chemical parameters, determined in situ, using a Hanna Instru-
ments multiparameter device (HI 9828), such as electrical conductivity for a standard tem-
perature of 25 °C (EC (uS/cm)), +1 pS/cm), total dissolved solids (TDS, ppm), 1 mg/L),
PH (0,02 pH), temperature (T) (°C, £0,15°C). Alkalinity was obtained by volumetric de-
termination.

Moreover, a sediment sampling survey in the same points used for water was carried
out in the lake. These samples were examined under SEM using back-scattered electron
(BSE) imaging and energy-dispersive X-ray (EDX) analysis in order to obtain textural and
chemical data of the mineral phases using a Carl Zeiss model MERLIN. Moreover, mineral
composition of these samples was examined by X-ray diffraction (XRD) using Cu-Ka radi-
ation at 35 KV y 34 mA, with scan speed of 6° 26 min—1, in a Siemens D-5000 diffractometer.
These analyses were carried out at the Scientific Instrumentation Centre of the University of
Jaén. For the chemical characterization at the nanometre scale of clay minerals, samples were
prepared for transmission electron microscopy (TEM) study. Samples were prepared using
Cu grid surface coated in a perforated formvar resin from a dispersion of finely ground
sample particles, in alcohol or distilled water. The monomineralic character of each grainis
proven by its electron diffraction pattern, checking the existence of a single network and,
therefore, a single crystalline phase. The TEM data was obtained using the Philips CM20
(STEM) microscope, operated at 200 kV from the Scientific Instrumentation Centre (CLC.)
of the University of Granada. Quantitative analyses (AEM) of particles were obtained in
STEM mode with an EDAX microanalysis system in the Philips CM20. The counting time
used was 100 seconds except for Na and K, which were analysed for 15 seconds to try to
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minimise alkali-loss problems as short counting times improve reprodudbility for K and Na
[22].

We used polished sections to obtain back-scattered electrons (BSE) images and tridi-
mensional sediment fragments to acquire secondary electron (SE) images in a field emis-
sion scanning electron microscope (FESEM, Merlin Carl Zeiss of the CICT of the Univer-
sity of Jaén, Spain). Polished samples used for BSE images were previously impregnated
under vacuum with a polyester resin. BSE images were acquired at 15 KV with a working
distarnce of 8 mm using an AsB detector, whereas SE images were acquired at 15 kV using
conventional and In-Lens detectors. These images provided the information for a textural
and microcochemical characterization.

3. Results

3.1. Physicochemical properties of the Sochagota Lake waters

As commented previously, water data acquisition was developed taking 3 different
samples in the vertical line of each sampling point, deep, medium and shallow (namely
B, M and S for sample labels). Nonetheless, no significant variations were found in the
three different measurements, indicating that depth is not an important parameter to con-
trol geochemical behavior of the water lake, due to the shallow depth of the lake during
the sampling period. This behavior led us to consider data of the middle part for the cal-
culations, when it is possible (Table 1). Additionally, in order to better visualize the huge
data set, a descriptive statistical analysis: minimum, maximum, average and standard de-
viation, was performed (Table 2).

Analyzing data globally, it draws attention the difference between samples from the
southern area (19 and 20) and those from the rest of the lake. Samples 19 and 20 have very
high contents in most of variables, such as electrical conductivity (E.C.), Cl, SOs, Na*, K*
and some metals. The average value for E.C. is 2925.4 pSfcm, it is high, but minimum
value is 2211 pS/em and the maximum is 8651.7 uS/cm. In order to appreciate the spatial
variation of E.C. in the lake, a plot of values has been made excluding samples 19 and 20
(Figure 4). In this figure, it is possible to observe how there is a trend of dilution of saline
waters through the lake in direction SW to NE and NW. Just in the center of the lake the
contents of salinity show low values. This behavior is similar for most of the variables
(Table 2), indicating the high infhience in the main entrance of very high mineralized wa-
ter to the lake which is geochemically change inside the lake. Mostly average values of
lake samples have values bigger than the indications of World Health Organization and
Colombian Drinking Water Legislation. In this way, total dissolved solids (TDS) show a
similar trend, with high values in the south area. For example, there is a considerable dif-
ference between the two samples for the south of the lake 19 and the rest of samples. The
average is 1868,39 mg/L, while maximum values are bigger than 5400 mg/L. Following
indications of World Health Organization, TDS levels of TDS greater than 1000 mg/L for
drinking-water becomes significantly unpalatable and the occurrence of great levels of
TDS might also be unsuitable to users, due to high scaling in water pipes and household
appliances [23].

In relation to pH values, there is not a problem for health, but it is very important in
geochemical processes in natural waters, their values are ranging from 8.8 to 9.2, indicat-
ing an alkaline affinity of the medium. Most of the rest of jons are clearly over the recom-
mended levels for drinking water. The average concentrations of cations followed the or-
der as Na*>>K*>Ca®*>Mg¥, being visibly Na* considerable higher than the other cations in
one order of magnitude. In relation to anions, SO#*>Cl> HCOy, considering that SO+ is
the most relevant anion in this water.

Table 1. Water sampling points in Sochagota Lake. M: medium vertical measurement.
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SAMPLE

rH

EC Temp TDS

uS/cm

°C

mg/L

cl
mg/L

S04
mg/L

HCO3
mg/L

CO3 NO3

Na
mg/L

Mg
mg/L

Ca
mg/L

K

P1LM
P2 M
P3 M
P4 M
P5 M
P6_M
P7_ M
P8 M
P9_M

P10_M

P11_M

P12_M

P13_M

P14 M

P15_M

P16_M

P17_M

P18_M

P19 M

P20_M

9,07
8,90
9,16
9,14
9,17
9,21
9,16
9,22
9,18
9,14
9,16
9,15
9,14
9,24
9,27
9,10
9,05
8,88
8,84
8,90

2473,0
2325,0
2282,0
23290
2368,0
2377,0
2287,0
22110
2547,0
2485,0
2415,0
23710
2350,0
2355,0
22740
23610
24320
2489,0
7126,0
86518

16,0
17,0
19,0
18,0
18,0
17,0
17,0
17,0
20,0
19,0
16,0
19,0
19,0
19,0
20,0
18,0
19,0
18,0
19,0
19,0

15829
14882
14603
14903
15153
15214
14635
14153
16303
1590,2
13459
15174
15040
1507,2
14551
15112
1556,5
15929
45263
54938

204,80
203,54
200,94
204,53
204,28
197,38
194,90
198,35
208,36
206,21
205,51
208,54
209,71
211,70
211,09
211,82
218,03
224,62
664,50
846,00

687,34
679,75
671,69
686,58
687,09
666,29
652,87
667,70
699,74
696,19
694,10
703,51
708,17
714,78
712,57
714,15
724,41
752,82
214251
2598,08

169,88
99,58
73,77
76,15
102,15
141,87
107,82
34,05
187,27
158,90
119,17
68,10
45,40
39,72
28,37
35,15
58,58
41,30
6444
80,76

0,70
0,40
1,30
0,32
0,85
154
0,34
047
0,64
043
0,68
047
0,60
0,38
0,73
017
015
0,20
045
0,66

313
2,94
2,69
2,70

2,74
2,70
2,68

2,67
2,72

2,67
2,76
2,75
3,38

43244
430,66
424,24
434,72
433,50
429,51
416,90
425,38
442 88
440,63
438,32
447,63
447,04
450,78
419,07
453,11
461,27
481,90
1470,69
1719,00

8,65
856
835
841
846
844
831
855
871
858
8,55
884
8,90
875
9,14
8,87
9,06
8,79
8,65
10,42

24,07
7,05
22,89
21,9
21,42
21,87
26,64
24,32
23,87
23,50
21,39
23,79
25,00
2398
21,04
27,98
22,23
22,67
28,16
2846

54,98
55,53
4,17
54,94
54,81
54,51
52,92
53,79
56,12
55,77
55,46
56,58
56,45
57,10
53,07
57,33
59,97
60,57
178,31
207,00

SAMFLE

NH4

Br
mg/L

Li
mg/L

Al
mg/L

Mn Fe
mg/L. mg/L

Ni
mg/L.

Cu

mg/L.

Zn

As

mg/L. mg/L

Rb

Sr

PLM
P2 M
P3 M
P4 M
P5 M
P6 M
P7 M
P8_M
P9 M

P10 M

PI1L M
P12 M
PI3 M
P14 M
P15 M
P16_M
PI7 M
P18 M
P19 M

P20 M

0,00
0,00
0,00
0,03
0,03
0,04
0,03
0,03
0,04
0,08
0,04
0,03
0,04
0,06
0,06
0,05
0,07
0,05
0,10
0,17

0,930
0,577
0,776
0,938
0,931
0,902
0,867
0,944
1,001
1,004
1,003
1,021
0,986
1,037
1,000
1,038
1,120
1,078
2,915
3,546

0,842
0,834
0,823
0,827
0,823
0,813
0,808
0,816
0,838
0,819
0,824
0,838
0,836
0,838
0,836
0,836
0,849
0,850
1,828
2,001

0,542
0,586
0,595
0,594
0,602
0,603
0,595
0,598
0,601
0,599
0,588
0,578
0,583
0,572
0,582
0,577
0,570
0,610
1911
2,102

0,055
0,063
0,058
0,060
0,063
0,055
0,050
0,057
0,062
0,048
0,054
0,045
0,064
0,054
0,053
0,057
0,100
0,024
0,648
0,713

0,702 0,221
0,709 0,219
0,717 0,212
0,713 0,217
0,712 0,212
0,694 0,205
0,627 0,193
0,635 0,193
0,639 0,202
0,645 0,199
0,629 0,191
0,616 0,190
0,615 0,218
0,632 0,194
0,620 0,192
0,643 0,213
0,612 0,356
0,006 0,033
0,400 3,939
0,450 4,333

0,003 0,004
0,003 0,001
0,003 0,001
0,003 0,001
0,003 0,001
0,002 0,001
0,003 0,001
0,003 0,001
0,002 0,001
0,002 0,001
0,002 0,001
0,003 0,001
0,004 0,001
0,003 0,001
0,003 0,001
0,002 0,001
0,003 0,000
0,002 0,000
0,007 0,005
0,008 0,005

0,016 0,009
0,054 0,008
0,009 0,008
0,011 0,008
0,015 0,008
0,006 0,008
0,005 0,008
0,024 0,008
0,006 0,008
0,005 0,008
0,005 0,008
0,008 0,008
0,012 0,008
0,023 0,008
0,019 0,008
0,009 0,008
0,008 0,009
0,000 0,007
0,056 0,066
0,062 0072

0,386
0,386
0,392
0,389
0,388
0,385
0,359
0,366
0,364
0,370
0,353
0,354
0,360
0,365
0,361
0,366
0,368
0,379
1,285
1413

0,325
0,329
0,334
0,333
0,333
0,329
0,310
0,316
0,314
0,317
0,308
0,305
0,309
0,315
0,310
0,316
0,314
0,317
0,572
0,629

0,016
0,016
0,016
0,016
0,016
0,016
0,016
0,016
0,016
0,016
0,015
0,015
0,016
0,016
0,016
0,016
0,016
0,017
0,076
0,083

Table 2. Descriptive statistics of sampled variables in Sochagota Lake (N: number of samples; Min: minimum; Max: maximum;
5td Dev. standard deviation)
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Variable N Min. Max. Average Std. Dev
pH 20 884 9,27 9,10 0,13
EC 20 2211,00 865175 292544 1717,38
Temp 20 16,00 20,00 18,20 1,19
DS 20 141531 549376 1868,39 1087,10
lail 20 194,90 846,00 261,74 171,46
S04 20 652,87  2598,08 863,01 521,24
HCO3 20 2837 187,27 86,62 48,09
CO3 20 0,15 154 0,57 0,35
NO3 13 267 3,38 281 0,21
Na 20 416,90 1719,00 554,98 358,22
Mg 20 831 10,42 8,75 0,45
Ca 20 7,05 28,46 2311 4,41
K 20 52,92 207,00 69,47 42,42
NH4 20 0,00 0,17 0,04 0,037
F 20 0,57 3,55 1,18 0,72
Br 20 0,81 2,00 0,94 0,33
Li 20 054 2,10 073 0,44
Al 20 0,02 0,71 0,12 0,19
Mn 20 0,01 0,72 0,60 0,16
Fe 20 0,03 433 0,60 1,21
Ni 20 0,00 0,01 0,003 0,001
Cu 20 0,00 0,01 0,001 0,001
Zn 20 0,00 0,06 0,018 0,0181
As 20 0,01 0,07 0,014 0,0187
Eb 20 035 141 047 0,3018
Sr 20 0,31 0,63 0,35 0,0876
Cs 20 0,02 0,08 0,022 0,0195

The Shéoeller-Berkalov diagram shows these high concentrations of elements like
Nat, 50¢* and CI, clearly indicating the non-drinkability of this water (red crosses in Fig-
ure 5a). Moreover, this water is not even suitable for irrigation due to its extreme salinity,
as SAR [24] values can indicate:

Nat

||Caz+ + Mg+
z

High sodium concentrations in water modifies the permeability of soil and origins
infiltration complications, due to Na* in soils could substitute Ca? and Mg adsorbed on
the soil dlays and generates dispersion of soil particles. In the Sochagota Lake, SAR values
are around or bigger than 20. Samples 19 and 20 have 66 and 70, respectively, being out
of the conductivity vs. SAR salinity diagram (Figure 5b).

SAR =
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Figure 4. Values of electrical conductivity for samples 1 to 18 in the Sochagota Lake. Samples 19 and 20 have removed for
better recognize the variation of the rest of samples, avoiding screen effect of these high values. (a) Map of the EC. in the
lake with scaling size and corresponding value; (b) Plot of the values of E.C. vs. samples.

Minor elements present significant values across the lake, but more remarkable in
samples 19 and 20, standing out F, Min, Fe or As. Additionally, heavy metal concentrations
fluctuate relying on the water sampling position. Waters from south entrance of the lake
show higher levels of heavy metals (Tables 1 and 2) following a declining order as: Fe >>
Al>Mn > Zn> Cu>Ni. It is noteworthy the high contents in Fe in the lake. On the contary,
lower average values of these elements in the waters from central and northern sections
can be observed.

A Fiper plot was carried out in order to detect hydrochemical patterns of major ion
composition and water families (Figure 6). In relation to cations, there is a full concentra-
tion around the corner of Na*K, indicating a clear sodium-potassium type water; concern-
ing to anions, most samples are plotted in the sulfate zone with some influence of chlo-
rides and little bicarbonates and, showing that sulfate-type water is predominant. Conse-
quently, the principal hydrochemical family of waters is SO2-(Cl) — Na~-(K). This is co-
herent with the percentage of SO« and Na+ and the rest of constituents observed in the
analysis.

The saline nature of the wetland and high levels of minor and metals elements could
be attributed, in the first instance, to the mineralized thermomineral waters that get into
the lake system through the Salitre stream entrance, as it will be shown in the next chapter
of the present study [25,20; 26].
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Figure 5. (a) Schoeller—Berkaloff diagram highlighting the geochemical behavior of water in the Sochagota Lake. Red
marks indicate health recommended values [23]. (b) Salinity Diagram for Classification of Irrigation Waters for Sochagota
Lake. Samples 19 and 20 are out of the plot (19-5AR: 66; 20-5AR: 70).
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Figure 6. Piper diagram showing the hydrogeochemical facies identified for water samples of Sochagota Lake.
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In the figure 7 are shown the saturation indices, SI, for anhydrite, aragonite, calcite,
dolomite, fluorite, gypsum and halite in order to evaluate chemical equilibrium [27; 28].
These indices were calculated using AquaChem® 5.1 and based on the next equation:

SI=log (IAF/KT)

LAF: ion activity product; KT: equilibrium constant at a temperature.

If 51 shows positive values (SI = 0) that imply processes of mineral oversaturation and
predpitation, while negative values for SI (SI < 0) indicate an unsaturated water and pro-
cesses of mineral dissolution. This water is dearly oversaturated with respect to calcite,
dolomite and aragonite for samples of the northern and central portion of the lake, on the
contrary, in these areas the rest of minerals are unsaturated, and with a high value for
halite, gypsum and anhydrite, Samples close to the Salitre River present saturation indices
for all minerals <1, indicating that waters from this part of the lake have a high potential
of mineral dissolution for these minerals. These imply that, despite the high content of
dissolved ions, the lake water does not favor the precipitation of these minerals, as shown
the mineralogical characterization of the lake sediments [29,9,]. Furthermore, it could be
considered that active biogeochemical processes have an important role in saline lakes
and determine the precipitation of bacterial-induced day mineralizations in the sediments
of the Sochagota lake. Neoformed day minerals (illite and illite-dioctahedral vermiculite
mixed layers) can be found in the central and north areas of the lake, in deposits with high
organic material values. [29] In these organic matter-rich sediments is frequent to find 5-
bearing minerals: mackinawite, pyrite, and elemental sulfur (5°) [17].

12 2 4 5 6 F 8 9 10 11 12 13 14 15 16 17 18 19 20

m Sl {Anhycrice) m S1{Arazonite) m S1(Calct=) mSi({Dobomite) mSi{Fluorite) m S1{Gypsum) m S1{Halite)

Figure 7. Saturation indices for water samples of Sochagota Lake.

3.2. Physicochemical properties of the hydrohermal waters

We aimed to characterize the impact of hydrothermal waters from the Paipa mag-
matic system into the Sochagota Lake. Then, a groundwater sampling campaign was car-
ried out by Proagua in 2015. Corpoboyaca provided us a database of 16 samples, taken in
different geothermal springs and they measured: i) physicochemical variables; ii) major
elements, and iii) minor elements: Fe, F, B and SiO: (Figure 1 and Table 3). A statistical
summary of these data is presented in Table 4.
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Table 3. Water sampling points in Paipa geothermal area.
Cl 504 HCO3 Na Mg Ca K
T1. Termales Olitas 3,3 19,2 64,7 20,0 0,8 8,1 6,8
T2. El Hervidero 9,7 59,3 49 12,8 0,8 3,7 27,2
T3. Piscina La Playa 3050,0 9180,0 999,0 5480,0 21,0 70,0 930,0
T4. Curiosidad Caliente 100,0 60,3 360,0 130,0 4.9 59,3 13,5
T5. Curiosidad Fria 12600,0 19100,0 2598,6 14600,0 35 423 9060,0
T6. Los Delfines 6580,0 16510,0 28304 12460,0 8,9 83,6 1250,0
T7. Escuela Esperanza 242,0 477,0 55,6 315,0 9,9 47,3 13,7
T8. Colegio ITA 13,0 16,0 62,5 229 4,6 3,7 51
T9. Finca Entre Lomas 33 14,2 49 5,0 0,9 13 3,0
T10. Vereda Carfios 33 13,3 26,8 31 0,6 10,7 6,9
T11. Termal Marismas 7540,0 15000,0 2976,8 12089,0 28,3 175,0 1870,0
T12. Pozo Azul 6620,0 16500,0 26352 11200,0 6,1 168,0 1940,0
T13. Ojo Diablo 6300,0 16400,0 2440,0 11400,0 15,9 129,0 1390,0
T14. Hotel Colsubsidio 6540,0 16600,0 24156 11500,0 17,6 123,0 1210,0
T15. Interior Colsubsidio 6120,0 17500,0 24034 11200,0 253 126,0 1500,0
T16. Aljive 6,0 12,5 29,5 72 le 9,2 2,2
pH C.E. TDS 5i02 Temp Fe F B
T1. Termales Olitas 6,0 2124 80,1 12,30 269 0,79 373 0,00
T2. El Hervidero 6,0 2234 98,3 107 200 13,90 0,07 0,00
T3. Piscina La Playa 8,0 30874,8 13300,0 29,0 64,0 0,92 16,30 1,94
T4. Curiosidad Caliente 7.8 11546 31700,0 10,9 278 0,00 0,69 0,33
T5. Curiosidad Fria 7.3 90654,0 466,0 134 240 0,76 2340 3,95
Té. Los Delfines 71 62099,7 28300,0 20,0 Mo 095 23,50 3,65
T7. Escuela Esperanza 6,4 1822,5 1010,0 35 21,0 2,30 0,06 0,00
T8. Colegio ITA 6,4 2216 67,8 28 199 11,20 0,10 0,00
T9. Finca E. Lomas 6,5 84,8 4.3 24 190 19,20 0,07 0,00
T10. Vereda Cafios 6,4 103,7 74,8 L7 20,7 0,00 0,30 0,00
T11. Termal Marismas 6,4 62033,92 34500,0 13,1 22,0 9,53 6,22 411
T12. Pozo Azul 8,0 61073,2 26100,0 17,5 52,0 0,00 17,50 3,58
T13. Ojo Diablo 8,0 59522,0 25400,0 188 740 041 16,40 2,94
T14. Hotel Colsubsidio 7,0 60037,2 25800,0 17,3 52,0 0,34 16,40 3,18
T15. Interior Colsubsidio 7.3 607674 25500,0 16,0 440 047 16,20 2,96
T16. Aljive 6,8 1085 533 13 17,5 0,00 0,00 0,00

Table 4. Descriptive statistics of hydrothermal water samples of Paipa.

Variable

N

Average Std.Dev.

Min.

Max.
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pH 16 7,0 0,7 6,0 8,0
EC 16 30687,1  33049,0 84,8 90654,0
Temp 16 337 179 17,5 74,0
DS 16 13280,9 141288 443 34500,0
cl 16 34832 39825 33 12600,0
S04 16 7966,4 8384,6 125 19100,0
HCO3 16 12442 1278,1 49 2976,8
Na 16 56528 6036,1 3,1 14600,0
Mg 16 94 93 0,6 28,3
Ca 16 66,3 61,1 L3 175,0
K 16 12018 22258 22 9060,0
5102 16 11,9 79 L3 29,0

F 16 88 93 0,0 23,5

16 1,7 1,7 0,0 41

Fe 16 38 6,1 0,0 19,2

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
Lacustres: El Lago Sochagota (Boyaca - Colombia)

Two types of springs can be differentiated in Paipa region: one located in the dis-
charge area of Pozo Azul and surroundings (samples T12-15) and sample T3 in La Plava
zone, with temperatures around 40-70 2C, more directly connected to fault systems; and a
second group, mainly samples T2, 8, 9 and 11, placed in the northern sector and along the
river valley, probably due to a mixing water process in relation to the alluvial aquifer and
rain recharge, recognized for its low temperature and high salt content [30].

Cold waters, in general, are related with low mineralization concentrations (minor
values of E.C., CI,, SO, Na*, K, etc.) and high values of Fe. On the other hand, samples
from hot springs present very high values of electrical conductivity (Figure 8). Neverthe-
less, it is important to point out the high concentrations of Fe that appear in some of the
samples (maximum of 19,2 mg/L in T9), indicating a process of incorporation of this ele-
ment to groundwater during the evolution sequence of the thermal waters of the Paipa
area.

Regarding the Piper plot (Figure 9), the hydrogeochemical facies of the geothermal
waters correspond to Na'K- SOs>-(Cl') waters towards the central part of the valley of the
Salitre River, while the Na*( Ca¥)- HCOs waters are located towards the margins, with
the exception of the Na+Cl- waters for the Curiosidad Fria (T5). It is worth mentioning
that El Hervidero should not be considered as a source of hot springs, but rather an ema-
nation of steam in steam vents, due to the heat is related to gas release, but with little con-
tribution of water [31]. Thus, from the genetic point of view, the dassification of the waters
of the Paipa geothermal system corresponds to immature waters resulting from heating
with steam derived directly from magmatic sources [30]. Consequently, the main group
of waters are located in the zone with a high concentration of dissolved sulfate, while a
secondary group of corresponds to sulfated waters with appreciable contents of bicar-
bonates, which are considered as peripheral waters to the system.

Saturation indices, SI, for anhydrite, aragonite, caldite, dolomite, fluorite, goethite,
gypsum, halite, hematite, pyrite and siderite (Figure 10) have been calculated in order to
evaluate chemical equilibrium ([27,28]; AquaChem® 5.1). A very high pyrite dissolution
capacity can be observed for these waters in most of the samples, except 2, 4, 10, 12 and
16. Siderite shows a slight negative S.I. value. On the other hand, saturation index for
hematite is positive, oversaturation, but it is clear that there is not a balance between pyrite
(siderite) dissolution and hematite precipitation favoring an enrichment of Fe in geother-
mal groundwaters, feeding the Salitre River and enabling the further entrance to the
Sochagota Lake.
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Figure 8. (a) Map of Fe content in the Paipa area and the relationship of Fe o ion vs. tempe; in the left corner.
(b) Map of electrical conductivity in this area. In both plots, a color and size scale are used: reddish-warm colors and big
dots are related to high values.
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Figure 9. Piper diagram showing the hydrogeochemical facies identified for water thermal samples of Paipa.

4. Discussion
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4.1. Water sources

The Sochagota Lake is recharged by the Salitre River basin waters, which are a mix
of surficial and endogenous waters feeding the Salitre River (Figure 1). With the aim of
the determination of the influence of different water inputs on the water of the lake, we
compared available data of water composition from the geothermal groundwaters geo-
thermal waters contribute to the chemical composition of the water of this river: (i) 5O~
(CI) Na*-K-rich hot waters; and (ii) Fe-rich, HCOx (CI- SOs¥) cold waters. In Figure 11 it
is possible observe the correlation between high Fe contents and the low values of tem-
perature, [1] suggested that hydrothermal fluids associated to geothermal systems contain
potential pollutant chemicals (e.g. S, Fe, As, Pb, Zn, Mn) in the liquid fraction that may
occur in harmful concentrations and can cause environmental chemical pollution. Con-
sidering the water isotopic composition of the Sochagota Lake waters, 6.4%o for 535 and
8.1 for %0, comparable to several hydrothermal liquids; see e.g. [32,33], and the lack of
evaporitic rocks in the stratigraphic sequence, [17] inidcated that the high mineralzation
of the water lake was produced by hydrothermal contributions of S-bearing fluids from
springs feeding the Salitre River. The good correlations of SO with metals in the lake
waters also support an origin associated with the hydrothermal inputs that receive the
Salitre River. The hydrochemistry of the cold waters can be related with water-rock inter-
action of an alluvial shallow aquifer made of volcanic and sedimentary particles and re-
charge by rain. A mixing between thermal and saline waters with cooler groundwater is
produced at the the Salitre river bed causing the SO#- NaK*Fe-rich waters accumulated
at the south entrance of the lake. This mix of water is evidenced by samples T19 and T20,
characterized by very high values of salinity, and mainly Fe.

SATURATION INDEX - THERMAL WATERS

I Anhydrite
| Aragonite
I Calcite

| Dolomite

BECER0A0DED

T1 T2 T3 T4 TS5 T6 T7 T8 T9 T10T11T12T13T14T15T16

SAMPLES

Figure 10. Saturation indices for geothermal water samples of Paipa region.

On the other hand, [34] indicated that anthropogenic inputs due to farm activities
and wastewaters can pollute river basins and its impoundments in Colombia producing
saline waters and organic matter-rich sediments by eutrophication. [16] proposed that
these activities increased metal concentrations in the sediments of the Chicamocha River
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Basin. However, the very low values for P and NO: and the absence of significant rela-
tionships with heavy metals caused by urban sewage and farming actions do not imply
inputs associated to anthropic activity in the Sochagota Lake waters.

4.2, Chemical distribution in the lake waters: processes controlling elements concentrations

Hydrochemical analyses have exposed that two principal types of waters could be
distinguished in the Sochagota Lake whose distribution could be related to several pro-
cesses controlling elements concentrations: water dilution and sedimentary mineral up-
take. Highly E.C. and sulfate-rich waters from the south lake entrance are characterized
by higher contents in CI, Li, Be, Al, K, Fe, Co, Ni, Cu, Zn, As, Rb, Cs and Fb. The concen-
trations of SO¢, CI, Fe and As exceed the regulatory framework for contaminants in wa-
ters (250 mg/L for SOs* and CI, 0,3 mg/L, and 0,01 mg/L, respectively) or electrical con-
ductivity (1000 pS/cm) However, the contents of the remain heavy metals were under the
limits established by Colombian regulations for human consumption and domestic use.
The chemical composition of these waters suggests a strong influence of the hydrothermal
and freshwater entrances into the lake through the the Salitre River. Some geothermal
fluids can be considered as excessive salt content brines with that can cause direct envi-
ronmental damage [1]. Ponding of these brines can be an efficient technique for fighting
against water pollution. The Sochagota Lake is a pond created to preserve the water qual-
ity of the Chicamocha River), storing natural saline brines which are periodically dis-
charged to the Chicamocha River when their salinity is reduced [15]. These waters cover
organic matter-poor deposits made mostly composed of quartz and kaolinite (Figure 3a)
enriched in detrital elements as Zr and Ti deriving from the adjacent sediments and low
heavy metal concentrations [9], suggesting the absence of significant processes of water-
sediment interaction causing mineral authigenesis or trace element incorporation from

waters into the sediments.
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Figure 11. Relation between temperature and Fe in the geothermal water samples of Paipa region
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On the other hand, in the central and northern regions of the lake, conductivity, SOs*
and CI are clearly lower than in the waters from the south entrance, although these con-
tents slightly exceed the Colombian regulations for pollutants in waters. For the remain
trace elements, a strong decrease of concentration can be observed and their contents are
always below the regulatory Colombian framework. Taking into account that sediments
deposited under these waters are characterized by an enrichment in organic matter. [29]
indicated that these sediments are made of a fine grain sized matrix rich in illite and I-DV.
The main characteristic of these deposits are the crystallization of S-bearing minerals
(mackinawite, pyrite, and 5°) and the enrichment in S, TOC, Fe, Zn, Mo, Rb, Co, K, Cr, 5b,
Ni, As, Ba, LOI, Cu, Mn, Pb, P, Mg and Sr [17]. [9] also reported the presence of bacterial
groups capable to cause reduction of sulfate (Desulfatiglans, Desulfobacterales and
Sva0485) and Fe3+ (Latescibacteria), as well as the occurrence of Fe-sulfides nanoparticles
coating microbial cells.

Therefore, our data propose that the water composition of the Sochagota Lake in-
volves interactions between hydrothermal sources, freshwaters and sediments. These pro-
cesses caused a sharp decrease in many element concentrations, especially for SO, Fe,
Cl, Al, As, Cuand Co (between 22 and 8-fold). Li, Rb, Na, K, Ni, Cs, Ba, Zn and Pb suffered
a significant decrease (around 3-fold) while Ca, Mg and Sr were less affected (less than
1.5-fold decrease). Although fresh water from rain accumulated in the reservoir must play
akey role in attenuation of the dissolved metals provided by the hydrothermal inputs, the
decrease of concentration is espedally important for elements involved in some the min-
eral processes occurring by the interaction between water, sediments and their bacterial
community. Biogeochemical processes play an influence on the mobility elements. Com-
plexation and sorption actions on sediments components such as clay minerals, organic
matter, oxides, and biological fixation and transformation can be aspects that determine
the water element composition. [16] indicated that in the constructed wetland of La Playa
(Chicamocha River) the deposit of sediments rich in organic matter and the accumulation
of saline waters generated suitable sceneries for water reduction processes, commonly re-
lated to reducing microorganism activity, that induce the production of sulfide, which can
generate insoluble sulfides of divalent metals. The high contents of trace elements in the
organic matter-rich sediments from the Sochagota Lake and the presence of a significant
SRB community suggest that part of the decrease of 50s*, Cl- and trace elements in the
waters of the lake was promoted by immobilization processes due to mineral reactions
such as precipitation of the hydrothermal S and the accumulation of trace elements con-
trolled by SRB in the sediments. SO hydrothermal inputs of the Sochagota Lake were
dropped by sedimentary processes associated with the carbonaceous matter degradation
to precipitate 5-bearing minerals in the sediments and caused the decrease of metals in
the waters (Figure 3b). [8] showed that the process of metal sulfidation can move away
the metals into low-solubility minerals. The attenuation of the concentration of K, Al and
Rb could likewise be linked to mineral transformations taking place in the carbonaceous
matter-rich deposits. [35] indicated that clay minerals can be rapidly transformed to illite
through sequential mineral reactions in hypersaline and reducing environments. In these
cases, sediments act as effective potassium sinks [36]. [15] suggested that eutrophication
in a closer impoundment (La Playa dam) created an environment under reducing condi-
tions which favored uptake of Fe into neoformed day minerals (I-DV and Fe-smectite).
[29] suggested that reducing sceneries in the carbonaceous matter-rich sediments of the
Sochagota Lake favored a low-temperature illitization. At the same time, I-DV take up Fe
and K via contimious dissolution-precipitation reactions. Hydrothermal K from the or-
ganic-rich pore water was fixed in the neoformed illite layers, indicating that clay minerals
can be consider as sinks for K in geothermal areas.

These processes could significantly contribute to remediate the presence of some el-
ements in the waters by natural attenuation processes. We recommend increasing the veg-
etation at the south entry of the lake to promote the deposit of organic matter rich sedi-
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ments where these biogeochemical can take place to intensify the decrease of concentra-
tion in SO¢* and As below the Colombian regulatory framework for contaminants in wa-
ters.

5. Conclusions

The present study exposed how the effect of damming in the Sochagota Lake can be
considered as an effective strategy for attenuating high salinity waters rich in 50s, some
of them of hydrothermal origin, from the Salitre River basin. In this sense, a hydrogeo-
chemical study of waters of the Sochagota Lake and the hydrothermal inputs conducted
to the lake through the Salitre River were carried out. Concentration of major and minor
elements were high in the south entrance of the lake and progressively these concentra-
tions were attenuated significantly inside the Sochagota Lake. SO+, Fe, CI;, Al, As Cu and
Co contents suffered the strongest decrease. However, 5O¢ and As concentrations re-
mained above the Colombian regulations. Li, Na, K, Ni, Cs, Ba, Zn and Pb concentration
presented moderate reduction, but enough to show contents below the Colombian regu-
latory framework, while Ca, Mg and Sr showed a scarce variation. Dilution by rainfall
runoff and precipitation of iron sulfides mediated by sulfate reducing bacteria in the or-
ganic matter rich sediments were the main processes involved in the concentration atten-
uation of SO+, Fe, As Cu and Co in the lake water. The K-consuming illitization processes
occurring in the sediments could favor the decrease of K and Al

Mineralogical, microbiological and hydrological processes might help to remediate
the occurrence of different contents of harmful elements in the waters by natural attenua-
tion procedures. In this way, a good recommendation could be to expand the vegetation
at the southern entrance of the lake to stimulate the deposit of organic matter rich sedi-
ments where these biogeochemical processes can occur in order to intensify the decline
the concentration in SOs* and As, mainly, following the Colombian regulatory framework
for contaminants in waters.
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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 F-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 Boyaca region (Colombia) (Figure 1). This lake has an extension of 1.7 km?.
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 Képpen
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.

i

Figure 1. Location of the study region and sample positions (numbers 1 to 20) in the Sochagota Lake.
The small map represents the regional context of the global area, i.e., situation of the Paipa province
(Boyaca region) in Colombia. Modified from [25].
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Figure 2. The Sochagota Lake Basin. Modified from [15].

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
outerops 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-
gota Formation (Late Paleocene—Early Eocene), consisting of quartz sandstones, siltstones
and clays; (j) Tilatd 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 Tilatd 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 (1 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 Pe-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 S04?~ (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 uS/em). Cifuentes et al. [27,28] sug-
gested that the mean values of §*5 (6.4%) and 5'®0 (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 framew ork, 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 pm fraction was separated
from the existing <2 um 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 um and <0.2 pm 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
(CuKa 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 °20. The conditions used were equivalent
to a 0.008 °20 step increment and a 10 s/ step counting time. Random powders as well as
air-dried oriented mounts were scanned from 3 to 65 °26, while all other samples were
scanned from 2 to 30 °26 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 um 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 A and 3.57 A reflections of the
<2 pm and <0.2 pm 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 A and a broad peak of low intensity around 10.20 A
(Figure 4a). Oriented air-dried aggregates from the <2 um fraction are characterized by
a broad and asymmetric peak with an abrupt side at 10 A (Figure 4b). Ethylene glycol
treatment produces a more symmetric peak at 10 A, and the presence of a zone of slightly
higher intensities around 16.50 A d-spacings (Figure 4b). The abrupt right edge of the
10 A peak and the 3.33 A peak (which interferes with the 3.34 A reflection of quartz) in the
air-dried pattern and the 10 A symmetric peak in the ethylene glycol pattern (Figure 4b)
were interpreted as due to the presence of illite in the <2 pum fraction.
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Figure 3. Representative XRD diagrams of samples from the southern entrance of the Sochagota
Lake. (a) Whole random powders. (b) Air-dried oriented aggregates of the <2 pm size fraction; XRD
diagrams of the ethylene glycol treated samples completely overlap the air-dried diagrams. (c) Air-
dried oriented aggregates of the <0.2 um size fraction; XRD diagrams of the ethylene glycol treated
samples completely overlap the air-dried diagrams. Phy: phyllosilicates, Kin: kaolinite, Qz: quartz.
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Figure 4. Rey itative XRD diag of ples from the central and northern parts of the

Sochagota Lake. (a) Whole random powders. (b) Oriented aggregates of the <2 pm size fraction.
(c) Oriented aggregates of the <0.2 um size fraction. AD: air-dried samples. EGC: samples treated
with ethylene-glycol. 300 °C: samples heated to 300 °C. Kln: kaolinite, F-DV: illite—dioctahedral
vermiculite mixed layers, IIt illite, Qz: quartz.

To characterize the nature of the phases that form the broad peak around 16.50 A
in the ethylene glycol pattern of the <2 pum fraction, a detailed study of the <0.2 A size
fraction was carried out (Figure 4c). In this size fraction, the intensity of the kaolinite
peaks decreases, and the 10 A peak of illite was not observed in the air-dried patterns.
However, a broad peak around 10.9 A 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 iosit‘lon toward higher d-spacings, the characteristic peak of
the smectitic phases around 17 A was not observed. The peak collapses to 10 A 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 FDV mineral is rich in illite layers (85-90% illite layers) as indicated by the
intensity and minor modifications of the peak at ~10 A in the ethylene glycol samples and
also by the lack of a peak at 17 A in the same samples. According to the relative peak
intensities, the -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 pm 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 um, 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 5¢).

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, Kin: 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 pm 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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Figure 6. FESEM images of lake samples from the central and northern parts. (a) Elongated areas rich
in organic matter (plant remains) and sulfide framboids included in a matrix rich in clay-minerals
(BSE image); (b) SE picture showing massive clay aggregates in which EDX analyses indicate the
presence of K, Fe, and a higher 5i/ Al ratio than in kaolinite. (c) SE image of a framboid of pyrite.

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 Op(OH)z. Kaolinite standardized to Oyp(OH)s.

VAl= (4 —Si).
::‘:lﬂ‘:; si amv AlV! Fe Mg v Ca K Na ¥ Xu
Illite-dioctahedral vermiculite mixed layers (I-DV)
71 3.50 050 175 0.12 0.10 1.97 0.04 0.60 0.01 0.65
72 335 0.65 1.80 0.15 0.05 2.00 0.04 0.62 0.00 0.66
73 340 0.60 172 0.16 0.12 2.00 0.03 0.64 0.02 0.69
74 343 057 179 0.13 0.05 1.97 0.05 0.60 0.01 0.66
75 3.38 0.62 173 0.16 013 2.02 0.04 0.58 0.03 065
81 348 052 178 0.11 0.10 1.99 0.03 0.58 0.01 062
82 336 0.64 172 0.16 014 2.02 0.05 0.61 0.01 0.67
83 3.47 053 175 0.15 0.08 1.98 0.05 0.56 0.01 0.62
54 3.37 063 170 0.18 0.14 2.02 0.05 0.60 0.01 0.66
85 342 058 174 0.12 015 2.01 0.04 0.60 0.02 0.66
86 339 061 173 0.15 0.12 2.00 0.03 0.63 0.03 0.69
111 336 0.64 171 0.15 0.14 2.00 0.05 0.61 0.01 0.67
112 336 0.64 1.89 0.12 0.05 2.06 0.03 0.62 0.02 0.67
11-3 346 054 177 0.15 0.09 2.01 0.05 0.56 0.01 0.62
11-4 344 0.56 1.81 0.12 0.05 1.98 0.04 0.61 0.02 0.67
131 337 063 171 0.17 013 2.01 0.04 0.58 0.03 065
13-2 349 051 179 0.12 0.10 2.01 0.02 059 0.02 063
13-3 341 049 173 0.12 013 1.98 0.04 0.61 0.01 0.66
13-4 338 0.62 171 0.18 012 2.01 0.05 0.60 0.01 0.66
13-5 349 051 176 0.12 011 1.99 0.04 0.60 0.01 065
Interaccion de Aportes Hidrotermales en Aguas y Sedimentos ,
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Table 1. Cont.
::‘:15:_; Si AV AIVI Fe Mg TV Ca K Na pxu
lite
7-1 3.36 0.64 1.50 0.31 01 2.00 0.00 0.68 0.06 074
7-2 3.30 07 1.57 0.29 016 2.02 0.03 07 0.04 077
7-3 3.33 0.67 1.55 032 014 2.01 0.02 07 0.04 076
&1 3.39 061 1.62 0.24 012 1.98 0.01 071 0.03 075
82 337 0.63 1.58 03 012 2.00 0.01 071 0.03 075
111 332 0.68 1.56 03 015 2.01 0.03 0.69 0.03 075
112 334 0.66 1.56 0.31 014 2.01 0.02 0.69 0.05 076
131 3.38 0.62 1.62 025 011 1.98 0.01 07 0.02 073
Kaolinite

11-1 403 0.00 3.87 0.09 0.00 3.96 - - - -
112 400 0.00 3.94 0.05 0.00 3.99 - - - -
191 40 0.00 3.91 0.07 0.00 3.98 - - - -
20-1 402 0.00 3.92 0.08 0.00 400 - - - -
202 40 0.00 3.93 0.07 0.00 400 - - - -

Note: A1™Y: tetrahedral Al; A1VY: octahedral Al; T VL total octahedral cations; ¥ ¥ total interlayer cations.

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
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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.

—

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 pseundohexagonal 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 pm) subidiomorphic tabular to prismatic crystals (Figures 8 and 10).
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Figure 8. HRTEM pictures of sediments of the central and northern parts of the lake. (a) Textural
image of a sediment from the central area; (b) Textural image of a sediment from the north area. Kln:
kaolinite, Qz: quartz, I-DV: illite-dioctahedral vermiculite mixed layers, Ilt: illite.

20 nm

Figure 9. HRTEM pictures showing FDV details. (a) Textural image of -DV aggregates. (b.e),
and (f) Lattice fringe images of - DV flakes with some layers of 10 A. (c.d) SAED patterns of FDV
flakes showing 10 A d-spacing diffraction peaks. Kin: kaolinite, Qz: quartz, I-DV: illite—dioctahedral

vermiculite mixed layers.
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Figure 10. HRTEM images showing details of illite in samples from the central and northern parts of

the lake. (a) Textural image of illite in clay aggregates. (b) SAED pattern of illite. (¢) HRTEM image
of illite showing wide areas of well-defined 10 A lattice fringes. OM: organic matter, It 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 A 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.fu). 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 FDV 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.fu, 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 A 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 FDV 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 um 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 FV 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 [-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 FDV. We
did not find mineral evidence of the reaction of the detrital kaolinite to form K-5 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 -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 -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 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 F-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.fu.) than in -DV (0.11-0.18 a.p.fu.). 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 Feillite 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 DV mixed layers. FDV 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 NHy*, can be selectively adsorbed or fixed by vermiculite. Clays saturated
with NHy* 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.fu.) 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 (-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
Alin 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 FDV 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
F-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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Abstract: Geothermal systems can provide significant amounts of hydrothermal sulfur to surface
waters, increasing salinity and avoiding some of the common anthropic uses. The objective of this
study was to investigate the sedimentary neoformation of S-bearing phases in organic matter-rich
sediments from a saline lake with hydrothermal inputs (Sochagota Lake, Colombia). Detrital kaolinite
and quartz are the main minerals of the materials deposited in the Sochagota Lake. Neoformed
clay minerals (illite and illite-dioctahedral vermiculite mixed layers) are concentrated in the central
and northern part of the lake in sediments with high organic matter content. The most organic
matter-rich materials are characterized by S-bearing minerals: mackinawite, pyrite, and elemental
sulfur (5°). FESEM, high-resolution transmission electron microscopy (HRTEM), EDS, and Raman
microspectrometry have revealed the presence of cell-shape aggregates of mackinawite nanoparticles
filling the inner part of plant fragments, indicating that microorganisms were invelved in the
hydrothermal sulfur uptake. The alteration of mackinawite in free sulfide excess environment
produced the formation of framboidal pyrite. The evolution to conditions with the presence of oxygen
favored the formation of complex S° morphologies.

Keywords: Sochagota Lake; hydrothermal sulfur; sedimentary sulfur uptake; mackinawite; pyrite;
elemental sulfur

1. Introduction

The presence of sulfur as an important component is widely extended in many hydrothermal
systems controlling the geochemistry and distribution of most of the trace elements in geothermal
systems [1,2]. In geothermal systems, the presence of alkaline hot springs is very frequently found
as surface waters, representing the composition of the geothermal reservoir [3]. The boiling of the
reservoir can produce fluids enriched in volatile gases such as CO, and H,S, which proportion
can change depending on the degree of boiling (H,S content increases with increasing of boiling).
H,S hydrothermal fluids mix with non-thermal surface waters producing S0,>-rich waters due to the
oxidation of the hydrothermal H,S [1,4]. Spring discharges of 50,?-rich fluids may alter the surface
waters, producing important environmental effects in downstream waters, e.g., increasing salinity
and avoiding some of the anthropic uses of the waters. The presence of natural or constructed lakes
that accumulate this type of waters generates hydrologically restricted environments. Under tropical
conditions, strong eutrophication [5,6] favors the deposit of organic matter-rich materials where the
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interaction with saline fluids and organic activity catalyze mineral reactions in the sediments [7].
Microbial redox reactions involving S compounds can control some mineral authigenic sedimentary
processes in these environments [8-10]. These reactions are commonly influenced by the formation
of sulfide minerals. Rickard and Luther [11] exhaustively reviewed the chemistry of iron sulfides.
The Fe monosulfide resulting from the precipitation of Fe> and S* is mackinawite (see, e.g., [12]).
It precipitates as unstable tetragonal particles that transform to ordered crystals. Mackinawite is
transformed through different pathways, according to O; and HS concentrations, to greigite (Fe3Sy),
pyrite (FeSy), elemental sulfur (5°), and ferric oxides and hydroxides. HzS concentrations in sedimentary
environments under low-temperature conditions are associated with the activity of the sulfate-reducing
microorganisms [13]. Some studies (e.g., [14]) indicated that mackinawite and greigite are infrequently
conserved in the sedimentary rocks, but its formation can be controlled by microorganisms and they
possibly have a critical reactive function in the current biogeochemical cycles of Fe and S. Among
sulfide minerals, pyrite is characterized by its high stability and abundance [13]. Recent research [15]
has indicated the importance of the sulfur biogeochemical cycle of native sulfur (S°), which is produced
by oxidation reactions (chemical or biological) of other S-bearing phases with lower oxidation state.
This study aims to investigate the sedimentary neoformation of S-bearing phases in organic
matter-rich sediments from a saline lake with hydrothermal inputs. High-resolution microscopy
techniques, such as field emission scanning electron microscopy (FESEM), high-resolution transmission
electron microscopy (HRTEM)), coupled to high spectral resolution techniques, such as energy
dispersive X-ray spectrometry (EDX) and Raman spectroscopy, were used in a fine-scale characterization
to reveal the processes involved in the sedimentary uptake and transformation of the hydrothermal S.

2. Materials and Methods

2.1. Study Site
The Sochagota Lake is located in the Paipa province (Boyaca department, Colombia) (Figure 1a,b).
This lake has, mainly, a recreational use. The surface area of the lake is 1.8 km? and the deepest point is

3.20 m. It is an artificial lake on a previous natural wetland forming a small endorheic basin in the
lower course of the Salitre River (Paipa), a tributary of the Chicamocha River.

T T
wm v T

Figure 1. Geographical setting of the study area and sampling location. (a) Global context of the area;
(b) Local situation in Colombia; (¢) Location of the sampling points 1 to 20 at the Sochagota Lake.

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos

itulo 5
Lacustres: El Lago Sochagota (Boyaca - Colombia) 86 Capitulo



Minerals 2020, 10, 525 Jof14

The average annual temperature in Paipa is 14.4 °C. The average rainfall is 911 mm/year, with
this precipitation well distributed throughout the year. The climate is subtropical highland (altitude,
2496 m) oceanic (classified as Cfb by the Képpen system).

From the geological perspective, the Sochagota Lake is situated in the main geothermal area of
the Andean Cordillera in the Colombian territory, with hydrothermal systems located mainly around
the volcanoes of the Andean Cordillera in the Colombian territory. These volcanoes predominantly
intrude cretaceous siliceous sedimentary rocks (conglomerates, sandstones, shales, and claystones)
(Figure 2). The presence of evaporitic rocks or other types of salt-bearing rocks has not been described
in the stratigraphic column of the area. To the south of the small endorheic basin of the Sochagota Lake
outcrop the materials of one of these volcanoes, the Paipa veolcano [16], which is an eroded explosive
volcanic building formed by acid pyroclastic deposits (alkaline rhyolites and trachyandesites) of
Pliocene-Pleistocene age. This structure includes a collapsed caldera of 3 km diameter that has several
hydrothermal vents. The presence of these materials may be related to the heat source of the intense
geothermal system in the area as well as to the presence of S-bearing materials. A high-temperature
geothermal system related to a magmatic heat source has been proposed for the area [17]. The heat
upflow is controlled by deep faults and a shallow mixing process producing a highly mineralized
sodium-sulfate water that hides the chemical composition of the deep reservoir fluid.
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Figure 2. Geological map of the Sochagota Lake Basin. The lake does not receive sediments from the
north area. Modified from Reference [16].

The Sochagota Lake stores natural hydrothermal saline waters [18] mixed with rain surface
waters. Table 1 shows that lake waters have high electrical conductivity (2440 puS/cm) and pH (9.27).
These waters are enriched in S04~ (2165 mg/L), Na* (1493 mg/L), and K* (280 mg/L). The isotopic
composition of the water samples is characterized by mean values of 6.4%. for §*8 and 8.1 for §'*0[19].
The isotope contents (see, e.g., [20,21]) and the absence of evaporitic deposits in the geological context
strongly suggest the hydrothermal origin of the S responsible for the high salinity of the lake.
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Table 1. Average physical-chemical parameters of the Sochagota Lake waters from Reference [19].

Physical-Chemical Parameters and Units Average Values
CI” (mg/L) 6723
S0Py (mg/L) 2165.0
HCOr; (mg/L) 2042
CO*3 (mg/L) 15
NO73 (mg/L) 3149
Na* (mg/L) 14931
Mg?* (mg/L) 91
Ca®™* (mg/L) 555
K* (mg/L) 2807
pH 9.27
EC. (uS/em) 2440.0
Temperature (°C) 220

E.C. Electrical conductivity.

4of 14

The sediments were sampled from 20 points in a grid covering the entire area of the lake (Figure 1c).
A standard stainless Shelby tube was used for sampling, and cores up to 50 cm deep were obtained.
Coring polypropylene tubes with samples were capped at top and bottom with silicone rubber
preserved in frozen tubes with dry ice at —80 °C, included in closed polyethylene bags that were
transported to the laboratory until further processing. The extracted cores were divided into two
sections: (a) 0-25 cm depth segment (samples ending with —s in Table 2) and (b) 25-50 cm segment
(samples ending with —p in Table 2).

Table 2. Content in inorganic carbon (IC), total organic carbon (TOC), and total carbon from the
materials deposited in the Sochagota Lake. *: (-25 cm core segment; **: 25-50 cm core segment; ***:
0-50 cm core segment. Standard deviation is indicated in parenthesis.

Sample IC (%) TOC (%) Total C (%)
1p* 0149 (0.01) 915 (0.04) 9.30
1s* 0142 (0.01) 411 (0.02) 425
2p** 0.269 (0.03) 1.01 (0.01) 1.28
2s* 0.176 (0.01) 1.17 (0.01) 1.34
3p*+ 0200 (0.02) 188 (0.02) 217
3s* 0.188 (0.01) 174 (0.01) 193
4p** 0.161 (0.01) 0.996 (0.01) 116
15+ 0.000(0.01) 201 (0.01) 210
Sp** 0.131 (0.01) 3.04 (0.03) 3.18
5s* 0.121 (0.01) 251 (0.03) 2.63
6p** 0123(0.02) 111 (0.01) 11.20
6s* 0142 (0.01) 359 (0.04) 373
M7 <0.100 1.16 (0.01) 124
Tp** 0.253 (0.01) 141 (0.01) 166
7s* 02290.01) 121 (0.01) 143
M8 <0.10 (0.01) 125 (0.03) 133
Bp** 0.181 (0.01) 212 (0.01) 2.30
8s* 0264(0.01) 226 (0.01) 252
MO <0.100 210 (0.01) n
9p** 1.26 (0.03) 0.66 (0.01) 193
95 0.683(0.02) 062 (0.01) 1.31
10p ** 0.199 (0.01) 3.64 (0.04) 3.84
10s * 0.194 (0.01) 3.18 (0.02) 3.38
11p** 0.195 (0.01) 152 (0.01) 172
115+ 02000.01) 157 (0.01) 177
12p** 0.206 (0.01) 124 (0.01) 145
12s* 0.141 (0.01) 1.80 (0.01) 1.94
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Table 2. Cont.

Sample IC (%) TOC (%) Total C (%)
13p* 0216(0.01) 127 (0.01) 148
13s* 0.957 (0.01) 0.37 (0.01) 133

M4 ##+ <0.10 096 (0.01) 096
14p * 0218(0.01)  3.45(0.04) 3.67
14s* 0.149 (0.01) 224 (0.01) 2.38
15p ** 0.218 (0.01) 1.73 (0.01) 1.94
155 0188(0.01)  1.59 (0.01) 178
16p ** 0.408 (0.01) 0.48 (0.01) 0.89
17p** 0.156 (0.01) 0.64 (0.01) 0.80
17s* 0309(0.01)  031(0.01) 0.62
18p ** 0.212 (0.01) 435 (0.05) 456
18s* 1.180 (0.02) 0.29 (0.01) 148
19p ** 0257 (0.01)  1.64 (0.02) 1.89
195 * 0.137 (0.01) 1.78 (0.01) 1.89

M20 **+ <0.100 0.69 (0.01) 070
20p** 0158 (0.01) 179 (0.02) 1.95
20s* 0.189 (0.01) 2.59 (0.03) 278

2.2. Methods

We prepared oriented aggregates (whole sample and <2 um fraction) to obtain X-ray diffraction
(XRD) data. Samples were previously washed with ultrapure water to remove salts [22]. Oriented
aggregates were obtained by sedimentation in a glass. Centrifugation was used to separate the <2 um
fraction. Ethylene glycol and heating treatments at 400 *C and 550 *C were carried out to identify
expandable clay minerals.

The diffractograms were obtained in a PANalytical X'Pert Pro diffractometer (CuKo radiation,
45kV, 40 mA), equipped with an X'Celerator solid-state linear detector, which was used to obtain the
diffraction patterns (0.008% 20 step increment and 10 s/step of counting time) (CICT, University of Jaén,
Jaén, Spain). A scan between 3° and 62° 20 was carried on the air-dried samples, while for the treated
samples, the scan was done between 2° and 30° 20 to help with the identification of clay minerals [22].

We used polished sections to obtain back-scattered electrons (BSE) images and tridimensional
sediment fragments to acquire secondary electron (SE) images in a field emission scanning electron
microscope (FESEM, Merlin Carl Zeiss of the CICT of the University of Jaén, Jaén, Spain). Polished
samples used for BSE images were previously impregnated under vacuum with a polyester resin [23].
BSE images were acquired at 15 kV with a working distance of 8§ mm using an AsB detector, whereas
SE images were acquired at 15 kV using conventional and in-lens detectors, according to Reference [24].
These images provided the information for a textural and microchemical characterization.

The nanometric characterization was carried out by high-resolution transmission electron
microscopy (HRTEM) following the experimental procedure indicated by Nieto and collaborators [25]
in two electron microscopes at the CIC of the University of Granada (FEI TITAN and the Philips CM20)
(Granada, Spain). Au and Cu grids were used to prepare samples from alcohol or distilled water of
sample particles dispersion.

A FESEM with a Raman spectrometer (CIC, University of Granada, Granada, Spain) was used for
the Raman spectrometry following the experimental procedure indicated by Guerra and Cardell [26]
(Zeiss Supra 40Vp FESEM with a Renishaw spectrometer In Via fitted with a Nd:YAG 532 nm laser and
a near-infrared diode 785 nm laser, maximum powers of 500 mW and 100 mW, respectively, coupled to
a Peltier-cooled CCD detector and single-grating monochromators, 1200 and 1800 lines mm-1).

Total organic carbon (TOC) was measured after preparing five replicate samples for every core
segment using high-temperature (720 °C) catalytic oxidation (Pt-alumina) on a Shimadzu TOC-V CSH
Total Organic Carbon Analyzer [27] from the IRNAS at CSIC-Sevilla (Sevilla, Spain). Sediment samples
were precisely weighed (2-3 mg + 0.01 mg) on silver capsules. Analytical replication of reference
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material (PACS-2) was run every 10 samples. The limit of quantification was calculated as 0.03%.

Standard deviation for every core segment is indicated in Table 1.

3. Results

The materials accumulated in the Sochagota Lake are microlaminated sediments. There are
important differences between the materials sampled in the south part of the lake and those from the
central and north areas.

Samples from the south part are light-colored and compact. XRD analyses reveal the presence of
high amounts of kaolinite, quartz, and feldspars (Figure 3a). Scanning electron microscope images
show that quartz and feldspar appear as large sub-idiomorphic crystals sized from 100 to 800 pm

(Figure 4a). Feldspar crystals are characterized by the presence of very altered surfaces (Figure 4b).

Acid volcanic glass particles very rich in microvesicles, whose size varies between 2 and 10 um, can also
be observed.
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Figure 3. XRD diagrams of air-dried oriented aggregates from samples of the Sochagota Lake.
(a) Representative sample from the south part of the lake (segment 0-25 cm depth). (b) Representative
sample from the central and north areas (segment 25-50 cm depth). Kin: kaolinite, FDV: illite-
dioctahedral vermiculite mixed layers, Ilt: illite, Qz: quartz. Red: air-dried (AD) pattern; blue: 400 °C
heated pattern; green: 550 °C heated pattern.

Figure 4. FESEM images of samples from the south part of the lake. (a) back-scattered electrons (BSE)
image of crystals of quartz in a kaolinite-rich matrix (sample from segment 25-50 cm depth); (b) SE
image of feldspar crystal with altered surface (sample from segment 0~25 cm depth). Kin: kaolinite, Qz:
quartz, Fsp: feldspar.
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On the other hand, sediments from the central and north areas are very fine grain sized. X-ray
diffraction analysis shows that these materials are frequently enriched in clay minerals (Figure 3b),
of which mineral assemblage is made of illite, illite-dioctahedral vermiculite mixed layers, and kaolinite
(Figure 5a) [28]. FESEM images show that the clay-rich matrix of the sediments is often crossed by
elongated plant rests, diameter of which can reach up to 50 pm (Figure 5b).

Figure 5. FESEM images of samples from the north part of the lake. (a) HRTEM image show ing the
mineral assemblage made of illite, illite-dioctahedral vermiculite mixed layers, and kaolinite (sample
from segment 0-25 cm depth); (b) FESEM-SE image showing the clay-rich matrix of the sediments
crossed by elongated plant rests (sample from segment 25-50 cm depth). Kin: kaolinite, It illite, I-DV:
illite-dioctahedral vermiculite mixed layers, OM: organic matter.

Sulfur-bearing minerals are especially concentrated in materials rich in organic matter from the
central and north areas. Figures 6 and 7 show FESEM and HRTEM micrographs, as well as EDX and
micro-Raman spectra of sulfur-containing minerals from the Sochagota Lake sediments.

Pyrite is the most abundant S-bearing mineral in the organic matter-rich materials. Microcrystals
and pyrite spherules of around 500 nm appear between the micropores of the sediment (Figure 6a).
EDX microanalyses of these grains show a Fe:S ratio close to 2. The aggregation of pyrite crystals
produces less than 10 um sized framboids (Figure 6b—d). Accumulations of framboidal pyrite is
especially important in areas rich in organic matter remains (Figure 6e). Near these pyrite-rich zones
appear individual grains of elemental S of around 10 pm in size (Figure 6f) and S-aggregates formed
by microfilaments and micro-spherules that generate a vesicular texture (Figure 6g). Raman spectra of
these regions (Figure 6h) allow the identification of pyrite, with peaks at 344 and 379 em™! [29] and
elemental S with peaks at 152 and 220 cm ™! [30]. Weak mackinawite peaks (208, 260, and 298 cm™!)
were also observed [31].

In contrast, other Fe?* sulfides were detected in the inner part of some cores enriched in organic
matter (Figure 7). EDX analyses indicates that its Fe-5 atomic ratio is close to 1 for some of these
minerals filling plant fragments, which corresponds to the mackinawite composition FeS (Figure 7a,b).

Detailed high magnification images of the inner part of the plant fragments revealed the presence of
clusters of fine FeS nanoparticles (around 80 nm) forming aggregates, which shape and size (1-2 pm) is
similar to the bacterial cell morphology (Figure 7c—). HRTEM images also show scattered extracellular
nanoparticles (Figure 7f). EDX microanalyses of nanoparticles from the HRTEM study also shows
the same Fe:S ratio. Raman spectra of the FeS minerals filling plant rests confirmed the presence of
mackinawite with an important peak at 298 cm™!, a secondary one at 208 em™’, and a very weak peak
at 260 cm~! (Figure 7g) [31]. Greigite was not identified in any samples.
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Figure 6. Electron microscope image and spectroscopy data (EDS and Raman) of pyrite and 5° in the
organic matter-rich materials of the lake (samples from segments (H(samples from segments 25-50 cm
depth, except for a) 25 cm depth, except for a). (a) SE image of microcrystals of pyrite between
the micropores of the sediment; (b), (c) and (d) SE images of pyrite framboids; (e) BSE image of an
accumulation of framboidal pyrite near organic matter rests; (f) SE image of an individual grain of
native sulfur near pyrite-rich zones; (g) BSE image of a S-aggregate formed by microfilaments that
generate a vesicular texture; (h) Raman spectrum of pyrite-rich region. Py: pyrite, OM: organic matter,
S: elemental sulfur, M: mackinawite.
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Figure 7. Electron microscope image and spectroscopy data (EDS and Raman) of mackinawite in the
organic matter-rich materials of the lake (samples from segments 25-50 cm depth, except for a). (a) and
(b) Fe5 filling plant fragments in a SE image (a) and in a BSE image (b); EDX analysis indicates that its
Fe-5 atomic ratio is close to 1; (c), (d) and (e) Detailed high magnification SE images of the inner part of
the plant fragments revealing FeS nanoparticles aggregates with bacterial cell morphology; (f) HRTEM
image showing scattered FeS nanoparticles; (g) Raman spectrum of the FeS minerals filling plant rests
confirming the presence of mackinawite. M: mackinawite.

Regarding the organic matter content, TOC in the sediments oscillated from 0.28% to 11.1%
(Table 2). The lowest concentrations were located in materials rich in kaolinite, quartz, and feldspars
formed in the south part of the lake, near the El Salitre hydrothermal input, and where plant vegetation
is scarce. The highest concentrations of total organic carbon were found in the materials rich in 2:1
phyllosilicates (illite-dioctahedral vermiculite mixed layers (I-DV) and illite) at the central and northern
part of the lake, frequently close vegetation rich zones. These fine sized sediments have the highest
contents of sulfide minerals.

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos

itulo 5
Lacustres: El Lago Sochagota (Boyaca - Colombia) 93 Capitulo



Minerals 2020, 10, 525 10of 14

4. Discussion
The relationship between detrital materials, hydrothermal input, high organic matter content, and
S-containing mineral precipitation occurring in the Sochagota lake was evaluated in this study.

4.1. Defrital Minerals and Neoformed Clay Minerals

The results of this study revealed that the materials formed at the Sochagota Lake exhibited
significant differences in the grain size, mineral assemblage, and organic matter content according to
the distance from the entrance of the hydrothermal inputs (El Salitre). From the entrance to the inner
portion and the northern border of the lake, the amount of fine particles of clay minerals (illite and
mixed-layer clay mineral) increases. The formation of illite and I-DV was occurred during the strong
interaction of the sediments with the saline water-pore under the reduced conditions provided by the
high content in organic matter [32]. Similar illitization processes in other saline and organic matter-rich
environments, such as those occurring in mangroves, have been described [7]. On the other hand,
the higher hydrodynamic conditions of the lake entrance and the low organic matter content of these
materials avoided the formation and accumulation of the fine clay mineral particles in the southern
area of the Sochagota Lake [32].

4.2. Hydrothermal Inputs and Reduced Microenvironments Favored by Organic Matter

Isotopic composition of the waters from the Sochagota Lake (mean values of 6.4%. for §*S and
8.1 for 5'%0) is inside the reference fields indicated in several studies [20,21] for active hydrothermal
systems. These data and the absence of evaporitic deposit or any other type of sulfate-bearing rocks in
the geological context [16] clearly indicate that sulfur dissolved in the water and precipitated in the
materials of the lake is of hydrothermal origin.

S-bearing minerals are concentrated at the organic matter-rich materials from the deeper central
and northern part of the lake. Organic matter-rich layers are able to maintain oxygen depleted
conditions due to the capability of decaying organic matter to provide electrons for reactions of
reduction. In saline environments, such as that of the Sochagota Lake, following the availability of
easily degradable organic matter, microorganisms most likely can create microenvironments with
reduced Fe and aqueous sulfides in which some processes lead to the precipitation of insoluble sulfides
(see, e.g., [33]).

4.3. The S Cycle in the Materials of the Sochagota Lake

Figures 4-7 suggest that the presence of S-bearing minerals is not associated to the sediment depth.
The main factor controlling the formation of these minerals was the amount of organic matter, which
is heterogeneously distributed among both depths (Table 2). Pyrite is the more extended S-bearing
mineral from these organic matter-rich materials. This indicates that the uptake of Fe is associated with
the existence of 5-bearing phases in the materials with finest particles and close to vegetation-rich areas,
suggesting the association of a pyritization process to the organic matter abundance. Crystallization
of individual pyrite crystals and framboidal aggregates associated with organic matter have been
extensively described in anoxic sediments (e.g,, [34,35]). For example, nanobacterial cells are frequently
found coating pyrite microcrystals associated with decaying organic matter [35]. Pyrite framboids can
be formed within templates provided by organic carbon matrix [36]. Experimental studies and field
observations suggest that pyrite framboids formation is promoted by the nucleation and growth of iron
monosulfides, which are later converted to pyrite (e.g., [37-39]). According to Hu and collaborators,
most of the organic matter-rich materials are thought to undergo three processes that contribute to
the crystallization of pyrite in framboids [40]: (a) formation and development of precursors (FeS);
(b) transformation of FeS to FeSy; and (c) pyrite growth.

In the materials investigated in this study, high spatial and spectral resolution spectromicroscopy
techniques allow to identify textural traces of microorganisms’ activity associated with the first stage
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of the framboidal sulfides formation. High-resolution electron microscopy studies are one of the
best tools to determine the presence of sulfide nanoparticles, its volume, morphology, composition,
and disposition in organic matter-rich environment, allowing to elucidate the importance of the
factors controlling its formation, such as the microbial-mineral interactions or the changes in aqueous
and sediment chemistry (see, e.g., [14,41,42]). Figure 7c—e shows the remarkable morphological
and dimensional features of spherical and oval-shaped FeS nanoparticle aggregates in the organic
matter-rich sediments of the Sochagota Lake materials, suggesting bacterially induced precipitation of
FeS. Raman microspectrometry confirmed the accumulation of these mackinawite particles at the inner
part of plant fragments.

Therefore, the FESEM, HRTEM, and Raman microspectrometry data from this study reveal that
sulfate-reducing bacteria cells facilitated decisively the uptake of Fe particles from the Sochagota
Lake materials through the formation of mackinawite FeS nanoparticles. The experimental study of
Picard and collaborators [14] has confirmed the ability of microbial cells to uptake metals (Fe) that
concentrate in crusts on the surface of microorganisms as sulfide minerals, suggesting that the cell
membrane of sulfate-reducing microorganisms and their extracellular materials can act as templates
for the formation and growth of sulfide minerals. Kraal and collaborators [12] suggested that rapid
burial under anoxic conditions prevent dissolution of FeS in organic-rich reducing sediments.

Pyrite and 5° were likely produced by the alteration of mackinawite produced by a free
sulfide excess that generate iron monosulfide dissolution and a later pyrite recrystallization [11,43].
The conversion of monosulfides to pyrite can also be influenced by sulfate-reducing bacteria activity,
supplying HaS, or organic sulfur able to accept electrons, which facilitate the formation of FeSy [44-46].

The transformation of sulfide to 5° by inorganic oxidation reaction is very slowly produced,
which suggest that oxidation by microorganisms is the prevalent process for 5° crystallization in
low-temperature environments [47]. However, Cosmidis and Templeton [48] discovered that H,S
can interact with organic matter under an oxygenated environment to form inorganic 5°, producing
filamentous and complex morphologies similar to those observed in the Lago Sochagota materials.

5. Conclusions

We have investigated the sedimentary neoformation of S-bearing phases in organic matter-rich
sediments from the Sochagota Lake (Colombia), a saline lake in tropical latitude with hydrothermal
inputs. The sedimentary processes occurring under saline and reduced conditions carried out the
fixation of the hydrothermal sulfur enriched in the water lake.

Most of the materials deposited in the Sochagota Lake are made of detrital quartz and kaolinite.
Sediments from the central and northern part of the lake are enriched in neoformed clay minerals
(illite and I-DV) by saline transformations due to the interaction with the waters of the lake and high
content in organic matter. The isotopic composition of these waters suggest that the sulfur dissolved in
these waters is of hydrothermal origin. The hydrothermal input was responsible for the salinity of
the waters.

The cycle of sulfur in the lake is related to a pyritization process associated with the abundance
of organic matter. The first step of the process was evidenced by FESEM, HRTEM, EDS, and Raman
microspectrometry, which revealed the presence of mackinawite particles (sometimes forming cell-shape
aggregates) at the inner part of plant fragments of some organic matter-rich cores. The crystallization of
mackinawite strongly support that hydrothermal SO, dissolved in the waters of the Sochagota Lake
underwent sulfate reduction processes associated with the decay of the organic matter to form S-bearing
minerals in the sediments. Microorganisms favored the formation and growth of mackinawite and its
transformation to pyrite and S°. Pyrite was formed by mackinawite alteration in an environment with
excess of free sulfide. Filamentous and complex morphologies of 5% were formed inorganically by H,S
and organic matter reaction in an oxygen-richer environment.
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‘We studied the relationships berween the race element concentration in sediments from a saline lake at a tropical
ltitude (Sochagota Lake, Colombia ) containing hydrothermal and anthropic inputs with the organicmatter content,
the mineral assemblage composition and the activity of the bacterial communities of the sediments. Organic matter-
poor sediments (TOC < 0.7%) with quartz and kaolinite near the southern entrance of the lake were enriched in Zr
(up 603 mg/ke) and some major detrital elements (Ma, Ti, Al and 5i). Fine-sized day-rich sediments depasited in
the deep zones of the lake (central and northem segments ) were characterized by substantial organic matter (up o
11.10%) and the crystallization of S-bearing minerals, clay mineral mixed layers and illite. These sediments were

Keywords enriched in S, Fe, Zn, Mo, Rb, Co, K, Cr,Sb, Ni, As, Ba, Cu, Mn, Pb, P, Mg and Sr. The presence of Fe sulfide nanopartides

Trace elements enriched in heavy metals encrusting microbial cells and a dominant sulfate-reducing bacteria (SRB) community

5 bearing minerals (Desulfatigians, Desulfob les and SvaD485 ) suggested that the precipitation of the hydrothermal S and theaccu-

Hydrothermal fluid mulation of race inthe was by SRB activity. The crystalization of §°, bariteand caldte

Lake sediment and the good correlations between Ba, Srand Ca indicated that previously precipitated SLIlﬁEIE @n beoxidized by the

Bacterial community activity of a relevant sulfur-oxidizing bacterial ¢ ity (Th icrobium, Sul Arcobacter and
Sochagota Lake

Sulfirimonas), possibly fadlitating the release of the metals.
© 2020 Bsevier BV. All rights reserved.
1. Introduction
* Cormsponding authar, Some of the frequently proposed factors to explain trace element
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concentration in lake sediments from geothermal areas are the presence
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of hydrothermal inputs that increase lake salinity (Kristmannsdéttir
and Armannsson, 2003), the mobility behavior of elements in organic
matter-rich sediments (e.g. Andrade et al,, 2018; Moreira eral, 2017)
and the role of sulfate-reducing bacteria and sulfur oxidizing bacteria
on biochemical cycles (eg. Niu et al, 2018).

Active hydrothermal systems are a source of fluids that provide and
transport metals. Some of these metals present in hydrothermal fluids
(eg, Pb, Zn, and As) can have negative effects on the environment, so
it is necessary to determine their behavior to r ize possible envi-
ronmental impacts (e.g, Kristmannsdéttir and Armannsson, 2003).
Metals can be induded in the hydrothermal fluids from the source
water, the igneous volatiles and as a consequence of the water-rock in-
teraction, causing saline fluids with high metal concentrations (Aiuppa
et al, 2000, 2005). Saline hydrothermal fluids can constitute an impor-

Science of the Total Emironment 762 (2021) 143113

volcano in the Andean Cordillera. Cifuentes et al. (2020a 2020b) have

led that the gec L here provide significant hydro-
thermal inputs of sulfur to the lake waters. The climatic conditions
here favor the deposition of organic matter-rich sediments. The present
study evaluated the role of bacterial communities in the formation of S-
bearing minerals and their influence on major and trace element accu-
mulation in sediments deposted in Sochagota Lake. We quantified the
composition of sediments ( some of them containing sulfide framboids),
focusing on the concentration and distribution of metals, and the asso-
dation of metals with carbonaceous materal, We tried to improve
knowledge of metal behavior in this saline lake environment, identify-
ing the main microbial communities related to the biogeochemical pro-
cesses occurring in the sediments of the lake. We aimed to combine
comprehensive geochemical and mineralogical analysis with microbio-

tantin put of trace element-enriched water to lakes in active geoth 1
areas,

The abundance of reactive organic matter and the reducing condi-
tions generated in environments with high organic matter production
(eg., ecosystems at tropical latitudes) foster multiple mineral reactions
frequently associated with biological activity, affecting the mobility of
elements such as 5 and As as well as the concentrations of several
trace elements (e.g., Zn, Pb, and Cu). Sulfide mineral predpitation can
largely affect all these reactions. Andrade et al. (2018) have suggested
that reducing reactions mediated by microbes involving Fe and S com-
pounds can control the distribution of trace elements in the sediments
of these systems (see also Noél et al, 2017). Trace element (e.g., Cu,
Ni, Co, Pb, Zn) enrichment in lake sediments containing sulfide
framboids is frequently related to high contents of organic matter (Hu
etal, 2016; Large et al, 1999). Pyrite, as the main representative min-
eral of the frambwids, is frequently found in the interstices of organic
matter (Hu et al, 2016), suggesting that organic matter favors pyrite
precipitation through microbial sulfate reduction, which may constitute
an additional trace element sink. Moreira et al. (2017) have suggested
that carbonaceous matter and pyrite have an important effect on
metal immobilization in sediments deposited in highly productive
regions.

Sulfate-reducing bacteria (SRB) are common in lake and river sedi-
ments (Niu et al, 2018). Muyzer and Stams (2008) have indicated
that these anaerobic prokaryotic microorganisms use sulfate as an elec-
tron acceptor to degrade organic matter in sediments under anaerabic
conditions. Qi et al. (2004) have suggested that this process produces
H,S, which reacts with available metals to stabilize those in sulfide min-
erals, Therefore, SRB are able to convert metal ions (eg., Cu, Pb, Cr, Zn,
Hg, As) into low-solubility metal sulfides in heavy metal-enriched envi-
ronments due to natural processes such as hydrothermal inputs (Frank
etal, 2013), or play an important role in removing the toxic pollutants
of anthropic pollution (Kiran et al, 2017; Tarekegn et al, 2020;
Wolfenden et al., 2005). On the other hand, sulfur oxidizing bacteria
can oxidize reduced sulfide to sulfate, affecting the sulfur biogeochem-
istry (Kiihland Jergensen, 1992; Niu et al., 2018) and enabling the re-
lease of the metals induded in sulfide minerals (Niu et al, 2018).
Therefore, SRB and SOB are the dominant bacterial groups responsible
for sulfur biogeochemistry (Kiihl and Jargensen, 1992; Niu et al.,
2018). Indeed, SRB and SOB activities control the balance of the sulfur
cycle (Niu et al., 2018). Moreover, SRB and SOB can influence metal bio-
transformations in water and sediments. SRB can be involved in re-
moval processes by metal crystallization in water and sediments
(White and Shaman, 1998). This process can be reinforced by the pres-
ence ofiron-reducing bacteria (IRB). Bacteria-mediated Fe* © reduction
is an effective mechanism that transforms Fe** to Fe?*. The joint activ-
ity of SRB and IRB can affect heavy metals' availability in sediments and
soils (Zhang et al., 2019). However, SOB activity can favor the oxidation
of precipitated reduced sulfide, again promoting the release of toxic
metals into the environment (Niu et al, 2018).

The Sochagota Lake (Colombia) is situated in a subtropical highland
oceanic climate zone, in a geothermal area associated with Paipa
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logical analysis to reveal the origin of trace element in the sediments of
wetlands with inputs of hydrothermal origin.

2.Materials and methods
2.1. Study area

Sochagota Lake is an artificial 1ake intended for recreational use, con-
structed from a previous natural wetland. It is located in a highland (al-
titude 2496 m) of the department of Boyaci in Paipa province
(Colombia), and occupies a total surface area of 1.8 km2 (Fig. 1A and
B). The deepest point of the lake is 3.20 m. The lake is fed by a tributary
of the Chicamocha River, the El Salitre River.

Paipa province has an average annual temperature of 144 °C, Rain-
fall is well distributed throughout the year, with precipitation averaging
911 mm/yr. The climate is classified as subtropical highland oceanic
(Cib by the Kiippen system).

From a geological pointof view, the study area is located in the main
Andean geothermal system in Colombia. Hydrothermal systems associ-
ated with the area's volcanoes can be identified (Alfaro et al., 2005). Si-
liceous sedimentary rocks of Cretaceous age are intruded by these
volcanoes (Fig. 2). The area is characterized by a lack of any type of
evaporitic sedimentary deposits. The nearest volcanic building is Paipa
(Pardo et al,, 2005), outcropping to the south of Sochagota Lake with
Pliocene-Pleistocene pyroclastic alkaline rhyolites and trachyandesites.
A collapsed caldera (3 km wide) with several hydrothermal vents
formed by deep faults that control heat upflow and shallow water
mixing processes, producing sodium-sulfate water facies. These hydro-
thermal saline waters flow through the El Salitre River and are mixed
with rain waters in Sochagota Lake (Cifuentes et al., 2017, 2020a,
2020b).

Cifuentes et al. (2020a, 2020b) have shown that the lake waters are
alkaline (pH 9.27) and characterized by high contents of Na®
(1493 mg/L), K™ (280 mg/L) and SO3~ (2165 mg/L), causing very
high electrical conductivity (up to 127 mS/cm). Taking into account
the water isotopic composition (64%. for &S and 8.1 for 5'°0, similar
to other hydrothermal fluids; see e.g., John et al, 2019; Rye et al,
1992) and the absence of evaporitic deposits, Cifuentes et al. (2020a)
have proposed that the considerable salinity of the lake is caused by hy-
drothermal inputs of S-bearing fluids.

Fig. 1C shows the location of the 20 points of the grid where sedi-
ments from the lake were sampled. We obtained up to 50 cm-deep
cores using a standard stainless Shelby tube, The top and bottom of
the tubes with samples were covered with silicone and conserved at
—80°C.The redox potential, pH and electrical conductivity of the sedi-
ments were determined in situ with portable devices for soils and sed-
iments (Hanna Instruments HI993310 and HI98168) (Table 1). Low
redox potential (around —150 mV) was observed in the sediments
from the lake's deepest areas (central and northern segments). Two
segments were obtained from the extracted cores: samples ending
with -s (Table 2) represented the 0-25 cm-deep segments, whereas
samples ending with -p belonged to the 25-50 cm-deep segments.
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Fig. 1. Geographical setting of the study area and sampling location. A: Global contesct of the area; B: Local situation inColombia; C: Locations of sampling points 1-20 at Sochagota Lake.

Modified from Cifuentes etal. (20204, 2020b).

22 Methods

Mineralogical characterization was carried out using X-ray diffrac-
tion (XRD), field emission scanning electron microscope (FESEM), and
high-resolution transmission electron microscopy (HRTEM). XRD data
were obtained from random and oriented aggregates in a PANalytical
XPert Pro diffractometer (CICT, University of Jaén, Spain) equipped
with an X'Celerator solid-state linear detector using CuKo radiation,
45 kV, 40 mA, 0.008" 26 step increment and 10 s/step of counting
time, We used ethyle ne glycol and heating to 550 °C treatments to iden-
tify expandable clay minerals.

FESEM studies were carried out using a Merlin Carl Zeiss microscope
(CICT, University of Jaén, Spain). Back-scattered electron (BSE) images
from polished sections (previously consolidated with a polyester
resin) and secondary electron (SE) images were used to obtain a tex-
tural and microchemical characterization.

Two electron microscopes ( FEITITAN and Philips CM20, CIC, Univer-
sity of Granada) were used for the nanometric HRTEM characterization
according to the experimental procedure indicated by Nieto et al.
(1996). Samples were prepared using Ni grids from an alcohol or dis-
tilled water of sample particles dispersion. The nanoparticle chemical
composition was obtained in scanning transmission electron micro-
scope mode with an energy-dispersive X-ray spectroscopy (EDX) mi-
croanalysis system.

Total organic carbon (TOC) was measured in precisely weighed
(2-3 mg; 4+ 0.01 mg) on silver capsules sediment samples using a
Shimadzu TOC-V CSH Total Organic Carbon Analyzer (IRNAS, CSIC-
Sevilla, Spain). Reference material (PACS-2) was run every 10 samples
for analytical replication.

The chemical compasition of the sediments was obtained using X-ray
fluorescence spectrometry (XRF) and inductively coupled plasma-mass
spectrometry (ICP-MS ). A Philips Magix Pro (PW-2440) spectrometer
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(CIC, University of Granada) was used for the whole-sediment analyses
of major elements. Sediments were finely powdered in a mill, producing
a dense and homogeneous sample. In order to reduce the effect of a
preferential orientation of phyllosilicates, we prepared glass beads with
lithium tetraborate. The detection limit was 0.01 wi A set of 25 intema-
tional geostandards was used for the empirical calibration. 0.5 g of pow-
dered sediments, initially dried at 110 “C and then heated at 1000 °C for
1h, was used to determine loss on ignition (LOI).

Trace elements were analyzed by ICP-MS with a NexION 300D (CIC,
University of Granada). Sample digestion was performed with
HNO; + HF. Certified standards (BR-N, GH, DR-N, UB-N, AGV-N, MAG-
1,G5N, and GA) were used for quantification. The detection limit was
below 1 pg/kg The standard deviation was always below 5%,

DNA extraction was carried out using a DNeasy PowerSoil Kit
(Quiagen) according to the instructions of the manufacturer. The quality
and the quantity of the extracted DNA were determined by
QuantiFluor® ONE dsDNA system (Promega, Madison, USA). The DNA
was stored at —20 "C until analysis, Regarding DNA sequencing and
analysis, 165 rDNA gene amplicons were obtained following the 165
rDNA gene Metage nomic Sequencing Library Preparation lllumina pro-
tocol (Cod. 15044223 Rev. A). The gene-spedific sequences used in this
protocol targeted the 165 ONA gene V3 and V4 region. Illumina adapter
overhang nucleotide sequences were added to the gene-spedfic se-
quences. The primers were selected from Klindworth et al. (2013).
The following 165 rDNA gene amplicon PCR primer sequences were
used: forward primer, 5TCGTCGGCAGCGTCAGATGTGTATAAGAGAC
AGCCTACGGGNGGCWGCAG3'; reverse primer, 5'GTCTCGTGGGCTCG
GAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCCS . Microbial
genomic DNA (5 ng/ul in 10 mM Tris pH 8.5) was used to initiate the pro-
tocol. After 165 rDNA gene amplification, the mutiplexing step was per-
formed using a Nextera XT Index Kit (FC-131-1096). 1 ul of the PCR
product was run on a Bioanalyzer DNA 1000 chip to verify the size
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- Quaternary hydrothermal breccias

Fig. 2. Geological map of the Sochagota Lake Basin The lake does not receve sediments from the north. Modified from Pardo etal. (2005).

(expected size ~550 bp). Following size verification, the libraries were se-
quenced usinga 2 x 300 pb paired-end run (MiSeq Reagent kit v3 (MS-
102-3001)) on a MiSeq Sequencer according to the manufacturer's in-
structions (Illumina). Quality assessment was performed with the use of
the prinseq-lite program (Schmieder and Edwards, 2011). The seq

data were analyzed using the giime2 pipdine (Caporaso et al, 2011).
Denoising, paired-end joining, and chimera depletion were performed,
starting with paired-end data using the DADA2 pipeline (Callahan et al.,
2016). Taxonomic affiliations were assigned using the Naive Bayesian
classifier integrated in the giime2 plugins and the SILVA_release_132 da-
tabase (Quast et al., 2013). Statistical analysis was carried out with SPSS
software version 24 (IBM Corp, Foster City, CA).

3. Results

3.1. Chemical and mineralogical comp

31.1.TOC, §, major element and mineral composition
Significant compositional differences between the materials sam-
pled at the entrance of the lake (southern segment) and those from

Table 1
Physcochemical properties of the Sochagota Lake sediments. B.P.: Redox potential. EC:
Electrical conductivity.

pH  RE(mV)  EC (uSfem)
Southern part. El Salitre entrance (n = 5) 749 a1 1977
Central part(n = 5) 78 149 2525
Northern part (n = 10) 789 —154 2456

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
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the deep areas (central and northern segments ) were observed. TOC
in the sediments varied from 11.1% to 0.28% (Table 2). The lowest
amounts of TOC were located in sediments at the southern lake en-
trance with scarce vegetation, and near the El Salitre hydrothermal
input. These sediments were frequently rich in Si0; (mean 66.67%),
ALO; (up to 24.01%), Na,0 and Ti0, (>1%) but depleted in Fe,05
(«<06%) and K30 (mean 0.66%). The mean Ca0 and MgO contents
were very low, commonly below 0.1% in the sediments in the southern
part. The chemical composition of these sediments is caused by the
presence of a matrix made of significantamounts of kaolinite, induding
large grains of quartz feldspars with very altered surfaces, and
microvesiculated particles of acid volcanic glass (Cifuentes et al,
2020a) (Fg. 3A).

On the other hand, the highest TOC contents were found in the
microlaminated sediments from the deep zone of the lake (mean 2.74%
in the central part and 3.16% in the northem segment), frequently dose
to sewage load discharges and vegetation-rich zones, Regarding major el-
ement composition, the sediments were enriched in Fe;0; (up to632% in
sediments from the northern part) and K0 (up to 2.61%) but poorer in
ALOs (mean 19,89 in the northem sediments and 20,51 in the central
sediments) than those in the southern part. This composition can be re-
lated with the presence of elongated rests of plants (Fig. 3B) in an abun-
dant clay-rich matrix containing illite-dioctahedral vermiculite mixed
layers (I-DV) and illite with lower amounts of kaolinite (Fig. 3C)
(Cifuentes et al., 2020a). The high S contents of the sediments from the
lake's deep zone (mean 19,997 mg/Kg) can also be related with the min-
eralogical composition of the sediments, characterized by the presence of
areasrich in framboidal pyrite associated with the rest of plants (Fig. 3B).
The HRTEM analyses of organic matter-rich areas revealed the crystalliza-
tion of mackinawite, pyrite and 5° (Fig. 4). The images suggested that
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Table 2
Major element sedi itions determined by XRF (5102, ALZO3, Fe203, Mn0O, Mg0, Ca0, Na20, K20, Ti02, P205) loss of ignition (LOI) and content in total organiccarbon ( TOC) (in
weight percent). k sediment compaosit mmined by IOP-MS (for Zr, 5, Cr, Co, Ni, Cu, Zn, Ba, As, Mo, P, Rb, Sb, Sr) (in mg/kg ). Med: Median; Max: Maxdmum; Min: Min-

imum. UpS: mean of the unpolluted sediments from the Chicamocha Riverr (from Quevedo et al, 2020a, 2020b. ES - proposed guidance values for the European soils (from Gawlik and
Bidoglio, 2005).

Sample Si0y  AlLD; Fe203 MnD MgD G0 Na0 K0 TiDy P0: TOC(X) LI Zr S Cr Go Ni Cu Zn Ba As Mo Pbh Rb Sb Sr
Southern part

1p 67.01 2320 087 000 005 001 123 071 120 D08 028 550 603 G662 34 - M3 ¥ 1™®E6 - 1243 - ;!
1s 7.2 1298 071 000 007 011 103 07 127 008 037 572 581 367 52 - 1731 31 15 - 1243 - &
2p 6604 1271 161 000 019 031 117 06 110 007 066 595 489 438 50 1 14 39 36 145 7 - 14 52 - 46
2s 6623 2292 159 000 008 001 128 059 111 007 062 603 504 2001 49 1 17 37 37 123 5 - 14 51 - 39
3p G661 2381 06 000 006 010 131 068 121 006 049 542 566 517 48 - 15 33 3} 133 6 - 12 38 - &
3s G698 2354 067 000 006 001 103 070 130 006 037 560 579 459 42 - 16 31 30 133 5 - 12 40 - I
S5p 6631 1292 158 000 014 003 121 071 LIE 007 064 529 502 G609 48 - 16 39 41 14 7 - 14 51 - 4
5s 6656 2401 058 000 007 001 102 060 120 006 031 570 574 493 42 - 15 32 ¥ 1325 - 1237 - 3}
Gp 6691 2310 058 000 005 016 101 070 124 009 O30 581 593 487 51 - 1429 % 1415 - 11 43 - 8
6s 67.00 1281 161 000 009 001 115 061 115 007 070 505 503 651 50 - 17 3 38 137 - 1551 - 3
Mean 6667 2320 1.05 000 009 008 1.14 066 120 007 047 561 549 GGE 46 - 15 34 33 134 6 - 13 45 - 39
Med G667 23.10 087 000 007 003 115 068 120 007 047 561 566 517 48 - 15 33 3} 13 6 - 12 43 - I}
Max 67.02 2401 161 000 019 031 131 071 130 009 070 G0O3 603 2000 52 1 17 39 41 45 7 - 15 52 - 46
Min 6604 2271 O58 000 005 001 101 039 1.0 006 028 505 489 367 34 - 1429 X 135 m 37 - 3
Central part

4p 6309 2101 222 001 027 012 OB 128 084 OO0 LOO 734 359 4502 71 9 42 74 G5 283 19 2 18 115 1 85
45 5878 1289 3& 001 046 016 082 185 075 010 201 996 151 14332 74 13 43 B7 B1 428 23 3 24 187 3 148
Tp 5811 1854 600 003 038 010 046 246 06 018 915 1260 143 27432 92 25 B2 180 113 487 57 5 24 245 6 113
Ts 5986 1885 507 002 041 010 050 244 065 017 4l 1177 147 26345 91 24 82 175 111 435 54 5 23 227 5 100
Ep G60LE3 2109 267 002 042 013 057 164 076 011 L1 1128 149 8541 71 15 45 78 B89 458 38 3 24 154 3 130
Bs 5839 21.01 4M 002 041 012 075 213 097 0.2 207 943 278 15737 75 17 56 100 85 451 37 4 24 193 3 123
9p G176 2006 4.12 002 034 026 057 228 077 013 264 908 209 18206 B0 22 72 114 100 427 44 4 21 19 4 130
9s G601 1990 305 002 031 012 065 16 071 010 24 747 129 B86GE3 61 12 41 97 74 413 32 2 18 115 2 118
9w 5906 2238 357 001 042 015 081 181 0E O 210 1086 155 12453 74 14 43 76 81 426 22 2 25 184 2 149
10p G588 2093 248 001 018 015 0B 122 097 009 L7 GB1 427 8021 63 7 40 77 538 265 31 1 1579 2 8
10s G618 1892 360 002 030 012 060 139 072 00 238 782 I28 15390 60 12 41 90 76 426 35 2 19 111 2 121
Mean 6163 2051 367 002 035 014 068 185 079 012 274 949 I35 14511 74 15 53 104 B85 409 36 3 21 164 3 120
Med G0.E3 2093 360 002 038 012 065 181 076 011 210 943 209 14332 74 14 43 90 81 427 35 3 I3 184 3 11
Max G618 2289 6.00 002 046 026 DBE 246 057 D18 915 1250 427 27432 92 25 E2 180 113 487 57 5 25 245 6 149
Min 5811 1854 212 001 QI 010 046 122 08 007 LOD GB1 143 4502 60 7 40 74 538 265 19 1 1579 1 88
Morthern part

1ip GLES 2047 405 002 028 019 064 226 08 013 232 901 238 17446 7B 20 66 103 94 397 43 4 19 195 3 136
1s G228 2023 407 002 030 019 061 228 085 013 257 900 227 17921 B0 21 66 108 94 397 43 4 19 19 3 136
12p G061 2087 402 002 037 033 071 222 0% 012 1M 900 272 15965 75 17 56 102 B85 419 43 4 I 185 3 130
12s G140 1987 422 002 035 015 053 231 075 013 280 955 190 18978 B3 23 76 129 104 428 48 4 21 200 4 123
13p 61.54 1984 4325 002 051 015 052 232 074 014 288 964 189 19312 B85 23 76 133 104 453 50 4 24 200 4 151
13s 6054 2134 377 002 050 015 069 190 068 010 L74 956 151 18321 75 13 44 B4 85 443 24 3 24 18 3 149
14p 6064 19.01 474 002 029 012 051 243 069 D15 345 10594 150 22731 90 24 B0 173 109 439 52 5 19 214 5 124
14s GlLE3 1992 414 002 029 019 055 228 077 013 278 909 199 18656 B3 22 74 121 102 397 45 4 19 199 4 136
15p 6183 1993 4.13 002 032 027 056 228 077 013 273 909 204 18262 B1 22 73 116 102 430 44 4 21 196 4 134
15s 61.26 2106 375 001 048 014 0B4 188 06 008 251 925 152 15143 75 13 44 91 E3 433 22 3 M4 191 2 148
16p 57.56 1736 632 004 037 010 032 261 052 030 1110 1380 134 29433 94 26 B4 190 121 498 62 6 24 264 6 113
16s 5971 1892 49 003 039 010 051 243 0689 015 33 1139 147 25093 90 24 80 175 110 47 52 5 24 218 5 107
17p 6045 2073 405 001 035 042 068 226 08 013 241 930 255 17053 76 18 56 115 85 420 43 4 22 195 3 143
17s 6076 2094 4.0 02 039 023 072 221 0% 012 221 940 274 15909 75 17 56 101 B5 418 42 4 2 134 3 17
17w 6059 21.17 40 001 041 020 OB1 212 D% 0.2 216 920 278 14523 74 17 56 95 B4 416 31 4 21 186 3 115
18 m 5907 1882 521 002 040 011 D48 244 065 0.6 435 1185 145 26943 91 24 B2 177 112 489 55 5 24 230 6 114
18p GL.76 1959 442 002 029 021 052 232 074 0.4 292 986 184 19929 87 23 77 134 105 401 50 4 19 201 4 137
18s G164 1929 444 002 024 018 052 235 072 D14 2% 999 152 20211 B8 23 78 167 106 394 51 5 19 201 5 136
18w 61.26 2082 404 002 031 018 069 225 091 012 225 902 Z70 16295 75 17 56 104 B5 397 43 4 19 195 3 136
19p 5918 1922 450 002 045 012 051 236 072 0.4 304 1003 151 21,170 89 24 78 168 106 434 51 5 23 207 5 124
19s 61.B9 2020 4.08 002 036 025 059 228 079 013 159 900 209 17947 B0 22 &7 112 97 424 43 4 21 19 4 125
20p 5996 1887 501 002 042 011 051 244 06 015 364 1139 147 26341 90 24 B1 175 110 450 52 5 23 21E 5 115
20s S5EE3 1911 462 002 040 011 051 240 071 004 318 1080 150 21276 90 24 79 170 1DE 458 52 5 24 210 5 111
Mean 6071 1989 438 002 037 QI8 059 229 077 0.4 316 996 194 19777 B3 21 @9 132 99 430 45 4 12 204 4 129
Med 6076 1992 414 002 037 018 055 228 074 013 278 955 189 18656 B3 22 74 121 102 428 45 4 22 199 4 130
Max G228 2134 632 004 051 042 0B84 261 0% 030 11.10 1380 378 29433 94 26 B4 190 121 498 62 6 24 264 6 151
Min 57.56 1736 375 001 024 010 032 188 05 008 174 900 134 14523 74 13 44 B4 B3 394 22 3 19 186 2 107
Ups. 91.74 566 246 002 017 025 012 036 042 006 400 128 29 26 41 4 12

ES. 50 30 40 100 50

bacteria were encrusted by aggregates of FeS (Fig. 44). The nanocrystal- Ca0 and MgO contents were slightly higher in the sediments from the
line organization of these aggregates showed lattice fringe images with deep part (central and northern segments) of the lake (up to 05%), asso-
interplanar distances of around 5 A, consistent with the (001) spacing  ciated with the presence of aggregates of <2 pm idiomorphic prismatic
of mackinawite (Fig. 4B). Several well-crystallized pyrite particles were microcrystals of caldte cement in the sediments’ micropores (Fig. 5A). A
characterized by the presence of Cu (Figs. 4C and D). The EDX analysesfa-  slightenrichmenton the P;0s content of the sediments from the northern
dilitated the identification of hexagonal 5° nanoparticles (Figs. 4E and F). part of the lake (up to 030%) can be observed.
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Fsp: feldspar. Th: illite, I-DW: illite-dioctahedral vermiculite mixed layers. OM: organic matter.

3.12. Trace element compaosition

Trace element concentrations in sediments from Sochagota Lake also
varied according to the sediment situation. Zr was enriched in the
sediments from the southem part (mean 549 mg/kg), duplicating the Zr
contents in the central (225 mg/kg) and northern parts of the lake
(194 mg/kg) (Table 2). High concentration levels of heavy metals in the
central and northem sediments can be observed (Table 2) following a
decreasing order: Cu == Zn > (r > Ni > (o = Pb > Mo. The mean values
of Rb (up to 264 mg/kg), Ba (up to 498 mg/kg) and As (62 mg/kg) were
also espedially enriched in the northern part of the lake. Small idiomor-
phic crystals of barite can be observed in the sediments richer in Ba
(Fig. 58).

32. Bacterial populations in organic matter-rich sediments

Based on 165 rRNA gene amplicon sequencing, Proteobacteria was
the major bacterial phylum found in the sediments (relative abun-
dances varying from 20.7% to 30.19%; Fig. 6). Bacteroidetes was the sec-
ond main phylum, with contents between 9.7% and 23 3%, The relative
abundance of Chloroflexi was also important (86 to 19.1%). Other
phylum such as Epsilonbacteraeotn, Latescibacteria, Calditrichaeota,
Planctomycetes, Nitrospirae, Spirochaetes, Patescibacteria, Zixibacteria
and()mnmaphmeam had lower relative abundances [ 2-5%).

P bacteria were rep d by different orders of
Del bacterio and Gt bacteria. Desulfarculales was the
most abundanl Deimpra[eobac[ena order, with genus Desulfatiglans
(Fam. Desulfarculaceae) being the main representative (5.4-13.6%)
(Fig. 6). Microbial communities of other Deltaproteobacteria orders,
such as Desulfobacterales (Fam. Desulfobacteraceae, G. Sva0081 sediment
group) and SvaD485, were present in lower amounts (<2%). Genera
Thioalkalimicrobium (up to 3.91%) and Thiobacillus (up to 5.33%) were
the most abundant Gy I ples 4A and 4AB).

Phylum Bacteroidetes mlcroorgamsms were also recognized as an
important bacterial community in the organic matter-rich sediments
of the lake. The order Ignavibacteriales was present in significant
amounts (up to 7.34%), and the abundance of VadinHA17 reached up
to 4.35%. Around 3% of the order Sphingobacteriales was pi in
some samples (9A and 98).

C. Dehalococcoidia (up to 12.69%, with MSBL5 being the best-
represented order) and Anaerolineae (up to 442%) were the main
groups of the phylum Chloroflexi.

teria (

Interaccion de Aportes Hidrotermales en Aguas y Sedimentos
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A layers and kaclinite. Phy : phyllosilicates, Kin: kaclinite, Qe: quarte,

Phylum Epsilonb was d by genera Sulfurovum,
Arcobacter and Sulfurimonas with amounts lower than 3.5%,

Major differences detected between samples at genus level included a
higher relative abundance of genus Desulfatighins and uncultured bacteria
from 0. MSBL5 (Dehalococcoidia) and Candidatus Magasanikbacteria
(phylum Patescibacteria) in P517 samples. PS9 samples showed higher
relative abundances of genus Ignavibacterium and uncultured mem-
bers of phylum Zixibacteria. PS4 samples (and in particular PS4B)
showed higher relative abundances of the genera Thiobacillus,
Thioalkalimicrebium and Sulfurimonas. Princpal coordinates analysis
(PCoA, Fig. 6C) indicated differences in the clustering of samples de-
pending on sampling point.

4. Discussion
4.1. Geochemical and mineral distribution

The geochemical and mineral results revealed that two main
types of sediments can be distinguished in Sochagota Lake whose
distributions are associated with the flow regime of the lake.
Sediments from the southern part of the lake, deposited at the
entrance of the hydrothermal inputs (El Salitre) under fast-flowing
conditions, were found to contain negligible organic matter (TOC
0.7%, Table 2). In this area, the deposition of organic matter is not
favored by the hydrodynamic conditions, thereby promoting the
oxygenation of the sediments (measured redox potential around
90 mV, Table 1). By contrast, the central and northern parts of the
lake, under slower-flowing conditions, are characterized by the
deposition of the finest clay-rich sediments and organic matter
(TOC up to 11.10%, Cifuentes et al., 2020a) with reduced conditions
(redox potential around —150 mV, Table 1).

The spatial distribution of trace elements in the sediments of
Sochagota Lake seems to be assodated with the distribution of organic
matter content and mineral assemblages. Organic matter-poor sedi-
ments from the southern part of the lake were found to be enriched in
Zr (mean 567 mg/kg) and their mineral assemblages did not containil-
lite, I-DV or S-bearing minerals, The Zr enrichment of sediments is com-
monly considered an indicator of a significant detrital contribution
(e.g., Martinez-Ruiz et al., 2015). The large contents of Zr, 5i0; and
Ti0,, in these sediments can be associated with the deposition of terrig-
enous zircon, quartz and rutile. On the other hand, organic matter-rich
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300 nm

Fig. 4. HRTEM images and EDX analyses of the organic matter-rich areas ofthe samples from the northern part of the Iakr_ A Dark field HRTEM image FeS showing bacterial cell

enspholopies encrusted by f nacirinowits, B: Lattics fings image of the shown in A with intempl faround 5 A, C: Bright field HRTEM image of a
wiell-crystallized Cu-bearing pyrite partide. [x EDX analysis of the partide sh:lwn in C; M peak is caused by mcgnd E: Bright field HRTEM image of a hexagonal 5° nanoparticle. F:
EIDX analysic of the particle shown in E; M palt is cauced by the grid M: mac Py: pyrite, 5 el

sediments with a fine-grain sized matrix richin llite and DV located in minerals (mackinawite, pyrite, and 5°) (Cifuentes et al, 2020a). The
the northern and central segments of the lake were found to be concentrations of heavy metals in these sediments exceeded the
enriched in heavy metals (Cu, Zn, Cr, Ni, Co, Pb, Mo), Rb, Ba and As. world standard averages, and the mean level of some of these elements
These sediments were characterized by the crystallization of S-bearing was dearly higher than the value of unpolluted reference sediments

Fig. 5 A: SEimage of anaggregate of calcite microcrystals in sediments from the northern part of the lake. B: Small idiomorphic crystals of harite insediments richer in Ba Cal: calcite, Brt:
barite.
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2006).
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Sad et al, 2011), the metal contents of the northern sediments were
above the background values for European soils ( Gawlik and Bidoglio,
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42, The role of the bacterial communities

The results of the 165 RNA gene amplicon sequencing in the
Sochagota Lake organic matter-rich sediments reveal the presence of a di-
wverse bacterial community composition. Bacterial activity is associated
with organic matter degradation processes, and some of the mineral pro-
cesses in the Cand S cycles. The main bacterial communities of the sedi-
ments of Sochagota Lake belong to fermentative genera that have
previously been reported in the anoxic zones of other lakes Several com-
munities of Bacteroidetes and Chloroflexi were identified as important bac-
terial groups that could have been involved in the degradation of the
sediments organic matter given that the members of these groups are fre-
quently found in environments where complex processes of carbon deg-
radation occur, digesting, growing on and degrading different types
organic substrates (Rui et al,, 2009; Zhou et al, 2016). Based on experi-
mental research of incubated ded and straw ded Italian
paddy soil under anaerobic conditions, Ji et al. (2018) have suggested
that during the initial degradation stages of organic matter,
Sphingobacteriales can play an important role, whereas other groups like
Bacteroidetes_vadinHA17 and Dehalococcoidia and Anaerolineae are
more important during the final degradation stages in sulfidic zones
(Suominen et al, 2019). Wasmund et al. (2014) have cassified
Dehalococcoidia as anaerobic bacteria involved in the fermentation of
plants and organosulfur compounds. Biderre-Petit et al. (2016) have de-
scribed the natural occurrence of Dehalococcoidia bacteria in the anoxic
waters of a remote meromictic lake (Lake Pavin). Némeceket al. (2018)
have found the genus MSBLS in groundwater contaminated with chlori-
nated solvents. These microorganisms living in anoxic environments
have the ability to reductively dehalogenate organochlorides. lino et al.
(2010) have reported an [gnavibacteriales order with the function of 0
fixation.

An important SRB community was identified in the sediments of
Sochagota Lake. This community was dominated by Desulfatiglans, al-
though other SRB microbial communities of Desulfobacterales (Fam.
Desulfobacteracene, G. Sva0081 sediment group ) and Sva0485 were also
identified. The presence of a significant proportion of iron-reducing
Latescibacteria (up to 2.10%) suggests that this community could have
also contributed to the direct reduction of Fe*™, Berg et al. (2020) have
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posited that fermentative bacteria can also play a relevant role in Fe*+ re-
duction indirectly. Zhang et al. (2019) have proposed that theincrease in
abundance and activity of IRB and SRB have direct effects on the availabil-
ity of dissolved metals, which can be incorporated into the precipitated
minerals (e.g., sulfides or phosphates). On the other hand, SOB communi-
ties were also found to be present in the carbonaceous sediments of
Sochagota Lake, Thioalka microbium and Thiobacillus were the dominant
SOB belonging to the G teria group (samples 4A and
4AB). Edwardson and Hull'bau,gh (2018) have also described an
important Thi robium microbial cx ity in an alkali
hypersaline lake (Mono Lake, Callﬁ:rm; USA] Other SOB such as
Sulfurovum, Arcobacter and Sulf ) were addi-
tionally well represented in the sedunean of Sochagota Lake, Taking
into account the presence of S° associated with areas with pyrite
framboids in the studied sediments, these groups of Gammaproteobacteria
and Epsilonbacteraeota were believed to be the functional SOB of this en-
vironment, producing the transformation of Fe sulfides and contributing
to the possible release of metals, An et al. (2020) have indicated that
these two SOB communities use diverse strategies for the oxidation of
sulfur. Epsilenbacteraeota need a continuous supply of reduced sulfur
and axygen, but Gammaproteobacteria are able to adapt their energy me-
tabolisms to different reduced environmental conditions. Yang et al.
(2016) have indicated that Thiobacillus, Sulfurimenas and Arcobacter
were involved in the autotrophic denitrification of saline sewages in
Hong Kong. Moreover, Ouyang et al. (2020) and Milakovié et al. (2020)
have shown that Arcobacter can pose potential risks to the environment
and human health.

43. The origin of the trace element enrichment

The relationship between hydrothermal inputs, carbonaceous mat-
ter content, S-bearing mineral crystallization and trace element enrich-
ment processes in Sochagota Lake was evaluated by principal
component analysis using IBM SPSS Statistics Software (Fig. 6). Two
components orthogonally rotated by the Varimax method were ob-
tained. These components were found to account for 90.38% of the var-
iance in the system (Table 3), and may be related to possible processes
occurring in the lake.

The first component was found to account for most of the system
variance (84.44%) and revealed two element associations. Ma, Zr, Ti, Al

Table 3
Loadings of the compositional variables in Princpal Component Analysis,
FC1 rQ

In 0991 0.008
Mo 0983 —0.043
Fez03 08982 =0.040
Rb 0880 o7
Ca 0980 —0.005
5 0977 =0.100
Kz0 0976 opaz
Cr 0a72 0.006
Sh 0972 =0.147
Ni 0963 =0.101
As 0961 =0.107
Ba 0955 0214
Lot 0949 —0.056
Ma 0 0949 0055
Ir —0949 =0.192
Cu 0942 =0245
MnO 0931 =0.165
TiDy =0a27 =0.007
ALDs —0907 0250
5i02 —0899 =0.149
Ph 0B85 0280
P30z 0.844 —0387
MeO 0841 0396
Sr DE31 0479
TOC o7 —0A458
a0 0350 0&21
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Fig. 7. Plot of the loadings of the compositional variables in prindpal component analysis.
PC: prindpal component.
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and Si showed high negative weights in the component ( Fig. 7). Given
that Alis one of major elements in the compaosition of kaolinite and feld-
spars, which could be observed in the coarser fraction of the southem
lake sediments, and Zr and Ti are common ly considered to be detritalel-
ements (Martinez-Ruiz etal,, 2015), adetrital source related to the sur-
rounding Cretaceous materials for this association is proposed.

Component 1 also grouped S, TOC, Fe, Zn, Mo, Rb, Co, K, Cr, 5b, Ni, As,
Ba, LOI, Cu, Mn, Pb, P, Mg and Sr, which presented positive weights. High
weights of Sin this component and the water isotopic composition sim-
ilar to the values of hydrothermal systems (55 = 64%., §'%0 = 8.1)
(Cifuentes et al, 2020a and b) suggested that the source of the trace el-
ement with high positive weights could be associated with the hydro-
thermal inputs feeding the lake through the El Salitre River in its
southern part. However, the high positive weights of Pin the principal
component 1and its good correlations with heavy metals caused by
urban wastewater and agricultural activities of the area suggest that
part of the heavy metal enrichment of the central and northem sedi-
ments could also be partially attributed to anthropic activity.

Moreover, good comrelations of TOC with S, Fe and trace metals in
component 1 revealed that most of the trace element concentrations
of the sediments could be related to the process of pyritization in a car-
bonaceous matter-rich environment. The importance of a decaying or-
ganic matter-rich environment for the crystallization of iron sulfides
have been frequently described asimportant factor controlling the min-
eral assemblage of sediments (see e.g., Folk, 2005; Love, 1967; Love
et al., 1984; Maclean et al., 2008).

The HRTEM images of mackinawite nanoparticles with (001) lattice
fringes of =5 A (Fig. 4 A and B) encrusting bacterial cells suggest that
mackinawite precipitation was the initial step of the sedimentary uptake
of the hydrothermal S in Sochagota Lake, revealing that iron monosul fide
(FeS) crystallization plays an important role in the formation of pyrite
(Ohfuji and Rickard, 2005; Schoonen, 2004; Wilkin and Barnes, 1997).
Moreover, 165 rDNA amplicons PCR primer sequences in the central
and northern sediments of the lake facilitated the identification of several
bacterial communities able to reduce sulfate (Desulfatiglans,
Desulfobacterales and Sva0485) and Fe'* (Latescibacteria) in lake sedi-
ments. The textural disposition of the mackinawite nanoparticles
encrusting microbial cells (Figs. 4A and B) in the carbonaceous matter-
rich sediments of Sochagota Lake suggests that mackinawite precipitation
is favored in the presence of sulfate-reducing microorganisms associated
with the decay of plant remains (Cifuentes et al, 2020a). The monosulfide
nucleation promated by microbial cells can also enhance the accumula-
tion of trace elements to the sediments (Hu etal,, 2016). In the Sochagota
Lake sediments, the p e of mackinawite inside plant fragments
(Gfuentes etal, 2020a) and the identification of sulfate-reducing bacteria
reveal that 503~ hydrothermal inputs of the Sochagota Lake are reduced
by sedimentary processes related to carbonaceous matter degradation to
precipitate S-containing minerals in the sediments, and cause the heavy
metal enrichment of the central and northern sediments. The presence
of Cu-bearing pyrite crystals in these sediments suggests that the increase
in trace elements is carried out during the mackinawite dissolution stage
under free sulfide excess conditions, followed by a recrystallization of the
pyrite framboid stage (Picard et al., 2018; Rickard et al., 2007; Rickard and
Luther, 1997). Therefore, the process of metal sulfidation can take up the
metals into low-solubility minerals (see eg. Niu et al, 2018).

However, the oxidation of the reduced sulfides to S° (Fig. 4 E and
F) may promote a metal release stage into the environment. The moder-
ate positive weights of Ca, Ba and Srin component 2 (up to 0.621),
which tended to be negatively correlated with TOC content, may be as-
sociated with this oxidation step in the sediments causing the precipita-
tion of calcite aggre gates and barite (Fig. 5 and B). The SOB c¢ ities
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carbonaceous matter-rich sediments. The reducing conditions in the
carbonaceous matter-rich sediments of Sochagota Lake could favor a
low-temperature illitization. During this process, I-DV take up Fe and
K through successive dissolution-precipitation reactions. Hydrothermal
potassium from the organic-rich interstitial water is fixed in the
necformed illite layers, revealing that clay minerals can act as sinks for
K of hydrothermal origin in geothermal regions. Reactions to form illite
using I-DV as a precursor phase have previously been described by
Dietel et al. { 2018).

5. Conclusions

We have invedtigated the processes controlling the concentration and
distribution of trace elements in carbonaceous matter-rich sediments
from Sochagota Lake (Colombia), a lake with saline hydrothermal inputs
at a tropical latitude, The southem entrance to the lake was found to be
characterized by organic matter-poor sediments mainly made of quartz
and kaolinite enriched in detrital elerments like Na, Zr, Ti, Al and Sicoming
from the surrounding Cretaceous sediments, Central and northern sedi-
ments were found to be enriched in S, TOC, Fe, Zn, Mo, Rb, Co, K, Cr, Sb,
Ni, As, Ba, LOL Cu, Mn, Pb, P, Mg and Sr. The good correlations of S with
these elements and the isotopic compasition of the waters of the lake sug-
gest that their origin is associated with hydrothermal inputs, although
high positive correlations of P with heavy metals also imply that a source
related to urban wastewater and agricultural activities cannot be
discarded. The presence of bacterial groups capable of causing sulfate re-
duction (Desulfatiglans, Desulfobacterales and Sva0485) and Fe’*
(Latescibacteria) in the central and northern sediments of the lake, as
well as the occurrence of Fe sulfide nanoparticles (some of them enriched
in heavy metals) encrusting microbial cells suggest that SRB control the
precipitation of the hydrothermal S and the accumulation of trace ele-
ments into the sediments. The statistical association of K and Rb with S
and organic matter content indicate that the neoformation of FDV and
illite by saline reactions caused by water-sediment interactions is also
associated with the reduction processes of the sediments. The presence
of SOB ct ities (Thi robium, Sulfurovum, Arcobacter and
Sulfurimenas), the precipitation of S°, barite and calcite crystals and the
good correlations between Ca, Ba and Sr suggest that the oxidation pro-
cesses of the reduced sulfide may promote the release of toxic heavy
metals again into the environment
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identified in the studied sediments ( Thioalkalimicrobium, Sulfurevum,
Arcobacter and Sulfurimonas) might have played an important role dur-
ing this oxidation stage.

The concentration of the variation of K and Rb (around 0.98) in com-
ponent 1 can also be related to mineral rransformations occurringin the
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7.1 Aportes hidrotermales y efecto regulador del lago sobre
la calidad de las aguas

El Lago Sochagota se recarga con aguas de la cuenca del rio Salitre,
que son una mezcla de alimentacion superficial y endogena a lo largo
del trazado del rio. Con el fin de explorar mas a fondo la influencia de
las fuentes de agua en el agua del lago, se estudiaron los datos disponibles
de la composicion de las aguas subterraneas geotérmicas que contribuyen a
la composicion del rio Salitre. Asi se detectaron dos tipos principales
de aguas: (i) aguas calientes ricas en SO,”- (CI') - Na* - K; y (ii) aguas
frias ricas en Fe, HCO3- (CI- SO,*). Los fluidos hidrotermales asociados
a los sistemas geotérmicos contienen determinadas sustancias quimicas
(p-ej., S, Fe, As, Pb, Zn, Mn) que pueden aparecer en concentraciones
dafiinas y causar una contaminacion potencial de las aguas de un lago.
La composicion isotopica del agua del Lago Sochagota presenta valores
de 6.4 %o para 6*S y de 8.1 para 6'*0, similar a la de fluidos hidrotermales
descritos en la bibliografia (p.ej., Rye et al., 1992 y John, et al., 2019),
asi como la ausencia de depositos evaporiticos en la secuencia estratigrafica
(Pardo et al., 2005), hizo que se propusiera que la alta salinidad del
lago fue causada por los aportes hidrotermales portadores de S de los
manantiales que alimentan el rio Salitre (Cifuentes et al., 2020a). Las
buenas correlaciones de SO,* con metales en las aguas del lago también
sustentan un origen asociado a las entradas hidrotermales que recibe el
rio Salitre. La hidroquimica de las aguas frias se puede relacionar con
la interaccion agua-roca de un acuifero aluvial poco profundo formado
por particulas volcénicas y sedimentarias y recargado por el agua de lluvia.
En el lecho del rio Salitre se produce una mezcla de aguas termales y
salinas con aguas subterraneas mas frias provocando que las aguas ricas
en SO,”- Na* - K' - Fe se acumulen en la entrada sur del lago. Esta
mezcla de agua se evidencia en las muestras T19 y T20, caracterizadas

por valores muy altos de salinidad, y principalmente Fe.
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Los andlisis hidroquimicos han revelado que en el Lago Sochagota
se pueden distinguir dos tipos principales de procesos que controlan la
concentracion de elementos: dilucion de agua y captacion de determina-
dos elementos por minerales sedimentarios. Las aguas con altos valores
de CE y ricas en sulfato de la entrada sur del lago se caracterizan por
contenidos mas altos en CI, Li, Be, Al, K, Fe, Co, Ni, Cu, Zn, As, Rb,
Cs y Pb. Las concentraciones de SO,*, CI', Fe y As exceden el marco
regulatorio para contaminantes en aguas (250 mg/L para SO,* y CI, 0,3
mg/L y 0,01 mg/L, respectivamente) o conductividad eléctrica (1000
uS/cm) Sin embargo, el contenido de los metales pesados remanentes
se encontraba por debajo de los limites establecidos por la normativa
colombiana para consumo humano y uso doméstico. La composicion
quimica de estas aguas sugiere una fuerte influencia de las entradas
hidrotermales y de agua dulce que alimentan el lago a través del rio Salitre.
Algunos fluidos geotérmicos pueden considerarse como salmueras con
un contenido excesivo de sal que pueden causar dafios ambientales di-
rectos (Kristmannsdottir, H.; ef al., 2003). El encharcamiento de estas
salmueras puede ser una técnica eficaz para luchar contra la contami-
nacion del agua. El Lago Sochagota es un estanque creado para preser-
var la calidad del agua del rio Chicamocha), almacenando salmueras
salinas naturales que se descargan periddicamente al rio Chicamocha
cuando su salinidad se reduce (Quevedo ef al., 2020a). Estas aguas cu-
bren sedimentos pobres en materia organica hechos principalmente de
cuarzo y caolinita enriquecidos en elementos detriticos como Zr y Ti
provenientes de los sedimentos circundantes y bajas concentraciones
de metales pesados. Cifuentes et al. (2020b), sugiere la ausencia de
procesos significativos interaccion agua-sedimentos que causa la autigé-
nesis mineral o la incorporacion de elementos traza de las aguas a los

sedimentos.
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Por lo tanto, los datos sugieren que la composicion del agua del
Lago Sochagota implica interacciones entre fuentes hidrotermales,
agua dulce y sedimentos. Estos procesos provocaron una fuerte dis-
minucion en muchas concentraciones de elementos, especialmente para
SO,”, Fe, CI, Al, As, Cu y Co (entre 22 y 8 veces). Li, Rb, Na, K,
Ni, Cs, Ba, Zn y Pb sufrieron una disminucion significativa (alrededor
de 3 veces) mientras que Ca, Mg y Sr se vieron menos afectados (dis-
minucion de menos de 1,5 veces). Aunque el agua dulce de la lluvia
acumulada en el embalse debe jugar un papel clave en la atenuacion de
los metales disueltos proporcionados por los insumos hidrotermales, la
disminucion de la concentracion es especialmente importante para los
elementos involucrados en algunos de los procesos minerales que ocurren
por la interaccion entre agua, sedimentos y su comunidad bacteriana. Los
procesos biogeoquimicos inciden en los elementos de movilidad. Los
procesos de sorcion y complejacion en los componentes de los sedimentos,
como minerales de la arcilla, 6xidos, materia organica y la fijacion y
transformacion biologica pueden ser factores que influyen en la dis-
tribucion del contenido de elementos acuosos. Quevedo et al. (2020b)
indicaron que en el humedal de La Playa (rio Chicamocha), el deposito
de sedimentos ricos en materia orgdnica y la acumulacion de aguas sa-
linas generaban ambientes adecuados para procesos de reduccion del
agua, frecuentemente asociados a la actividad reductora de microor-
ganismos, que promueven la produccion de sulfuro, que puede formar
sulfuros insolubles de metales divalentes. El alto contenido en elementos
traza en los sedimentos ricos en materia organica del Lago Sochagota y la
presencia de una importante comunidad de SRB sugieren que se pro-
movié parte de la disminucion de SO,*, CI' y de elementos traza en las
aguas del lago. por procesos de inmovilizacion debido a reacciones
minerales (precipitacion del S hidrotermal y acumulacion de elementos

traza en los sedimentos controlados por SRB). Las entradas de sulfatos
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hidrotermales al Lago Sochagota se redujeron por procesos sedimentarios
relacionados con la degradacion de sedimentos ricos en materia carbonosa,
precipitando minerales que contienen S en los sedimentos y provocando la
disminucién de metales en las aguas. Niu ef al. (2018) indicaron que
el proceso de sulfuracion de metales puede hacer que estos metales
pasan a formar parte de minerales de baja solubilidad. La atenuacion
de la concentracion de K, Al y Rb también puede estar relacionada con
las transformaciones minerales que ocurren en los sedimentos ricos en
materia carbonosa. Andrade et al. (2018) indicaron que los minerales
de la arcilla pueden transformarse rapidamente en illita a través de
reacciones minerales secuenciales en ambientes hipersalinos y reducto-
res. En estos casos, los sedimentos actiian como sumideros eficaces de
potasio Andrade et al. (2018), Quevedo et al. (2020a) sugirieron que
la eutrofizacioén en un embalse mas cercano (presa La Playa) creaba un
ambiente en condiciones reductoras que favorecia la absorcion de Fe
en minerales neoformados de la arcilla (I-DV y Fe-esmectita). Cifuentes et
al.(2020c) sugirieron que la reduccion de las condiciones en los sedi-
mentos ricos en materia carbonosa del Lago Sochagota favorecia una
illitizacion a baja temperatura. Durante este proceso, [-DV absorbe Fe
y K a través de reacciones sucesivas de disolucion-precipitacion. El
potasio hidrotermal del agua intersticial rica en materia orgéanica se fijo
en las capas neoformadas de illita, revelando que los minerales de la
arcilla pueden actuar como sumideros de K de origen hidrotermal en

regiones geotérmicas.

Estos procesos podrian contribuir significativamente a remediar
la presencia de algunos elementos en las aguas mediante procesos de
atenuacion natural. Recomendamos incrementar la vegetacion en la entrada
sur del lago para promover el depdsito de sedimentos ricos en materia

organica donde estos biogeoquimicos pueden tener lugar para intensificar
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la disminucion de concentracion en SO,* y As por debajo del marco

regulatorio colombiano para contaminantes en aguas.

7.2 Minerales detriticos y minerales arcillosos neoformados

Los resultados de este estudio revelan que los minerales formados
en el Lago Sochagota presentan diferencias significativas en el tamafio
del grano, asociacion mineral, y contenido de materia organica de acuer-
do con la distancia del afluente hidrotermal (Quebrada Honda - Rio
Salitre). Los datos de difraccion de rayos X y microscopia electronica
sugieren que en la formacion de los sedimentos del lago estuvieron im-
plicadas diversas fuentes de aportes (detritica, hidrotermal y 6érgano-an-
tropogénica). Desde el punto de vista geomorfologico, el lago es una
pequeiia cuenca endorreica que se desarrolla sobre materiales neégenos
y cuaternarios. El contexto geologico sugiere que la mayor parte de los
minerales de los sedimentos proceden de los aportes detriticos de los
materiales geologicos del entorno. El elevado tamafio de grano de los
cristales de cuarzo y feldespatos sugiere que estos minerales tienen su
origen en los abundantes materiales sedimentarios siliceos del cretacico al
nedgeno que constituyen la cuenca de drenaje. La presencia de caolinita
como mineral del grupo de arcilla apunta especialmente a las areniscas
nedgenas de la formacion Tilatd. La presencia de pequefias cantidades
de vidrio volcanico puede relacionarse con los aportes distales de la for-
macion vulcanosedimentaria explosiva de edad nedgena que constituyen

el edificio volcanico de Paipa.

En los sedimentos del Lago Sochagota, la presencia de abundantes
microcristales idiomorfos que cementan los poros del sedimento indica
que algunas de las fases minerales tuvieron su origen en procesos au-

tigénicos. La formacion de estos minerales en sedimentos superficiales
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de sistemas lacustres puede producirse como consecuencia de la satu-
racion de la concentracion de algunos iones en los fluidos intersticiales
y procesos asociados a la descomposicion de materia orgénica y la actividad
microbiana (Vuillemin et al., 2013). El desarrollo de condiciones re-
ductoras en los sedimentos y las aguas de los poros es un factor esencial
que controla la formacion, transformacion y preservacion de los mi-
nerales autigénicos. Las reacciones abioticas y el metabolismo micro-
biano pueden producir la formacion o disolucion de fases con hierro,
tales como oxidos, hidroxidos, sulfuros, carbonatos o silicatos (Picard et
al.,2018).

La combinacion de situaciones en las que fluidos especialmente
salinos se encuentran en contextos ricos en materia organica puede pro-
porcionar ambientes especialmente adecuados para el desarrollo acelerado
de reacciones que modifican la asociacion mineral originalmente depositada
(Andrade et al., 2014, 2018; Barbiero et al., 2016; Cuadros et al., 2017,
Gomes et al., 2016). La evolucion de las condiciones redox de las aguas
intersticiales de los sedimentos es habitualmente considerada como uno
de los principales factores que controlan la formacion, transformacion
y preservacion de los minerales autigénicos (Andrade et al., 2018;
Vuillemin et al., 2013). Muchos de estos procesos se producen a través
de transformaciones complejas en las que participan fases amorfas y
minerales metaestables, precursores de los que finalmente se observan
en la mayor parte de sedimentos (Noél et al., 2017). En estos casos,
los elementos con capacidad de actuar como donantes o receptores de
electrones, tales como el azufre y el hierro, juegan un papel esencial
en el desarrollo de la asociacion mineral en equilibrio. En sedimentos
siliciclasticos, el hierro es comunmente el elemento en fase sélida con
actividad redox mas abundante y determina la estabilidad de numerosas

fases minerales (Kasina et al., 2017).
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Las facies sulfatadas-sodico-potasicas de las aguas hidrotermales
que alimentan el Lago Sochagota pueden suponer la fuente de potasio
necesaria para la formacion de algunas de las arcillas neoformadas.
Desde la entrada sur del lago hacia el interior y la zona norte del lago,
la cantidad de particulas finas de materiales arcillosos (illita e I-DV) se
incrementa. Las altas condiciones hidrodinamicas en la entrada del lago
y el bajo contenido de materia organica de esos materiales debieron
evitar la formacion y acumulacion de las particulas finas de arcilla en
la zona sur del lago (Cifuentes ef al., 2020c). Por tanto, la formacion de
illita debi6 ocurrir durante la fuerte interaccion de los sedimentos con
el agua salina de los poros bajo las condiciones reductoras producidas
por el alto contenido de materia organica (Cifuentes et al., 2020c). Las
particulas de tamafio pequefio de grano de I-DV depositadas en esta par-
te del lago actuaron como los precursores apropiados para el desarrollo del
proceso de illitizacion. Se han descrito procesos similares de illitizacion
en otros ambientes salinos ricos en materia orgdnica tales como man-
glares (Cuadros et al., 2017). Dietel et al. (2018) describieron el papel
del interestratificado I-DV como fase intermedia precursora del proceso

de illitizacion.

7.3 El ciclo del azufre en los materiales del Lago Sochagota

Los minerales con azufre del Lago Sochagota estan concentrados
en las zonas central y norte del lago en las que se encuentran materiales
ricos en materia organica. Los sedimentos ricos en materia organica son
capaces de mantener condiciones empobrecidas en oxigeno debido a la
capacidad de dicha materia orgénica para proporcionar electrones para
las reacciones de reduccion. En ambientes salinos como el del Lago So-
chagota, con disponibilidad de materia orgénica facilmente degradable,

los microrganismos probablemente pueden crear microambientes con
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hierro reducido y sulfuros acuosos que producen la precipitacion de
sulfuros insolubles (Smieja-Krol, et al., 2015).

El principal factor que control6 la formacion de esos minerales
con azufre fue la cantidad de materia organica. La pirita es el mineral
asociado al azufre con mayor presencia en esos materiales ricos en ma-
teria organica. Esto indica que la captacion de hierro estd asociada a
la existencia de fases con azufre en los materiales con particulas finas
proximos a las areas ricas en vegetacion, sugiriendo la asociacion de los
procesos de piritizacion a la abundancia de materia organica. La cris-
talizacion de cristales individuales de pirita y agregados framboidales
asociados a la transformacion de materia organica ha sido ampliamente
descrita en sedimentos anoxicos (MacLean et al., 2008). Los framboides
de pirita pueden formarse siguiendo moldes determinados por estructuras
de materia orgdnica (MacLean et al., 2008). Estudios experimentales
previos y observaciones de campo sugieren que la formacion de frambio-
des de pirita es promovida por la nucleacion y crecimiento de mono-
sulfuros de hierro, los cuales son posteriormente convertidos en pirita
(p-ej., Wilkin et al., 1997; Ohfuji et al., 2006). De acuerdo con Hu et al.
(2016), se cree que la mayor parte de materiales ricos en materia organica se
transforman en tres procesos que contribuyen a la cristalizacion de los
framboides de pirita: (a) formacion y desarrollo de precursores (FeS);

(b) transformacion de FeS a FeS ; y (¢) crecimiento de pirita.

Las imagenes de microscopia electronica de los sedimentos
ricos en materia organica que contienen minerales con azufre en el
Lago Sochagota muestran agregados de nanoparticulas de FeS con car-
acteristicas morfologicas ovales que sugieren una precipitacion de FeS
inducida bioldégicamente. Por ello, las SRB debieron facilitar de forma

decisiva la asimilacion de particulas de hierro a través de la formacion de
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nanoparticulas de mackinawita (FeS). Las investigaciones de (Picard et
al., 2018) confirmaron la capacidad de los microrganismos para asimilar
metales (hierro) que se concentran en la superficie de los microorganismos
en forma de minerales del azufre, sugiriendo que la membrana celular
de los microrganismos sulfato-reductores y sus materiales extracelu-
lares pueden actuar como estructuras para la formacioén y crecimiento
de los minerales de azufre. Kraal et al. (2013) sugirieron que en sedimen-
tos ricos en materia organica el rapido enterramiento bajo condiciones

anoxicas previene la disolucion del FeS.

Lapirita y el azufre fueron seguramente producidos por la alteracion
de mackinawita causada por el exceso de azufre libre que genera la
disolucion del monosulfuro de hierro y posterior recristalizacion de la
pirita (Rickard, et al., 2013, Rickard et al., 2007).

La transformacion de sulfuro a azufre por una reaccion de ox-
idacidn inorgénica se produce lentamente, lo que sugiere que la ox-
idacion por microrganismos es el proceso prevalente para la cristal-
izacion del azufre en ambientes con baja temperatura (Luther et al.,
2011). Sin embargo, Cosmidis et al. (2016) descubrieron que el H,S
puede interactuar con la materia organica en ambientes aerobios para
formar azufre inorgénico produciendo morfologias complejas filamen-
tosas similares a las observadas en los materiales presentes en el Lago

Sochagota.

7.4 Distribucion geoquimica

La distribucion espacial de los elementos traza del Lago Sochagota
en los sedimentos parece estar asociada con la distribucion del con-

tenido de materia organica y las asociaciones minerales. Los sedimentos
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pobres en materia organica de la zona sur del Lago Sochagota estan
enriquecidos en circonio (media 567 mg/kg) y su asociacion mineral
se caracteriza por la ausencia de illita, [-DV o minerales con azufre. El
enriquecimiento de los sedimentos en circonio se considera como un in-
dicador de una contribucion detritica significativa (p. €j., Martinez-Ruiz
et al.,2015). El elevado contenido de Zr, SiO, y TiO, en esos sedimentos
puede ser asociado con el deposito de zircon terrigeno, cuarzo y rutilo.
Por otro lado, los sedimentos ricos en materia organica illita e I-DV
localizados en las zonas norte y central del lago presentan un alto contenido
de metales pesados (Cu, Zn, Cr, Ni, Co, Pb, Mo), Rb, Ba y As. Esos sedi-
mentos se caracterizaron por la cristalizacion de minerales con azufre

(mackinawita, pirita, y S°). (Cifuentes et al., 2020a).

La concentracion de los metales pesados en esos sedimentos ex-
cede los valores estandar promedios mundiales y el valor promedio de
algunos de esos elementos fue claramente mas alto que los valores de
los sedimentos no contaminados de referencia localizados en una zona
cercana en el Rio Chicamocha (Quevedo et al., 2020b). Si bien en Co-
lombia no se dispone de un marco regulatorio para los contaminantes
presentes en sedimentos y suelos (Martinez-Mera ef al., 2019; Rueda
Sad et al., 2011), los contenidos de metales presentes en los sedimentos
de la zona norte, se encuentran por encima de los valores de fondo de

los suelos europeos. (Gawlik et al., 2006).

7.5 El papel de las comunidades bioldgicas

Los resultados del analisis de la secuencia del gen 16S rRNA en
los sedimentos ricos en materia organica del Lago Sochagota revelan la

presencia de una comunidad de bacterias con una composicion diversa.
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La actividad bioldgica est4 asociada a los procesos de transformacion
de la materia organica y a algunos procesos minerales que afectan a los
ciclos del carbono y el azufre. Las principales comunidades de bacterias
de los sedimentos del Lago Sochagota pertenecen a géneros fermenta-
tivos que han sido descritos en las zonas anoxicas de otros lagos. Di-
versas comunidades de Bacteroidetes y Chloroflexi fueron identificadas
como un grupo importante de bacterias que pueden estar involucradas
en la transformacion de la materia organica de los sedimentos (Rui et
al.,2009; Zhou et al., 2016).

Basandose en investigaciones experimentales de suelos incuba-
dos sin enmendar y suelos enmendados modificados con paja en condi-
ciones anaerobias, Ji ef al. (2018) han sugerido que durante las etapas
iniciales de degradacion de la materia organica, las Sphingobacterias
pueden desempenar un papel importante, mientras que otros grupos
como Bacteroidetes, vadinHA 17, Dehalococcoidia y Anaerolineae son
mas importantes durante la fase final de la degradacion en las zonas
sulfidicas (Suominen et al., 2019). Wasmund ef al. (2014) clasificaron
la Dehalococcoidia como una bacteria anaerobia involucrada en la fer-
mentacion de plantas y compuestos organosulfurosos. Biderre-Petit
et al. (2016) describieron la ocurrencia natural de la bacteria Dehalo-
coccoidia en las aguas andxicas de un lago meromictico (Lago Pavin).
Némecek et al. (2018) también encontraron el género MSBLS5 en aguas
subterraneas contaminadas con solventes clorados. Estos microorganismos
que viven en ambientes andxicos tienen la capacidad para deshalogenar
reductivamente compuestos organoclorados. lino et al. (2010) reportaron

el orden Ignavibacteriales con la funcion de fijar CO,.

Una importante comunidad SRB fue identificada en los sedi-

mentos del Lago Sochagota. Esta estd dominada por Desulfatiglans.
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También se identificaron otras comunidades microbiologicas de SRB
como Desulfobacterales (Fam. Desulfobacteraceae, G. Sva0081) y
Sva0485. La presencia de una porcion significativa de Latescibacte-
ria hierro-reductoras (hasta 2.10%) sugiere que esta comunidad podria
también contribuir a la reduccion directa de Fe*. Berg et al. (2020) han
sugerido que las bacterias fermentativas también podrian jugar un pa-
pel importante en la abundancia de Fe*" y que la actividad de las IRB y
SRB tiene efectos directos sobre la disponibilidad de metales disueltos
que pueden ser incorporados en los precipitados de minerales (p.ej.,

sulfuros o fosfatos).

También se encontraron comunidades de SOB presentes en los
sedimentos carbonosos del Lago Sochagota. En estas comunidades,
Thioalkalimicrobium y Thiobacillus, del grupo de las Gammaproteo-
bacterias son dominantes. Edwardson y Hollibaugh (2018) también han
descrito una importante comunidad microbiologica de Thioalkalimicro-
bium en un lago hipersalino (Mono Lake, California, USA). Otras SOB
como Sulfurovum, Arcobacter y Sulfurimonas (Epsilonbacteraeota) se

encontraron bien representadas en los sedimentos del Lago Sochagota.

Teniendo en cuenta la presencia en ciertas areas de azufre aso-
ciado con framboides de pirita en los sedimentos estudiados, se cree
que esos grupos de Gammaproteobacteria y Epsilonbacteraeota son
las SOB funcionales de este ambiente que producen la transformacion
de sulfuros de hierro y contribuyen a la posible liberacion de metales.
An et al. (2020) indicaron que esas dos comunidades de SOB usan di-
versas estrategias para la oxidacion de sulfuro. Las Epsilonbacteraeota
necesitan un suministro continuo de sulfuro y oxigeno, pero las Gam-
maproteobacteria pueden adaptar su metabolismo energético en diferentes

condiciones ambientales reductoras. Yang et al. (2016) indicaron que
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los Thiobacillus, Sulfurimonas y Arcobacter estuvieron involucradas en
la denitrificacion autdtrofa de aguas residuales salinas en Hong Kong.
Ouyang et al. (2020) y Milakovi¢ et al. (2020) demostraron que las Arco-

bacter pueden ser un riesgo para el ambiente y la salud de las personas.

7.6 Origen del enriquecimiento en elementos traza e in-
tegracion de procesos

La relacion entre los aportes hidrotermales, la materia organica
carbonosa, la cristalizacion de minerales portadores de azufre y el en-
riquecimiento del Lago Sochagota en elementos trazas se evalud por
analisis de componentes principales empleando el programa SPSS-IBM.
Se obtuvieron dos componentes ortogonalmente rotadas por el método
Varimax, responsables del 90.38% de la varianza en el sistema, y que

estarian relacionadas con los posibles procesos que ocurren en el lago.

Se encontr6 que la primera componente es responsable de la mayor
parte de la varianza del sistema (84.44%) y revelo dos asociaciones de
elementos. Por un lado, Na, Zr, Ti, Al y Si presentaron elevados pesos
negativos en la componente, al ser el aluminio uno de los elementos
con mayor presencia en la composicion de la caolinita y el feldespato,
que pueden ser observados en la fraccion mas gruesa de los sedimentos
localizados en la zona sur del lago. Ademas, el circonio y el titanio son
constituyentes comunes en los materiales detriticos (Martinez-Ruiz et
al.,2015). Por tanto, se propone para esta asociacion una fuente detritica

asociada al aporte de los materiales cretacicos que rodean al lago.

La componente 1 también agrupo a S, COT, Fe, Zn, Mo, Rb,
Co, K, Cr, Sb, Ni, As, Ba, LOI, Cu, Mn, Pb, P, Mg y Sr. Estos elementos

presentan pesos positivos altos en la componente. El peso elevado del
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azufre en esta componente y la composicion isotdpica del agua similar
a los valores de los sistemas hidrotermales (6**S = 6.4%o, 6'*0 = 8.1%o,
Cifuentes ef al., 2020a y b) sugieren que la fuente de estos elementos
traza puede estar asociada a los aportes hidrotermales que se incorporan al
lago por la entrada sur de la Quebrada Honda - Rio Salitre. Sin embargo,
el elevado peso positivo del fosforo en la componente principal 1 y su
buena correlacion con los metales pesados causados por las actividades
agricolas y las aguas residuales urbanas generadas en el area sugieren
que parte del enriquecimiento con metales pesados en los sedimentos
de la zona central y norte puede ser parcialmente atribuido a la actividad

antropica.

Ademas, las buenas correlaciones del COT con azuftre, hierro y
los elementos traza en la componente 1 revelaron que la mayor parte
de la concentracion de los elementos traza en los sedimentos podria
estar relacionada con los procesos de piritizacién en un ambiente rico
en materia organica. La importancia de la transformacion de la materia
orgénica para la cristalizacion de sulfuros de hierro ha sido frecuente-
mente descrita como un factor importante que controla la asociacion
mineral de los sedimentos (p. ¢j., Folk, 2005; Love, 1967; Love et al.,
1984; MacLean et al., 2008). Las imagenes HRTEM de las nanoparticu-
las de mackinawita con franjas reticulares (001) de =5A incrustando
células bacterianas sugiere que la precipitacion de mackinawita fue el
paso inicial de la asimilacion sedimentaria del azufre hidrotermal del
Lago Sochagota, revelando que la cristalizacion de monosulfuro de hi-
erro (FeS) es un proceso importante responsable en la formacion de
pirita (Ohfuji et al., 2005; Schoonen, 2004; Wilkin et al., 1997).

Adicionalmente, la secuenciacion del gen 16S rDNA en los sedi-

mentos de las zonas central y norte del Lago Sochagota permitieron la
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identificacion de varias comunidades de bacterias con capacidad para
reducir sulfatos (Desulfatiglans, Desulfobacterales y Sva0485) y Fe**
(Latescibacteria) en sedimentos de lagos. La disposicion textural de las
nanoparticulas de mackinawita formando parte de incrustaciones sobre
microorganismos en los sedimentos ricos en materia organica del Lago
Sochagota sugieren que la precipitacion de mackinawita se ve favore-
cida por la presencia de SRBs asociadas a la descomposicion de restos

de plantas.

La nucleacién de monosulfuros promovida por los microrganismos
también puede promover la acumulacion de elementos traza en los sedimen-
tos (Hu et al., 2016). En los sedimentos del Lago Sochagota, la presencia
de mackinawita dentro de fragmentos de plantas y la identificacion de
SRBs revelan que los aportes de SO,* hidrotermal del Lago Socha-
gota fueron reducidos por procesos sedimentarios relacionados con la
transformacion de materia organica, posibilitando la precipitacion de
minerales con azufre en los sedimentos. Esta precipitacion causoé el en-
riquecimiento en metales pesados de los sedimentos localizados en la
zona centro y norte del lago. La presencia de cristales de pirita con
cantidades significativas de cobre en esos sedimentos sugiere que el
incremento de elementos traza se llevé a cabo durante la disolucion de
la mackinawita bajo condiciones de exceso de sulfuro, a la que sigui6 la
etapa de recristalizacion de los frambiodes de pirita (Picard et al., 2018;
Rickard et al., 2007; Rickard et al., 1997). Por lo tanto, los procesos
de sulfuracion de metales pueden captar metales en minerales con baja
solubilidad (see e.g. Niu et al., 2018).

Sin embargo, la oxidacion de los sulfuros a azufre puede pro-
mover una etapa de liberacion de metales hacia el medio. Los pesos

moderados positivos de Ca, Ba'y Sr en la componente 2 (hasta 0.621),
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los cuales tiende a estar negativamente correlacionados con el contenido en
COT, pueden estar asociados con esta etapa de oxidacion en los sedimen-
tos. Estéd etapa causo la precipitacion de agregados de calcita y barita.
Las comunidades de SOB en los sedimentos estudiados (Thioalkalimi-
crobium, Sulfurovum, Arcobacter y Sulfurimonas) pueden ser impor-

tantes durante esta etapa oxidativa

Por otra parte, la concentracion de la varianza del potasio y
rubidio (alrededor 0.98) en la componente 1 puede relacionarse con
las transformaciones minerales que ocurren en los sedimentos ricos en
materia orgénica del lago. Las condiciones reductoras en los sedimen-
tos ricos en materia organica del Lago Sochagota podrian favorecer un
proceso de illitizacion de baja temperatura. Durante este proceso, el
interesestratificado I-DV asimil6 hierro y potasio K a través reacciones
sucesivas de disolucion-precipitacion. El potasio hidrotermal del agua
intersticial se fijo en las capas de illita neoformadas, revelando que los
materiales arcillosos pueden actuar como un sumidero de potasio de

origen hidrotermal en regiones geotermales.
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Conclusiones




En esta tesis se ha investigado el origen de la elevada salinidad de
las aguas del Lago Sochagota (Colombia), la atenuacion natural de dicha
salinidad, las transformaciones minerales que ocurren en sus sedimentos
ricos en materia organica, las comunidades bacterianas que dominan los
sedimentos su influencia en las reacciones minerales que controlan la dis-

tribucion geoquimica de los elementos en los sedimentos.

La composicion isotopica de las aguas sugiere que el azufre disuelto
es de origen hidrotermal. Los aportes hidrotermales son los responsables
de la salinidad de las aguas. Las buenas correlaciones del azufre y la
composicion isotopica de las aguas del lago sugieren que su origen esta
asociado con las entradas hidrotermales, aunque alta correlacion positiva
del fosforo con los metales pesados también implica que existe una relacion
que no puede ser descartada con las descargas de aguas residuales y de

las actividades agricolas.

El Lago Sochagota puede considerarse como una estrategia efectiva
para atenuar aguas de alta salinidad ricas en SO,?, el estudio hidrogeo-
quimico de las aguas del Lago Sochagota y de los aportes hidrotermales
conducidos al lago a través del rio Salitre evidencio que la concen-
tracion de elementos mayores y menores fue alta en la entrada sur del
lago y progresivamente estas concentraciones se atenuaron significa-
tivamente dentro del Lago Sochagota. Los contenidos de SO,*, Fe,
CI, Al, As Cu y Co fueron los que tuvieron la mayor disminucion, sin
embargo, las concentraciones de SO,* y As se mantuvieron por enci-
ma de las regulaciones colombianas. La concentracion de Li, Na, K,
Ni, Cs, Ba, Zn y Pb present6 una reduccion moderada, pero suficiente
para mostrar contenidos por debajo del marco regulatorio colombiano,
mientras que Ca, Mg y Sr mostraron una escasa variacion. La dilucion

por escorrentia de agua lluvia y la precipitacion de sulfuros de hierro
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mediada por bacterias reductoras de sulfato en los sedimentos ricos
en materia organica fueron los principales procesos involucrados en la
atenuacion de la concentracion de SO,*, Fe, As Cu'y Co en el agua del
lago, asi mismo el proceso de illitizacion, que ocurre en sedimentos

podrian favorecer la disminucion de K y Al.

La mayoria de los materiales depositados en el Lago Sochagota estan
constituidos por cuarzo detritico y kaolinita. Se encontr6 que la entrada
localizada en la zona sur del lago esté caracterizada por la presencia de
sedimentos pobres en materia organica constituidos principalmente por
cuarzo y caolinita enriquecidos con elementos detriticos como Na, Zr,

Ti, Al y Si que provienen de los sedimentos cretdceos vecinos.

Los sedimentos en las zonas norte y central del lago estan enriquecidos
por minerales neoformados arcillosos (illita y I-DV) generados por la in-
teraccion con las aguas del lago y el alto contenido de materia orgéanica.
El ambiente reductor que presenta la zona debido a la descomposicion
de materia organica favorecid los procesos de movilizacion e incorpo-
racion de hierro en el I-DV que actuaron como precursor mineral para
una rapida illitizacion a baja temperatura, revelando el importante papel
de los minerales arcillosos como sumideros de potasio de origen hi-

drotermal. en lagos de regiones geotermales

La asociacion estadistica del potasio y el rubidio con el azufre y el
contenido de materia organica indica que la neofromacion de I-DV y de
la illita por reacciones salinas causadas por la interaccion del agua de
los sedimentos también esta asociada con los procesos de reduccion de

los sedimentos.
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El ciclo del azufre en el lago estd relacionado con el proceso de
piritizacion relacionado con la abundancia de materia orgénica. La
neoformacion de fases portadoras de S en sedimentos ricos en materia
organica ocurrieron mayoritariamente bajo condiciones salinas reducto-
ras que llevaron a cabo la fijacion del azufre hidrotermal enriquecido en

el agua del lago.

La presencia de particulas de mackinawita en la parte interna de
fragmentos de plantas de algunos nucleos ricos en materia organica,
formando en ocasiones agregados con formas celulares, es un fuerte
indicio de que el SO,* de origen hidrotermal disuelto en las aguas del
Lago Sochagota reacciona para formar minerales de azufre en los sedimen-
tos a través de procesos de sulfato reduccion asociados a la transfor-

macion de materia organica.

Los microorganismos favorecieron la formacion y el crecimiento de
mackinawita y su transformacion en pirita y azufre. La presencia de una
comunidad bacteriana que puede causar reduccion de sulfatos (Desul-
fatiglans, Desulfobacterales y Sva0485) y Fe** (Latescibacteria) en los
sedimentos de la zona central y norte del lago, asi como la aparicion de
nanoparticulas de sulfuro de hierro (algunas de ellas enriquecidas con
metales pesados) con incrustaciones de células microbiologicas sugiere
que las SRB controlan la precipitacion del azufre hidrotermal y la acu-
mulacion de elementos traza en los sedimentos. La pirita fue formada
por la alteracion de la mackinawita en un ambiente con exceso de azu-

fre libre.

Las morfologias filamentosas complejas de azufre se formaron por
la reaccion del H,S y la materia organica en un ambiente rico en oxigeno. La

presencia de comunidades de SOB (Thioalkalimicrobium, Sulfurovum,
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Arcobacter y Sulfurimonas), la precipitacion de azufre, barita y cristales
de calcita y las buenas correlaciones entre calcio, bario y estroncio sugiere
que los procesos de oxidacion del sulfuro reducido pueden fomentar
la liberacion de metales pesados toxicos en el ambiente. Se evidencio
que los sedimentos de las zonas central y norte estan enriquecidos en
S, COT, Fe, Zn, Mo, Rb, Co, K, Cr, Sb, Ni, As, Ba, LOI, Cu, Mn, Pb,
P, Mgy Sr.
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