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RESUMEN

En los tltimos afios, los sistemas hidrotermales, tanto los submarinos como los subaéreos, han
sido reconocidos como posibles nichos para el desarrollo de la evolucion quimica y eventualmente,
como escenarios para el surgimiento de las componentes basicas de la vida. Sin embargo, debido
al dinamismo y la complejidad de estos ambientes, los experimentos de quimica prebidtica han
estado limitados respecto a las variables geoquimicas utilizadas en los mismos, por ejemplo:
considerando solo altas presiones y altas temperaturas.

Recientemente, dentro del contexto de quimica prebidtica, se ha sugerido que los experimentos
deben considerar el papel de diversas variables geoquimicas en el mismo ambiente primitivo. De
esta forma, es necesario considerar otras variables principales, como la mineralogia, los gradientes
de pH/temperatura, la salinidad y/o la interaccion entre diversas moléculas organicas.

En este trabajo, se realiz6 un estudio sistematico sobre el papel de los sistemas hidrotermales en
la evolucion quimica a partir de diversos experimentos de quimica prebiodtica. Este caracter
sistematico consistio en estudiar:

1) un escenario geoquimico plausible (i.e., sistemas hidrotermales);

2) evaluar la estabilidad, la reactividad y el destino de la materia prima disponible para llevar a
cabo reacciones quimicas (i.e., acido cianhidrico, HCN);

3) determinar las propiedades fisicoquimicas de los polimeros sintetizados (i.e., HCN-DTP);

4) evaluar el papel de diversos minerales en la estabilidad y reactividad de diversas moléculas
organicas (i.e., Mg-Mont, silica y serpentinita/HCN, aminoacidos) y

5) establecer cual es el destino de las moléculas organicas en ese entorno (i.e., modelo de agua
hidrotermal).

Nuestros resultados sugieren: 1) las condiciones geoquimicas del medio definen la reactividad y
estabilidad de las moléculas organicas utilizadas; 2) la presencia de algunos minerales afecta
directamente el proceso de polimerizacion y las propiedades fisicoquimicas de los polimeros
sintetizados y 3) los cationes presentes en un modelo de agua hidrotermal pueden favorecer la
sorcion de algunos aminoacidos.

Es posible concluir que los sistemas hidrotermales pudieron ser ambientes primitivos cruciales
para el desarrollo de la complejidad quimica durante las primeras etapas de la evolucion quimica
en la Tierra. El desarrollo de simulaciones de laboratorio que consideren diversas variables
geoquimicas en el mismo experimento, como las expuestas aqui, son un buen punto de partida
para entender el dinamismo geoquimico presente en estos ambientes asi como sus repercusiones
en los procesos que precedieron el origen de la vida. Por ende, esta tesis esta enfocada en estudiar
algunos de los procesos fisicoquimicos que pudieron haber tenido lugar en los sistemas
hidrotermales a lo largo de la evolucidén quimica y las repercusiones de estos.



ABSTRACT

Currently, hydrothermal systems, both submarines and sub-aerials, have been recognized as
possible niches for the development of chemical evolution and eventually, as scenarios for the
emergence of the basic components of life. However, due to the dynamism and complexity of
these environments, prebiotic chemistry experiments have been limited and they only consider
few geochemical variables, for example: high pressures and high temperatures.

Since of point of view of prebiotic chemistry, it has been suggested that experiments should
consider the role of several geochemical variables in the same environment. Hence, it is necessary
to consider other main variables, such as mineralogy, pH / temperature gradients, salinity, and / or
the interaction between various organic molecules.

In this work, a systematic study was carried out on the role of hydrothermal systems in chemical
evolution. This systematic character consisted in perform prebiotic experiments which consist in
studying:

1) a plausible geochemical scenario (i.e., hydrothermal systems);

2) evaluate the stability, reactivity and fate of the raw material available to carry out chemical
reactions (i.e., hydrogen cyanide, HCN);

3) determine the physicochemical properties of the synthesized polymers (i.e., HCN-DTP);

4) study the role of some minerals in the stability and reactivity of organic molecules (i.e., Mg-
Mont, silica and serpentinite/ HCN, amino acids) and

5) study the fate of organic molecules in these environments (i.€., hydrothermal water model).

Our results suggest: 1) the geochemical conditions of the environment define the reactivity and
stability of the organic molecules; 2) the presence of some minerals affects the polymerization
process and the physicochemical properties of the synthesized polymers and 3) the cations present
in a hydrothermal water model can favor the sorption of some amino acids.

It 1s possible to conclude that hydrothermal systems could be crucial primitive environments for
the development of chemical complexity during the early stages of chemical evolution on Earth.
The development of laboratory simulations that consider different geochemical variables in the
same experiment, such as those set out here, are a good starting point to understand the
geochemical dynamism present in these environments as well as their repercussions on the
processes that could be involved in the antechamber of the origin of life. Therefore, this thesis is
focused on studying some of the physicochemical processes that may have taken place in
hydrothermal systems throughout chemical evolution and their repercussions.
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Capitulo |

Introduccion General

“Wait a minute. What is that?” Robert Ballard, 1977

"Rarely does something like this come along that drives home how much we still have to learn about our own
planet" Deborah Kelley, 2001

"This gives our first glimpses of what the Earth was like shortly after it formed" John W. Valley, 2001

Si bien, desde la década de 1950, habia suposiciones del escenario geoldgico que pudo imperar
durante los eones Hadeano y Arqueano® (Fig. 1.1.) nuestra concepcion de las condiciones que
pudieron estar presentes durante los primeros millones de afios de la historia de la Tierra ha
cambiado radicalmente en las ultimas décadas. Notablemente, el descubrimiento de los sistemas
hidrotermales submarinos (Corliss et al., 1979)?, el descubrimiento del Sistema Hidrotermal Lost
City (Kelley et al., 2001)® y la datacién y composicién isotopica (i.e., § '%0/'°0) de la muestra

1 Existe una ausencia de registro geologico desde la formacion de la Tierra (i.e., 4,566 Ga, analisis isotopico
del sistema U-Pb en inclusiones refractarias de Ca-Al en meteoritas condriticas (Allegre et al., 1995) hasta
4,031 Ga (i.e., analisis isotopico de sistema U-Th-Pb en rocas igneas del complejo de gneis Acasta, Canada
(Bowring & Williams, 1999)), el cual es llamado eon Hadeano. El eén Arqueano comprende desde 4,031 Ga
hasta el comienzo del Proterozoico (i.e,. 2,5 Ga, basado en la sucesion estratigrafica de lutitas y formaciones de
Hierro Bandeadas (BIF por Banded Iron Formation) de la cuenca Hamersley, Australia (Eriksson et al., 2006)).
No hay total acuerdo en la definicion de los limites temporales antes mencionados. Para mas informacion
consultar: Altermann et al. 2012; Ogg et al. 2016.

2 La expedicion del Rift Galapagos, la cual fue parte de los trabajos de exploracion del fondo oceanico por la
International Decade of Ocean Exploration (1971-1980), estaba enfocada en el estudio detallado de las
emisiones de fluidos hidrotermales provenientes del fondo del océano al noreste de las Islas Galapagos. En esta
época, se deducia que las anomalias térmicas eran producto de la interaccion del agua ocednica y la lava emitida
a través de las fracturas producidas por la separacion de la corteza. Las primeras fotos de esta zona mostraron
al fondo oceanico como un terreno arido, cubierto de pillow lavas, fracturas y fluidos pahoe-pahoe. Sin
embargo, después de avanzar algunos metros y revisar mas de 10, 000 fotografias, los flujos de lava préximos
a fracturas jestaban cubiertos de cientos de almejas y mejillones! Algo nunca antes visto en el fondo oceanico.
En febrero de 1977, a 2700 metros debajo de la superficie, una explosion de una comunidad biolégica rodeando
una fumarola hidrotermal activa, Clambake I, fue descubierta (Ballard, 1977).

3 El crucero de la National Science Foundation inici6 con el objetivo de estudiar la estructura, composicion e
historia geologica del Macizo Atlantis y asi, entender como se forman los complejos oceanicos centrales. La
maiiana del 4 de diciembre del 2000, en el océano Atlantico Norte, en la cabina de control Argo-II, Barbara
John y Gretchen Frueh-Greem observaron las primeras imagenes de estructuras hidrotermales blancas. Para
mas detalles ver: http://earthguide.ucsd.edu/mar/dec12.html.



W74 colectada en Jack Hills, Australia (Wilde et al., 2001)* cambiaron la imagen de lo que
podemos entender como Tierra primitiva (ver Capitulo II).

Figura 1.1. Concepcion artistica de las posibles condiciones geoldgicas durante en Hadeano.
Crédito: Chesley Bonestell, Beginning of the World (The Earth is Born).
Tomado de: LIFE magazine cover, December 8, 1952.

Estos hallazgos han modificado las hipotesis y el planteamiento de los experimentos de laboratorio
que intentan simular algunas de las condiciones que prevalecieron durante las primeras etapas de
la evolucion de la Tierra. En consecuencia, aun hay grandes vacios en el entendimiento del papel
y las repercusiones que pudieron tener diversas variables fisicoquimicas en la formacion de las
tres componentes fundamentales de la vida® y eventualmente, en el origen de ésta®.

4 En mayo de 1999, después de un exhaustivo analisis de una muestra de mas de cien zircones procedentes del
conglomerado de Jack Hills perteneciente al craton Yilgarn, Australia; William Peck, John Valley y Simon
Wilde dataron un pequefio cristal en 4,404 Ga (Kerr, 2000). Investigaciones posteriores, resolvieron que se trata
de una muestra de 4,373 = 0,006 Ga (Valley et al., 2014) la cual pudo provenir de las primeras rocas corticales
que cristalizaron a partir de un magma saturado en silice (i.e., granito) que se fue enriqueciendo en rocas que
ya habian interactuado con agua a bajas temperaturas (€.9., suelos, sedimentos y/o corteza oceanica).

> Si bien no existe un consenso respecto a la definicion de vida, se ha trabajado bajo la hipotesis que la vida
debe contar con, al menos, las siguientes componentes interdependientes: I) la separacion del medio a través de
membranas (compartimentalizacion), II) material genético para almacenar y transferir informacion, y III) la
capacidad de realizar reacciones quimicas acopladas (metabolismo) (Ruiz-Mirazo et al., 2013).

® Plantear una hipotesis sobre un posible origen de la vida en la Tierra exige considerar transiciones factibles
de lo prebiotico (prae-antes, fio-vida; antes de la vida) a lo bidtico. Hoy dia, los estudios sobre el origen de la
vida se realizan a partir de dos enfoques: de abajo-arriba o de arriba-abajo. Un enfoque de abajo-arriba es el
resultado de simular algunos de los procesos fisicoquimicos que pudieron existir en la Tierra primitiva y/o en
el medio interplanetario y resultaron en la formacién de moléculas organicas que pudieron tener un papel
importante (€.9., acelerar reacciones, formacion de enlaces mas estables, interaccion con otras moléculas de
manera Optima) durante las primeras etapas de la vida en la Tierra. Por otro lado, un enfoque de arriba-abajo
implica adquirir informacion a partir de moléculas informacionales (€.9., acidos nucleicos), rutas metabdlicas,
asi como estructuras complejas (e.g., ribosoma) presentes en los organismos actuales y que de alguna manera



La quimica prebidtica es el estudio experimental de la sintesis abidtica, la estabilidad y el destino
de moléculas organicas bajo las distintas condiciones geoquimicas que pudieron estar presentes
en la Tierra primitiva (redefinido a partir de Cleaves, 2012). De igual manera, esta area de estudio
busca describir las vias que pudieron conducir a la formacién espontanea de polimeros asi como
explicar las relaciones entre las distintas subestructuras quimicas presentes en sistemas
supramoleculares (Bruylants et al. 2011; Mattia y Otto 2015; Islam y Powner 2017). Asi mismo,
el periodo durante el cual diversas moléculas orgénicas interaccionaron entre si y con distintos
elementos presentes en los entornos primitivos se conoce como evolucion quimica (redefinido a
partir de Calvin, 1956). Ambas definiciones engloban un campo de investigacion que tiene por
objetivo dilucidar los mecanismos involucrados en la formacion de las tres componentes basicas
para la vida (i.e., membranas, material genético y metabolismo) y su eventual interaccion, para
dar paso al probable Mundo de RNA o sus diversas variantes (Gilbert 1986; Dworkin et al. 2003;
Robertson y Joyce 2012; Ma 2017).

A pesar de que los primeros experimentos’ de quimica prebiotica no son del todo consistentes con
las condiciones que pudieron existir durante los primeros 500 Ma de la historia de la Tierra (ver
Capitulo II), si fueron un parteaguas en la forma de entender qué procesos habrian estado
involucrados en la formacion de moléculas organicas complejas. Es importante mencionar que si
bien los términos quimica prebidtica y origen de la vida han sido usados de manera indistinta y,
en ocasiones son términos inseparables®, es necesario ser cauteloso en el alcance de los resultados
obtenidos experimentalmente en cada simulacion. En otras palabras, las extrapolaciones e
hipétesis formuladas deben ser prudentes con el papel que esas moléculas organicas pudieron tener
en cierto ambiente primitivo. Por lo anterior, los alcances que tienen los experimentos de quimica
prebiotica actuales estan ain muy alejados de lo que podriamos entender como el origen de la
vida. Més bien, en mi consideracion, tales experimentos estdn enfocados en dilucidar los posibles
mecanismos que llevaron a la formacion de las tres componentes fundamentales para la vida.

Recientemente, el quimico Ramanarayanan Krishnamurthy (2017, 2018a, b) enfatiz6 que la
quimica prebidtica ha estado orientada en la demostracion de rutas quimicas lineales bajo
condiciones especificas y cuestionables respecto a un punto de vista prebidtico. Este enfoque,
llamado limpio y aislado®, ha considerado a los experimentos como sesgados por centrarse

se les pueden seguir sus caminos evolutivos hasta las caracteristicas que pudieron estar presentes en el Gltimo
ancestro comun (LUCA, Last Universal Common Ancestor) (Preiner et al., 2020).
7 Alfonso L. Herrera considerd a los minerales como posible base inorganica del protoplasma (Herrera, 1932;
Cleaves et al., 2014). W. Garrison y colaboradores estudiaron el efecto de la radiacion ionizante en la reduccion
de CO; en disoluciones y su efecto en la formacion de moléculas poliatomicas (Garrison et al., 1951). Stanley
Miller y Harold Urey estudiaron la sintesis de compuestos organicos a partir de descargas eléctricas en una
atmosfera reductora (Miller, 1953).
8 Se ha considerado que la quimica prebidtica es un campo difuso en el sentido de que parte de especulaciones
y ausencia de definiciones (e.g., vida). Debido a esto, las hipotesis pueden resultar tendenciosas y no esta claro
donde deja de ser quimica prebidtica para dar paso al origen de la vida (Bruylants et al., 2011).
® «Limpios y aislados» hace referencia al hecho de estudiar las componentes fundamentales para la vida de
manera separada y estan delimitados por el tipo de quimica que se esta estudiando. Por ejemplo, no hay acuerdo
en que componente es la mas primitiva:

* La evolucion darwiniana necesita moléculas informativas, asi que el RNA debe haber sido lo

primero.



demasiado en la bioquimica de la vida tal y como la conocemos hoy. Ademas, se ha cuestionado
que los resultados experimentales intentan adaptarse a distintos escenarios primitivos (Cronin y
Walker, 2016; Krishnamurthy, 2018b). De igual manera, pese a que ya se habia propuesto el
desarrollo de experimentos mas complejos (en el sentido de tomar en cuenta mezclas de
compuestos organicos) (Fox et al. 1959; Fox y Harada 1960; Eigen 1977) la gran mayoria de los
experimentos de quimica prebiotica han tomado en cuenta moléculas organicas especificas y
aisladas. Sin embargo, aunque estos experimentos han llegado a considerarse forzados, fueron un
excelente punto de partida para sentar las bases de los tres pilares de la quimica prebiodtica®™.

Recientemente, diversos investigadores han propuesto considerar, ademéas de escenarios quimicos
y geologicos plausibles, nuevos procesos fisicos y fuerzas impulsoras (€.g., reacciones favorecidas
entre grupos de moléculas que fueron seleccionadas previamente por sus propiedades
fisicoquimicas; estas moléculas podrian llevar a cabo reacciones mas especificas y con mejores
rendimientos) que pudieron tener un papel importante en numerosos escenarios primitivos (Hazen
y Sverjensky 2010; Powner y Sutherland 2011; Wagner y Blackmond 2016; Krishnamurthy 2017).
Nuevas perspectivas en el area han sugerido que también es necesario considerar las interacciones
quimicas entre los diferentes ambientes primitivos (€.g., quimica de interferencia, quimica
prebidtica estocastica) (Stiieken et al. 2013; Dass et al. 2016; Walton et al. 2020; Omran y Pasek
2020).

Actualmente, la propuesta es desarrollar una «quimica de sistemas»**. En general, el objetivo es
partir de escenarios que combinen moléculas simples y establecer sistemas autosostenibles. En
otras palabras, experimentalmente, la quimica de sistemas consiste en estudiar el comportamiento
y evolucion de sistemas compuestos de diversas moléculas organicas simples en distintos
ambientes geoquimicos. Tales moléculas simples no s6lo pueden tener presencia y/o roles en las
actuales biomoléculas de la vida sino que también, pudieron ser resultado de un proceso de
seleccion influenciado y dictado por las propiedades fisicoquimicas de las mismas moléculas.

Por ejemplo, J. Sutherland propone que la sintesis de diversos componentes celulares (e.g.,
nucledtidos, aminoacidos, lipidos) puede darse a partir de materias primas comunes resultado de

*  No puedes sobrevivir sin bloques de construccion y energia, por lo que el metabolismo debe ser
primero.
* Lagenética y el metabolismo sin catélisis es dificil de imaginar, por lo que las proteinas deben haber
sido lo primero.
*  El desarrollo de la seleccion darwiniana es dificil de imaginar sin compartimentos, por lo que las
membranas deben haber estado alli al principio (Sutherland 2016).
10 Eschenmoser y Loewenthal (1992) e Islam y Powner (2017) han propuesto como los tres pilares de la quimica
prebidtica a: 1) la sintesis de azlicares por la reaccién formosa, II) la sintesis de nucleobases a partir de acido
cianhidrico y su oligomerizacion, y III) la sintesis de aminoécidos por el experimento de descargas eléctricas
en una atmosfera reducida.
11 Ta «quimica de sistemas» sugiere que las interacciones naturales entre redes moleculares son mas efectivas
para establecer sistemas autocataliticos comparados con una sola molécula replicadora. De esta manera, tales
interacciones permiten una mayor seleccion y potencial co-evolutivo quimico que, a su vez, estableceria la
siguiente etapa para selecciones quimicas. Ademas, sugiere que las estructuras supramoleculares que hoy vemos
no necesariamente estuvieron presentes desde el comienzo de las vias quimicas prebidticas. En otras palabras,
pudo haber precursores quimicos que se transformaron de manera no lineal en las moléculas organicas que son
usadas por los organismos actuales (Krishnamurthy, 2017, 2018b).



diversas reacciones semi-independientes. Una vez sintetizados algunos fragmentos reactivos, estos
podrian interaccionar, bajo condiciones prebidticas todavia muy discutidas, dando paso a
estructuras quimica complejas (e.g., ribonucledtidos) (Powner et al. 2009; Powner y Sutherland
2011; Patel et al. 2015; Sutherland 2016; Islam y Powner 2017). Por otro lado, Krishnamurthy y
colaboradores han reportado la formacién de oligodepsipéptidos enriquecidos en enlaces
peptidicos a partir de una mezcla de a-aminoacidos y a-hidroxiacidos (Forsythe et al., 2015, 2017),
la importancia del 4cido or6tico como punto de partida en las vias quimicas hacia el ARN (Kim et
al., 2017; Yadav et al., 2020) y la emergencia de polimeros homogéneos a partir de una mezcla
de oligobmeros heterogéneos (Gavette et al. 2016; Efthymiou et al. 2018; Bhowmik y
Krishnamurthy 2019) (Fig. 1.2.).

Experimentos
|impios y aislados QUI'mica de Sistemas

Figura 1.2. Los experimentos en quimica prebidtica han estado enfocados en la demostracion de
rutas quimicas lineales bajo condiciones potencialmente prebioticas. Sin embargo, es necesario
realizar experimentos considerando un amplio espectro de variables geoquimicas y sistemas
primitivos dinamicos con el fin de emular entornos mas consistentes. De igual manera, atin con el
desarrollo de estructuras quimicas relativamente complejas (e.g., polimeros, oligdmeros de acidos
nucleicos y/o aminoacidos), la formacion de las primeras formas de vida aun esté fuera del alcance
de cualquier experimento de quimica prebiotica. Por ende, esta tesis esta enfocada en estudiar
algunos de los procesos fisicoquimicos que pudieron haber tenido lugar en sistemas hidrotermales
a lo largo de la evolucion quimica y las repercusiones de estos.

Por otro lado, aunque historicamente se ha asociado la aparicion de la vida a partir de algiin sistema
quimico autocatalitico, alin existen un sinfin de especulaciones sobre la precision del camino
historico de lo inanimado a lo animado (Mann 2013; Pross y Pascal 2013). Asi mismo, esta
ambigiiedad puede conducir a proposiciones que resultan de gran interés, aunque con una base
cientifica limitada (Krishnamurthy, 2017). En consecuencia, es necesario ser cauteloso en el uso
de términos y extrapolaciones ya que pueden conducir a la sobreestimacion de procesos
fisicoquimicos en un entorno primitivo. Un claro ejemplo es el caso de las hipdtesis que sefialan a



los sistemas hidrotermales, en especial a los submarinos, como posibles sitios en que se origino la
vida.

Desde el descubrimiento de los sistemas hidrotermales submarinos, Corliss, J. B., Baross, J. A. 'y
Hoffman, S. E (1981) sugirieron que estos entornos proporcionan todas las condiciones necesarias
para la creacion de vida en la Tierra'?, basandose en la gran disponibilidad de variables
geoquimicas presentes en estos sistemas. Afios después, Miller y Bada (1988) sugirieron que
existen al menos tres requisitos cruciales para considerar una hipotesis del origen de la vida, y
dificilmente son consistentes con un ambiente hidrotermal: 1) la sintesis de compuestos organicos
esenciales a través de un gradiente de temperatura (Ti > 350 °C a = 2 °C); II) la sintesis de
oligdbmeros por deshidratacion térmica en condiciones de alta temperatura y III) la sintesis de
prototipos o moléculas similares al RNA en alguna etapa del gradiente térmico. Naturalmente,
ambas propuestas deben ser puestas a prueba. Por un lado, es necesario tener claro que, la forma
de descifrar el posible origen de la vida es mucho més que lograr la sintesis de polimeros orgénicos
de alto peso molecular o estructuras similares. Del mismo modo, desde el punto de vista de la
quimica prebidtica, es necesario tener bien definidas las condiciones geoquimicas que se estan
asumiendo, el enfoque del experimento (e.g., sintesis VS estabilidad vs reactividad), los pasos
empleados durante el procedimiento, y la presunta etapa prebidtica del experimento realizado
(Richert, 2018). En consecuencia, es imprescindible estudiar a detalle diversos mecanismos
fisicoquimicos, respecto al enfoque del experimento, para poder hacer conjeturas sobre el papel
que pudo tener un escenario geoquimico primitivo en evolucién quimica, y tal vez, en origen de
la vida®.

En los ultimos afios, nuestra comprension del papel de los escenarios hidrotermales en evolucion
quimica se ha enriquecido considerablemente. Actualmente, es bastante claro que los sistemas
hidrotermales son mas que ambientes de altas presiones y temperaturas. Sin embargo, muchos
experimentos de quimica prebidtica ain permanecen sesgados respecto a las variables de estudio
utilizadas asi como en las extrapolaciones de los resultados obtenidos. De esta manera, es
necesario realizar estudios experimentales sistematicos que consideren escenarios prebidticos
plausibles y analizar cada una de las repercusiones de los mismos en los pasos subsecuentes que
llevarian a un aumento de complejidad quimica. Este caracter sistematico podria ser asi: 1) definir
un escenario geoquimico consistente con las condiciones de la Tierra primitiva, 2) evaluar la
disponibilidad de materia prima para llevar a cabo reacciones quimicas, 3) determinar las
condiciones de sintesis de compuestos organicos y estudiar su estabilidad y reactividad, y 4)
estudiar la disponibilidad y el destino de las moléculas organicas en ese entorno geoquimico (Fig.
1.3). En esta tesis se estudia cada uno de los puntos antes mencionados de la siguiente manera:

12 E] hecho de que los sistemas hidrotermales pueden albergar una compleja biota, basada en procesos de
quimiosintesis (€.g., metabolismo de H»S), planted la posibilidad de que la vida pudo haberse originado en un
sistema oceanico hidrotermal Precambrico y no como se suponia: resultado de descargas eléctricas y/o fuentes
exoplanetarias (Goldie y Bottrill 1981).

13 Miller y Bada (1988) sugirieron que es posible la existencia de mecanismos de protecciéon en condiciones
hidrotermales que mejorarian la estabilidad de los compuestos aunque no habian sido descubiertos.



1)

2)

3)

Definicion de un escenario geoquimico consistente con las condiciones de la Tierra
primitiva. Tan pronto comenzé la interaccion entre la hidrosfera y la corteza
(oceanica/continental), una intensa actividad hidrotermal pudo formar una gran cantidad
de sistemas hidrotermales (submarinos y subaéreos) durante el Hadeano-Arqueano
(Kelley, 2005; Sleep, 2010; Golding et al., 2011; Arndt y Nisbet, 2012; Westall et al.,
2018). Esta actividad hidrotermal produjo grandes cambios en los procesos geoquimicos
presentes en la Tierra Primitiva, por ejemplo: 1) grandes depodsitos de minerales y nichos
de evolucion quimica, 2) sintesis de un amplio espectro de moléculas organicas, 3)
enriquecimiento de gases y iones disueltos en un océano neutro-alcalino, y 4) la formacioén
de oligomeros y polimeros como antesala de biomoléculas (Sleep et al. 2004; Schulte et
al. 2006; Novoselov y Silantyev 2010; Schrenk et al. 2013; Wang et al. 2014; Shibuya et
al. 2015) (Figura 1.3, paso 1). De esta manera, se describié detalladamente el entorno
geologico primitivo y las variables fisicoquimicas presentes en sistemas hidrotermales asi
como sus repercusiones en evolucion quimica (Ver Capitulo Il y Anexo I).

Evaluar la disponibilidad de materia prima para llevar a cabo reacciones quimicas.
Varios mecanismos podrian haber contribuido al inventario del acido cianhidrico, HCN,
en la Tierra primitiva por la accion de diferentes fuentes de energia (e.g., fotdlisis, ondas
de choque, descargas eléctricas y vulcanismo; Ferris y Hagan 1984; Holm y Neubeck 2009;
Tian et al. 2011; Parkos et al. 2016; Ferus et al. 2017; Rimmer y Rugheimer 2019). En
particular, se ha propuesto que el HCN pudo desempeiar un papel importante en la
formacion de moléculas orgénicas complejas en entornos hidrotermales (Mukhin, 1974,
1976; Dowler y Ingmanson, 1979; Corliss, J. B., Baross, J. A., y Hoffman, S. E, 1981;
Baross y Hoffman, 1985; Ferris, 1992; Holm et al., 2006; Aubrey et al., 2009; Holm y
Neubeck, 2009). En consecuencia, si el HCN estuviera presente en ambientes
hidrotermales, las reacciones que experimentaria serian cruciales para comprender su papel
en las rutas prebidticas que ocurren en estos sistemas. Por lo tanto, se realizo un estudio de
la estabilidad y reactividad (i.e., termolisis vS polimerizacion) del HCN considerando
diversas variables fisicoquimicas que pueden estar presentes en entornos hidrotermales
(i.e, pH, temperatura y presencia de minerales). El escenario en donde ocurre una
transformacion preferencial del HCN en moléculas orgéanicas/polimeros es en ambientes
alcalinos y en ausencia de mineral (Figura 1.3, paso 2) (Ver Capitulo IV).

Determinar las condiciones de sintesis de compuestos organicos y estudiar su estabilidad
y reactividad. Una vez que se forman los polimeros térmicos del acido cianhidrico (i.e.,
HCN-DTP), experimentaran varios fendmenos. Por ejemplo, los fluidos turbulentos y las
corrientes profundas podrian esparcirlos a lo largo del sistema hidrotermal. Como este
material es esencialmente insoluble, eventualmente precipitara (Figura 2, paso 3) y podra
interactuar con el basamento mineral del sistema a distintas temperaturas. Del mismo
modo, debido a la continua circulacion de fluidos hidrotermales, existe una enorme
disponibilidad de gradientes de temperatura y pH que podran favorecer la termolisis (desde
2 hasta 350 ° C) y la hidrolisis (a diversos valores de pH) (Lupton et al., 1985; Little et al.,
1987; Holm y Hennet, 1992; Bemis et al., 2012; Mittelstaedt et al., 2012) de los polimeros



formados. En consecuencia, se realizd un estudio detallado de las propiedades
fisicoquimicas y térmicas del polimero derivado de la termolisis del HCN, asi como el
efecto de las condiciones de hidrolisis en la liberacion de moléculas orgénicas a partir de
este material. Igualmente, se realizaron experimentos en presencia de una superficie
mineral disponible es sistemas hidrotermales alcalinos (e.g., serpentinita) con el objetivo
de estudiar el efecto de los minerales en la formacion de moléculas orgéanicas (Ver Capitulo
V y Anexo II) (Figura 1.3, paso 4)

4) Estudiar la disponibilidad y el destino de las moléculas orgénicas en ese entorno
geoquimico. Una vez liberadas diversas moléculas organicas (e.g., aldehidos, acidos
carboxilicos, aminoacidos, compuestos N-heterociclicos) a partir de la termdlisis e
hidrélisis de los polimeros de HCN, el medio circundante estara enriquecido en material
organico (Figura 1.3, paso 5). Tales moléculas podrian transportarse y experimentar
diversos fendmenos fisicoquimicos bajo ciertas condiciones ambientales (€.g., gases,
iones, metales y minerales) (Stiicken et al., 2013b). Por ejemplo, procesos de
descomposicion, oligomerizacion, dilucion, precipitacion y/o sorcion (Zaia et al., 2008;
Zaia, 2012; Bedoin et al., 2020; Damer & Deamer, 2020; Omran & Pasek, 2020) (Figura
1.3, paso 6). Respecto a lo anterior, se analizd el destino de diferentes aminoacidos
(moléculas identificadas a partir de la termolisis e hidrolisis de los polimeros térmicos de
HCN) en escenarios hidrotermales. Por un lado, se estudi6 la oligomerizacion del sistema
Ala + Glu en presencia de silica, SiO, tanto en condiciones hidrotermales submarinas
(e.g., altas presiones y temperaturas) y subaeras (€.g., ciclos mojado-secado) (Ver Capitulo
VI). Por otro lado, se estudiod el efecto de iones disueltos en la sorcion de aminoacidos en
serpentinita considerando un modelo de agua hidrotermal (Ver Capitulo VII).

En conclusion, es necesario delimitar el tiempo y las condiciones geoquimicas que se van a
considerar en cualquier experimento de quimica prebiotica. Por ende, se debe hacer hincapié en
que hay un gran nlimero de incognitas respecto a las investigaciones entre los ensayos de quimica
prebidtica, la formacion e interaccion entre las tres componentes fundamentales para la vida y el
origen de la vida. Con base en lo anterior, en este trabajo se propone a los sistemas hidrotermales
como escenarios prebidticos consistentes con las primeras etapas de la Tierra y se estudia
detalladamente cada uno de los puntos requeridos para considerar su rol en la evolucion quimica.
Por ende, sus repercusiones estan fuera del alcance de cualquier hipétesis del origen de la vida y
mas bien son una conexion entre los experimentos limpios y aislados con la quimica de sistemas.



Synthesis of HCN
Formation of - CH, + NH, & HCN + 3H,
HCN.DTP Turbulent fluid 2CH, + N, > 2HCN + 3H,

e CO + NH, > HCN + H,0
pH > 8, 2

Y
Thermolysis vs Polymerization “‘
of HCN

0 Alkaline hydrothermal
Precipitation / environment

SiEendients Deep currents

HCN-DTP
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Figura 1.3. Destino probable del HCN y su polimero térmico (HCN-DTP) en un sistema
hidrotermal primitivo. Cada punto se describe a detalle en el texto. Crédito: Villafafie-Barajas,
Saul A., et al. "Characterization of HCN-derived thermal polymer: implications for chemical
evolution." Processes 8.8 (2020): 968.

Hipotesis

La disponibilidad de diversas variables geoquimicas en los sistemas hidrotermales, tanto
submarinos como subaéreos, puede favorecer la transformacion de materia organica en
componentes mas complejos. De esta manera, los sistemas hidrotermales pudieron ser nichos de
evolucion quimica en donde ocurrié la formacion e interaccion de las tres componentes
fundamentales para la vida.

Objetivo general

Realizar estudios experimentales sistematicos sobre el papel de los sistemas hidrotermales, tanto
submarinos como subaéreos, en la trasformacion del acido cianhidrico considerando escenarios
prebioticos plausibles. De igual manera, analizar cada una de las repercusiones de los



experimentos de quimica prebidtica desarrollados en los pasos subsecuentes que llevarian a un
aumento de complejidad quimica. Por ejemplo, la polimerizacion y la sorcion de aminoacidos.

Objetivos Particulares

e Describir las condiciones geoquimicas que pudieron estar presentes en los sistemas
hidrotermales primitivos.

e Evaluar la disponibilidad, la estabilidad y la reactividad del &cido cianhidrico considerando
modelos experimentales simples de sistemas hidrotermales.

e Estudiar el papel de diversos minerales en la reactividad del acido cianhidrico asi como en
el fendmeno de polimerizacion y la formacion de moléculas organicas.

e Realizar un estudio comparativo del efecto de las condiciones presentes en sistemas
hidrotermales submarinos y subaéreos en la polimerizacién de aminoacidos.

e Analizar el efecto de iones disueltos en el fendmeno de sorciéon de amino acidos en
serpentinita.
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Alviny el descubrimiento de los manantiales

hidrotermales

E |15 defebrerode 1977, cruzando las aguas sobre
|

llera submarina de las Islas Galapagos,
el sumergible ANGUS detecto algunas variaciones
de temperatura en las profundidades del océano
y una densa acumulacion de organismos nunca
antes vista. Dos dias después, los cdientificos J.
B. Corliss, T. van Andel y J. Donnelly, a bordo del
mitico sumergible Alvin (Figura 1), observaron por
primera vez y de manera directa, a mas de dos
kilémetros de profundidad, el primer manantial
hidrotermal submarino: habia sido descubierto el
llamado “Clambake 1". De esta manerg, la frase que

1500 metros de

Jesto en servicio el S ge

Conceptos basicos

La evoluciéon quimica comprende los diversos procesos
fisico-quimicos que llevaron a la formacién de las primeras
moléculas importantes, los “bloques de la vida". Se supone que
estos procesos tuvieron lugar durante las primeras etapas de
formacién de la Tierra.

La quimica prebidtica es el estudio experimental de la

sintesis de los bloques de la vida. Entre otros compuestos

se estudia la formacién de &cidos carboxilicas, amino&cidos

y bases nitrogenadas. En esta drea es muy importante incluir
diversas variables geoquimicas que pudieron contribuir al
surgimiento de la vida con sus caracteristicas imprescindibles: el
metabolismo, la divisién por membranas (compartimentacion) y
el almacenamiento de informacién genética.



en la litdsfera o en la
Metales y gases Gradientes de temperatura superficle de ésta, que
disueltos O se encuentre a una
300 °C 90 temperatura superior a

la ambiental. Esta agua,
procedente de la lluvia,
Fluidos hidroterma del océano o incluso del
e magma, puede filtrarse
Gradientes de pH y Eh a través de fracturas
y/o rocas porosas a

distintas  presiones vy
temperaturasy reaccionar
quimicamente con dichas

Sintesis de moléculas rocas. En el caso de los

o ol sistemas  hidrotermales

Agua oceanica 2 °C . submarinos, los fluidos
Chimeneas

mineralizantes piieden Lretar del

: by 4 fondo oceanico y

Minerales * ~ ° producir chimeneas

Figura 2. Esquema general de un sistema hidrotermal submarino. En estos sistemas geologicos existe una gran cantidad mineralizantes. Existen

ﬁ::;jfjé: geoquimicas como son: diferentes metales y gases disueltos, gradientes de temperaturz, pH y presencia de muchos factores

geoquimicos en estos

plasmé H. G. Wells en su historia corta In the Abyss ~ SIStemas (temperatura, presion, profundidad, tipo
en 1896, “Pensaste que no encontraria nada mas que ~ 9€ r0Cas, €tC) que dan caracteristicas unicas a
lodo, y he descubierto un mundo nuevo”, adquirio un ~ ¢ada fluido y a cada ambiente (Figura 2).
verdadero significado. En los sistemas hidrotermales submarinos
En los afios siguientes, la participacion de €XIsten, en términos generales, dos tipos de
cientificos de diversas areas provocé un alud Chimeneas mineralizantes: las "fumarolas negras
de cuestiones sobre el océano profundo, hasta Y. las ‘fumarolas blancas” (Figura 3). Se llaman
entonces desconocido. Se plantearon preguntas Tumarolas® (smokers en inglés) porque parecen
como: ¢cudl es el motor que mueve la corteza humo, pero nosedeben confundir conlas fumarolas

terrestre?, ;c6mo puede existir lavidaenambientes ~ Verdaderas, que se encuentran en los volcanes.
sin luz solar y en condiciones de altas presiones y ~Las fumarolas de los ambientes hidrotermales
temperaturas? Incluso se llego a proponer que en

los ambientes hidrotermales se podria
haber originado la vida. Pero, ;qué son los ¥
sistemas hidrotermales? y en particular Chimeneas Negras Chimeneas Blancas
Jpor qué son tan importantes para la
evolucion quimica? (Figura 1).

;Qué son los sistemas pH acidos pH alcalinos ‘
hidrotermales?

Un sistema hidrotermal tiene dos >300°C <100°C
componentes esenciales: una fuente de

energia térmica y la presencia de fiuidos, Metales Oxidos

casi siempre acuosos. Los sistemas (RS

hidrotermales pueden ser submarinos Sulfuros Sulfatos

.

(se ubican en el fondo del océano) o sub-
aereos (se encuentran en la superﬂcie de
los continentes), como es el caso de los
geiseres del conocido Parque Nacional
de Yellowstone en los Estados Unidos de
America. Figura 3. Esguema comparativo entre las caracteristicas de las fumarolas negras y las blancas. Como

Los ambientes hidrotermales se S observa las fumarolas negras se encuentran mas cerca de la fuente de calor (foco hidrotermal),

23 ¢ : 23 mientras que I35 blancas se encuentran mas alejadas de ésta. Otras diferencias incluyen la temperatura,

forman cuando existe un flujo de dBUd, que es més baja en las fumarolas blancas y los valores diferentes del pH




son emanaciones de agua caliente con cierta
coloracién, gue depende de los minerales que lleva
en suspension.

Las fumarolas negras mas conocidas estan
cerca de zonas donde se genera el piso oceanica,
las cordilleras a la mitad de los océanos o dorsales
mesc-0ceanicas, asi como en otros ambientes
geologicos con actividad volcanica submarina.
En estos sitios, los fluidos acuosos alcanzan
temperaturas superiores a los 300 °C. Bajo el
oceano, el agua sigue en estado liquido, aun a
temperaturas mayores a 100 °C, debido a las
grandes presiones que existen en estos ambientes.
La coloracion oscura de estas fumarolas se debe
a que los fluidos tienen abundantes minerales
metalicos en suspension, gue incluyen elementos
como Fe, Cu, Pb, Zn, Ba, Au y Ag. Al entrar en
contacto con el agua fria del océano (que se
encuentra a unos 2 °C) los minerales precipitan y
se depositan.

Las fumarclas blancas suelen encontrarse
alrededor de las fumarolas negras aungue mas
lejos de la fuente de calor, y también se forman
durante las etapas finales de la vida del sistema
hidrotermal. Una diferencia importante entre
los dos tipos de fumarolas es que en las negras
precipitan mayoritariamente sulfuros, mientras que
en las blancas precipitan sulfatos (especialmente
de Bay Ca). Ademas, las fumarolas blancas son
de temperatura mas baja, mas alcalinas y mas
oxidadas que las negras.

El estudio de los sistemas hidrotermales es
relevante para areas de conocimiento como la
mineralogia, la metalurgia, la biclogia molecular,
pero también para entender como se sintetizaron
las moléculas, durante el periodo de evolucion
quimica.

Relevancia en evolucién quimica

Nuestro planeta se ha mantenido en constante
actividad desde su formacion; cada paso en su
evolucion ha tenido diversas manifestaciones.
Una de estas expresiones es la variada gama
de sistemas hidrotermales que existen. Desde
su descubrimiento, los sistemas hidrotermales
submarinos fueron propuestos como ambientes
en los gue pudo haber ocurrido la evolucion
quimica en los primeros periodos de la Tierra.
En estos ambientes convergen factores para que
ocurran reacciones guimicas: hay abundante
energia, moléculas organicas y agua liguida
(un medio donde se pudieron llevar a cabo las
reacciones quimicas). A la par, algunos cientificos
propusieron que hay una relacion directa entre
algunos procesos geoquimicos gue ocurren en

estos sistemas y los procesos biologicos, 1o que
condujo a que fueran considerados como los
ambientes donde se origino la vida en nuestro
planeta; actualmente esta idea es muy cuestionada.

Para entender el papel de los sistemas
hidrotermales submarinos en la evolucion quimica,
actualmente se realizan experimentos, en los que
se simulan algunas de las condiciones
que persisten en estos ambientes.
Tipicamente se estudia la produccionde
compuestos quimicos con importancia
biologica, asi como su descomposicion
a altas temperaturas y presiones. Estos
estudios se realizan para determinar si
las moléculas organicas son capaces
de permanecer en estos ambientes y
por cuanto tiempo vy, si llegan a descomponerse,
determinar los productos que se forman.

Los resultados que se han obtenido hasta ahora
son muy variados. Por un lado, se ha demostrado

que es posible sintetizar= moleculas de distintos
tipos, como hidrocarburos e incluso moléculas
con relevancia biologica -como los aminoacidos
(partes fundamentales de las proteinas) o los
acidos carboxilicos (moléculas fundamentales en el
metabolismo), a partir de elementos y compuestos
tan simples como el hidrégeno, el mondxido de
carbono y algunos aldehidos vy cetonas. Por otro
lado, sabemos gue los compuestos organicos son
muy sensibles a altas temperaturas y presiones,
como las presentes en los sistemas hidrotermales
submarinos, en estas condiciones y en algunos
casos, moleculas como los azlcares, solo son
estables por unos cuantos minutos antes de
descomponerse.

Sin embargo, los sistemas geologicos son muy
complejos y en ellos existen muchas variables
ademas de la temperatura y la presion. Para
determinar la estabilidad y la reactividad de las
moléculas organicas en estos sitios, también es
necesario considerar la gran variedad de minerales,
la existencia de gradientes de temperatura, 1a
acidez, las condiciones de oxidacién-reduccion,
la presencia de todo tipo gases y los elementos
disueltos.

Por si fuera poco, en estos ambientes
las condiciones cambian en unos cuantos
centimetros. Por ejemplo, la temperatura de los
fluidos hidrotermales cambia muy rapidamente
debido al fuerte contraste que existe con los
alrededores; en distancias de sélo 15 cm hay
diferencias de hasta 30 °C. Se ha demostrado
que los aminoacidos se pueden unir para formar
cadenas: cuando se forman cadenas cortas vy
se unen entre dos y diez aminocacidos, estas
cadenas se llaman oligopéptidos; pero eso no es

*Sintesis:
proceso de

a partir de

sencillas.

obtencidn de
un compuesto

sustancias mas
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todo, pues los aminoacidos pueden
llegar a formar cadenas mas largas
(lamadas polipéptidos) cuando se
simulan ambientes hidrotermales con
gradlentes de temperatura.

Una de las variables mas relevantes
en los ambientes hidrotermales es la
composicion mineral. Los minerales
disponibles en estos ambientes
pueden servir para que las moléculas
se concentren, o bien, reaccionen. Se
ha demostrado que los elementos
disueltos enlosfluidos pueden favorecer
la estabilidad de los compuestos
organicos y afectar sus mecanismos
de reaccion. Las sales disueltas, por
ejemplo, pueden unirse a las moléculas,
formar complejos y favorecer que las
moléculas organicas y los minerales
interaccionen.

Un ejemplo de lo anterior es la
reaccion que tiene lugar entre el agua

Division por membranas

EVOLUCION QUIMICA .,

Material genetico

marina y la roca predominante en el

Figura 4. Las caracteristicas basicas de la vida incluyen: (i) la separacion del medio a través de

lecho OCE‘éHi(O que es el basalto: a este membranas (compartimentacion), generalmente compuestas por lipidos o sus derivados, (i) la
! o » capacidad de almacenar informacidn, en este caso del material genético en moléculas especiales,

proceso se le llama serpentinizacion  os acidos nucléicos come el DNA y el RNA (éstos se encuentran formadas por bases nitrogenadas
y consiste en la transformacion de Y azucares)y el metabolismo, es decir, la capacidad que tienen las células para aprovechar los
compuestos organicos, transformarlos y de este modo crecer, reproducirse y responder a

minerales de silicio ricos en hierro v coimuios

Los sistemas hidrotermales cuentan con las condiciones necesarias, compuestos

magnesio (ComQ el O”VWO) en minerales organicos y energia, pare que se formen muchas de las moléculas orgénicas relevantes para Iz

hidratados, llamados serpentinas. Este
proceso genera hidrogeno (H,), un
elemento muy reactivo, gue si se encuentra con
alguna molécula que contenga carbono (p. e]. CO,)
forma metano (CH,). Esta interaccion es crucial
en evolucion quimica, ya que se producen gases
muy reactivos y se liberan enarmes cantidades
de energia. El metano y el dioxido de carbono
son una fuente natural de energia vy actualmente
proveen el “combustible” del que se alimentan las
comunidades microbianas en estos ambientes.

En resumen, en este tipo de ambientes, la
interaccion de las moléculas organicas que forman
compuestos mas complejos, ofrecen la posibilidad
del estudio de la formacion y destino de los
“bloques de |3 vida" en las primeras etapas de la
historia del planeta.

Hasta hace cuatro décadas, la hipotesis de
la “sopa primitiva” sugerida por Charles Darwin y
detallada por los iniciadores de las investigaciones
relacionadas con el origen de la vida, Aleksandr
Oparin y John Haldane, era la propuesta que
dominaba la explicacion de los pasos fisico-
quimicos que llevaron al origen de la vida. Sin
embargo, el descubrimiento de los sistemas
hidrotermales planted el surgimiento de nuevas
ideas y otros tipos de mecanismos que tambien
pudieron contribuir de manera importante en la

sintesis de las piezas necesarias
para la vida. El primer paso en los
estudios de quimica prebiotica es
sintetizar las moléculas basicas
que forman a los seres vivos
actuales, es decir, aminoacidos,
bases nitrogenadas, azlcares
y lipidos. FEstas  moléculas,
posteriormente, al polimerizarse
formaran macromoléculas tales

vida. Entre las moléculas que se han logrado formar, se encuentran los aminoécidos (que al unirse
forman proteinas) y los acidos carbozxilicos (parte fundamental del metabolismo celular).

e Acidos nucleicos: moléculas
que constituyen el material
genético de los organismos
vivos.

< Polisacéridos: cadenas de
moléculas compuestas por
hidrégeno y carbono, las
cuales cumplen funciones
energéticas y estructurales.

como proteinas, acidos nucleicos® o polisacaridos®.
Tanto las moléculas sencillas como sus polimeros,
realizan funciones muy complejas en las células de
los organismos actuales (Figura 4).

Por ello, es necesario continuar el estudio de los
ambientes hidrotermales, pero considerandolos
como sistemas complejos llenos de variables: este
es unreto para la quimica prebidtica. Sin embargo,
la inclusion de las variables geoquimicas permitira
entender con mayor precision como ocurrio la
evolucion quimica en nuestro planeta.

llustraciones originales de Saul Villafafie
Barajas.
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Capitulo 11

Definicion de un escenario geoquimico plausible

“Finding these rocks is like having a jewel dropped in my lap” Ross Stevenson

(Cuales fueron las condiciones geoquimicas en la Tierra primitiva durante la evolucién quimica?

Pese a la falta de registro geoldgico, debido al continuo reciclamiento de la corteza por accion de
la tectonica de placas y los distintos procesos de erosidon, meteorizacion y/o impactos meteoricos
(Ogg et al. 2016), existe informacion valiosa acerca de la mineralogia y petrologia de la Tierra
primitiva.

Océano-Atmoésfera

Se ha sugerido que la atmoésfera del Hadeano-Arqueano temprano estuvo compuesta
predominantemente por CO2, N2, SOz and H>O (con trazas de CH4, CO, H», H>S, NH3) y fue
producto de la actividad volcanica, la actividad hidrotermal, la contribucion de cometas y
meteoritas asi como de la fotolisis de diversas especies quimicas por radiacion ultravioleta
(Kasting 2014). Por otro lado, el estudio de zircones detriticos sugiere que la Tierra contaba con
una hidrosfera estable y estaba enriquecida en iones disueltos (e.g., CI', Ca*", Mg?", SO4* >> K",
Na") (Lahav y Chang 1982; De Ronde et al. 1997; Knauth 1998; Pinti 2005; Zaia 2012).
Adicionalmente, los fluidos hidrotermales pudieron contribuir de manera importante en la
composicion global del océano (ver Capitulo VII). Por otro lado, algunos estudios sugieren que la
temperatura global de los océanos no superd los 100 °C (Marin-Carbonne et al. 2014; Tartése et
al. 2017) y atin después de eventos como el gran bombardeo tardio, algunas regiones, Goldilocks,
pudieron permanecer estables (Sleep 2010). Con base en lo anterior, algunos modelos proponen
que, tan pronto se formo el primer sistema océano/atmdsfera y la parte mas superficial del océano
de magma, su dinamica fue gobernada por el ciclo del CO: (Sleep y Zahnle 2001; Sleep et al.
2001)

Una atmésfera gobernada por CO; pudo haber tenido grandes repercusiones en la historia de la
Tierra. Bajo estas condiciones, el COx presente en los océanos reaccion6 con la corteza resultando
en la formacion de carbonatos. Del mismo modo, la paulatina formacién y meteorizacion de
magmas graniticos hidratados form¢é sedimentos ricos en arcillas y otros minerales (ver Anexo).
De esta manera, se establecid un equilibrio entre la continua formacion de carbonatos en la corteza
oceanica, el intemperismo de la superficie y la eventual subduccion (Sleep 2010; Arndt y Nisbet
2012). Algunos modelos sugieren que el secuestro de CO: pudo haber llevado a una “era de hielo”
parcial o total, que dur6 millones de afios y pudo dejar océanos relativamente frios (Nisbet y Sleep
2001). Tal fendmeno pudo estar reforzado por la baja luminosidad del Sol (Valley 2005).
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Corteza

Es comunmente aceptado que la primera corteza (> 4.2 Ga) se formd a partir de rocas que
derivaron de magmas con composicion mafica (e.g., basalto, gabro) y ultraméfica (e.g., komatiita,
peridotita). Eventualmente, la continua interaccion atmdésfera-océano-corteza en los primeros Ma
de la Tierra llevo a la formacion de una corteza continental formada por la fusion de rocas de
corteza mafica/ultramafica hidratadas (Kemp et al. 2010; Bochnke et al. 2018). Asi mismo, dejo
un incremento de depositos de carbonatos, evaporiticos, arcillas, esquistos, hidrotermales y
sedimentos ricos en hierro (Papineau 2010).

Existen al menos cinco muestras asociadas a restos de la corteza continental mas antigua, con
edades entre 4.031 — 3.825 Ga (ver Anexo III). No obstante, algunas muestras de zircones, con
edades > 4 Ga y provenientes de distintas regiones, han cambiado nuestra concepcion sobre las
condiciones fisicoquimicas en la Tierra primitiva y la evolucion del planeta durante los primeros
500 Ma (Cavosie et al. 2007; Harrison 2009). En general, la evidencia sugiere: 1) la posible
presencia de agua liquida en la superficie; 2) la existencia de una proto-corteza continental
compuesta predominantemente por rocas graniticas tipo tonalita-trondhjemita-granodiorita
(TTG); 3) la presencia de procesos de erosion fluvial; y 4) procesos de reciclamiento de corteza
continental durante eventos de subduccion (Harrison 2009; Sleep 2010; Arndt y Nisbet 2012; Trail
et al. 2013; Harrison et al. 2017).

Tectonica de placas y sistemas hidrotermales

El registro geoldgico (Condie y Kroner 2008), los sistemas isotopicos en rocas maficas y
ultramaficas (i.e,. Nb-Th, Sm-Nd) (Shirey et al. 2008), las aproximaciones teéricas (Stern 2007),
los estudios basados en registro orogénico (Pease et al. 2008) y los modelos de composicion
cortical (i.e., anortositica) (Santosh et al. 2017) sugieren que los procesos de subduccion ya
estaban presentes durante el Hadeano. Notablemente, la amplia presencia de zircones entre 4.4 —
4 Ga, sugiere varias fases de reciclado de la corteza continental en este periodo (Cavosie et al.
2007; Korenaga 2013). Sin embargo, otras lineas de evidencia sugieren que, si la subduccion
estuvo presente fue a finales del Hadeano y mas bien episodica y puntual (Van Hunen y Moyen
2012). Por tanto, se ha propuesto que la primera corteza estuvo mas bien estancada con
subducciones episodicas (O’Neill y Debaille 2014) y/o con pulsos de actividad magmatica durante
4.5-2.4 Ga. (Griffin et al. 2014; Van Kranendonk et al. 2015).

El dinamismo de los primeros 500 millones de la historia de la Tierra favorecid una intensa
actividad hidrotermal evidenciandose en una gran cantidad de sistemas hidrotermales (submarino
y subaéreos) durante el Hadeano-Arqueano (Kelley 2005; Sleep 2010; Golding et al. 2011; Arndt
y Nisbet 2012). Esta actividad pudo tener grandes repercusiones en la formacion de moléculas
orgénicas asi como el desarrollo de estructuras quimicas complejas. De esta manera, es necesario
tomar en consideracion estos ambientes ya que pudieron ser cruciales en el establecimiento de
nichos de evolucion quimica durante la Tierra primitiva (Sleep et al. 2004; Schulte et al. 2006;
Novoselov y Silantyev 2010; Schrenk et al. 2013; Wang et al. 2014; Shibuya et al. 2015) (Fig.
2.1.) En la siguiente seccion se detalla la metodologia general utilizada para desarrollar el trabajo
experimental desde el punto de vista de la quimica prebidtica.
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Figura 2.1. Posibles eventos geoquimicos que tuvieron lugar durante el Hadeano y el Arqueano

temprano.
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Quimica Prebidtica en Sistemas Hidrotermales

Articulo de revision

Colin-Garcia, M., Villafafie-Barajas, S., Camprubi, A., Ortega-Gutiérrez, F., Colas, V., &
Negron-Mendoza, A. (2018). 5.4 Prebiotic Chemistry in Hydrothermal Vent Systems. Handbook
of Astrobiology, 297.

Resumen En las ultimas décadas, los sistemas hidrotermales, tanto submarinos como subaéreos,
han tomado relevancia como ambientes primitivos ideales para el desarrollo de complejidad
molecular. El amplio espectro de variables geoquimicas presentes en estos ambientes, asi como la
continua interaccion entre ellas, permite un sinfin de nichos fisicoquimicos que podrian repercutir
en la formacion de estructuras orgéanicas complejas. En esta revision nos enfocamos en la parte
geoquimica de tales sistemas, asi como en los resultados y conclusiones de los experimentos de
quimica prebiodtica que han considerados alguna de las variables fisicoquimicas disponibles en los
ambientes hidrotermales.
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5.4.1 INTRODUCTION

In this chapter, the role of hydrothermal systems in prebiotic
evolution is exposed. When Oparin and Haldane presented
the first scientific explanation about the origin of life in the
late 1920 decade, neither the Earth’s structure nor its dynam-
ics were understood. Oparin started exposing his ideas about
the origin of life at a time when plate tectonics was not an
existing theory, and yet, he considered a possible relationship
between igneous processes and chemical evolution (Oparin
1936 in Holm 1992). Later, the first experiments performed by
Miller and Urey in 1953 highlighted the role of the atmosphere
and ultraviolet (UV) radiation in chemical evolution (Miller
1953). Such experiments considered some of the geological
variables known at the time, which were only a promising
start in comparison with the present wealth of knowledge
about the Earth’s dynamics and history. However, the arrival
of new knowledge led to new paradigms.

Little is known about the first stages of the Earth, since
geological evidence has been wiped out by erosion, modified
by metamorphism. or concealed by later rocks. The oldest
the geological records the poorest its preservation Step by
step, geologists have contributed to solve the puzzle and new
evidence is still comes to come to better understand those
epochs. Even so, the study of the origin of life has matured
based in part on the growing geological evidence. One amaz-
ing breakthrough that brought with it a completely new wealth
of knowledge was the discovery of submarine hydrothermal
vents in the 1980 decade. Among other side effects, such dis-
covery promoted many attempts in order to connect these sys-
tems with the origin of life on Earth.

Hydrothermal vents are environments that could have
been important for chemical evolution since they harbor a
great combination of physical, chemical and geological con-
ditions that probably conditioned prebiotic synthesis. In this
chapter, the role of such systems in prebiotic chemistry will be
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discussed. With this aim, we focus on (1) characterizing the
link between the origin of life and hydrothermal systems, (2)
the variety of geological settings that could have accounted
for chemical evolution, by describing the main geological
variables that could have contributed to chemical evolution,
and (3) presenting a review of the types of experiments that
have been performed in order to model prebiotic reactions in
hydrothermal systems.

5.4.2 THE LINK BETWEEN THE ORIGIN OF
LIFE AND HYDROTHERMAL SYSTEMS

The study of the origin of life is a very complex matter, pro-
vided that the emergence of life depended largely on variables
and events that cannot be observed in the meantime. In fact,
many of them have left little or absolutely no trace in the geo-
logical record (Cleaves 2013). Some facts await more evidence
for their fully understanding; among them are (1) the nature of
the atmosphere, (2) the amount and action of different types of
energy, and, most importantly, the available amount of them
for organic synthesis, (3) the temperature at the planet’s sur-
face, and (4) the pH of the oceans and their salinity, to name
some of the most relevant unknowns (Delaye and Lazcano
2005). All these variables certainly conditioned the reaction
of molecules on Earth and other bodies in the solar system; of
course, they determined the emergence of life and its evolu-
tion in our planet. In fact, even if the time, place and mode
in the origin of life are not fully understood (Walker 2017),
life in this planet came out from the fortunate convergence of
physical, chemical and geological processes.

As emphasized by Walker (2017), the research on origin
of life started historically as a chemical problem. This was a
natural consequence of the development of organic chemistry
and biochemistry on the twentieth century that made possible
the understanding of the metabolic pathways and the genetic
coding of living beings (Schwille 2017). The main attributes of
life are known, although life itself is not fully understood. The
incomplete knowledge of the rules that underlie the biological
processes has not thwarted the research nonetheless. The first
experiments were thus designed to synthesize organic mol-
ecules known to be relevant for living beings: amino acids,
nucleic bases, sugars. and carboxylic acids, among the most
important ones.

The geologic time scale on Earth defined the Hadean Eon,
as the time running from the origin of the Earth as a planet
~4.65 to 4.0 Ga (International Commission on Stratigraphy
2017), when the oldest vestiges of continental crust had been
found. If the planet is as old as 4.6 Ga (Jacobsen 2003) and
the oldest true fossils were dated at 3.4 Ga (Wacey et al.
2011a, 2011b), life must have appeared and evolved much ear-
lier than the latter. The inclusion trails in sandstones of the
Strelley Pool in Australia (dated at 3.4 Ga) when analyzed
by nanoscale secondary ion mass spectrometry (NanoSIMS)
indicate that their formation is the result of biological activ-
ity (Wacey et al. 2008). Evidence suggests that life emerged
in a relatively short geological time in our planet (Bada and
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Lazcano 2009). If the available geochemical evidence is ana-
lyzed, there is a gap of 1 Ga during which the chemical reac-
tions that preceded the life must have occurred. However,
there is not much information about the rhythm or rate of
chemical evolution (Cleaves 2013).

Lazcano and Miller (1994) suggested that it took a few mil-
lion years for life to originate from a completely inert world.
The precedent hypothetical period before the origin of life
has been called “chemical evolution.” This term includes all
the chemical processes that led to the formation of relevant
organic compounds, those that structurally, genetically, or
metabolically constitute present living beings. This is a fun-
damental point, provided that life is crucially organized along

these three axes: structure, metabolism, and genetics (Ruiz-
Mirazo et al. 2014).

5.4.2.1 PrepioTiC CHEMISTRY

The synthesis of complex molecules must have required sim-
pler molecules as raw material and the action of one or more
energy sources to induce reactions. If those conditions were
fulfilled then the synthesis of more complex organics would
have been possible. An energy source could be considered
as any physical or chemical process that triggered chemical
prebiotic reactions (Stiicken et al. 2013). The relevance of a
source was directly related to its availability, abundance. and
its ability to promote reactions in specific environments on
prebiotic Earth. In chemical evolution studies, to determine
the best suitable location for chemical reactions to occur con-
stitutes a major question. Different environments were sub-
jected to diverse energy sources.

Undoubtedly, the most abundant energy source on primi-
tive Earth by far was cosmic rays; these are charged parti-
cles (electrons, neutrons, and atomic nuclei) accelerated by
astrophysical sources and that originate beyond the Earth's
atmosphere, and they constituted the main source of ioniz-
ing radiation (Ferrari and Szuszkiewicz 2009). The advantage
of ionizing radiation is their ability to form free radicals that
quickly react to form more stable species. This energy source
was effective for promoting reactions in almost every envi-
ronment due to its penetrating power.

For a long time, UV radiation, emitted by the Sun, was
considered the most important energy source for the early
Earth. It was capable to generate photolytic reactions in the
atmosphere; this kind of reactions is still important on the
planet and determines the atmospheric chemistry. Another
energy source is shock energy originated by the impacts of
different objects, such as meteorites and comets, and it was
very important during the early stages of the planet, when the
planetesimals that did not accrete impacted the inner planets,
including Earth (Chyba and Sagan 1992).

Radioactivity due to the decay of radionuclides was also
relevant, even if it was undervalued for many years, since it
was thought that its main effects were confined to the litho-
sphere (Miller 1993). However, it is now known that radiogenic
atoms were also abundantly produced in the atmosphere, and
some of them (i.e., *°K) might have also been present in water
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bodies in which they could have promoted many chemical
reactions (Dragani¢ et al. 1991). Geothermal energy. respon-
sible for processes such as mantle convection, plate tectonics,
and hydrothermal circulation (Stiieken et al. 2013), has been
traditionally underestimated as well. Geothermal energy gen-
erated by volcanoes and hydrothermal springs was capable of
promoting the synthesis by pyrolysis of organic compounds;
even so, besides its direct contribution as heat, this energy
also can result in electrochemical energy (Stiieken et al. 2013).

Nature itself is a continuum and environments are not iso-
lated but connected, which must also have been the case in
primitive environments. Accordingly, energy sources must
have acted simultaneously to promote chemical reactions.
This means that some specific environment must have been
under the influence of different energy sources, and that the
products that were synthesized by a sole energy source could
be modified later by another one.

Some environments have been considered as the most
plausible for chemical synthesis on prebiotic Earth. The sup-
ply of organics and the presence of energy must be a requi-
site in them. The atmosphere, the water bodies, the interfaces,
and the hydrothermal environments (Cleaves 2013) all meet
the requisites of holding organics and energy. They also rep-
resent the main plausible scenarios in which chemical reac-
tions could have occurred on early Earth. For instance, the
composition of the atmosphere determined the nature of the
chemical reactions that could have taken place in it. The atmo-
spheric composition was very important not only for the syn-
thesis, but it also affected the amount of radiation that reached
the surface (Cnossen et al. 2007) and determined its density.
Consequently, it also determined the erosion that experienced
bodies (such as comets, asteroids, and dust) when entering the
atmosphere (Chyba and Sagan 1992). As a result, the atmo-
sphere composition also affected the type and flow of organic
compounds that reached the surface of early Earth (Cleaves
2013). Another relevant factor was the availability of conti-
nental areas, which allowed the concentration of some organ-
ics by evaporation. In those environments, the action of solar
radiation was also combined with the presence of minerals
that could have acted as surface concentrators or catalyst of
reactions.

However, depending on the aggregation state, the type and
abundance of molecules, and the availability of energy, some
places surely were more efficient in promoting synthesis than
others. In chemical evolution, to determine the best suitable
location for chemical reactions to occur constitutes a major
question, and here relies the importance of analyzing con-
temporary natural environments. Just by understanding the
variables present in such places, more realistic experiments
can be designed in prebiotic chemistry studies. Hydrothermal
vents constitute natural complex environments in which many
variables interact and can be characterized in active sys-
tems. Some environmental variables in such systems would
have contributed to the increase in complexity of molecules
on primitive Earth, whereas others would have inhibited it
(Cleaves 2013), even in association within a single hydrother-
mal manifestation. As explained in the next section, several
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types of hydrothermal systems may meet the physicochemical
requirements for hosting and promoting prebiotic reactions.

5.4.2.2 Tue ReLevance oF OceaNS AND HYDROTHERMAL
VENTS FOR PREBIOTIC CHEMISTRY

The primitive hydrosphere must have played a fundamen-
tal role in chemical evolution. In fact, the presence of liquid
water on the surface for long periods of time is a neces-
sary condition for life to emerge and evolve (Komiya et al.
2008). Some hydrothermal processes would have occurred
on primitive oceans, and many organic compounds could
have formed, diffused, and eventually reacted to form more
complex molecules in oceans. The composition and physico-
chemical properties of oceans (including, but not restricted
to, pH, salinity, temperature, etc.) surely inhibited some reac-
tions and favored others.

Oceans were formed very soon (Kasting 1993a). Direct
evidence, such as turbiditic sandstone beds, shales, conglom-
erates, silica sediments, and banded iron formations (BIFs),
indicates the unequivocal presence of water at about 3.8 Ga
(Nutman et al. 1984). However, there is evidence for the pres-
ence of liquid water during the Hadean time at 4.4 Ga: 8'*0
positive anomalies in zircons can be explained by the pres-
ence of liquid water (Wilde et al. 2001; Valley et al. 2002;
Cavosie et al. 2005). The formation of the oceans began
shortly after the planetary accretion period ended. As stated
above, isotopic evidence of liquid water and oceans on the
surface of the Earth goes back to a little more than 4.4 Ga
(Wilde et al. 2001), but what happened between this time and
the first geologic (not isotopic) record of sediments depos-
ited in the ~3.8 Ga ancient seas of the Isua Greenstone Belt
in southwest Greenland (Mojzsis et al. 1996) is not known
and probably will never be known; the oldest continental crust
and hence the first possible evidence of plate tectonics pro-
cesses and deep recycling of materials, which constitute the
life engine of the modern Earth, goes back only to the 4.03 Ga
metamorphic rocks that constitute the Acasta Gneiss of north-
ern Canada (Bowring and Williams 1999).

Probably, one of the latest catastrophic events that con-
tributed most to the destruction of the oldest continents was
the so-called Late Heavy Bombardment (LHB), variously
estimated to have occurred between 4.1 billion and 3.9 bil-
lion years based on a time scale calibrated for the Moon,
where the record was not erased by subsequent geological
evolution as happened on the Earth. Models associated to
the effects of LHB on the environmental conditions of the
epoch are divided between those that (a) consider afortunate
cosmic event that may have triggered the first emergence of
life because of some massive contribution of biogenic com-
pounds, such as methane and water, to the outer layers of the
primitive Earth, as well as by the building of ideal environ-
mental niches where chemical evolution eventually originated
life (e.g., Gladman et al. 2005; Cockell 2006), or (b) those
that blame such event for having caused the total extinction
of former living matter that possibly evolved in the preced-
ing 500 million yearselapsed between the emplacement of the

30



300

earliest oceans (4.4 Ga) and the peak of the LHB (~3.9 Ga)
(Ryder 2003). Continuous bombardments must have gener-
ated a highly dense vapor atmosphere; when the temperature
changed, the dispersed water (in the form of vapor) condensed
to form the oceans (Kasting 1993b).

Geological evidence indicates that both plate tectonics
and liquid water on the surface would have been present at
4.0 Ga (Bowring et al. 1990; Bowring and Williams 1999;
lizuka et al. 2006, 2007). There is sound evidence for plate
tectonics and the presence of an open sea at 3.8 Ga (Komiya
etal. 1999). One direct consequence of plate tectonics was the
formation of hydrothermal systems.

Due to the lack of geological evidence, the physicochemi-
cal conditions of the primitive oceans (pH, temperature, ionic
strength, etc.) are ill defined. However, some inferences can
be made from the available wealth of data. The oceanic pH
depended strongly, as ever, on the chemical composition of
the atmosphere and the lithosphere. When examining sedi-
mentary deposits, Holland (2003) found that the most abun-
dant minerals in Archean oceans were calcite [CaCOs].
aragonite [CaCO;], and dolomite [CaMg(CO,),], which means
that the ocean must have been saturated with salts contain-
ing high amounts of calcium and magnesium. If the atmo-
spheric values of pCO, are considered, the pH of the Archean
oceans must have been close to >6.5 (Holland 2003). The ini-
tial salinity of the oceans probably ranged between 1.5 and
2 times the present values, and it must have remained high
during the Archean, due to the absence of continental cratons,
which are deemed necessary to sequester large quantities of
halite [NaCl] and/or brines (Knauth 2005).

The oceanic temperature was estimated to have ranged
between 0°C and 100°C during the Archean, as evidenced
by the occurrence of pillow lavas, and cross-bedding or other
sedimentary structures (Knauth 2005). It is assumed that the
first ocean must have been completely anoxic (just like the
atmosphere) and that the oxygen content increased little by
little, although in a variable way. The solubility of oxygen in
water is governed by temperature and salinity, and these vari-
ables have changed drastically through time on Earth (Knauth
20035). Estimates based on the content of cerium and carbon-
ate mineral anomalies indicate that the concentration of oxygen
in seawater was very low until at least 1.9 Ga (Komiya et al.
2008). This, with low or null oxygen concentration, allowed
casily oxydizable organic molecules to remain in the environ-
ment (Parker et al. 2011). In this context, in primitive Earth,
it has been estimated that the concentration of many organic
compounds dissolved in the ocean would have ranged between
0.003 M and 0.03 M (Miller and Orgel 1974). Despite such low
concentrations, some key organic reactions might have formed
nonetheless.

5.4.3 GEOLOGICAL SETTINGS FOR
HYDROTHERMAL SYSTEMS

After the discovery of the first marine hydrothermal springs
(Ballard and Van Andel 1977; Corliss et al. 1979) some
researchers proposed those environments as possible niches
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for the origin of life (Corliss et al. 1980; Corliss et al. 1981;
Baross and Hoffman 1985). Corliss et al. (1981) suggested that
hydrothermal systems could be “ideal sites for abiotic synthe-
s5is” [sic] due to the high availability of geochemical variables
(i.e., water, rocks, gases, thermal energy, gradients in chemi-
cal concentration, temperature, and pH). The combination
of these variables would eventually lead to the formation of
“protocells” and the proliferation of the “first organism in the
vicinity of hydrothermal vents™ [sic]. As soon as these ideas
were published, several experiments questioned the viability
of these environments as plausible niches for the origin of life,
due to the high instability of organic molecules at the condi-
tions present in hydrothermal springs, namely, high pressures
and temperatures (Bernhardt et al. 1984; White 1984; Miller
and Bada 1988). Subsequently, it was proposed that hydro-
thermal systems could have been involved in the process of
chemical evolution, but they were hardly propitious places for
the origin of life (Miller and Bada 1988; Bada and Lazcano
2002; Becerra et al. 2007).

Later, the discovery of a different type of hydrothermal
system, the “Lost City Hydrothermal Field” (LCHF) (Kelley
et al. 2001, 2002; Proskurowski et al. 2008), rekindled such
discussion. The LCHP is located on an ultramafic basement
with smoother physicochemical conditions than black smok-
ers, in association with lower temperature and alkaline fluids.
This discovery reinforced the idea that important geochemi-
cal processes would have been likely in ancient settings and
that they probably contributed to the synthesis of organics
on primitive oceans (Kelley et al. 2001, 2002; Martin et al.
2008; Proskurowski et al. 2008; Konn et al. 2015; McDermott
et al. 2015).

To support the idea of hydrothermal systems as “niches
for chemical evolution,” it is fundamental at first to identify
the natural settings where hydrothermal systems may occur.
Then, to understand the physicochemical processes that
occur, it is necessary to identify the geochemical variables
involved on them (Table 5.4.1) and to evaluate those that could
be involved in prebiotic chemical reactions. Such steps are
necessary to guide systematic experimental studies that, in
turn, will determine if such environments served as places for
synthesis and complication or, instead, these were the environ-
ments in which decomposition predominated. It is necessary
to take into account the geochemical variables in laboratory
experiments, even if that means to increase the complex-
ity of experiments (Holm and Andersson 2005; Kawamura
2011). It 1s also relevant to consider that some variables must
have contributed to the increase in complexity of molecules
on primitive Earth whereas other variables would have lim-
ited it (Cleaves 2013). For instance, during the LHB, Earth
was exposed to a constant impact of bodies that might have
terminated organics. However, already synthesized organics
might have lingered on for subsequent reactions “protected”
by hydrothermal vents and deep sediments (Holm 1992).

Many geological settings may harbor hydrothermal activ-
ity whose likeliness to be associated with chemical evolution
needs to be tested. For that matter, in this section the geologi-
cal, chemical and physical characteristics of selected settings
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TABLE 5.4.1

Some Geochemical Variables at Hydrothermal Springs;
All Are Relevant for Studies of Chemical Evolution and
Origin of Life

Dissolved
Energy Sources Elements Gradients Minerals
Geothermal energy Cl Temperature Sulfides
Thermal energy and Na Concentration Sulfates
electrochemical Ca Salinity Oxides
energy K pH Halides
Radiation Ba Eh Carbonates
From radionuclides Fe Pressure Phosphates
embedded on Mn Mineralogy Silicates
minerals or in Cu Native elements
radionuclides in Zn
water Pb
Co
Cd
Ni
Mg
Ag
Hg
As
Sb

that are widely distributed in time and space are described
and evaluated. First of all, though, it is necessary to compre-
hensively describe some key geological notions.

A hydrothermal system is an environment where hot flu-
ids circulate below the Earth’s surface and may (or not) reach
the surface, as hot springs or vents. There are two main com-
ponents of a hydrothermal system: a heat source and a fluid
phase. In addition, fluid circulation requires faults, fractures,
and permeable lithologies (e.g.. Pirajno 2009). The most com-
mon heat sources comprise anomalously high geothermal
gradients due to a broad panoply of magmatic foci or tectonic
setting that implies crustal thinning. Fluid phases in such
systems are typically aqueous (hence the hydro- prefix) that
comprise vapor, supercritical fluids or water with very vari-
able salinity (brines) or volatile contents, but these can also be
CO,, H,S, hydrocarbons, and several other species (Roedder
1990), and even molten sulfur. The sources for such fluids
are very variable as well: magmatic, sedimentary-diagenetic,
meteoric, oceanic, metamorphic, etc. Such sources determine
the physical and chemical characteristics of such fluids, which,
in turn, determine the ability of fluids to mobilize and carry
ions in solution and, therefore, the mineralogy of precipitates
that were formed from them in key geological environments.

Therefore, hydrothermal systems can be classified accord-
ing to their tectonic setting, the characteristics of their
emplacement, including rock permeability, the sources
for fluids and their physical and chemical major variables
(i.e., anions and cations in solution, pH, Eh, temperature,
pressure, density, oxygen and sulfur fugacity, etc.), and the
resulting mineral associations, among other geological vari-
ables. Upon such characteristics and their natural variations,
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geological environments are typified, classified. and catego-
rized for the sake of reasonably guiding further research or
exploration endeavors. Such is the essential usefulness of the
emphasis in branding types of mineral deposits (for fossil
instances) and their active manifestations. Our understanding
of the processes that govern the formation of (fossil) mineral
deposits is boosted by the understanding of their presently
active analogues, and vice versa. It is not always possible to
resort to uniformitarianism to explain any geological pro-
cess, but when conceptual models are wisely used, they can
provide clues to the past or the present, which would not be
obtained otherwise. Such is the reason for grouping fossil
and present examples of key hydrothermal environments in
this chapter (see Table 5.4.2). As for the matter of prebiotic
synthesis, a variety of such environments have been invoked
as likely sites to harbor the plausible chemical reactions thus
involved. These can be classified between submarine and sub-
aerial hydrothermal systems. and similar systems associated
with impact cratering. The latter will not be discussed here;
see Chapter 5.3 in this book (Chatterjee 2018) and references
therein.

Mineral parageneses are a key for the definition of physi-
cochemical parameters that characterize the conditions for
mineral precipitation, including timing. Mineralization in sub-
marine magmatic-hydrothermal systems (volcanogenic mas-
sive sulfide [VMS]-type systems) is a product of the chemical
and thermal exchange among the ocean, the lithosphere, and
the magmas emplaced within it and the fluids exsolved from
them. Mineralization in submarine sedimentary-exhalative
(SEDEX)-type systemsis a product of the chemical and thermal
exchange among the ocean, the lithosphere, and sedimentary
brines. Mineralization in epithermal systems is a product of
the chemical and thermal exchange among magmas and mag-
matic fluids, the lithosphere, and meteoric water, besides other
plausible minor contributors. Mineralization in submarine
seafloor serpentinization systems is a product of the chemical
and thermal exchange among the ocean, the lithosphere, the
mantle, and the fluids derived from them all. Mineralization in
shallow submarine to subaerial hydrothermal systems may be
the result of chemical and thermal exchange among the ocean,
the lithosphere, magmas, magmatic fluids, sedimentary brines,
and meteoric water. In all these cases, hydrothermal minerals
can be found in many different ways, with regard to (1) type of
mineralized structure (vein, veinlet, stockwork, lens, stratum,
layer, etc.), (2) geometric relationship between mineralized
structures and host rocks (stratiform, stratabound, and cross-
cutting), (3) time relationship between mineralized structures
and host rocks (syngenetic and epigenetic), (4) types of crystal
aggregates (massive, disseminated, laminated, banded, etc.),
and (5) grain size (fine to coarse). Several aspects in each cat-
egory may coexist in each model for mineral deposition, and
most of them may be exposed on the surface during the life-
time of hydrothermal systems due to syndepositional faulting,
diapirism, or slope sliding. The latter, no matter how obvious
it may be, means that some mineral association on the surface
does not necessarily have been deposited there. This broadens

the spectrum of mineral species that could have had a role in
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Table 5.4.2. Comparison between shallow hydrothermal environments (Both fossil ore deposits and present examples)

Main types of mineralizing

Other key characteristics of

Mineral variability in surface

Type of deposit and Association with fluids and mechanisms of Range of fluids and geological exposures during hydrothermal Presently active
metallic associations Tectonic setting volcanism formation temperatures processes Depth Sources for sulfar activity (%) Age distribution  Fossil examples examples Further readings
Volcanogenic massive Arc to back-arc Close time, space and Magmatic, fresh marine, and ~ ~100° to >500 °C.  Euxinic environment; pHvery  Generally ~2km  Magmatic, also Sphalerite, galena, pyrite, chalcopyrite, Since the Archean Pilbara craton Mid-ocean ridges: (Franklin 1996),
sulfide deposits (VMS);  settings (Kuroko and genetic association between modified marine water Important temperature acidic to alkaline; reducedto ~ below sealevel.  from seawater pyrrhotite, wurtzite, bomite, covellite, (ca. 3.5 Ga) (Australia), Noranda, Lucky Strike, Lost  (Barrie and
Cu(-Pb-Zn-Ag-Au) Besshi types), and  volcanism and (evolved within the crust). gradients occur from  oxidized fluids; broad variations known shallow sulfate. arsenopyrite, marcassite, tetrahedite-  numerous Abitibi, Windy Craggy City, East Pacific Rise  Hannington 1999),
mid-ocean ridges hydrothermal activity. Seafloor venting. central to peripheral  in salinity (lower than seawater  examples. tennantite, 15lingite. acanthite, cubanite. Paleozoic (Canada). Troodos | (Allen et al. 2002),
(Cyprus type). vents up to >50 wt.% NaCl equiv.); boul ite, proustite-pyrargyrite, example: ophiclite (Cyprus), (Frankdin et al. 200%),
no bubbling unless in atypical stannite, cassiterite, realgar, orpiment, Hokuroku and the (Hannington et al.
shallow locations; sources for cinnabar, microcystalline varieties of Green Tuff region 2005), (Piercey 2011)
fliids are magmatic. fresh and silica, hematite, barite, anhydrite. (Japan), Semail
deeply evolved seawater. gvpsum, Mn and Fe oxides and ophiclite (Oman),
Possible associated submarine hydroxides, native sulfur, talc, crysotile, Iberian Pyrite Belt
brine and molten sulfur pools. chlorite, illite, smectite, montmorillonite, (Spain, Portugal),
Almadén (Spain).
kutnohorite, native sulfur, cerussite.
Possible precipitation of silica gels.
Sedimentary-exhalative ~ Adwvanced stages of None. but volcanic rocks  Sedimentary brines, fresh ~50° to <300 °C. Eusinic environment; pH very ~ Between afew Seawater sulfate.  Pyrite, galena, sphalerite, Since the late Broken Hill, Mount ~ Atlantis I Deep (Red (Russell et al. 1981),
deposits (SEDEX) and  continental rifting can be present in the marine, and modified marine  Important temperature acidic to alkaline; reducedto  hundreds of m and microcystalline varieties of silica, barite, Paleoproterozoic ~ Isa. McArthur River ~ Sea), Salton Sea, (Goodfellow et al
subaqueous brine pools;  failed rifts, and hosting sedimentary series. water. Seafloor venting and gradients possibly oxidized fluids; broad variations >1000 m below anhydrite, gypsum, pyrrhotite, (ca. 1.8 Ga); (Australia), Sullivan  lakes in the East Africa 1993). (Lydon 1996).
Zn-Pb-Ba(-Cu). Fe-Mn  passive continental precipitation from seawater  occurred (stratiform  in salinity (lower than seawater ~ sea level. marcasite, chalcopyrite, arsenopyrite, ~peaking during the (Canada), Rift System (7). (Torge et al. (1997)
margins. combined. deposits are frequently up to <50 wt.% NaCl equiv. in Isllingite, siderite, ankerite, kutnohorite, Mesoproterozoic ~ Matahambre (Cuba), (Hannington et al.
separated from their  brine pools); no bubbling unless dolomite, magnesite, calcite, aragonite, and Paleozoic. Rammelsberg, 2005), (Leach et al.
hydrothermal feeders). in atypical shallow locations: hematite, Mn and Fe oxides and Meggen (Germany). 200%). (Lyons et al
sources for fluids are hydroxides, Cu-Fe-Ag-Pb suffosalts, Rajpura-Dariba 2006), (van der Zwan
sedimentary brines fresh and nontronite, talc, jarosite. stevensite. (India). Molango etal 2015), (Schardt
deeply evolved seawater. atacamite, caminite, anglesite (México), Gamsberg- 2016), (Sangster
Possible associated submarine montmorillonite, chlorite, apatite, Aggeneys (South 2018).
brine pools cassiterite, scheelite, celsian, native Africa), Red Dog.
sulffirr, native silver. Anarraaq (USA).
Shallow submarine or Incipient to advanced Close time, space and Fresh marine, and modified =100 °C, eventually ~ Oxidized to euxinic <~200 m below Seawater sulfate or Opal, calcite, aragonite, barite, Since the ElBoleo-Lucifer and  East Africa Rift (Tiercelin et al. 1993),
sulblacustrine to subaerial stages of continental genetic association between marine water to magmatic. higher in magma- environments; pH very acidic to sea (or lake) level magmatic. celestine, Mn and Fe oxides and Mesoproterozoic.  Concepcion peninsula System (inchuding (Fan et al. 1999),
exhalative deposits; M- rifting, failed rifts, and volcanism and Seafloor venting to subaerial ~ derived systems. very alkaline (normally to subaerial. hydroxides, microcystalline varieties of (Mexico), Wafangzi ~ alkaline lakes), Milos  (Tarasov et al. 2005),
Fe-Cu-Zn-Co-Ba-Hg-As-passive continental ~ hydrothermal activity, or  precipitation. noderately acidic to alkaline); silica, braunite, rhodochrosite, pyrite, (China), Tatra Mts.  island (Greece), (Canet and Prol-
Sb-Ag-Pb margins; also shallow none at all due to high heat reduced to oxidized fluids; in marcasite, cinnabar, carlinite, orpiment, (Poland), Valle del ~ Concepcién bay Ledesma 2006).
manifestations in flux related to crustal general, salinities lower than realgar, zeolites, illite, smectite, Azogue (Spain), (Mexica), (Conly etal. 2011),
volcanic arcs (similar thinning. seawater; bubbling very montmorillonite, chlorite, talc, kaolinite, ¥ Kueist (Taiwan), (Pap lliou et al.
to VMS deposits common; sources for flnids zealites, celadonite, apatite, native phosphorites (7). Kraternaya Bight 2017)

except for their
depth).

highly variable upon their
geological location

sulfir, native mercury, Pb-Cu-Ag
oxychlorides. Precipitation of silica
gels.

(Russia), Bay of Plenty
(New Zealand), Lihir
island (Papua-New
Guinea).
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Table 5.4.2. (Continued) Comparison between shallow hydrothermal environments (Both fossil ore deposits and present examples)

Main types of mineralizing

Other key characteristics of

Mineral variability in surface

Type of depositand 0 G Cetting Association with fluids and mechanisms of Range of fluids and geological Depth Sources for sulfur during hydrothermal ~ Age Fossil I Presently active  p it er readings
metallic associations volcanism . temperatures R examples
formation processes activity (*)
Metalliferous black shales Intracontinental rift- Uhclear. may be correlated Sedimentary brines, fresh ~100°to 300 °C.  Speculative or ill-defined; euxinic Between a few Seawater sulfate.  Pyrite, vacsite, gersdorfite, jordisite,  Since the middle ~ Willvama Supergroup Black Sea, Caspian  (Pasava 1993).
(and closely associated  related sedimentary with mantle phumes: may ~ marine, and modified marine environment (but some anthors  hundreds of m and millerite, polydymite, sphalerite, Paleoproterozoic  (Australia), Selwyn ~ Sea, Ontong Java  (Coffin and Edholm
phosphorites); Zn-Cu-Pb(- basins. occur without assaciated ~ water. Seafloor venting? claim otherwise); pH acidic to ~ >1000 m below chalcopyrite, galena, clausthalite, illite, (ca.2.1 Ga)or  Basin (Canada), Platean. 1994), (Mossman et
Mo-Au-Ni-PGE-U-V-B- ism or iated  Preci from seawater? alkaline; reduced to oxidized sealevel smectite. montmorillonite, kaolinite, earlier, peaking Niutitang Formation al. 2005), (Laznicka
Se), Cu-Co-Zn, Sb-W- with mafic volcanism (Impact-related?) fhuids: secimentary to magmatic apatite and other phosphates during the (China), Bohemian 2006). (Johnson et al
Hg. etc (related to mantle plumes, (particularly in sedimentary Paleozoic. massif (Czech Rep.. 2017).
according to some authors) hosphorites), . Mn and Fe dwith  Germany, Poland).
sources for fluids oxides and hydroxides, dolomite, worldwide anoxic  Outokumpu,
calcite, fluorite, barite, anhydrite, events (7) after the  Talvivaara (Finland).
gypsum. Precipitation of colloidal gobal oceanic  Franceville Series
phases (e. ., Ni-Mo sulfides and oxygenation (Gabon).
carbides).
Seafloor serpentinization. Mid-oceanridges,  Close time, space and Magmatic. fresh marine, and < 450-500°C. Euxinic environment; pH acidic  Generally 2000  Seawater sulfate. ~ Olivine, pyroxene. amphibole, Since the Greenstone belts: Isua Mid-ocean ridges: (Frost 1983), (Bach et
Ni-Co-Cu-Fe, PGE-Au- supra-subdeution  genetic association between modified marine water Important temperature to alkaline; reduced to oxidized below sealevel;  also magmatic.  plagioclase, serpentinite group minerals Phanerozoic (Greenland), Mid-Alantic Ridge at al 2004, 2006)
Ag, Cr{-Ti-V) zones (back-arc and volcanism (usually the (evalved within the crust eradients occur from  fhids; board variations in salinity known shallow (antigorite, chrysotile, lizardite), (Fe)-  (ophiolites) or Barberton (South ~ Lost City, Kane (Frith-Green et al
fore-arc settings),  spreading centers) and and'or slab-derived fluids). the seafloor to the (lower than seawater up to <40 examples. brucite. talc, chiorite, fuchsite, Mg-rich earlier (ca. 3.5 Ga: Africa), Jornua Fracture Zone and ~ 2004). (Deschamps et

and incipient stages
of continental rifting.

Epithermal deposits; Au-  Continental and
Ag Ag-Pb-Zn-An
boundaries (minor

setting).

hydrothermal activity. Precipitation from seawater,
seafloor venting and utramafic-

mafic host-rock combined.

Close time, space and ~ Magmatic, fresh metecric, and

island arcs; transform genetic association between modified meteoric water.

volcanism and
hydrothermal activity.

Epigenetic structures and
subacrial precipitation (sinters).

oceanic crust inward.

~50° to ~400 °C.
Important temperature
eradients oceur from
central to peripheral
springs.

wt.% NaCl equiv.); no bubbling:
sources for fluids are magmatic
(related to the dehidration of
subduction slab in forearc
settings), fresh and deeply
evolved seawater.

Oxidized environment; pH very Between >1500 m Magmatic, also
acidic to mildly alkcaline; reduced and subaerial
to oxidized fluids; generally low
salinities; bubbling and formation
of aerosols common in

sedimentary or

paleosurfaces metasedimentary.

geothermal fields; sources for
fhuids are magmatic, fresh to
deeply evolved meteoric water.

clays (smectite, sepiolite. palygorskite)
zeolite, amphibale, aragonite, calcite,
dolomite, magnesite, garnct,
clinozoisite. prehnite. pumpellyite.
lawsonite, barite, spinel, magnetite,
hematite, pyrite, calcopyrite. pentaldite,
Co-pentlandite. hazdewoodite,
millerite, marcasite, valleiite, violarite,
Fe-Ni-(Co)-alloys, bornite, covellite,
Platinum Group Minerals (PGM),
native gold and minor Mg-Fe-
hidroxychlorides (fowaite, pyoauite-
sjogernite group).

Silica and carbonate minerals in sinters
(mostly opal and calcite), kaokinite.
ahmite, native sulfirr, barite, anhydrite,
gypsum, cclestine, Mn and Fe oxides
and hydroxides, montmorillonite. illite.
smectite, chlorite, epidote, calcite,
dolomite, zcolites, adularia, quartz,
chalcedony, cristobalite, tridymite,
pyrite, cinnabar, realgar, orpiment,
stibnite, and other minor suffides and
halides. Precipitation of siica gels

Archean
greenstone belts).

Vastly Cenozoic;
known Archean
and
Paleoproterozoic
examples.

15°20'N Fracture
Zone, Hess Deep,
(Oman), Troodos  Iberian Abisal Plain;
(Cyprus). Zambales ~ Forearc seamounts
(Philippines), Mineoka Tzu-Ogasawara-

Complex (Finland).
Ophiolites: Semail

(Japan), Leka Mariana
(Norway).
Campbell (Canada),  Campi Flegrei (Ttaly).

Emperor (Fii). Kelian Los Azfres. Cerro
(Indonesia), Hishikari Prieto (Mésico),
(Tapan), Fresnilo, ~ Taupo Veolcanic Zone,
Pachuca Tayohtita  White Island (New
(Mésica), Yanacocha Zealand),

(Pert). Lepanto, Yellowstone,
Baguio (Philippines),  Steamboat Springs.
Comstock Lode, The Geysers (USA)
Summitville, Creede

(USA).

al 2013), (Frost et al
2013).

(Corbett and Leach
1998),_ (Silltoe and
Hedenquist 2003),
(Simmons <t al. 2005),
(Camprubi and
Albinson 2006, 2007),
(Hedenguist and Taran
2013). (Silltoe 2015).

Source : Based loosely on Misra, K. C., Understanding Mineral Deposits, Kluwer Academic Publishers, Dordrecht, the Netherlands, 845 p, 1999; Jébrak, M., and Marcoux, E., Géologie des ressources minérales,
Ministére des ressources naturelles et de la faune du Québec, Québec, Canada, 667 p, 2008; Pirajno. F., Hydrothermal Processes and Mineral Svstems . Springer, East Perth, Australia, 1250 p, 2009.
a Besides those in host rocks. The listed minerals would belong to precipitates or alteration assemblages on the surface or near it, but also to deeper areas that could be exposed by fanlting or syndepositional slope shiding.

(7) Indicates debatable locations
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chemical evolution, as one must account equally for minerals
that were deposited on the surface and those that were formed
somewhere else and eventually made available on the surface
while hydrothermal activity still is on. The last (but not least)
relevant characteristics for the matter would be the mineral
species itself and its particular variation in chemical composi-
tion. However, in spite of the geological complexity of each
family of depositional environments, many mineral families,
eroups and classes are shared by most of them (Table 5.4.2),
namely silica-group minerals (or silica gels), clay minerals, ser-
pentine minerals and other phyllosilicates, sulfides (especially
base-metal sulfides, including arsenides, antimonides, etc.),
sulfates, oxides (especially Fe and Mn oxides and hydroxides),
phosphates, halides, native elements (including alloys), and
many miscellaneous silicates (zeolites, feldspars, amphiboles,
scapolites, epidote-group minerals, etc.). It is important to note
that these are minerals that form as hydrothermal precipitates
or replacements (passive and reactive associations, respec-
tively), but also rock-forming minerals in host rocks should
be added to the list above. Among the latter, zircon can be
considered as a “cosmopolitan” mineral due to its resilience.

5.4.3.1 SusaQueous HYDROTHERMAL SysTEMs

Submarine vents in association with magmas at or near mid-
ocean ridges are usually described as the likeliest hydrother-
mal systems to be associated with the emergence of life on
Earth (i.e., Corliss et al. 1981; Nisbet and Sleep 2001). A com-
mon case for the formation of submarine hydrothermal vents
occurs when seawater migrates through fractures into the
crust and reaches the vicinity of a magmatic intrusion. While
approaching the magmas, water is heated up by the anoma-
lously high thermal gradient induced by their emplacement.
Additionally, magmas release aqueous fluids upon their cool-
ing down. Therefore, hydrothermal fluids in magma-related
systems may come from magmatic, marine or meteoric
sources. Similarly, sulfur, iron, copper, zinc, and other metals
may come from magmas, ocean water or host rock leachates.
The dissolved minerals nourish chemosynthetic bacteria that
constitute the base of the food chain for a variety of inverte-
brates, including large tubeworms (e.g., Levin 20009).

The importance of submarine hydrothermal vents for
studies related to the origin of life lies in: (1) providing hot
water to surficial environments, (2) upwelling fluids interact
with seawater, provide agents for chemical imbalance, thus
potentially allowing the synthesis of organic compounds,
(3) they produce a rapid crystallization of carbonates and
silicates at low temperatures; this increases the local poten-
tial to preserve microbial organisms as fossils and their
chemical signatures, despite later diagenetic or low-grade
metamorphic processes (Pope et al. 2006), and (4) even
debatable, some authors suggest that the oldest forms of ter-
restrial life might have been autotrophic-thermophiles (Pope
et al. 2000).

Submarine or sublacustrine hydrothermal systems can be
divided into those linked to magmatism as both source for heat,
water, and other chemical components, and those associated

Handbook of Astrobiology

with venting of basinal brines or other fluids. Such environ-
ments correspond, respectively, to volcanogenic massive
sulfide (or VMS: Figure 5.4.1) and sedimentary-exhalative
(or SEDEX: Figure 5.4.2) deposits and their present-day ana-
logues, which are well-established types of ore deposits and
depositional environments, both submarine. Another case,
similar to the latter. is constituted by hydrothermal systems
that are associated with early stages of continental rifting or
lingering activity in more tectonically evolved environments
(e.g.. along the eastern side of the Baja California peninsula;
Canet and Prol-Ledesma 2006; Camprubi et al. 2008). Such
systems may occur between shallow submarine and subaerial
manifestations, including intertidal venting (Figure 5.4.3).
Seafloor serpentinization and paleo-hydrothermal submarine
systems associated with metalliferous deposits in black shales
are also likely to be accounted among keen environments
for prebiotic synthesis. Most theoretical and experimental
approaches to prebiotic reactions have been carried out con-
sidering VMS-like hydrothermal systems, while neglect-
ing the others. The following account does not intend to be
exhaustive, but demonstrative of the variability of hydrother-
mal scenarios that might have had a role in chemical evolu-
tion. Some authors even proposed that BIFs could be related
to hydrothermal activity (e.g.. Ohmoto et al. 2006), which
could be at least the case of Algoma-type deposits (Jébrak
and Marcoux 2008).

5.4.3.1.1 Volcanogenic Massive Sulfide-Type Systems

The so-called “black smokers™ are the most conspicuous sub-
marine hydrothermal manifestations in VMS-type systems
(Figure 5.4.1) and are also interpreted to occur in SEDEX-
type systems (Figure 5.4.2; see Larter et al. 1981; Boyce et al.
1983; Russell et al. 1989). These are hydrothermal fumaroles
with abundant sulfides and sulfates in suspension that upon
precipitation form mounds along favorable faults or within
submarine calderas. In VMS systems associated with diver-
gent margins, these are usually located close to mid-ocean
ridges. In these fumaroles, due to their proximity to mag-
mas, water may attain temperatures above 400°C and low pH
(see Table 5.4.2; also, Von Damm et al. 1985; Camprubi et al.
2017). The latter facilitates the leaching of iron and other met-
als as the water seeps through the country rocks, which is a
feature shared with the other systems hereby described. Such
fluids come in contact with cold seawater. thus generating a
rapid nucleation of sulfides and other minerals and resulting
in a turbid suspension resembling a cloud of black smoke.
Salinities of sulfide-rich ore-forming fluids are generally
up to 20 wt.% NaCl equiv. although extremely high-salinity
polysaline brines may eventually reach the sea bottom as well
(up to 65 wt.% NaCl and ~44 wt.% KCl, at >500°C; Camprubi
et al. 2017). That being the case, it is likely that brine pools
can be associated with VMS-type systems. Another type of
hydrothermal vents is dubbed “white smokers,” which are
generally more distant from their heat source than the black
ones (Figure 5.4.1). Black and white smokers may coexist in
the same submarine hydrothermal field, but they generally
represent proximal and distal vents, respectively, to the main
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Structural section that combines evidence from active submarine magmatic-hydrothermal vents and from lossil volcano-

genic massive sulfide (VMS) deposits, especially in Kuroko-type settings, including all typical styles of mineralization and hydrothermal
assemblages. “Sericite,” not a valid mineral species name, stands for filosilicates that range between illite and fine-grained muscovite. Key:
T = temperature. (Adapted from Colin-Garcia, M. et al., Bol. Soc. Geol. Mex., 68, 599-620, 2016, and based on Lydon, J. W., Volcanogenic
massive sulphide deposits, Part 2: Genetic models, in Ore Deposit Models, R. G. Roberts and P. A. Sheahan (Eds.), pp. 155-181, Geological
Association of Canada, Geoscience Canada, Reprint Series, 3. St. John’s, Canada, 1988, and Hannington, M. D. et al., Sea-floor tecton-
ics and submarine hydrothermal systems, in Economic Geology One Hundredth Anniversary, Vol. 1905-2005, J. W. Hedenquist, J. F. H.
Thompson, and R. J. Goldfarb (Eds.). pp. 111-142, Society of Economic Geologist, 2005.)

upflow zone (Figure 5.4.1). However. white smokers corre-
spond mostly to waning stages of such hydrothermal fields.
as magmatic heat sources become progressively more distant
from the source (due to magma crystallization) and hydro-
thermal fluids become dominated by seawater instead of mag-
matic water (see references in Table 5.4.2 for VMS systems).
The temperature in white smokers can be as low as 40°C to
75°C and are alkaline (pH ranges between 9 and 9.8: Kelley
et al. 2001). Mineralizing fluids from this type of vents are
rich in calcium, and they form dominantly sulfate-rich (i.e.,
barite and anhydrite) and carbonate deposits. These may form
giant chimneys, the largest of which stand almost 60 m above
the bottom of the ocean at the LCHF (Kelley et al. 2001).
Hydrothermal fluids in this location contain methane. ethane.
and propane and organic acids in the form of formate and
acetate: these are produced in association with this hydro-
thermal system (Proskurowski et al. 2008). The global fre-
quency distribution of depths for the occurrence of actualistic
examples of VMS deposits (magmatic-hydrothermal seafloor

vents, either black or white smokers) shows a dominant range
between 2000 and 3000 m (Figure 3 in Colin-Garcia et al.
2016; Figures 2 and 3 in Hannington et al. 2005), which is
consistent with calculated depths of fossil examples (see
Table 5.4.2 and references therein). In spite of this, much shal-
lower examples are known both in present-day manifestations
as well as in fossil VMS deposits (e.g.. Camprubi et al. 2017).

Different mineral associations precipitate during the typi-
cal stages of mineralization that characterize the life span of
VMS-type systems (Figure 5.4.1). Comprehensive reviews of
this subject have been published (e.g.. Franklin et al. 1981,
2005; Lydon 1988; Ohmoto 1996; Barrie and Hannington
1999: Hannington et al. 2005). Minerals present in a hydro-
thermal system or a fossil VMS deposit are deposited pas-
sively or reactively. Mineral associations may vary (l) in
different mineralized structures, either syngenetic (namely,
passive precipitation in chimneys, mounds. and stratiform
deposits) or epigenetic (structures that correspond to feeder
channels. and replacements of host rocks or pre-existing
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FIGURE 5.4.2  Structural section that combines evidence from active submarine non-magmatic hydrothermal vents, from fossil sedimentary-
exhalative (SEDEX) deposits and from an analogy with VMS deposits (see Figure 5.4.1). including all typical styles of mineralization and
hydrothermal assemblages. It is important to note that this model corresponds to proximal-to-vent deposits in the model of (Lydon 1996),
because feeder zones in most SEDEX deposits, which are commonly more distal to vents than this model exemplifies, have not been found.

Rainwater
(meteoric) »

FIGURE 5.4.3 Structural section that combines evidence from active submarine non-magmatic (?) hydrothermal vents and from fos-
sil Mn + Cu + Zn + Co deposits that formed during early stages of continental rifting, as based in the models for evidence in the eastern
Baja California Peninsula in Mexico. The intertidal and submarine hydrothermal manifestations illustrated here would be those around the
Concepcion Bay area and the ore deposits would be El Boleo, Lucifer, and those in the Concepcion peninsula. (Model adapted from
Canet, C., and Prol-Ledesma, R. M., Bol. Soc. Geol. Mex., 58, 83-102, 2006; Camprubi, A. et al., Island Arc, 17, 6-25, 2008; and references

therein.) The (?) here indicates a dubious origin or debatable origin for these vents.
3/
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massive sulfide bodies), or structural zonation. (2) from
proximal to distal associations with respect to venting areas
within the same stratigraphic horizon, or herizontal zona-
tion, (3) from deep to shallow associations (i.e., stockworks
to mounds), or vertical zonation, (4) from early and climac-
tic to late stages of mineralization (dominated by sulfides,
and sulfates or oxides, respectively), or temporal zonation,
and (5) in various volcano sedimentary contexts, depending
essentially on the composition of volcanic rocks and, ulti-
mately, on the tectonomagmatic context. The most common
minerals in ore-bearing associations of VMS deposits (non-
metamorphosed or oxidized) and their modern analogues are
summarized in Table 5.4.2. The most common hydrothermal
alteration assemblages are chloritic (including Mg-rich ones)
and phyllic (dominated by “sericite.” mostly illite), and also
silicification, deep and shallow talcose alteration, and ferru-
einous (including Fe oxides, carbonates, and sulfides) altera-
tion. Although not necessarily associated with these systems,
molten sulfur lakes may occur in association with submarine
volcanism (de Ronde et al. 2015). The precipitation of silica
and iron oxide gels in VMS-type systems is also possible
(Grenne and Slack 2003).

5.4.3.1.2 Sedimentary-Exhalative-Type Systems

Sedimentary-exhalative systems and those associated with
metalliferous black shales provide all geological and physi-
cochemical characteristics that would have favored prebiotic
reactions as effectively as VMS systems, such as temperature
eradients, euxinic environments, and a wide range of depths
of formation (see Table 5.4.2). Sedimentary-exhalative-type
systems also provide strong mineralogical and geochemical
eradients, and similar pH and Eh gradients to those in VMS-
type systems. In addition, the occurrence of submarine brine
pools in association with these environments (Figure 5.4.2),
such as those interpreted for ore deposits (Boyce et al. 1983)
and present-day examples found in the Red Sea (e.g.. Schardt
2016). provides strong salinity (and geochemical) contrasts
among them, seawater, and more dilute vent fluids.

The problem in the involvement of SEDEX systems
with prebiotic reactions resides in the age of the old-
est examples of such systems. as no known deposits are
older than late Paleoproterozoic (ca. 1.8 Ga; Lydon 1996).
Metalliferous black shales can be significantly older (middle
Paleoproterozoic, ca. 2.1 Ga or older; Mossman et al. 2005)
than SEDEX or shallow submarine/sublacustrine deposits (see
Section 5.4.3.1.3). However, neither type has yet been found
to be old enough as to be coeval with prebiotic processes or,
least of all, be involved with them. In contrast, Archean VMS
deposits are numerous (ca. 3.5 Ga: Barrie and Hannington
1999). The striking lack of Archean SEDEX deposits can
be associated with the limiting effect of high reduced iron
contents on the activity of reduced sulfur in anoxic oceans
(sic, Goodfellow 1992) in which metals in hvdrothermal
fluids |...] were dispersed because a lack of reduced sulfur
to precipitate them (sic, Misra 1999). Therefore. it is likely
that SEDEX-type hydrothermal systems did effectively
exist during the Archean, despite being unable to generate
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sulfide deposits because reduced sulfur in the oceans would
have been previously “sequestered” by iron to precipitate
iron sulfides directly from seawater. After the oxygenation
of Earth’s oceans SEDEX deposits formed, during world-
wide anoxic events of the Paleozoic, as might also be the
case for Proterozoic deposits (Misra 1999).

Sedimentary-exhalative-type systems (Figure 5.4.2) span
different mineralogical styles that are similar to those in
VMS-type systems, although their mineral associations are
typically more diverse than in the latter. Comprehensive
reviews of this subject are published (e.g.. Russell et al. 1981;
Goodfellow et al. 1993; Hannington et al. 2005: Leach et al.
2005; Lyons et al. 2006; Sangster 2018). Massive and lay-
ered sulfide deposits, and exhalites are similar to syngenetic
stratiform associations in VMS deposits, whereas “inha-
lites™ are similar to epigenetic stratabound associations in
VMS deposits. Exhalites can be constituted by silica-rich,
nontronite, montmorillonite. chlorite, carbonate. phosphate,
and Fe-Mn oxide-hydroxide layers, and all deposits normally
show strong mineralogical banding. Although the SEDEX
term is usually reserved to Pb-Zn deposits, their mineralogi-
cal diversity allows to classify them into barite, Sb-W-Hg in
black shales, Fe-Mn, Sn, and base-metal deposits (Jorge et al.
1997). The latter are subdivided into (type [) deposits with
metallic sulfides alone, (type II) deposits with metallic sul-
fides and exhalites (chert + barite), and (type 1lI) deposits
with metallic sulfides, Fe-Mn oxide-hydroxide layers, and
exhalites (Sangster and Hillary 1998). Unlike VMS-type
systems, feeder zones are rarely found (supra-vent systems;
Figure 5.4.2). The most common minerals in ore-bearing
associations of SEDEX deposits (non-metamorphosed or
oxidized) and their modern analogues are summarized in
Table 5.4.2. A particular feature found in association with
active SEDEX-type systems is the occurrence of submarine
brine pools (e.g.. Schardt 2016). Owing to the relatively shal-
low character that these systems may have, gasohydrother-
mal activity (bubbling) can be common.

5.4.3.1.3 Shallow Subaqueous Hydrothermal Systems

Hydrothermal systems that are associated with early stages
of continental rifting (and later stages as well) share some
similarities with SEDEX systems, starting with their specific
tectonic setting (early to late stages of continental rifting,
respectively). The former, however, stretches between shal-
low submarine (up to ~200 m deep;: neritic zone) or sublacus-
trine to subaerial hydrothermal to gasohydrothermal systems,
including intertidal environments, at temperatures <100°C.
The associated aqueous fluids have generally weaker gradients
in pH and Eh than in VMS- and SEDEX-type environments,
although the genetic variability of these systems, between
magmatic-derived and sedimentary-marine-meteoric, implies
a large chemical variation within this group of environments.
Also, intertidal environments provide an interesting gradient,
which is implied by low- and high-tide cycles, with thermo-
chemical gradients between upwelling fluids and seawater that
can be pooled during low tides (Figure 5.4.3). In addition, the
occurrence of gasohydrothermal fluids in this environment
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induces generalized diffuse bubbling (e.g.. Tarasov et al. 1990;
Viazquez-Figueroa et al. 2009: Canet et al. 2010). Diffuse bub-
bling is normally absent in VMS- and SEDEX-type environ-
ments due to high pressures from the water column above
them, unless these are atypically shallow. Such gases are rich
in CO, in most cases, in N, and CH, in systems that interacted
with sedimentary rocks, and in H,S in association with fuma-
rolic activity (Canet and Prol-Ledesma 2006, and references
therein). Little is known about the oldest possible ages of the
fossil deposits generated in this environment because of their
scarcity in the geological record, but the oldest known exam-
ple is the Mesoproterozoic Watangzi Deposit in China (Fan
et al. 1999). However, with regard to the most likely geody-
namic setting for these systems, which encompasses incipient
to advanced stages of continental rifting, the crustal dynamics
in the Archean could have furnished plenty of such systems.

Shallow submarine/sublacustrine to subaerial hydro-
thermal systems are as mineralogically diverse as their
possible geological settings. Some of them could be
ascribed to VMS- or SEDEX-type environments and their
characteristic tectonic settings (see Table 5.4.2 and Canet
and Prol-Ledesma 2006). However, a tectonic setting that
is seemingly the most characteristic for these systems,
which is represented by incipient stages of continental rift-
ing and into advanced stages but confined to the resulting
passive margins (Figure 5.4.3). Sedimentary phosphorites
may perhaps be the largest deposits in association with
such environments (e.g.. those formed during the breakup
of Pangea in NE Mexico and during the Miocene rifting-
off of the Baja California peninsula; see Camprubi [2013]),
and a possible hydrothermal origin has been postulated for
them (e.g., Slack et al. 2015; Caird et al. 2017), although it
is not a necessary condition (Jébrak and Marcoux 2008).
Such phosphorites are constituted by amorphous to cryp-
tocrystalline apatite-group phases, generally carbonate-
fluorapatite or francolite and rarely hydroxilapatite (Jébrak
and Marcoux 2008). Note that phosphorites can be associ-
ated with SEDEX deposits and metalliferous black shales
as well. However, the most common minerals in shallow
settings are silica-group minerals and microcrystalline
varieties, carbonates, barite, Fe-Mn oxides and hydrox-
ides and pyrite. Silica minerals and carbonates are most
characteristic forming sinters, microstromatolitic growths
and veins. Intertidal environments are characteristic to this
group of environments (Figure 5.4.3), which means high
and low tides twice a day, but also fully subaerial pools
are possible in association with Mn + Cu+Zn+Co deposits.
Both tide variations onto hydrothermal venting and perma-
nent subaerial ponds imply the plausibility of concentra-
tion mechanisms. The latter is also valid for epithermal
systems (see Section 5.4.3.2). Besides all the possible min-
erals in the various settings in which such hydrothermal
systems occur, the precipitation of silica gels is also pos-
sible (Tiercelin et al. 1993). Owing to the shallow character
of these systems, gasohydrothermal activity (diffuse bub-
bling: Figure 5.4.3) is very common.
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5.4.3.1.4 Seafloor Serpentinization Systems

The seafloor serpentinization processes consist in the hydra-
tion of the oceanic lithosphere, which is mainly formed by
mantle peridotites (i.e., dunites, harzburgites, Therzolites, and
piroxenites) and lower crustal plutonic rocks. These rocks
comprise ~20% or more of the ocean crust and are usually
located in the vicinity of spreading ridges, passive margins,
arc-subduction environments and could constitute the host
rocks for VMS-type systems. The serpentinization process
constitute a sequence of exothermic reactions at variable tem-
peratures (below 450°C-500°C), which provide strong min-
eralogical and geochemical gradients controlled by pH and
Eh changes in hydrothermal fluids that were derived from
seawater and/or the mantle (e.g., Frith-Green et al. 2004; Alt
and Shanks 2006; Klein et al. 2009; Deschamps et al. 2013;
Frost et al. 2013; see Table 5.4.2). The process starts with the
hydration of olivine to form serpentinite and ferroan brucite,
in presence of high pH and reducing fluids, thus promoting
the dissolution of sulfides from the peridotitic host rock. The
evolution of the system results in the formation of magnetite,
from the breakdown of ferroan brucite in presence of Si0,-
rich, acidic, and oxidizing fluids, subsequently releasing sig-
nificant amounts of H, and forming sulfides, oxides. and metal
alloys (e.g., Alt and Shanks 1998, 2003; Bach et al. 2004,
2006). A byproduct of serpentinization under highly reduc-
ing conditions is the venting of methane- and hydrogen-rich
fluids, which can lead to the formation of carbonate mounds
and chimneys similar as those described in the LCHF (Kelley
et al. 2001). Mixing zones of these reduced hydrothermal flu-
ids with seawater above peridotite outcrops (subseafloor mix-
ing zones, according to Klein et al. 2015) represent niches
for chemolithoautotrophic microbial communities associ-
ated with the serpentinization of the oceanic mantle (e.g.,
Alt and Shanks 1998; Kelley et al. 2001; Friith-Green et al.
2004). Fossil examples of seafloor serpentinization systems
are found as ancient sections of the Earth’s oceanic crust (i.e.,
ophiolitic sequence defined at the Penrose Conference, 1972)
(Juteau and Maury 1997). The temporal frequency of ophiol-
ites ranges between the Archean (i.e.. greenstone belts; de Wit
2004) and the Phanerozoic (Table 5.4.2; Misra 1999), thus
suggesting that the modern plate tectonics. the formation of
oceanic crust, and the seafloor serpentinization systems oper-
ated since the early Archean (Furnes et al. 2014).

The mineralogical styles shown in seafloor serpentinization
systems are similar to those described in VMS- and SEDEX-
type systems, while their mineral assemblages depend largely
on the primary mineral association of the altered peridotitc
rocks. For comprehensive reviews on this subject see (Sakai
et al. 1990; Alt and Shanks 1998, 2003; Kelley et al. 2001;
Klein and Bach 2009; Frost et al. 2013; Schwarzenbach et al.
2014, 2016; Klein et al. 2015). Sulfide-rich serpentinites, talc-
rich serpentinites, carbonate-rich serpentinites (associated
with magnesite deposits), listvenites (i.e., CO,- and Si0,-rich
serpentinites), and rodingites (hydrated gabbros with cal-
cium silicates) are products of the hydrothermal alteration
(i.e., carbonation and/or silicification) of serpentinites. These
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serpentinites are enriched in sulfides, oxides, alloys, and
metallic and non-metallic elements (Co. Ni., Fe, Cu, Zn. Mn.
Na, Ca, K, and S) relative to peridotitic protoliths (Ucurum
1998, 2000; Hansen et al. 2005; Tsikouras et al. 2006: Nasir
et al. 2007; Falk and Kelemen 2015; Hinsken et al. 2017),
which are key minerals/elements to promote prebiotic reac-
tions. The types of serpentines listed previously, especially
fossil examples associated with magnesite deposits, are cur-
rently the subject of numerous studies due to their usefulness
as a “natural laboratory” for CO, sequestration and storage
(Hansen et al. 2005; Kelemen et al. 2011; Beinlich et al. 2012;
Power et al. 2013; Falk and Kelemen 2015). The most com-
mon minerals in ore-bearing associations of seafloor serpenti-
nization deposits (non-metamorphosed or oxidized) and their
modern analogues are summarized in Table 5.4.2.

5.4.3.2 SuBAERIAL HYDROTHERMAL SYSTEMS

Aside from those mentioned above for shallow submarine/
sublacustrine to subaerial exhalative deposits in continen-
tal rifts, hydrothermal manifestations are abundant in sub-
aerial settings, particularly in association with convergent
plate boundaries (continental and island volcanic arcs), but
also occur in transform boundaries. For instance, hydro-
thermal activity is known to occur in the Salton Sea. in
association with the San Andreas Fault System but, unlike
volcanic arcs, this case is normally placed among modern
equivalents to SEDEX deposits and their associated sub-
aqueous brine pools (see Table 5.4.2 and Figure 5.4.2).
The most relevant and numerous recent/active hydrother-
mal fields are found in geothermal and magmatic-hydro-
thermal contexts, which are normally considered as the
modern analogues of low-sulfidation and high-sulfidation
epithermal deposits, respectively (which, in both cases,
may include intermediate-sulfidation deposits); (Simmons
et al. 2005; Camprubi and Albinson 2006, 2007; Sillitoe
2015). The uppermost part of such systems has a tendency
to display wide variations in temperature, salinity, vola-
tile content, pH, and redox potential (Figure 5.4.4) and
hence the broad range in reactivity between the associ-
ated hydrothermal fluids and host rocks. Additionally, such
differences in physicochemical variables and reactivity
determine broad mineralogical variations on the surface
or near it. The above variables are largely controlled by
the vertical or lateral nearness of hydrothermal discharge
zones to their parental intrusions (see Figure 1 in Sillitoe
2015) and the geological and hydrological characteristics
in each area (White and Hedenquist 1990). Besides the
broad temperature and salinity gradients that may occur
in the actual variety of such environments, the occurrence
of deep hypogene low- to intermediate-sulfidation fluids
(generally near-neutral and reduced:; geothermal context)
or high- to intermediate-sulfidation fluids (acidic and oxi-
dized; magmatic-hydrothermal context) determines (1) the
possible zonation of alteration assemblages around the fluid
conduits, and (2) the mineralogy of the mineral precipitates
(if any) that may occur on the surface. In addition to the
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“original” physicochemical characteristics of hydrothermal
fluids, their chemical characteristics may vary depending on
the occurrence of (relatively) near-surface boiling, which
may generate H,SO -rich fluids locally in steam-heated
grounds (shallow hypogene acidic fluids), independently
from the composition of pre-boiling fluids (e.g., Sillitoe
2015). This means that hydrothermal fluids of any kind that
undergo boiling may generate acidic fluids upon conden-
sation of boiled-off steam, and the associated alteration
assemblages and surficial hydrothermal features.

Acidic fluids from either deep or shallow hypogene sources
generate alteration assemblages that result from extremely
reactive to relatively mild reactions between fluids and host
rocks, from proximal to distal areas to hydrothermal upflow.
No surface sinter deposits, either carbonate- or silica-rich, can
be expected from highly reactive high-sulfidation type fluids.
In this environment, silica is the only residue after extreme
acid leaching of every other mineral, or as a late overprint.
Common hydrothermal manifestations of the high-sulfidation
type are high-temperature solfataras and fumaroles centered
on recent volcanic edifices, and hyper-acidic crater lakes.
Near-neutral low-sulfidation type fluids, on the contrary, may
develop sinter deposits in hot spring environments unless
the hydrothermal discharge occurs in high-relief terrains.
Common hydrothermal manifestations of the low-sulfidation
type are hot springs and geysers. Common manifestations
associated with steam-heated grounds are fumaroles, steam-
ing grounds, and mud pots (or mud “volcanoes™). The position
of the groundwater table is sensitive to seasonal variations in
rainwater availability, climatic and tectonic changes, or sev-
eral other phenomena (e.g.. Sillitoe 2015).

Paleosurface features for the various types of subaerial/
sublacustrine magmatic-hydrothermal systems (i.e., epithermal-
like systems; Figure 5.4.4) and their mineralogy were summa-
rized in detail by Sillitoe (2015) as (1) steam-heated grounds,
with opal/chalcedony, alunite, kaolinite and smectite, (2)
groundwater table silicification, with opal/chalcedony. (3)
lacustrine amorphous silica sediments, with opal and cristo-
balite. (4) hydrothermal eruption craters and breccias, with
illite and smectite, (5) hot spring sinter, with opal/chalced-
ony. (6) hot spring travertine, with calcite and aragonite, (7)
hydrothermal chert, with opal/chalcedony, and (8) silicified
lacustrine sediments, with opal/chalcedony. See their occur-
rence and nature schematized in Figure 11 by Sillitoe (2015),
as replacements, open-space, or on-surface (subaerial or sub-
aqueous) precipitation. Cases 6 to 8 (particularly case 6) occur
distally to their hydrothermal upflow zone, which implies
that their temperatures are lower than in proximal features
and their chemical characteristics are attenuated by interac-
tion with meteoric water. Such features and their particular
mineral assemblages may be found topping various hydro-
thermal alteration assemblages in association with either
acidic or near-neutral to alkaline fluids (high-sulfidation and
intermediate- to low-sulfidation fluids, respectively), but not
necessarily. Alteration assemblages in the uppermost part of
these systems are characteristically zoned as follows, from
the central portion of hydrothermal upflow outwards into
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non-altered host rocks (see Stoffregen 1987: Corbett and
Leach 1998; Camprubi and Albinson 2006, 2007):

1. High-sulfidation systems: residual quartz (with opal.
cristobalite and tridymite), advanced argillic (from
silica + alunite to alunite + kaolinite outwards).
argillic (from kaolinite + silica to kaolinite + silica
+ smectite outwards). and illite- or smectite-rich
phyllic. from montmorillonite to chlorite-rich pro-
pylitic alteration, including zeolites and carbonates
(calcite and dolomite), in association with the most
alkaline fluids:

. Intermediate- to low-sulfidation systems: phyllic to
propylitic alteration, with the same mineral assem-
blages as those described for high-sulfidation systems.

(%]

Additionally. all the features in the uppermost portions of epi-
thermal deposits and their modern analogues may have anom-
alously high concentrations of Mn. As, Sb. Hg. TI. Se. Au.
Ag. Ga. and W (Hedenquist et al. 2000: Sillitoe 2015). These
anomalies occur in association with minerals such as pyrite,
cinnabar, stibnite, orpiment, realgar, native sulfur, livingston-
ite, corderoite, several amorphous phases, and. exceptionally.

borates (Sillitoe 2015, and references therein). The precipi-
tation of silica gels in epithermal systems is very common.
The occurrence in present-day geothermal fields (broadly
regarded as the active examples of epithermal deposits) of
phenomena such as geysers and phreatomagmatic eruptions
add another interesting feature for prebiotic reactions: the
formation of aerosols and the occurrence of minute mineral
particles alongside them (see subsequent sections).

Other possible hydrothermal environments associated with
volcanism that might have harbored similar conditions as
epithermal-type systems are Algoma-type BIFs, which were
formed during the Archean. Such deposits are rich in mag-
netite, hematite, siderite. pyrite, pyrrhotite, quartz (as cherts).
chlorites, amphiboles, feldspars, biotite, chalcopyrite. and
apatite, and the precipitation of colloidal silica would have
also occurred (Jébrak and Marcoux 2008).

5.4.4 PREBIOTIC EXPERIMENTS RELATED

TO HYDROTHERMAL VENTS
Even if hydrothermal vent systems effectively harbored chem-
ical synthesis, it is necessary to remind that the formation of
relevant molecules is only the first step toward the origin of
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life. The permanence of molecules in these environments is
a crucial factor to guarantee the formation of more complex
molecules (even polymers) that are necessary for the emer-
gence of living beings. In the forthcoming sections some
experiments that aimed to reproduce the environmental con-
ditions in some hydrothermal systems are discussed.
Although hydrothermal systems are the combination of
a broad number of geochemical variables, the vast majority
of experiments that consider the “conditions of hydrothermal
springs” have been initially oriented to test the effect of high
temperatures on prebiotic reactions. Thermal energy has been
considered as a synonym of energy in hydrothermal systems
and other energy sources have been neglected. Therefore, the
research in the matter started by testing the stability of organic
molecules at high temperatures, which is one of the most
straightforward possibilities. Lately, pressure has also been
incorporated in simulations as many of the experiments deal
with the simulation of deep submarine environments where
the pressure is a critical variable. In submarine environments
pressure affects the physical state of fluids: water and other
molecules (CO, and CH,) behave as supercritical fluids, hence
their high efficiency as solvents for organics (Holm 1992).

5.4.4.1 StaBiLTy oF OrcaNnics AT HicH

TEMPERATURES AND PRESSURES

The stability of organic molecules exposed to high temper-
atures is a fundamental issue. The endurance of molecules
allows to increase their concentration and the chance for fur-
ther chemical reactions. The formation of polymers, such as
nucleic acids, proteins, and polysaccharides, requires a low
decomposition rate of the monomers that constitute them.
Some groups of molecules are seemingly good candidates
to be the objects in these experiments; the tested molecules
include amino acids, sugars, nitrogenous bases, and organic
acids, among others (Table 5.4.3). Half-life values (t,,) pro-
vide an estimate of the time span molecules may last in the
environments under the tested environmental conditions, [or
an excellent review of half-lives values see Weber (2004) and
references therein.

Amino acids are essential molecules for life and their
behavior has been largely studied. Amino acids at high tem-
peratures (i.e., 250°C) and pressures (i.e., 250 atm) are very
short-lived, as they are stable for only a few hours (Abelson
1954; Bernhardt et al. 1984; White 1984; Miller and Bada
1988; Bada et al. 1995). These results would suggest that
hydrothermal springs in such conditions would not fit the
requirements for being considered “niches for chemical evolu-
tion.” However, il is essential (0 emphasize that most of these
experiments do not incorporate many of the physicochemical
parameters (e.g.. oxidation state, pH. dissolved gas species,
presence of inorganic surfaces, etc.). Also, such studies did
not recreate the entire natural variability in temperature and
pressure and their existing gradients even at the scale of a
single vent. Consequently, the stability of the organic mol-
ecules could have been largely underestimated (Holm and
Andersson 2005).
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Other relevant molecules are sugars, which are essential
constituents of nucleic acids and the basis for structural poly-
mers in cells. The studies regarding the thermolysis of sug-
ars (Larralde et al. 1995) showed that these compounds are
very unstable (t, ribose &~ 77 min) at temperatures as low as
100°C. The same behavior is observed for nitrogenous bases.
The half-life of adenine is t,, ~ 1 year at 100°C (Levy and
Miller 1998), which is a very short availability for further
reactions. Similarly, considering the effect of pH and high
pressures (e.g., 7.2 MPa), uracil and adenine are even more
labile (t,, < 1 h) than in the previous case (White 1984; Balodis
et al. 2012). All in all. this only emphasizes the high lability
of organic molecules at relatively high temperatures, as they
have much lower fusion and decomposition points than inor-
ganic compounds.

5.4.4.2 TemperATURE GRADIENTS

Even if energy is necessary for promoting chemical reactions,
the temperatures of some actual hydrothermal fluids may
attain up to 400°C (Von Damm 2013; James et al. 2014), which
are excessively high for organic molecules. It is an immense
problem. considering that these high temperatures could have
existed in some environments during the Archean (Shibuya
etal. 2010). However, as explained in sections above, such tem-
peratures are not constant in time and space: high-temperature
vents are commonly located in submarine areas at tempera-
tures nearing 0°C. which implies the occurrence of strong ther-
mal gradients. In sifu studies at present-day hydrothermal vent
systems demonstrate the existence of such gradients: just 15 cm
around the hydrothermal vents temperature drops at least 30°C
from the vent (Chevaldonné et al. 1991; Bates et al. 2010). The
spatial variability of the temperature, associated with the tur-
bulent mixing of the fluids in this type of environments, could
considerably increase the stability of the organic molecules.

However, temperature is not the only variable that may
present broad gradients. such is also the case of pressure.
pH. Eh, ionic concentration, mineralogy, etc. Such gradients,
besides representing an undeniable fact in natural hydrother-
mal systems, could also have contributed to increase the sta-
bility of organic molecules. Recently, attention has been paid
to gradients in the experimental field and some attempts have
been made indeed.

A first approximation is to estimate the half-life of mol-
ecules at different temperatures. Levy and Miller (1998) dem-
onstrated that at 100°C, nucleobases have short half-lives (t,,
= 1 year for A and G, t,, & 12 years for U, and t,, ~ 19 days
for C). However, the half-lives of same molecules at 0°C leapt
various orders of magnitude, to the point that all of them pre-
sented values in the order of 10° years. In other experiments,
Larralde et al. (1995) tested the stability of sugars and found
that the stability ribose increased from 73 min at 100°C to
44 years at 0°C. Such experiments can only encourage work-
ing with temperature gradients, ideally in congruence with
those determined in natural examples.

The design and use of flow reactors brought a new per-
spective in the field, as they permit the generation of thermal



TABLE 5.4.3
Some Relevant Experiments in Prebiotic Chemistry Simulating Physicochemical Conditions of Hydrothermal Vents
Variables Organic Molecule
Type of Study Used () Description of the Experiments Used Mineral Main Findings Reference
Decomposition T Solutions of amino acids (AAs) Ala, Arg. HCI, Asp, Cys, N.A, Interconversion of amino acids (i.e., methylamine from glycine;  Vallentyne (1964)
sealed in Pyrex glass Glu, Gly, His, HCI, ethylamine from alanine; glycine, alanine, and ethanolamine
HyPro, lle, Leu, Lys. from serine, etc.). There is an order of relative thermal stability at
HCI, Met, Phe, Pro, temperatures between 216°C and 280°C: (1) Asp, Thr, Ser, Arg.
Ser, Thr, Tyr,Val HCI; (2) Lys-HCI, His-HCI, Met: (3) Tyr, Gly, Val, Lew, lle; (4)
Ala, Pro, Hyp, Glu.
Decomposition T Amino acid in water solutions Glu, PCA (pyroglutamic  N.A. Kinetic parameters Povoledo and
acid) Vallentyne (1964)
Decomposition T Hydrolysis and decomposition of Free amino acids, nucleic N.A The t¥ of peptide bonds on alanine oligomers is close to 7 min.  White (1984)
biomolecules in solutions at 250°C bases, peptide bonds, A fast breakdown of other oligomers (Ala-Asp and Glu-Ala).
(pH = 7, potassium phosphate phosphodiester bonds Short half-life for proteins (1.08 s for (Ala),).
buffer).
Decomposition T, P Amino acid decomposition (6 h of Ala, Arg, Asp, Glu, Gly, N.A. Amino acids are drastically affected by high temperature and ~ Bernhardt et al.
incubation at 250°C and 260 bar). His, lle, Leu, Lys, Met, pressure. Some amino acids are almost quantitatively (1984)
Phe, Ser, Thr, Tyr, Val transformed or decomposed (Asp. Glu, Ser, Thr, Cys, Trp):
apolar amino acids as well as His, Lys, Arg and Phe are
partially degraded.
Decomposition T, P, pH Decompoaosition of solutions of amino  Ala, Leu, Ser, Asp N.A. Leut, is 15-20 min; Asp (<1 min), and Ser (few minutes) Miller and Bada
acids at 250°C, 265 atm, and pH decomposed more rapid than Leu; Ala is more stable than (1988)
=17 Leu. Gly is produced during the heating experiment.
Decomposition T,P, M Amino acid and oligomers at high Gly, Di-Gly, L-Ala, Magnetite Dipeptide hydrolysis and amino acid decomposition have a Qian et al. (1993)
temperatures, at both high and low  L-Glu first-order rate law. Magnetite accelerates the decomposition.
ressure.
Decomposition T,P. M KF:nelic.s of thermal decarboxylation  Acetic acid and sodium  Quartz, fused quantz, The decarbox ylation of acetic acid and acetate catalyzed, by  Bell etal. (1994)
of aqueous solutions of acetic acid acetate calcite, natural pyrite, the cleavage of the C-C bond, while the acetate molecule is
and sodium acetate (335°C and titanium oxide, Au, adsorbed onto a surface. Oxidation of acetic acid occur with
355°C) in contact with surfaces as Ca-montmorillonite, hematite and defected magnetite.
potential catalysts. Different Fe- montmorillonite,
pressures were used. hematite, synthetic pyrite,
and magnetite.
Decomposition T,P, M,pH  Amino acids, at high temperatures Ala, Gly + Leu. Quartz-fayalite-magnetite  Amino acids are irreversibly destroyed by heating at 240°C. Bada et al. (1995)
(240°C), buffered solutions ethylamine mixture Equilibrium thermodynamic calculations are not applicable to
(pH=T). organics under submarine vent conditions.
Decomposition T Determination of half-lives of sugars  Ribose N.A. Ribose t, are very short (73 min at pH 7.0 and 100°C and Larralde et al.
(aldopentoses and aldohexoses). 44 years at pH 7.0 and 0°C). The other sugars also have short ~ (1995)
Decomposition at pH 4-8 and, half-lives (2-deoxyribose, ribose 5-phosphate, and ribose
temperatures from 40°C to 120°C. 2 4-bisphosphate).
Decomposition T, redox Amino acids at different Ala, bAla, aABA, Asp, N.A. The decomposition rate is lower in high hydrogen fugacity Kohara et al,
temperatures, controlling the Glu, Gly, Leu, Ser, Val environments. (1997)
oxidation state of the environment. (Continued)
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TABLE 5.4.3 (Continued)
Some Relevant Experiments in Prebiotic Chemistry Simulating Physicochemical Conditions of Hydrothermal Vents

Variables Organic Molecule

Type of Study Used (©) Description of the Experiments Used Mineral Main Findings Reference

Decomposition T, pH Half-lives of nucleic bases at 100°C  Adenine, Guanine, NA. At 100°C the half-lives for nucleobases are very short. half-For Levy and Miller
and pH =7. Cytosine, Uracil Ais 1y, Gis 0.8 yr, Uis 12 yr. and T is 56 yr. C has half-life  (1998)

of 19 days. At 0°C, the half-life of A is 6 x 10° yr, G is
1.3 % 10%yr, Uis 3.8 x 10% yr, and T is 20 x 10 yr.

Decomposition T, P. M, redox Stability of amino acids, under redox  Ala, Asp, Leu, Ser Pyrite-pyrrhotite-magnetite  Gly, and Ala were formed, from Ser. Decomposition rates of  Andersson and
buffered hydrothermal conditions; (PPM) to constrain the Leu, Ala and Asp lower in experiments containing the PPM Holm (2000)
200°C and 50 bar in Teflon-coated oxygen fugacity. assemblage.
autoclaves. K-feldspar-muscovite-

quartz (KMQ) to control
the hydrogen ion activity.

Decomposition T, P Influence of P (22.2 and 40.0 MPa).  Gly N.A. Formation of Di-Gly, Tri-Gly (traces), diketopiperazine and a  Alargov etal.
and T (250°C, 300°C, 350°C, 433 Da product. P and T influence both dimerization and (2002)

374°C, 400°C) in the processes. decomposition. Maximum dimers formation at 350°C-375°C

22.2 and 40 Mpa.

Degradation rates Asp> Ser>Phe>Leu>Ala. Two main
reaction paths: deamination (Asp) to produce ammonia and
organic acids, and decarboxylation o produce carbonic acid

Decomposition T, P High temperature (200°C-340°C) Sato et al. (2004)
and high pressure (20 MPa), in a
continuous-flow tubular reactor.

- and amine. Production of glycine and alanine from serine.

Ala, Asp, Leu, Phe, Ser  N.A.

Decomposition T, P Hydrothermal reaction kinetics. Asp Reactor type. Non-inert The reaction Kinetics of Asp is complicated, and highly Cox and Seward
Followed by a custom-built (Ti-6-4/Au reactor) Inert dependent on experimental conditions (P, T, catalytic (2007a)
spectrophotometric reaction cell. In reactor (Au reactor). surfaces).
situ observations.

Decomposition T, P Hydrothemnal reaction kinetic. a-Ala, B-Ala, Gly N.A. Under certain hydrothermal conditions, a-Ala, Gly, and p-Ala  Cox and Seward
A custom spectrophotometric undergo dimerization and cyclization reaction pathways. (2007b)
reaction cell was constructed. In situ
observations. Experiments performed
at 120°C~165°C and 20 bar.

Decomposition T, P Decomposition of the amino acids Ala, Gly N.A. Decarboxylation and amino acid deamination reactions were  Klingleret al.
sub- and supercritical water. The proposed for both molecules. Ala is decomposed in lactic acid  (2007)
effect of T (250°C-450°C), and and ethylamine. Gly is decomposed in methylamine
residence time (2.5-35 ), P (34 and
24 MPa), and reactant concentration
(1.0% and 2.0%, w:v).

Decomposition T, M The effect of iron oxide and sulfide  Nva, Ala Iron oxide and sulfide Nva decomposes by (1) decarboxylation followed by oxidative McCollom (2013)

minerals on decomposition reactions minerals. deamination, and by (2) deamination directly to valeric acid.

of amino acids,

Mineral assemblage
hematite-magnetite-pyrite
(HMP) and pyrite-
pyrrhotite-magnetite
(PPM).

Aladecomposes in acetic and propionic acids, CO, and NH,,
Minerals accelerated decomposition rates. Decomposition is
faster in presence HMP than PPM. Surface catalysis and
production of dissolved sulfur compounds are probably
responsible of the decomposition.
(Continued)
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TABLE 5.4.3 (Continued)
Some Relevant Experiments in Prebiotic Chemistry Simulating Physicochemical Conditions of Hydrothermal Vents

Variables Organic Molecule

Type of Study Used (©2) Description of the Experiments Used Mineral Main Findings Reference

Decomposition T, M Role of relevant minerals and mineral Gly Mineral matrices: Glycine intercalated in some phy losilicates was well protected  Dalai et al. (2017)
mixtures in the thermal behavior of montmorillonite, against thermomelanoid, survived unaltered or been
an amino acid (200°C-250°C). nontronite, kaolinite, transformed into the cyclic dipeptide (DKP) and linear

salts, artificial sea salt, peptides up to (Gly),.
gypsum, magnesite,

picritic basalt, and three

samples that simulate the

Martian regolith.

Decomposition T, P, M, redox Decomposition of aspartate (200°C  Aspartate Brucite The reaction products vary significantly depending on the reaction Estrada et al.
and 15.5 bars in gold capsules) with conditions. Fluids including just aspartate formed: fumarate, (2017)
and without a mineral product of maleate, malate, acetate, and succinate and glycine (both in
serpentinization, and at reducing traces). Under reducing conditions, the main product was
conditions (NH,Cl and H, ) succinate and amino acids glycine, o-alanine, and B-alanine.

Stability T, M, The thermal stability of amino acids ~ Ala, Asp, Gaba, Glu, Carbonaccous ooze. The upper limit temperature for the stable presence was 150°C  Ito et al. (2006)
in seafloor hydrothermal systems is ~ Gly, Leu, Met, Ser. Calcite, with minor and 200°C. AAs cannot be synthesized or survive at
tested. amounts of quartz and temperatures higher than 250°C.

huntite and traces of illite,
smectite and chlorite.

Stability T, pH Reactions of amino acids under Ala, Arg, Asp, Cys, Glu, N.A, A decrease in the overall stability in amino acids mixtures. Abdelmoez et al.
subcritical water conditions Gly, His, lle, Leu, Lys, Most of the amino acids decompose at acidic and near-natural ~ (2007)
(220°C-290°C). Met, Phe, Pro, Ser, Thr, pH, stable at basic pH.

Tyr, Val.

Stability T.pH.M Evaluation of the thermal stability of ~ Ala, Arg, Asp, Bala, Siliceous ooze Compared with decomposition at neutral conditions, the Yamaoka et al.
amino acids under alkaline Gaba, Glu, Gly, His, decomposition rates are lower under alkaline conditions, (2007)
hydrothermal conditions (an Ile, Leu, Lys, Met, Or,
aqueous solution of NaCl and Phe, Pro, Ser, Thr, Tyr,

Na,CO,) at elevated temperature Val
(100°C-300°C).

Stability T, P, redox Stability of adenine under Adenine Iron The gases improve the stability of adenine. The concentration  Franiatte et al,
hydrothermal conditions, at 300°C of adenine decreased rapidly during the first 24 h of the (2008)
under fugacities of CO,, N,, and H, experiment, then kept decreasing slowly. Adenine was still

present in the hydrothermal solution after ~200 h.

Stability .M Effect of the mineralogical and Ala, Arg, Asp, B-Ala, Siliceous ooze: silica Amino acids protected from decomposition by amorphous Ito et al. (2009)

chemical properties of host Gaba, Glu, Gly, His, minerals (mostly quartz  silica and silicate minerals via adsorption and/or binding. The

sediments on the thermal stability of
amino acids.

lle, Leu, Lys, Met, Phe,
Pro, Ser, Thr, Tyr, Val

and minor opaline silica);

moderate amounts of
calcite and minor
amounts of smectite and
illite. Montmorillonite
Saponite (synthesized).

optimal temperature for amino acids was below 150°C.
Amino acids are more stable at higher temperatures when
associated with silicates.

(Continued)
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TABLE 5.4.3 (Continued)
Some Relevant Experiments in Prebiotic Chemistry Simulating Physicochemical Conditions of Hydrothermal Vents

Type of Study
Stability T.P, pH
Stability T, pH, redox

Oligomerization T,M

Oligomerization T, P, pH. M

Oligomeization T, pH, S,

Oligomerization T

Oligomerization T

Oligomerization T

Oligomerization T

Oligomerization T, pH

Description of the Experiments

Tonization constants of nucleic bases
at 250°C and 7.2 MPa

The effects of temperature (25°C,
150°C, 200°C, and 250°C) pH (6
and 10) and redox state (13 mM
aqueous H,). of hydrothermal fluids.
Reaction times from 3 to 36 min.

Amino acids.

Amino acids in a flow reactor with
temperature gradients (T = 250°C,

at24 MPa. pH 2.5)

Oligomerization in a flow reacton
(temperature gradient from 110°C to
0°C at pH 3). Dissolved ZnCl,

Amino acid solution heating at
different temperatures
(200°C-350°C) in a supercritical
flow reactor. The stability of some
amino acids (®- and g-amino
acids) under hydrothermal
conditions was explored.

Hydrothermal stability of alanine

oligopeptides.

Amino acid solution heating at
different T (160°C, 220°C, and

260°C).

In a hydrothermal microflow reactor,
the synthesis of oligopeptide-like
molecules at 250°C-310°C.

Dimerization rate of glycine, the
effects of pH (ranging from 3.1 to
10.9) and temperature (120°C, 140°C,
160°C, and 180°C) were tested.

Organic Molecule

Used
Adenine, Uracil

Glu

Gly, Phe, Tyr

Gly+Ala

AMP

Gly

(Ala),, (Ala),, (Ala),

Gly

Glu, Asp

Gly

Mineral
N.A.

N.A

(Ni,Fe)S surfaces.

CuCl,

N.A.

N.A.

N.A.

Gold hydrothermal
reaction cells.

N.A.

Main Findings
Uracil and adenine decomposition occurred by one-step and
two-step processes. Phosphate buffer solution enhances the

stability of nucleic acid bases,
Glutamic acid at high-temperatures cyclizes and forms

pyroglutamate. The formed products (succinate, formate,
carbon dioxide, and ammonia) depend on the temperature,
pH, and the redox state.

The formation of oligopeptides was pH dependent. Dipeptide
formation (L-Phe, L-Tyr, D,L-Tyr and Gly).

Exponential growth of the products, as a consequence of
previous cycles formation, function as templates for the next
cycle. At least six different oligopeptides were detected;
Ala-Gly, Gly-Ala, Ala-Ala, Gly-Ala-Ala, Ala-Ala-Ala,
Ala-Ala-Ala-Ala.

Synthesis of oligonucleotides in the absence of condensing
agents.

Oligomers, up to tetra-Gly, formed at 200°C-350°C. No
glycine oligopeptides were produced at 400°C. ®-Amino
acids and glutamic acid exhibited higher stability than other
o-amino acids.

Small excess of oligopeptides longer than the starting ones.
Elongation of (Ala), and (Ala), was possible in Ala excess.
Elongation is competitive with degradation.

Peptide synthesis (di-Gly, tri-Gly) is favored in hydrothermal
fluids. Rapid recycling of products from cool into near-
supercritical fluids will enhance peptide chain elongation.

Synthesis of oligopeptide-like molecules of length up to
20-mers from Glu and Asp.

Dimerization increases at basic pH (7-10). The dimerization
rate increases with temperature (150°C). Gly dimerizes most
under alkaline pH (~9.8) at about 150°C.

Reference
Balodis et al.
(2012)

Lee etal. (2014)

Huber and
Wiichtershiiuser
(1998)

Ogata et al. (2000)

Ogasawara et al.
(2000)

Islam et al. (2003)

Kawamura (2005)

Lemke et al.
(2009)

Kawamura and
Shimahashi
(2008)

Sakata et al. (2010)

(Continued)
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TABLE 5.4.3 (Continued)
Some Relevant Experiments in Prebiotic Chemistry Simulating Physicochemical Conditions of Hydrothermal Vents

Variables Organic Molecule

Type of Study Used (Q) Description of the Experiments Used Mineral Main Findings Reference

Oligomerization T The production of phosphodiester AMP, UMP N.A. The cycles of hydration and dehydration drive the synthesis of  DeGuzman et al.
bond and formation of ester bonds. Oligomers resembling RNA are synthesized. (2014)
mononucleotides capable of base Some of the products have properties suggesting secondary
pairing after hydration-dehydration structures, including duplex species stabilized by hydrogen
cycles (85°C). bonds.

Oligomerization T, M, pH The effect of elemental composition, AMP, Imidazole- Iron-sulfide synthesized ~ Nucleotide oligomerization—for both the activated and Burcar et al.
pH, presence of clay, doping with activated AMP (ImpA)  chimneys. unactivated nucleotide—can occur in synthetic alkaline (2015)
small organic compounds, Montmorillonite. hydrothermal chimneys. Generation of oligomers (up to 4
ribonucleotide activation on RNA units) with imidazole-activated ribonucleotides.
oligomerization.

Synthesis M Heating of NHHCO, solution with  Acetylene Calcium carbide. Calcium. Amino acids (Gly, Ala, Asp, Glu, Pro, Ser, Leu, Ile, Lys, Val,  Marshall (1994)
C,H,, H, and O, (produced in sifu). Thr) and amines formed at 200°C-275°C, no formation at

<150°C.

Synthesis T Formation of lipids through Formic acid or oxalic N.A. Heating at 175°C for 2--3 days, lipid compounds from C, to McCollom et al.
Fischer-Tropsch-type synthesis of acid >C,; (n-alkanols, n-alkanoic acids, n-alkenes, n-alkanes and  (1999)
aqueous solutions. alkanones).

Synthesis TP M Reactivity of organic acids and acid  Acetic acid, sodium (1) Hematite + magnetite  Acetic acid and acetate decompose by decarboxylation and McCollom and
anions (325°C, 350 bars) in the acetate, valeric acid + pyrite (HMP). (2) Pyrite  oxidation. Reactions are catalyzed by minerals: magnetite Seewald (2003b)
presence of the mineral + pyrrhotite + magnetite  promotes decarboxy lation; hematite promotes oxidation The
assemblages. (PPyM) (3) Hematite + oxidation reaction is much faster. Valeric acid decomposed

magnetite (HM) faster than acetic acid under similar conditions.

Synthesis Decomposition of formic acid and Formic acid and formate Hematite, Magnetite. Minerals had no effect on the stability of formic acid or McCollom and
formate and the production of Serpentinized olivine, formate. The quantity of formate in hydrothermal fluids could  Seewald (2003a)
formate from CO, reduction Ni-Fe alloy be controlled by an equilibrium with dissolved CO, at the
(175°C-260°C). Experiments oxidation state and pH of the fluid.
conducted in gold-TiO2 reactors

Synthesis T.PM Conversion of CO, into organic CO, and H, Cobalt-bearing magnetite. Formation of CH,, C,H,, and C;Hg, but also n-C,H,, and Jiet al. (2008)
compounds in hydrothermal n-CiH,.
conditions (300°C and 30 MPa).

Synthesis ™ N-bearing molecules, to synthesize  Dinitrogen, nitrate Fe and Ni metal, awaruvite  Nitrite and nitrate are converted to ammonium rapidly. The Smirnov et al.
ammonia, at different T (200°C, (Nig,Fe, ) and tetrataenite  reaction of dinitrogen is slower. Reduction is strongly (2008)
70°C, and 22°C). (Nig,Feqy), alloys bearing  temperature-dependent. Metals were more reactive than alloys.

Fe and Ni.

Synthesis T Amino acids synthesis in function of NHHCO, Amino acids synthesized (Gly, Ala, Asp, Glu, Ser) from simple Aubrey et al.
temperature, heating time, starting precursors under submarine hydrothermal systems conditions.  (2009)
material composition and Degradation is privileged in such conditions. Synthesis at
concentration. lower temperatures.

(Continued )
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TABLE 5.4.3 (Continued)
Some Relevant Experiments in Prebiotic Chemistry Simulating Physicochemical Conditions of Hydrothermal Vents

Variables Organic Molecule
Type of Study Used (©) Description of the Experiments Used Mineral Main Findings Reference
Synthesis/ ™ Pyrophosphate synthesis in inorganic  FeCl,.4H,0, Na,S.9H,0, Iron mineral films. Poi was synthesized. Iron-rich membranes with incorporated ~ Barge et al. (2014)
Precipitation precipitates simulating hydrothermal  K,HPO,, Sodium phosphates were generated.
chimney structures in thermal and/or  silicate solution
ionic gradients. (Na,0/26.5% Si0,),
Na-acetyl phosphate
Cycling T, S Laboratory simulation of hydrothermal Mixtures of AMP and N.A. 1:1 are cycled in the presence of monovalent salts, a Da Silvaet al.
pools under cycles of hydration and UMP polymerization reaction yields a product with (2015)

dehydration at 85°C in an atmosphere
of CO, and monovalent salts

Adsorption .M Adsorption-desorption experiments  Lys Na-smectite (smectite Thermal treatment originates stronger smectite-lysine binding, Cuadros et al,

at 80°C for 10 days. (>90%), a small amount of by H bonds between NH ;* lysine groups and smectite basal O (2009)
cristobalite (<10%) and atoms.
traces of cakeite and quartz.

Microsphere TP Aqueous solution with amino acids ~ Gly, Ala, Val, Asp N.A. Formation of microspheres at temperatures above 250°C. Polar Yanagawa and
formation (Gly, Ala, Val and Asp) in glass amino acids are needed for the microsphere formation. Kojima (1985)

tubes, heated at 200°C, 250°C, Microspheres are made of peptide-like polymers.

300°C, and 350°C, at 134 aum,

buffered (pH 7.2).

Reaction T Decarboxylation of an amino acid a-Ala N.A. Arrhenius parameters were determined. The addition of KCI' - Li et al. (2002)
solution as a function of pH. resulted in a reduction of the decarboxylation rate.

Reactivity M Pyruvate reactions in presence of Pyr Pyrrhotite, troilite, Amino acids and fatty acids were formed. Formation of lactate, Novikov and
transition-metal sulfide minerals, at arsenopyrite, pyrite, propionate, and alanine, among others. Copley (2013)
moderate temperatures marcasite, sphalerite,

(25°C-110°C). chalcopyrite

Concentration T, M To test if channels within the mineral Oleic acid Borosilicate Microcapillaries act as a thermal diffusion column and Budin et al. (2009)

could act as act as natural microcapillaries. concentrated the molecule. Vesicle formation.

Clusius-Dickel thermal diffusion
column and increase local

amphiphile concentrations.
Mineral T.pH Raman spectroscopy to study Aqueous alkaline solutions N.A. Formation of mackinawite and greigite iron sulfide phases. White et al. (2015)
precipitation ancient hydrothermal iron sulfide  containing bisulfide and Mackinawite was probably the dominant catalyst in ancient
formation (growth temperatures silicate injected into iron pre-biotic chemistry.
from 40°C 1o 80°C). (I) solutions.

Source: Colin-Garcia, M. et al,, Bol. Soc. Geol, Mex., 68, 599-620, 2016.

Note:  All amino acids are abbreviated according to the ITUPAC indications.

Key:  ABA = aminobutyric acid, Ala = alanine, AMP = adenosine monophosphate, Arg = arginine, Asp = asparagine, Cys = cysteine, Gaba = gamma-aminobutyric acid, Glu = glutamic acid, Gly = glycine, His=
histidine, Hyp = hydroxyproline, lle = isoleucine, Leu = leucine, Lys = lysine, Met = methionine, Nva = norvaline, Orn = ornithine, PCA = pyroglutamic acid, Phe = phenylalanine, Pro = proline, Pyr =
pyruvate, Ser = serine, Thr = threonine, Tyr = tyrosine, Val = valine.

(€2) Variables used refer to: T = temperature, P = pressure, M = minerals, S = salts, redox estate, and pH.
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gradients. The use of those equipment showed that it is not
only possible for organic molecules to remain in these envi-
ronments, but it is also feasible to form more complex mol-
ecules. such as oligomers. This was tested for amino acids
that formed oligopeptides (Imai et al. 1999; Ogata et al. 2000;
[slam et al. 2003); similarly, oligonucleotides were formed
from the repeatedly circulation of nucleotides between hot
and cold regions, even in the absence of condensation agents
(Ogasawara et al. 2000). These experiments have been com-
pleted with theoretical approaches that suggest that thermal
gradients in mineral pores could favour the accumulation of
molecules (Braun and Libchaber 2002; Baaske et al. 2007;
Mast et al. 2013; Niether et al. 2016).

5.4.4.3 Repox State AND Dissorvep Gases

Hydrothermal vents harbor a high diversity of chemical spe-
cies. Currently, some of these dissolved species in hydrother-
mal fluids are the fuel for microbial communities thriving in
these environments (Martin et al. 2008). It has been proposed
that the wide availability of gases and/or dissolved elements
(CO,. H,S. H,, CH,. NH,, Co, Fe, Mg, SO/, and Mn) (Tivey
2007; Martin et al. 2008) in hydrothermal systems could have
been the basis of the first metabolic routes (Wiichtershiiuser
1990: Russell and Martin 2004; Martin et al. 2008). Certainly,
dissolved chemical species in these environments may have
promoted or inhibit the reactivity of organic molecules.

More recently, several research groups have delved into
the effect of various geochemical variables on the stabil-
ity of organic molecules. In general, the experiments sug-
gest that the geochemical variables are intrinsically related
to the fate of the organic molecules. That implies that in
these environments small changes in environmental condi-
tions could have promoted chemical changes. Investigations
(Kohara et al. 1997) and (Lee et al. 2014) showed that the
decomposition rate of some amino acids (i.e., glycine,
glutamic acid, and alanine) was much slower in environ-
ments with high hydrogen fugacity. In other experiments,
the decomposition of amino acids decreases under buffered
conditions, as the pyrite-pyrrhotite-magnetite system acts as
a redox buffer (Andersson and Holm 2000). However. the
redox condition also affects the decomposition pathways.
There are two possible decomposition reactions of amino
acids under hydrothermal conditions: deamination to pro-
duce ammonia and organic acids, and decarboxylation to
produce carbonic acid and amines (Sato et al. 2004). It has
been shown that some amino acids (i.e., glycine and ala-
nine) may preferably undergo dimerization and then cycli-
zation reactions, instead of decomposition, depending on
the experimental conditions (mineral surface, temperature,
residence time, and redox state; (Cox and Seward 2007b.
2007c). In addition, depending on temperature and pressure,
there may be a selection of the decomposition mechanism
(Klingler et al. 2007).

Experiments with nitrogenous bases (Franiatte et al.
2008) showed that under an atmosphere containing CO,,
N,, and H,, adenine was present after &~ 200 hours of

Handbook of Astrobiology

heating at 300°C. On the other hand, the decomposition
reactions (e.g.. dehydrogenation) may depend on the redox
state of the system.

5.4.4.4 pH GrabienTs

There is a great debate about the role of proton gradients in
the origin of life, as the electrochemical gradients across the
membranes could have boosted metabolism (Jackson 2016;
Lane 2017). It is very feasible that the pH values in hydro-
thermal vent systems could also be involved in the chemical
behavior of organic molecules. On-site measurements showed
that hydrothermal fluids at high temperatures (e.g.. >350°C)
and with acidic pH (close to 5) change their pH toward neu-
trality when they come in contact with oceanic water (Ding
et al. 2005). Similarly, theoretical studies explain that it is
possible to have a gradient of up to 6 pH units (that is, six
orders of magnitude) at a micrometric scale in hydrother-
mal vents (Moller et al. 2017). Experimentally, Sakata et al.
(2010) showed that dimerization of glycine is most efficient at
alkaline pH (= 9.8) due to differences in dissociation states of
the molecule (i.e., Gly*= and Gly~ fractions are approximately
equal at this pH). Also, the decarboxylation of alanine is three
times higher in pH values where the zwitterion predominates,
although the presence of dissolved ions (i.e., KCI) reduces it
(Lietal. 2002).

5.4.4.5 EXPERIMENTS THAT INCcLUDE MINERALS

One of the most important characteristics of hydrothermal
vents is their high mineralogical diversity. The broad diversity
of minerals in hydrothermal springs of any type could be a
crucial parameter in the formation and production of complex
organic molecules in prebiotic experiments (Colin-Garcia
et al. 2016). The role that minerals could have played in pre-
biotic reactions is complex but can be envisioned as follows:
(1) catalysts of reactions. both decomposition and formation
of more complex species, (2) templates where organics can
organize and constitute more complex molecules, (3) protec-
tive agents, sheltering molecules from decomposition in the
media, and (4) concentrating agents—the concentration of
organics in contact with solids increases and some organic
reactions can be promoted. The specific role that miner-
als play depends on variables including: chemical composi-
tion of minerals and their impurities, solubility of minerals,
redox potential in the environment. pH, temperature, ionic
force, and, of course, the characteristics of the organic mol-
ecule. Minerals affect at different degrees the thermal decom-
position of organics; actually, many experiments have been
performed in order to specifically understand the effect of
minerals on the chemical reactions related to prebiotic chem-
istry experiments (Table 5.4.3).

In order to evaluate the effect of the mineralogical and
chemical properties of host sediments on the thermal sta-
bility of amino acids (Ito et al. 2006) reported almost full
decomposition of amino acids (90.1% at 200°C and 99.7% at
300°C) in experiments including calcareous sediments and
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NaCl solutions. Also, they suggested that the temperature roof
for having stable amino acids probably varies between 150°C
and 200°C (Ito et al. 2006). Later, the same group demon-
strated that at the very same conditions siliceous ooze served
as a better protection for amino acid than calcareous sedi-
ments (Ito et al. 2009). Yamaoka et al. (2007) also studied the
effect of siliceous ooze in the decomposition of amino acids,
but under alkaline hydrothermal conditions (by enrichment of
Na,CO; and volatile gases). They found that decomposition is
inhibited in alkaline conditions and, even more, amino acids
remained even after heating for 240 hours at 300°C. Dalai
et al. (2017) investigated how minerals and mineral mixtures
change the formation of a black water-soluble thermal polymer
(“thermomelanoid™) of glycine. When the experiment was car-
ried out in the presence of phyllosilicates, these minerals pre-
cluded the formation of the polymer; instead, glycine remained
unaltered or was even transformed to the cyclic dipeptide
diketopiperazine (DKP) or polymerized up to Gly6.

It has also been tested the role of sulfides in prebiotic reac-
tions. Novikov and Copley (2013) demonstrated that pyrite
favors the synthesis of amino acids and fatty acids from
pyruvate (an important precursor for organic molecules and
already synthesized under simulated hydrothermal vent con-
ditions). Qian et al. (1993) showed that magnetite increases
the decomposition of amino acids at high pressures and tem-
peratures. In addition, the presence of mineral substrates (e.g.,
iron oxides and sulfides) accelerates the decomposition rates
of some amino acids (norvaline; McCollom 2013).

A series of experiments (McCollom and Seewald 2003a)
showed that minerals such as hematite, magnetite, serpen-
tinized olivine, and NiFe alloy had little effect on the stabil-
ity of some species (formate and formic acid. the simplest
organic acid, and acid anion present in natural waters).
However, minerals influenced both the pH and concentration
in CO, of fluids, and. in turn, dissolved CO, determined the
amount of formate that was present. Acetic acid and acetate
(intermediates in metabolism) decompose rapidly in the pres-
ence of minerals containing metal ions (e.g., calcium- and
iron-bearing montmorillonite, pyrite, hematite, and magne-
tite) as they act as catalysts in the decarboxylation reaction
(Bell et al. 1994).

Stereoselectivity is also promoted by minerals. Fuchida
etal. (2017) heated (at 120°C) pr-alanine in presence of oliv-
ine and water to investigate the formation of the diastereo-
isomers of diketopiperazine (DKP). Olivine was an efficient
catalyst to form DKP and determined the preferential forma-
tion of one of these dipeptides.

Studies that included other types of variables demonstrated
that minerals can also have a representative role in the behav-
ior of organic molecules. For example, the presence of dis-
solved ions may favor the protection of amino acids against
thermal decomposition, probably due to the formation of
complexes with dissolved ions (e.g., Ca> and Mg¥) that, in
turn, increase their sorption onto mineral surfaces (Dalai
et al. 2017). Likewise, thermal treatment from a hydrated
phase can favor the concentration of amino acids in clays due
to the increase in hydrogen bonds between the tetrahedron
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bed and the amino group of the amino acid (Cuadros et al.
2009). Also, the stability of formate and formic acid could be
affected more by dissolved CO, contents and the pH of the
fluid than by the presence of some minerals (e.g., hematite,
magnetite, and serpentine; McCollom and Seewald 2003b).

5.4.5 SUMMARY OF RELEVANT GEOLOGICAL
AND MINERALOGICAL ASPECTS
FOR EXPERIMENTAL STUDIES WITH
REGARD TO PREBIOTIC SYNTHESIS

Physicochemical variables such as temperature, pressure,
composition of solutes in aqueous brines or supercritical
fluids, pH, and Eh are obvious key factors that control pre-
biotic synthesis. In addition, the role of minerals in prebiotic
chemistry is acknowledged nowadays as no lesser factor (see
the previous sections; Schoonen et al. 2004; Cleaves et al.
2012). The broad variety of factors that have an influence on
prebiotic chemistry come from an even broader variety of nat-
ural environments (Figures 5.4.5 through 5.4.8, which stretch
far more generously than those visible in deep submarine
VMS-type hydrothermal vents, either acidic or alkaline (see
Table 5.4.2). In other words, many natural settings interesting
as models for prebiotic studies can be found outside VMS-
type hydrothermal vents.

Natural systems keep resisting experimental simplifications
but also have a great potential for furnishing new possibili-
ties for experimental patterns. It is in such spirit that we may
now summarize from the above the following variables and
“situations.” as it were, in order to direct future experimental
endeavors as much close to nature as possible.

1. Physicochemical gradients: temperature gradients,
pH gradients, Eh gradients. salinity gradients, ionic
force gradients, pCO, gradients, and O, and S, fugac-
ity gradients (virtually all hydrothermal systems in
early sections of this paper). All natural hydrother-
mal systems show strong natural variations (Hazen
and Sverjensky 2010) in all these cases with respect
to (A) upwelling hydrothermal fluids themselves,
and (B) the contrast between them and the environ-
ment they may encounter (whether it is a rock, air,
seawater, a lake, or a puddle). As consequence, the
value distribution of all variables may behave frac-
tally across space and time—for instance, tempera-
ture decreases and pH increases from the central to
the peripheral vents in VMS and SEDEX mounds,
but they also do so in the lifetime of a particular vent
and as the whole hydrothermal system wanes. The
most obvious differences that arise for a given vari-
able when comparing two or more types of hydro-
thermal systems have to do with how extreme is
the range of variation of a given physicochemical
variable, as such general ranges overlap in all the
types of systems considered hereby. For example,
all ranges of temperatures in Table 5.4.2 are those of
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systems of the volcanogenic massive sulfide (VMS) type, as of Figure 5.4.1.
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systems of the sedimentary-exhalative (SEDEX) type, as of Figure 5.4.2.

typical stages of mineral deposition (ore associations
in particular), but the general variation of tempera-
ture stretches down to the environmental tempera-
ture for each case (~0°C in deep seawater and ~25°C
in continental systems). In addition, all the (paleo-)
hydrothermal systems considered in this paper have

. Mineralogical

a multi-episodic behavior. which means that each
hydrothermal pulse has physicochemical character-
istics that may differ greatly from those of preceding
or later pulses.

gradients across a mineral deposit or

compositional gradients within the same mineral
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(virtually all systems). Most hydrothermal systems
share minerals from about the same mineralogical
hierarchical categories (silica, carbonates, sulfates.
sulfides. clay minerals. etc.), but the distribution of
such minerals may vary among different types of
hydrothermal systems and even among different

vents of the same system. Strong mineralogical con-
trast may occur at very variable stretches, from mil-
limeters to meters, even fractally in the same deposit
(e.g.. within the internal banding of a single min-
eralized chimney and on the surface from core (o
rim of venting in a VMS mineralized vent). There
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is no straightforward explanation for such variation,
which is multifactorial in nature. It may even happen
that high-temperature fluids cross low-temperature
mineral associations and vice versa. Additionally,
minerals show natural variations in composition that
may vary among different types of hydrothermal
systems (i.e.. sphalerite may attain very different Fe
contents) and even down to crystal scale.

. Grain-size gradients (virtually all systems). Ever

since their formation, crystals may naturally vary
between coarse-grained to cryptocrystalline, even
into amorphous phases. This is an important aspect
for experimental matters because as grain size
decreases, the overall specific surface of a mineral
aggregate increases. Also, the grain size of a mineral
aggregate can be relatively homogeneous or inhomo-
geneous. Grain size may be highly variable since the
very moment in which a mineral aggregate is depos-
ited, but grain sizes can be greatly modified during
the life span of a hydrothermal system. Indeed, min-
erals can be “ground” by fracturing and deformed
by diapiric ascent or slope sliding: the grain size of
a mineral may increase due to thermal recrystalliza-
tion (or replacement by another mineral), and gels
and amorphous phases may eventually crystallize.
However, these processes do not necessarily occur
during the life span of a hydrothermal system, and
these are issues that need to be addressed case by
case.

. Occurrence of silica and/or Fe-Mn oxide gels, or col-

loidal phases (VMS, shallow subaqueous systems,
epithermal, black shales, SEDEX, Algoma-type
BIF). Can the presence of silica and other inorganic
species from gels have any role in the oligomeriza-
tion of organic species? It has been demonstrated
that amino acids interact with the surface of silica by
different mechanism (Rimola et al. 2013 and refer-
ence therein). Moreover, once adsorbed. amino acids
react to give DKP cyclic intermediates, which con-
stitute a full research area. the study of the thermal
transformations of amino acids catalyzed by silica
(Rimola et al. 2013 and reference therein).

. Occurrence of liquid interfaces with highly contrast-

ing physicochemical characteristics. Such is the case
of the interfaces among submarine brine pools, less
saline hydrothermal fluids. and even less saline and
cooler seawater (VMS and SEDEX); among some
of these and hot molten sulfur (VMS and submarine
volcanoes); or between two aqueous fluids with con-
trasting salinities, which will not mix easily on the
continental surface (geothermal/epithermal). The
experimental work concerning prebiotic synthesis
is generally carried out between a liquid phase with
dissolved organic molecules and a solid phase, which
is the most common situation in natural hydrother-
mal systems. However. it is yet to be tested whether
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some of the situations described previously may have
a role in prebiotic chemistry.

6. Seasonal gradients for water supply (epithermal
and other continental systems) or invasion/retreat of
seawater upon low and high tides twice a day (shal-
low subaqueous systems). These gradients imply the
variation in time of water availability either by (A)
seasonality of meteoric recharge that may not com-
pensate the evaporation of puddled water, or (B) the
occurrence of puddles in intertidal areas filled with
upwelling hydrothermal fluids and variable amounts
of seawater. The relevance and potential of fluctua-
tions in wet/dry or hydration/dehydration cycles for
prebiotic synthesis have been already pointed out by
Damer and Deamer (2015).

7. Occurrence of diffuse bubbling (epithermal, shallow
subaqueous systems. including exceptionally shallow
VMS and SEDEX systems) or aerosols with or with-
out the occurrence of minute mineral particles along-
side them in association with geysers, mud pots, or
phreatomagmatic eruptions (geothermal/epithermal
and other subaerial to shallow submarine/sublacus-
trine hydrothermal manifestations). It has been dem-
onstrated that in bubbles and aerosols, many chemical
reactions occur. and both types of interfaces represent
heterogeneous microenvironments. Bubbles become
more stable as they adsorb dissolved materials, thus
concentrating these: afterward, the stabilized bubbles
that contain organics act as nucleation sites for larger
bubbles. This mechanism increases the concentration
of organics (Lerman 2010) that could react to form
more complex molecules.

8. Transition metals, which are available in aqueous
solution elsewhere in all the hydrothermal systems
described in the previous sections, may be effec-
tive catalysts for abiotic reactions that are involved
in prebiotic synthesis by means of natural gases at
temperatures <200°C (Horita 2001).

5.4.6 FINAL CONSIDERATIONS

Hydrothermal systems in oceanic (submarine) or continental
settings (subaerial, sublacustrine) may have played an impor-
tant role in the synthesis of organic compounds in the carly
Earth. In order to understand the role of the various geologi-
cal environments in prebiotic chemistry, a multidisciplinary
approach is necessary, which includes chemistry and geol-
ogy. There are many environments, both ancient and recent,
that can be called hydrothermal. Although many experiments
have been conducted to simulate the conditions of the most
conspicuous environments (mostly VMS-type systems, both
white and black smokers), little effort has been devoted to
understanding the possible contributions to organic synthe-
sis stemming from other likely hydrothermal environments.
In this work, the possible role of other hydrothermal envi-
ronments is highlighted, provided that their characteristics
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also provide physicochemical variables, a broad variety of
minerals, and a natural variability that could have been rel-
evant in the synthesis of organic molecules from inorganic
compounds. In order to contribute to a consensus on whether
the participation of hydrothermal environments to chemical
evolution was constructive or destructive, il is necessary (0
design more accurate experiments that combine not only the
known physicochemical variables, but also their gradients in
space and time. In this sense, recent literature in this mat-
ter increasingly aims at reproducing physicochemical condi-
tions that are closer to natural gradients than earlier work.
Although multivariable approaches to prebiotic chemistry
are hard to manage. they will surely prove to be worthwhile
endeavors, especially those that get as close as possible to
the natural diversity of hydrothermal systems. In addition,
the approach on which this paper relies provides many pos-
sibilities for conducting experiments that use heterogeneous
interfaces of many Kinds that would be firmly based on actual
natural hydrothermal systems.
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Capitulo III

Metodologia

Este trabajo consiste en una serie de estudios enfocados en explorar el papel de los sistemas
hidrotermales desde la perspectiva de la evolucion quimica. Estos experimentos abarcan la sintesis
de materia prima para llevar a cabo reacciones quimicas, asi como el analisis de la estabilidad y
reactividad de diversas moléculas orgédnicas. De igual manera, se estudian las interacciones entre
moléculas orgénicas y minerales con el fin de establecer cual es el destino de diversos compuestos
en un entorno especifico.

De acuerdo a la Figura 3.1., la Tesis abarca cuatro experimentos basicos: 1) la termolisis del HCN;
2) la caracterizacion y propiedades térmicas del HCN-DTP; 3) la polimerizacién de aminoacidos
en entornos hidrotermales; y 4) la sorcion de aminoécidos considerando el efecto de iones
disueltos.

Papel de los Sistemas ITidrotermales en Evolucién
Quimica: Ensayos de Quimica Prebiética
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Figura 3.1. Resumen de la metodologia.
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Nota: HCN: Acido cianhidrico; AAs: Aminoacidos; EA: Analisis elemental,; TGA: Analisis
termogravimétrico; TG-MS: Anadlisis termogravimétrico acoplado a espectrometria de masas;
DTG: Analisis térmico diferencial; DSC: Calorimetria diferencial de barrido; GC: Cromatografia
de gases; GC-MS: Cromatografia de gases acoplada a espectrometria de masas; UHPLC:
Cromatografia liquida de ultra alta eficiencia; XRD: Difracciéon de Rayos X; FT-ICR MS:
Espectrometria de masas por resonancia ion-ciclotron con transformada de Fourier; XPS:
Espectroscopia fotoelectronica de Rayos X; FT-1R: Espectroscopia Infrarrojo con transformada
de Fourier; UV-Vis Spectroscopy: Espectroscopia UV-Visible;, HWM: Modelo de agua
hidrotermal; Mg-Mont: Montmorillonita de Magnesio; HCN-DTP: Polimero térmico derivado
de HCN; pHpzc: Punto de carga cero; NMR: Resonancia Magnética Nuclear; DA: Tratamiento
de activacion en seco; HT: Tratamiento hidrotermal submarino (alta temperatura-presion).

1. Materiales

1.1. Aminoécidos (AAS)

Se emplearon los aminoacidos glicina (Gly, G), L-alanina (Ala, A), acido L-glutdmico (Glu, E) y
acido L-aspartico (Asp, D) de Sigma-Aldrich® (99% de pureza) (Ver Capitulos VIy VII).

1.2. Minerales

La Mg-Mont fue preparada a partir de la muestra SWy-2cNa-Mont Crook County, Wyoming,
USA. La silice pirogénica (SiO7) fue proporcionada por Evonik Industries® (Aerosil 380). La
serpentinita fue proporcionada por el profesor Fernando-Ortega (Instituto de Geologia, UNAM).
La muestra se obtuvo del Complejo Acatlan, SO de México (Gonzalez-Mancera et al. 2009) (Ver
Capitulos V, VI y VII).

1.3. Sintesis de &cido cianhidrico (HCN)

La produccion de HCN en disolucion acuosa y libre de oxigeno se realizd de acuerdo al
procedimiento de Azamar y Draganic (1982) (Fig. 3.2.). Su formacion se basa en la reaccion entre
un cianuro alcalino y un acido fuerte (Ver Capitulos IV y V).

2KCN + H,S04 =2 K3S04 + 2HCN

e Titulacion (Método de Liebig)

2KCN + AgNO3 9 K[Ag(CN)2] (complejo soluble) + KNO3

KAg(CN)2 + AgNO3 > Ag[Ag(CN)Z] (complejo insoluble) + KNO3
AgNO3 + KI 9 AgI (complejo insoluble y opalescente) + KNO3
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1.4. Preparacion de Montmorillonita de Magnesio (Mg-Mont)

La Mg-Mont fue preparada a partir de la muestra SWy-2cNa-Mont Crook County, Wyoming,
USA. La muestra fue lavada con una disolucion 2 N de MgCl,.sH20. La muestra seca se
caracterizd por medio de difraccién de rayos X para cuantificar las diferencias del espacio
interlaminar de la arcilla (Fig. 3.3.). El procedimiento se repitié6 dos veces para confirmar la
distancia interlaminar reportada en otros trabajos (Barshad 1950) (Ver Capitulo IV).
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Figura 3.3. Difractograma de las muestras de Mg-Mont y Na-Mont.

2. Métodos

2.1. Lavado de minerales

Para eliminar la materia organica de la muestra, se llevo a cabo el siguiente procedimiento: los
fragmentos de mineral (<2 cm) se lavaron con solucion de KOH (3% v/v) por 30 min (1 g de
mineral: 10 mL de solucion). Después, el mineral se lavo con agua destilada (30 min) para eliminar
el exceso de KOH. Posteriormente, la muestra se lavd con solucion de HNO3 (3% v/ v) (1 g de
mineral:10 mL de disolucién) por 30 min. Finalmente, el mineral se limpié con agua destilada
para eliminar el exceso de acido. El mineral se secd a temperatura ambiente. El pH del punto de
carga cero (pHpzc, por sus siglas en inglés) se obtuvo mediante el método propuesto por Ibanez
et al. (2008) (Ver Capitulos IV, V, y VII).

2.2. Termolisis

Los experimentos de termdlisis (Fig. 3.4.A) se llevaron a cabo en un sistema estitico a una
temperatura de ~ 100 °C. Se colocaron alicuotas de la disolucién de HCN (0.1 mol L'}, 5 mL) en
ampolletas de vidrio y se calentaron durante distintos periodos de tiempo (Fig. 3.4.B). Se
realizaron experimentos con HCN y HCN en presencia de Mg-Mont en una proporcion 100 mg
Mg-Mont: 5 mL HCN. Ambos experimentos se realizaron a pH acido (pH ~ 2) y pH basico (pH ~
8.5) (ver Capitulo IV). La sintesis del polimero térmico de HCN (HCN-DTP, hydrogen cyanide-
derived thermal polymer) (Fig. 3.4.C) (ver Capitulo V) se realizo a partir de la termélisis (50 h)
de una disolucion de HCN (0.15 mol L) a pH > 10. Los experimentos en presencia de serpentinita
se realizaron en una proporcion 500 mg Mg-Mont: 5 mL HCN (Fig. 3.4.D) (Ver Capitulos IV y
V).

2.3. Tratamiento de activacion en seco (DA, dry activation)

Se realizo la deposicion de diferentes cargas de (A+E) sobre SiO> mediante el procedimiento de
impregnacion por humedad incipiente (IWI, Incipient wetness impreganation) de acuerdo a
Bouchoucha et al. (2011). Se adicionaron 10 mL de disolucion de AAs en agua destilada con la
concentracion requerida a 1 g de SiO2 produciendo una pasta homogénea. Las muestras se secaron
a temperatura ambiente bajo una corriente de aire /N». Todas las muestras se prepararon con una
relacion A:E que correspondieron a una relaciéon molar 1: 1 (Tabla 3.1; Fig. 3.5.A) (ver Capitulo
VI)
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Tabla 3.1. Preparacion de muestras para la deposicion de diferentes cargas de (A+E)/SiO.

% Ala(mg) Glu(mg) SiO;(g)

3 11.31 18.69 1
3.5 13.2 21.8 1
4 15.08 2491 1
5 18.85 31.14 1
6 22.62 37.37 1

Para los experimentos en condiciones hidrotermales subaéreas se utiliz6 la muestra con 3.5% (A
+ E)/SiO». La muestra se activo térmicamente en un tubo en “U” bajo flujo de aire seco. El tubo
se colocd en un horno tubular y se calentd hasta 205 °C con una rampa de 5 °C min™!. La muestra
se mantuvo a la temperatura final durante 20 min.

. Tolueno b
(100 °C)

Figura 3.4. A) Sistema estatico para experimentos de termolisis, B) Termolisis de HCN a pH
basico después de 50 h, C) Polimerizaciéon de HCN a pH basico y D) Muestra de serpentinita +
HCN-DTP.
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2.4. Tratamiento hidrotermal submarino (alta temperatura-presion) (HT, hydrothermal
treatment)

Las simulaciones de las condiciones hidrotermales submarinas se llevaron a cabo en un recipiente
a presion Reactor Parr® 4600-4700 (Fig. 5B). Las condiciones para todos los experimentos fueron
230 °Cy 2.8 MPa durante 1 hora. La muestra consiste en 10 mL de disolucion de AAs:300 mg de
Si0,. La concentracion inicial de la disolucion de un solo aminoécido fue de 0.05 M. En el sistema
mixto, A+E, la concentracion fue de cada aminodcido fue 0.025 mol L' (Fig. 3.5.B) (ver Capitulo
VI).

2.5.Desorcion

Para analizar las moléculas organicas retenidas en las superficies minerales después del proceso
de DA, se realizaron tratamientos de desorcion. En general, se agregd 1 mL de H>O por 10 mg de
muestra. Las muestras resultantes se agitaron manualmente y se centrifugaron durante 10 minutos
a 5000 rpm. En todos los casos, la fase liquida se filtré con acrodiscos (0.4-0.25 pm) para remover
el material particulado (ver Capitulo VI).

2.6. Modelo de agua hidrotermal (HWM, hydrothermal water model )

El HWM se prepar6 de acuerdo con la propuesta de Zaia (2012). Con base en la composicion
original (De Ronde et al. 1997) se elimino el aporte de amonio (NH4") debido a que esta
relacionado con la descomposicion de materia organica o un subproducto de microorganismos y
por ende, no es consistente con un escenario prebidtico (ver Capitulo VII).

Figura 3.5. A) Muestra de A+E/SiO; por el método de IWI y B) Reactor Parr utilizado para
experimentos de tratamiento hidrotermal submarino.

2.7. Sorcion de aminoacidos en serpentinita
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La sorcion de aminoacidos se realizé utilizando una disolucion de 3 mL (AA [0.2 mmol L] en
agua hidrotermal) y 100 mg de serpentinita (tamafio de particula <250 pum) a temperatura
ambiente. El valor de pH per se de las disoluciones fue pH = 11-12. Las muestras se agitaron
durante 1 hora y se centrifugaron durante 15 minutos a 23, 000 rpm. El sobrenadante se analiz6
colorimétricamente con espectrometro UV-visible, utilizando el método de ninhidrina propuesto
por Mundo et al. (2017). De igual manera, se realizaron experimentos de control (sorcion en agua
destilada). Las sorciones se realizaron con agua desionizada a diferentes valores de pH a la misma
concentracion de aminoéacidos [0.2 mmol L!]: pH basico = 10-12, ajustado con disolucién de
KOH (0.1 mol L) (consistente con el valor per se del HWM), natural (pH natural de la disolucién
de aminodacidos en agua desionizada) y pH acido = 2-3, ajustado con disolucion de HCI (0.1 mol
L1). Todos los experimentos se realizaron por quintuplicado (ver Capitulo VII).

3. Técnicas analiticas y de caracterizacion

Anélisis elemental. El polimero térmico derivado de HCN se examin6 para la determinacion de
las fracciones masicas de carbono, hidrégeno y nitrégeno (en porcentaje con respecto al peso) en
un analizador elemental Perkin Elmer®, modelo CNHS-2400 (ver Capitulo V).

Analisis térmico. Las mediciones de termogravimetria, analisis térmico diferencial y calorimetria
diferencial de barrido se realizaron en un analizador térmico simultaneo modelo SDTQ-600 /
Thermo Star de TA Instruments®. El andlisis térmico se realiz6 en modo isotérmico durante 20
minutos. Se programé una rampa de calentamiento de 10 °C min™! hasta 1000 °C en atmoésfera de
argon (100 mL min™!). Para el andlisis de las principales especies durante la descomposicion
térmica dindmica de los procesos de fragmentacion de la muestra se utilizd un sistema de
termogravimetria acoplado que utiliza un detector selectivo de masas de tipo cuadrupolo en modo
de impacto electronico (Thermostar QMS200 M3®) (Capitulo V). Por otro lado, el anélisis de TG
de los experimentos del Capitulo VI se llevo a cabo en un analizador TA Instrument SDT Q600®
con una velocidad de calentamiento de 5 ° C min~! hasta 800 °C bajo flujo de aire seco (100 mL
min ') (Ver Capitulos IV, V, y VI).

Cromatografia de gases. EIl HCN remanente fue seguido por cromatografia de gases (Varian®
Serie 2400 con detector de ionizacién de flama) en una columna de acero inoxidable (1/8 de
pulgada y 4 m de longitud) empacada con Chromosorb-102 (100/120). Gas acarreador, N2; flujo
30 mL min'. El régimen de temperatura fue de 60-250 °C, con una velocidad de calentamiento de
6 °C min’'. Se inyecté un volumen de 2 pL (ver Capitulo IV).

Cromatografia de gases acoplada a espectrometria de masas. Diversas moléculas organicas
polares se caracterizaron por CG-EM usando un sistema Agilent® 6859 GC acoplado a un MSD
5975 VL con detector de triple eje que funciona en modo de impacto electréonico a 70 eV. Se
utilizaron columnas HP-5 MS (30 m x 0.25 mm de d.i. x 0.25 pm de espesor). Se utilizo el método
desarrollado por Ruiz-Bermejo et al. (2012) y Marin-Yaseli et al. (2016). Después de la termolisis,
las muestras se liofilizaron para eliminar el H>O. Enseguida, se agregaron 100 uL. de BSTFA +
TMCS [N, O bis (trimetilsilil) trifluoroacetamida con Me3SiCl, Thermo Scientific Co®, EE. UU.]
al material seco y se calent6 durante 3 h a 80 °C. A continuacion, se inyectaron 2 pl. de muestra
derivatizada (temperatura del inyector 220 °C, temperatura del detector 300 °C; He como gas
acarreador) (ver Capitulo IV y V).
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Cromatografia liquida de ultra alta eficiencia.. Se utilizéo un equipo UltiMate 3000, Thermo
Scientific Co®, con detector UV-vis (Dionex Ultimate 3000 VWD). Se caracterizaron algunos
acidos carboxilicos presentes en la fase acuoda de las muestras de termolisis de HCN utilizando
una columna de exclusion anidnica (Altech, 7.8*300 mm) y una fase movil de 1.5 mmol L' de
H>SO4 con un flujo de 0.6 ml min™'. La deteccion se realizo a una longitud de onda (A) de L =210
nm. Para el caso del DAMN, se utilizé una columna Waters® Cortez 2.7 um (4.6*150 mm). La
fase movil fue: X) acetato de amonio 0.1 mol L' y Y) Metanol: H>O en una proporcion 50:50. La
proporcion de X:Y fue 90:10, respectivamente. La deteccion se realizé a una A =293 nm. Respecto
a la deteccion de aldehidos y cetonas se utiliz6 como fase movil acetonitrilo y H2O en una
proporcion 70:30. La deteccion se realizo a una longitud de onda A = 360 nm (ver Capitulo IV).

Prueba de ninhidrina para la derivatizacion de aminoacidos. Se prepard una disolucion
amortiguadora de acetatos (100 mL) a partir de una disolucion de acido acético 0.2 mol L y
acetato de sodio 0.2 mol L' en una proporcién 17.6:82.4 con un pH de 5.4. El reactivo de
ninhidrina se prepard en las siguientes proporciones: 7.5 mL buffer de acetatos: 22.5 mL de
etilenglicol (C2HeO2): 600 mg de ninhidrina: 750 pL de cloruro estafioso (SnClz). El
procedimiento consiste en colocar en un tubo de ensayo 1 mL de la muestra problema + 1 mL de
reactivo de ninhidrina y agitar vigorosamente. Enseguida, calentar en un bafio de agua hirviendo
durante 10 minutos. Dejar enfriar y afiadir 2 mL de etanol al 50 % y agitar vigorosamente. El
cambio de color de la muestra a purpura indica la presencia de aminoacidos. Finalmente, se mide
la absorbancia a una A = 570 nm en un espectrofotdémetro UV-vis (Varian ® Cary 100 Scan). La
metodologia se basé en Mundo et al. (2017) (ver Capitulo VII).

Prueba de deteccion de urea. La urea se identifico mediante el método DAM (diacetilmonoxima)
propuesto por Negron-Mendoza et al. (1986). Las muestras problema se analizan a partir del
siguiente procedimiento: mezclar 1 mL de la muestra problema + 1 mL de disolucion de
catalizador (FeCl, 1.6 mmol L' + tiosemicarbazida 5 mmol L' + H>SO4 1.3 mol L! + H3PO4 4
mol L) + 1 mL de la disolucién DAM (140 mmol L). La muestra es agitada y calentada a bafio
maria a 80 °C durante 13 minutos (es necesario tapar los tubos de ensaye). Dejar enfriar la muestra.
Finalmente, se mide la absorbancia a una A = 526 nm en un espectrofotometro UV-vis (Varian ®
Cary 100 Scan) (ver Capitulo IV).

Espectroscopia Infrarrojo (Fourier Transform Infrared (FT-IR) Spectroscopy, por sus siglas en
inglés). Los espectros de infrarrojo de las muestras se obtuvieron con un espectrometro FT-IR
(Nicolet®, modelo NEXUS 67) configurado con un accesorio de reflectancia DRIFT (Harrick,
modelo Praying Mantis DRP®). Los espectros se obtuvieron en pastillas de Csl en la region
espectral de 4000-450 cm™!, con una resolucion espectral de 2 cm™! (ver Capitulo V).

Espectrometria de masas por resonancia de ion-ciclotron con transformada de Fourier. Tanto la
disolucion de desorcion después de DA como el sobrenadante después de HT se analizaron por
FT-ICR. Los andlisis se realizaron en un equipo FT-ICR Bruker, SolariXXR®. Se prepararon
alicuotas de sobrenadantes y se mezclaron con MeOH: H>O al 50:50% v: HCOOH al 0.1% para
promover la formacion de especies protonadas. El analisis se realiz6 considerando el modo de
1onizacion positiva (Bedoin, 2018) (ver Capitulo VI).
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Hidrolisis. Las muestras se hidrolizaron utilizando el método desarrollado por Ferris et al. (1974).
Las condiciones para la hidrdlisis &cida fueron HClI 6N / 100-110 © C / 16-24 h; para la hidrdlisis
basica, fueron NaOH 0.1 N / 100 © C / 6 h. Después del tratamiento, el producto se analizo
mediante CG-EM (ver Capitulo V).

Prueba de hidrazonas para la derivatizacion de aldehidos y cetonas. Las muestras tratadas se
derivatizaron con una disolucion de 2,4-dinitrofenilhidrazina (C¢HsN4O4) 0.2 mol L™! siguiendo el
método de Fuentes Carredn (2018) (ver Capitulo IV).

Difraccion de Rayos X. La caracterizacion de la muestra de serpentinita se realizo mediante un
difractometro EMPYREAN® equipado con filtro de hierro, tubo de cobalto, filtro de niquel de
enfoque fino y detector PIXcel3D. La medicion se realizé en el intervalo angular 26 de 4 © a 80 °
con un tamafio de paso de 0.003 ° (2 Theta) y un tiempo de integracion de 40 s por paso. La
identificacion se realiz6 utilizando el software HighScore (PANalytical®) y las bases de datos
ICSD (base de datos de estructura de cristal inorgénico) e ICDD (Centro internacional de datos de
difraccion). La cuantificacion se realizd mediante el método RIR (indice de intensidad de
referencia) (ver Capitulo V y VII). Las muestras s6lidas de Aerosil 380 se analizaron por XRD
usando un difractémetro Bruker® D8 Avance utilizando radiacién Cu Ko (A = 1.5404 A). Los
patrones de XRD se registraron entre 10 y 40 © 20 con un tamafio de paso de 0.05 ° (Capitulo VI).

Espectroscopia fotoelectronica de Rayos X. El analisis XPS de la fase III se realizo en una camara
de ultra alto vacio equipada con un analizador de electrones hemisférico y con el uso de una fuente
de rayos X Al Ka (1486.6 eV) con una apertura de 7 mm x 20 mm . La presion base en la cdmara
fue de 1 x 10 mbar y los experimentos se realizaron a temperatura ambiente. La muestra se
analiz6 preparando una pastilla que consiste en una muestra de aproximadamente 100 mg,
obtenida después de triturar y prensar la fase III (mineral + HCN-DTP). Asimismo, se analiz6 la
fase III como muestra global (roca cubierta por el polimero). La descomposicion maxima en
diferentes componentes se formd, después de la resta de fondo, como una deconvolucién de las
curvas Lorenzianas y Gaussianas. El célculo de las relaciones atomicas entre los elementos
identificados se derivo de las intensidades de los picos integrales y los factores de sensibilidad
proporcionados por el fabricante (ver Capitulo V).
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Capitulo IV

Disponibilidad de materia prima para llevar a cabo
reacciones

HCN vy sistemas hidrotermales

Ensayos de Quimica Prebiodtica I

Articulo de investigacion

Villafafie-Barajas, S. A., Colin-Garcia, M., Negron-Mendoza, A., & Ruiz-Bermejo, M. (2020).
An experimental study of the thermolysis of hydrogen cyanide: the role of hydrothermal systems
in chemical evolution. International Journal of Astrobiology, 1-10.

Resumen El acido cianhidrico (HCN) es considerado una molécula fundamental en los
experimentos de quimica prebidtica ya que pudo haber tenido un papel crucial como materia prima
para formar moléculas méas complejas, asi como intermediario en diversas reacciones quimicas.
Sin embargo, existen varias incognitas acerca de los escenarios primitivos en donde esta molécula
podria haber estado disponible. Los sistemas hidrotermales han sido considerados como reactores
abioticos y nichos de evolucion quimica aunque numeros experimentos han mostrado que las altas
temperaturas y presiones podrian ser adversas respecto a la estabilidad de las moléculas organicas.
En consecuencia, es necesario realizar experimentos sistematicos enfocados en estudiar la sintesis,
la estabilidad, la reactividad y el destino de diversos compuestos organicos (e.g., HCN) en
escenarios hidrotermales. En este trabajo, realizamos una serie de experimentos enfocados en
estudiar la estabilidad y destino del HCN simulando un escenario hidrotermal simple (i.e.,
termolisis de HCN a 100 °C, a pH basico y &cido, y en presencia de Mg-Mont). Nuestros resultados
muestran que el comportamiento de esta molécula depende directamente de las condiciones
ambientales. Sin embargo, las condiciones que permiten la formacion de una amplia diversidad de
moléculas organicas son predominantemente alcalinos y ausencia de mineral. Finalmente,
resaltamos la importancia de los sistemas hidrotermales y los productos de descomposicion del
HCN en la evolucion quimica.
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Abstract

Hydrogen cyanide (HCN) is considered a fundamental molecule in prebiotic chemistry
experiments due to the fact that it could have an important role as raw material to form
more complex molecules, as well as it could be an intermediate molecule in chemical reac-
tions. However, the primitive scenarios in which this molecule might be available have
been widely discussed. Hydrothermal systems have been considered as abiotic reactors and
ideal niches for chemical evolution. Nevertheless, several experiments have shown that high
temperatures and pressures could be adverse to the stability of organic molecules. Thus, it
is necessary to carry out systematic experiments to study the synthesis, stability and fate of
organic molecules in hydrothermal scenarios. In this work, we performed experiments
focused on the stability and fate of HCN under a simple hydrothermal system scenario: the
thermolysis of HCN at 100°C, at acidic and basic pH and in the presence of Mg-montmor-
illonite. Furthermore, we analysed the products from HCN thermolysis and highlighted the
role of these chemical species as prebiotic molecules under a hydrothermal scenario.

Introduction

Hydrogen cyanide (HCN) is suggested as a central molecule in chemical evolution because it is
proposed as a ‘chemical block’ of the three pillars of the prebiotic chemistry (Islam and
Powner, 2017). Several experiments have shown that HCN is an important precursor of
organic molecules such as carboxylic acids, amino acids, purines, pyrimidines and other car-
bonyl compounds (Sanchez et al., 1967; Dragani¢ and Dragani¢, 1980; Nikeli¢ et al., 1983;
Ferris and Hagan, 1984; Schwartz et al, 1984; Dragani¢ et al., 1985a; Borquez et al., 2005;
Matthews, 2005; Ruiz-Bermejo ef al., 2013; Sutherland, 2016).

However, one of the biggest problems in considering any primitive conditions is the avail-
ability of raw material in the environment and its concentration (Miller, 1987). These are fun-
damental criteria to consider any primitive scenario and the kind of reactions that could have
happened on the primitive Earth. Regarding this, several mechanisms could have contributed
to the inventory of HCN on early Earth by the action of different energy sources (e.g. photoly-
sis, shock waves, electrical discharges of lightning and volcanism; Ferris and Hagan, 1984;
Holm and Neubeck, 2009; Tian et al., 2011; Parkos et al., 2016; Ferus et al., 2017; Rimmer
and Rugheimer, 2019). Likewise, the extraterrestrial input from meteorites and comets was
possibly an important source of HCN (Matthews and Minard, 2006; Colin-Garcia et al,
2009; Mumma and Charnley, 2011; Pizzarello, 2012). In general, the mechanisms for the syn-
thesis of HCN are based in reactions between an oxidizing agent (e.g. CO, CO,), a source of
nitrogen (e.g. NH3, N2) and a reducing agent (e.g. Ha, H>O) (for more details, see Ferris and
Hagan, 1984). In addition, cyanide species in the form of complexes with sulphur/ferrous ions
could have been present in the primitive oceans or in the vicinity of hydrothermal systems
(Mukhin, 1974; Arrhenius et al., 1994; Keefe and Miller, 1996; Dzombak et al., 2006; Holm
and Neubeck, 2009).

The concentration of HCN is a critical parameter. High concentrations (>0.1 mol 1™") could
have favoured the polymerization of the molecule, while lower concentrations (<0.01 mol 17")
might have favoured its hydrolysis (Sanchez et al., 1968; Miyakawa et al, 2002). Besides, these
mechanisms are highly dependent on pH.

There is no agreement about the concentration of HCN on early Earth. For instance, it has
been proposed that it was possible to reach high concentrations of HCN at the surface of
the water (floating HCN patches >1 moll™'; Fabian et al, 2014). Other models propose
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that concentration per se in the primitive oceans was very low
(ll)_m' ¥ mol 1_1) (Stribling and Miller, 1987; Miyakawa et al,
2002). Hence, it is necessary to consider primitive environments
where the production of HCN was continuous and then chemical
reactions could have taken place to increase the chemical com-
plexity. One plausible scenario may be the hydrothermal systems.

Holm and Neubeck (2009) suggested a possible mechanism
for HCN production under hydrothermal conditions from CH,,
NH; and other dissolved species (i.e. N, CO). The main reactions
are as follows:

(1) CH,+NH; — HCN + 3H,
(2) 2CH,+ N, — 2HCN + 3H,
(3) CO+NH; — HCN + H,0

In the same way, based on theoretical models, it has been pro-
posed that HCN can coexist with their precursor molecules (e.g.
CO, COz H; and N;) under hydrothermal conditions (Shock,
1992; Schulte and Shock, 1995; LaRowe and Regnier, 2008).
Such species may be available in these environments (Table 1)
when the hydrothermal fluids are mixed with seawater.
Particularly, alkaline fluids, resulted from the serpentinization
processes, could have an essential role in the release of several dis-
solved species and consequently in the formation of organic com-
pounds (Konn ef al., 2015; McDermott ef al., 2015). Brandes et al.
(1998) showed that N, could be transformed into NO,, NO; and
ammonia in the presence of minerals under hydrothermal condi-
tions. Additionally, abiotic nitrogen reduction could have taken
place within primordial hydrothermal vents, supplying some
ammonia for the synthesis of C-H-O-N compounds via abiotic
processes (Schoonen and Xu, 2001).

Consequently, if HCN can be produced under hydrothermal
conditions, it is crucial to study its stability and reactivity consid-
ering some of the available geochemical variables in hydrothermal
systems, such as different pH values, high temperatures and in the
presence of inorganic surfaces.

On the one hand, it is well known that both hydrolysis and
polymerization of HCN are pH-dependent (Sanchez et al,
1967; Ferris and Hagan, 1984). Besides, it has been proven that
some minerals adsorb HCN and/or increase its hydrolysis. This
has been demonstrated theoretically and experimentally using fer-
rierite (Nanba et al, 2000), double-layered hydroxides (Zhao
et al, 2015), zeolites (Kotdawala et al, 2008; Demir et al.,
2012), titanium oxides (Ma et al., 2017) and serpentinite and
clays (Colin-Garcia et al, 2010; Colin-Garcia et al., 2014).
Nonetheless, it is necessary to consider all these variables
together.

Here, we present an experimental approach of the HCN
thermolysis under a simple hydrothermal scenario. In this
study, it was considered that it is possible to find relatively
warm fluids, generated by the hydrothermal fluids upwelling in
chimneys and their diffusion within the medium. The selected
temperature (100°C) could be very likely present surrounding
the hot chimneys; since it has been reported a temperature differ-
ence (50°C) on fluids in a centimetre scale, result of turbulent
mixing and venting activity (Fornari et al., 1998; Bates et al.,
2010; Mittelstaedt et al, 2012). In the study of the reactivity
and fate of HCN and its decomposition products, it is important
to consider some prebiotic scenarios, such as the surroundings of
submarine and subaerial hydrothermal systems (Colin-Garcia
et al., 2018), and to explore their potential implications for chem-
ical evolution.

Saul A. Villafafie-Barajas et al.

Materials and methods
Synthesis of HCN

HCN solution (0.1 M) was produced in situ by the reaction
between KCN and H,80,. HCN gas was dissolved in Milli Q
water into an Ar atmosphere (Azamar and Draganié, 1982).
The concentration was determined by titration with an aqueous
solution of AgNO; (Dragani¢ et al., 1973).

Preparation of Mg**-montmorillonite

Mg-montmorillonite (Mg-Mont) was prepared from SWy-2cNa-
Mont Crook County, Wyoming, USA (Na-Mont), according to
the following procedure: 40g of Na-Mont was washed with a
saturated solution of MgCl,.6H,0 (2 N) for 24 h. The suspension
was then centrifuged for 30 min at 20 000 rpm and washed with
deionized water by shaking for 24 h. The suspension was centri-
fuged and lyophilized. This procedure was repeated three times.
The dry powder sample was analysed by X-ray diffraction to quan-
tify the differences of the interlamellar space of the clay. It was cor-
toborated that Mg®* had completely replaced Na*. Mg-Mont was
used as magnesium was a common element on early Earth and
because it is present in a wide variety of minerals in hydrothermal
systems (Holm, 2012; Colin-Garcia et al,, 2016, 2018).

Thermolysis

Thermolysis experiments were carried out in a static system at
~100°C (Fig. 1). Aliquots of the HCN solution (0.1 M, 5ml)
were placed in glass tubes of 8 ml with stopcocks; the headspace
was air. A ball flask with wells was filled up with toluene.
Toluene was heated until boiling; samples were heated for differ-
ent periods of time by conduction. All tests were carried out in
triplicate. Controls and experiments including Mg-Mont were
performed with 100 mg Mg-Mont by 5ml HCN (0.1 M) at acidic
and basic pH. The pH was modified and adjusted to 2 or 8.5, add-
ing drops of HCl or KOH solution (0.1 M), respectively. The
greater time exposition to heat for each sample was HCN 4
141.5h, HCN/Mont,gg 160h, HCNpe 143h and HCN/
Monty,age: 159.5h. The aqueous phase of the samples was ana-
lysed to quantify changes of the organic molecule.

Analysis of samples

The treated samples were analysed by different analytical
techniques:

Gas chromatography (GC)

The remnant HCN was followed by GC (Varian Series 2400 with
flame ionization detector) on a stainless-steel column (1/8 inch
and 4m length) packed with Chromosorb-102 {100/120 mesh).
The carrier gas was N, with a flow rate of 30 ml min~". The tem-
perature regime was 60-250°C, with a heating rate of 6°C min™".
The detector temperature was 200°C. A volume of 2 pl was injected.

GC-MS

The GC-MS analysis was done in a 6859 network GC system
coupled to a 5975 VL MSD with triple-axis detector operating in
electron-impact mode at 70 eV (Agilent). HP-5 MS columns (30
mx 0.25mm id. x 0.25um film thickness) were used; the analysis
was carried out using the method developed by Ruiz-Bermejo et al.
(2012) to detect polar organic compounds. After thermolysis,
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Table 1. Temperature, pH and dissolved species in fluids of some hydrothermal systems and seawater

Environment

Hydrothermal system

Physicochemical conditions Lucky Stricke® Menez Gwen® Lost City* Rainbow* Seawater*
Temperature (°C) 172-324 275-284 40-93 365 T
pH 35-3.7 42-43 9-11 28 8
Chemical species (mmol)

H; 3.3-725 44.2 0.25-0.43 16 -

COy 15.0-26.6 22.6-28.8 - 16 23

CH, 0.30-0.88 12-149 0.13-0.28 25 -

N 05-2.1 12-1.49 - = -

Based on: *Charlou et al. (2000); *Schrenk et al. (2004) and references therein,

Toluene
100 °C

Static system at =100 °C
Heated by conduction

Fig. 1. Static heating system. A ball flask with wells is filled up with toluene; the sys-
tem is heated unul boliling, and samples are heated by conduction.

samples were freeze-dried to remove H;O. Then, 100 ul of BSTFA
+TMCS [N,O bis(trimethylsilyl)trifluoroacetamide with Me;SiCL,
Thermo Scientific Co, Waltham, MA, USA| was added to dry
material and heated for 3 h at 80°C. Next, 2 pl of derivatized sample
was injected (injector temperature 220°C, detector temperature
300°C and flow rate 1.1 ml min™"; He as a carrier gas).

Ultra-high performance liquid chromatography (UHPLC)
The aqueous component was analysed by UHPLC (UltiMate 3000
UHPLC chromatograph, Thermo Scientific Co) with a UV-Vis
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detector (Dionex UltiMate 3000 VWD). For carboxylic acids,
we used an Alltech anion exclusion column (7.8 x 300 mm) and
1.5mmol " of H,SO, as a mobile phase, with a flow rate of 0.6
ml min~". The detection wavelength (L) was % =210 nm. For dia-
minomaleonitrile (DAMN) detection, a Waters Cortex 2.7 pm,
4.6 x 150 mm column was used; the mobile phase was (A) ammo-
nium acetate 0.1 mol I”" and (B) methanol:water 50:50, with a 90
A:10 B ratio and a flow rate of 0.5 ml min~". The detection wave-
length was =293 nm.

UV-Vis spectroscopy
Urea was identified using the DAM method. The detection wave-
length was 4 =526 nm (Negrén-Mendoza et al., 1986).

Results and discussion
Thermolysis

Figure 2 shows the thermolysis of HCN at acidic (2) and basic
(8.5) pH, as well as in the presence of Mg-Mont. According to
the species distribution diagram of HCN (Fig. 3), at pH =2,
HCN is the dominant species. However, at pH = 8.5, there is a
considerable amount of cyanide (~20%). The availability of cyan-
ide ions is crucial because, as we will discuss below, it is directly
related to the polymerization process.

It is possible to identify some trends about the behaviour of
HCN in both acidic and basic conditions (Fig. 2). It is noticeable
that in acidic pH, the decomposition of HCN is low, but the pres-
ence of Mg-Mont increases its decomposition. Some experiments
have shown that the half-life time for the hydrolysis of HCN is
only a few minutes (Sanchez et al, 1968; Stribling and Miller,
1987; Miller and Bada, 1988). However, Schifer and Bonn
(2000) demonstrated that hydrolysis of HCNy, as a function of
temperature and in the presence of H,O and N, is relatively
slow until 700°C. It is well understood that hydrolysis of HCN
yields formamide and, eventually, formic acid (Sanchez et al.,
1967; Ferris et al, 1973; Schwartz et al., 1984; Miyakawa ef al.,
2002; Borquez et al, 2005).

Some experiments have used inorganic surfaces to investigate
the hydrolysis of HCN and suggested that this could be the result
of the participation of acid sites at catalysts (Nanba et al., 2000;
Ma et al., 2017). The catalytic activity of clay minerals may result
from Brensted acidity, Lewis acidity, presence of redox-active
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Fig. 3. Species distribution diagram for HCM.

species and/or introduction of catalytic species along the crystal
structure (Adams and McCabe, 2006). In addition, the acidity
at the surface of Mg-Mont may be the result of terminal hydroxyl
groups, the bridging of oxygens and exchangeable cations.
Likewise, Mg** has greater polarizing ability and, in consequence,
it can dissociate the water in the interlamellar channel, releasing a
proton to the medium (Frenkel, 1974; Nikalje et al., 2000). In
addition, the interaction of HCN with the Brensted acid sites
by hydrogen bonding in the lattice of clay would increase the
hydrolysis of HCN (Cruz, 1974; Jamis et al., 1995). Although
one experimental report suggested that HCN at acidic conditions
may be sorbed onto montmorillonite (Colin-Garcia et al, 2014),
the HCN:Mont relationship in our experiments suggests that
hydrolysis is the predominant mechanism, rather than sorption.

At basic pH, the decomposition of HCN is lower in the pres-
ence of clay. Although HCN hydrolysis at basic pH is possible, it
has been demonstrated that polymerization until tetramer,
DAMN, is the dominant mechanism (Miyakawa et al, 2002;
Borquez et al., 2005).

Ferris et al. (1979) showed that in the presence of montmor-
illonite, the oligomerization of HCN is inhibited, suggesting an
interaction with HCN oligomers, and not with HCN itself. In

the hydrolysis of HCN (at acidic pH) and, on the other, it inhibits
the oligomerization of HCN at basic pH. In order to evaluate the
effect of pH on HCN-thermal products, several analytic studies
were performed to identify organic molecules in the aqueous
component.

Products of HCN thermolysis

Some intermediate species with great prebiotic importance can be
formed from HCN under several experimental conditions
(Ruiz-Bermejo et al, 2013). In this work, only the aqueous
phase from HCN thermolysis, the supernatant, was analysed.
The organic richness of this aqueous phase will determine the
best geochemical conditions in which the products of HCN
thermolysis can undergo subsequent reactions in a dynamic
environment. The nature, availability and reactivity of the organic
molecules dissolved in the medium will determine the importance
of HCN on hydrothermal environments. The supernatants of
each experiment, with the greater time exposition to heat, were
analysed by different qualitative methods.

Aldehydes

Only in the acidic sample heated without clay, a small peak asso-
ciated with formaldehyde (HCHO) was detected by GC, both by
retention time and co-injection of the standard (Fig. 4). Although
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HCN

H,0

0 20
Time (min)

Fig. 4. Gas chromatogram of volatile products from the sample of HCN thermolysis at
acidic pH without Mg-Mont. The formation of formaldehyde (HCHO) is shown.

the decomposition of formic acid - formed by hydrolysis of HCN
- under hydrothermal conditions has as major products CO, and
H, (Yu and Savage, 1998), it has been suggested that formalde-
hyde can also be a reaction product (Nelson and Engelder,
1925). In addition, the production of formaldehyde from the radi-
olysis of HCN has been reported (Negron-Mendoza et al., 1983).
Even if derivatization by Brady’s method (in which carbonyl groups
are identified by the formation of 2,4-dinitrophenylhydrazones)
(Shriner et al, 1982) was performed for all samples, none of
them showed positive results; this may be associated with a very
low concentration of produced aldehydes in the samples.

Urea

Several researches have shown that urea is a product of HCN
oligomerization. Specifically, it may be a product of oxidation/
hydrolysis of DAMN (Ferris et al, 1973, 1974b; Ferris and
Ryan, 1973; Ferris and Edelson, 1978; Ferris and Hagan, 1984).
Our experiments showed that urea is formed only by thermolysis
of slightly basic HCN solutions (pH = 8.5) and even in the pres-
ence of Mg-Mont (Fig. 5). In addition, urea concentration was
greater in the sample without clay. This is consistent with the
HCN polymerization mechanism previously mentioned. In
other words, and in agreement with Fig. 2, HCN polymerizes bet-
ter in the absence of clay mineral; and, in consequence, the for-
mation of the tetramer should be higher. Hence, the oxidation/
hydrolysis reaction of DAMN at high temperatures led to the for-
mation of an important amount of free urea (=40% higher con-
centration than the sample with mineral).

Urea has been considered an important prebiotic molecule due
to its participation in synthesis reactions of pyrimidines
(Robertson and Miller, 1995; Menor-Salvan et al., 2009), and its
role in hydrothermal scenarios was highlighted (Holm, 1992).
Likewise, it has also been found in HCN-radiolysis experiments
(Dragani¢ et al., 1985a, b; Vujosevi¢ et al, 1990; Colin-Garcia
et al, 2009).

Carboxylic acids

The formation of some carboxylic acids by thermolysis of HCN
was confirmed (Fig. 6). Among the main carboxylic acids identi-
fied are: oxalic, maleic, glycolic and formic acid, which were also
identified by GC-MS. The formation of formic acid corroborates
that, at pH =2, hydrolysis is the main reaction. In addition, the
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peaks of oxalic and maleic acid may be a result of the decompos-
ition of formic acid along thermolysis; in other words, they are
secondary products.

The samples under basic pH show more production of car-
boxylic acids than in acidic conditions. The main reaction
involves the formation of oxalic acid, which could be the result
of oxidation of DAMN and the reaction between DISN with
water and other nucleophiles (Ferris et al., 1982; Schwartz et al,
1984). Additionally, the presence of Mg-Mont seems to affect
the reaction products (a predominant unidentified peak, with
Ri~8.5 min, was detected on the sample without mineral).
Moreover, the sample with clay showed a higher remnant of
HCN, which is consistent with Fig. 2. Clay mineral inhibits the
polymerization process, and hence, a higher amount of free
HCN is available. Negron-Mendoza et al. (2001) reported that
the presence of Na-Mont in HCN radiolysis significantly affects
the amount and diversity of carboxylic acids formed.

Other options to explain the formation of carboxylic acids may be
by reactions between aldehydes (e.g. formaldehyde) and the cyanide
ion through the formation of cyanohydrins as intermediates; as well
as the formation of other nitriles (e.g. cyanate, cyanogen, cyanoace-
tylene, glyconitrile), which are produced from decomposition (i.e.
hydrolysis, oxidation) of HCN (Kemp and Kohnstam, 1956;
Brotherton and Lynn, 1959; Ferris et al, 1968; Wang et al., 1987).

Diaminomaleonitrile

Among oligomers of HCN, DAMN has drawn great attention
because it has been pointed out as a gateway for the synthesis
of purine and pyrimidines (Zubay, 2000). The analysis of the
aqueous phase of heated samples shows that DAMN is present
only in the basic solutions (Fig. 7), as previously mentioned
(Miyakawa et al, 2002; Borquez et al., 2005). Even though
Yuasa and Ishigami (1977) showed that DAMN is also formed
in the presence of Mg oxides, which suggests that divalent metals
would favour the HCN oligomerization, the presence of a clay
mineral seems to inhibit the synthesis of DAMN (the sample
with clay showed a considerably lower amount of this oligomer).
As mentioned above, the decomposition of DAMN may occur
by its hydrolysis and/or oxidation by Fe'' in the clay lattice
(Begland et al., 1974; Ferris et al., 1982). Another possibility is
that the lower amount of free DAMN in the sample with
Mg-Mont may be the result of surface retention of this oligomer,
as this has been reported to happen with other surfaces (Thissen
et al., 2015; Toh et al., 2019). This is an important result
because, although the HCN thermolysis under alkaline condi-
tions yields DAMN, eventually, its interaction with the available
clays in the medium would constrain the oligomerization
process.

CG-MS analysis

To corroborate some of the species that we characterized and
some free amino acids, a derivatization of samples, without the
common hydrolysis procedure, was performed. Hydrolysis can
affect the original amount and nature of the soluble fraction,
and this procedure is focused on HCN-derived polymers
(Ruiz-Bermejo et al, 2013). As we mentioned above, this study
is only focused on the soluble fraction of samples.

Glycine and alanine traces were detected only in the acidic
sample without clay by GC-MS (data not shown). In both basic
samples, it was also possible to corroborate the presence of
urea, oxalic and glycolic acid by GC-MS. In addition, intermediate
species such as carbamic acid, ethanolamine, glycerol, succinic
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and propanoic acid were detected in basic solution fractions. It
should be mentioned that, in general, free amino acids are not
detected in our HCN experiments. Only after acid hydrolysis of
HCN oligomers, synthesized either by thermal energy or ionizing
radiation, are a significant amount of amino acids released (Ferris
et al., 1974a; Dragani¢ ef al., 1985a, b; Vujosevi¢ et al, 1990;
Ruiz-Bermejo el al, 2013; Marin-Yaseli et al, 2016). The

Time (min)

formation of free amino acids can be explained by common
Strecker synthesis among HCN, aldehydes and ammonia. Some
authors have reported the viability of this mechanism under sub-
marine conditions (Schulte and Shock, 1995; Andersson and
Holm, 2000). Other pathways for amino acid production [like
the synthesis from ethanolamine (detected in this study by
GC-MS) using metal powder and Friedel-Crafts reactions
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catalysed by minerals] have been proposed under alkaline hydro-
thermal scenarios (Zhang et al., 2017; Ménez et al., 2018).

In summary, the thermolysis of acidic samples shows that
the formation of formic acid by hydrolysis of HCN is the pre-
dominant mechanism. In addition, the presence of Mg-Mont
increases the transformation of HCN. The formation of
formaldehyde and small carboxylic acids, in acidic conditions,
may well be the result of decomposition of formic acid.
Differently, the thermolysis at basic conditions showed a higher
formation of organic molecules. In the case of the sample with-
out clay, the amount of recovered HCN was lower with the con-
sequent high formation of DAMN. Likewise, semi-quantitative
analysis showed that a high amount of urea and oxalic acid was
present. Finally, the higher amount of free HCN and the lower
amount of urea and DAMN in the sample with Mg-Mont cor-
roborate that clay inhibits the oligomerization of HCN at basic
conditions.

Relevance for chemical evolution

Our experiments showed that, even considering a simple hydro-
thermal simulation, HCN thermolysis may be an important start-
ing point for the production of several organic molecules. If the
synthesis of HCN under hydrothermal conditions is continuous,
these systems could have had a considerable role as “abiotic reac-
tors and chemical evolution niches’, as they were originally pro-
posed (Corliss et al., 1980; Baross and Hoffman, 1985). It is
important to highlight that geochemical conditions of the envir-
onment are crucial because they are directly related to the forma-
tion/destruction mechanisms of more complex organic
compounds. Although some experiments suggest that both
HCN and some thermolysis products are unstable under hydro-
thermal conditions (Sanchez et al, 1968; Stribling and Miller,
1987; Miller and Bada, 1988; Holm, 1992; Yu and Savage, 1998;
Cleaves II, 2008), it is necessary to take into account several points
that, according to our criteria, could be underestimated.
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ples. Only in basic medium did the HCN thermolysis
yield DAMN. However, Mg-Mont may inhibit the poly-
merization of HCN.

The first is that hydrothermal systems are very complex envir-
onments with many geochemical variables, and hence, they are
more than high-pressure and high-temperature environments.
In this way, new approaches are considering the role of several
combined parameters (i.e. pH, redox state, dissolved gases and/
or mineral surfaces) on the stability of compounds. In general,
these new approaches have shown that the fate and stability of
organic molecules are intrinsically related to these variables
(Holm and Andersson, 2005; Colin-Garcia et al,, 2016, 2018).

Additionally, the chemical species are not isolated. In other
words, the availability of different species in the same environ-
ment could favour the subsequent reactions. For instance, the
presence of aldehydes and ammonia would favour the polymer-
ization of HCN (Voet and Schwartz, 1983).

Additionally, the molecules are not exposed to the highest
temperature all the time. At the moment that the hydrothermal
fluids are mixed with seawater, new temperature and/or pH gra-
dients can harbour more suitable conditions (Chevaldonné
et al., 1991; Bates et al., 2010) and favour the stability and poly-
merization of organic molecules (Ogasawara et al., 2000; Ogata
et al., 2000; Islam et al., 2003).

This approximation about the role of the HCN thermolysis
process in the formation of organic molecules suggests that sur-
roundings of hydrothermal environments (<100°C), such as sub-
aerial alkaline environments, could have been an import source of
free organic compounds on early Earth. It is necessary to design
and carry out more complex experiments that would consider
coupled variables present in hydrothermal systems to gain a
detailed understanding of the behaviour of organic molecules
under several geochemical conditions.
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Villafafie-Barajas, S. A., Ruiz-Bermejo, M., Rayo-Pizarroso, P., & Colin-Garcia, M. (2020).
Characterization of HCN-Derived Thermal Polymer: Implications for Chemical Evolution.
Processes, 8(8), 968.

Resumen Los polimeros derivados del acido cianhidrico (HCN) han sido reconocidos como
precursores de moléculas organicas relevantes en el campo de la quimica prebiotica y las ciencias
de los materiales. Sin embargo, aun se desconoce la naturaleza de estos polimeros asi como sus
propiedades fisicoquimicas y las vias quimicas que llevan a su sintesis. Aunque se ha propuesto
que el HCN pudo haber estado disponible en entornos hidrotermales y pudo ser una molécula
esencial en la serie de pasos que llevo a la sintesis de diversas moléculas organicas mas complejas,
muy pocos experimentos han utilizado especies de cianuro considerando escenarios hidrotermales.
En este trabajo, sintetizamos un polimero térmico derivado del HCN (HCN-DTP, por sus siglas
en inglés) simulando un ambiente hidrotermal alcalino (i.e., HCN (1) 0.15 M, 50 h, 100 °C, pH >
10). De igual manera, caracterizamos su posible estructura quimica, su comportamiento térmico y
el efecto de hidrolisis en la liberacion de moléculas organicas. El andlisis elemental y la
espectroscopia infrarroja sugieren un importante grado de oxidacion. El anélisis térmico permite
concluir que el polimero es considerablemente mas estable que otros polimeros derivados de HCN,
sintetizados en condiciones similares. De igual manera, es posible identificar la liberacion gradual
de varios compuestos volatiles a lo largo de diferentes eventos térmicos. En general, los resultados
sugieren una macro estructura que podria estar formada por grupos amida e hidroxilo unidos a la
cadena reticular principal con enlaces quimicos conjugados (C = O, N = O, -O - C = N).
Finalmente, el tratamiento de hidrélisis mostrd las mejores condiciones de pH para la liberacion
de moléculas orgéanicas. La posibilidad de sintetizar polimeros térmicos derivados del HCN en
probables condiciones hidrotermales primitivas y su comportamiento posterior podria ser
relevante para considerar a estos sistemas como nichos de evolucidon quimica importantes durante
la Tierra primitiva.
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Abstract: Hydrogen cyanide (HCN)-derived polymers have been recognized as sources of relevant
organic molecules in prebiotic chemistry and material sciences. However, there are considerable
gaps in the knowledge regarding the polymeric nature, the physicochemical properties, and the
chemical pathways along polymer synthesis. HCN might have played an important role in prebiotic
hydrothermal environments; however, only few experiments use cyanide species considering
hydrothermal conditions. In this work, we synthesized an HCN-derived thermal polymer simulating
an alkaline hydrothermal environment (i.e., HCN (I) 0.15 M, 50 h, 100 °C, pH approximately 10)
and characterized its chemical structure, thermal behavior, and the hydrolysis effect. Elemental
analysis and infrared spectroscopy suggest an important oxidation degree. The thermal behavior
indicates that the polymer is more stable compared to other HCN-derived polymers. The mass
spectrometric thermal analysis showed the gradual release of several volatile compounds along
different thermal steps. The results suggest a complicate macrostructure formed by amide and
hydroxyl groups, which are joined to the main reticular chain with conjugated bonds (C=0, N=0,
—0-C=N). The hydrolysis treatment showed the pH conditions for the releasing of organics. The study
of the synthesis of HCN-derived thermal polymers under feasible primitive hydrothermal conditions
is relevant for considering hydrothermal vents as niches of chemical evolution on early Earth.

Keywords: HCN-derived thermal polymer; thermolysis; alkaline hydrothermal systems; chemical evolution

1. Introduction

Hydrogen cyanide, HCN, has been considered as a paramount raw material to reach high chemical
complexity in the field of prebiotic chemistry and chemical evolution [1-4]. HCN could have been
formed from different endogenic sources, on early Earth [3,5-9], or it could be formed exogenically
and then carried to Earth [4,10-12].

The concentration of HCN on primitive environments is still discussed. Some authors argue that
it must be low (10—10—13 mol L1, [13,14]); recently, Fabian et al. [15] proposed the formation of floating
HCN patches with a =1 mol L~! concentration. In addition, Holm and Neubeck [5] suggested that
HCN could have been produced under hydrothermal conditions from CHy, NH;, and other dissolved

species (i.e., Nz, CO). The main reactions are as follows:

CH, + NH; — HCN + 3H (1

Processes 2020, 8, 968; doi: 10,3390/ pr8080968 www.mdpi.com/fjournal/processes
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2CH; + N, — 2HCN + 3H, (2)
CO + NH; — HCN + H,0. (3)

It is well known that HCN solutions spontaneously polymerize [16]. During the polymerization of
HCN, an insoluble black polymer is formed under different synthesis conditions [17,18]. After hydrolysis
treatments, these complex polymers release an important number of organic molecules [2,17,19-21];
recently, their applications on material sciences have been studied [22-25]. It has been demonstrated
that the possible chemical structure and the thermal properties of these polymers directly depend on the
conditions of the synthesis (e.g., raw material, temperature, concentration, reaction time, and atmosphere).
Therefore, the HCN-derived polymers should be considered as a family of complex substances [18,26].

The synthesis of these complex materials has been dominated by the use of cyanide salts
(e.g., sodium, potassium, and ammonia salts) dissolved in aqueous medium in a broad range of
temperatures (from —20 up to 100 °C) at alkaline conditions (pH > 8) (e.g., [18,26-28]). Other experiments
have synthesized HCN-derived polymers by heating formamide [29,30], aminomalononitrile,
AMN, [24] and diaminomaleonitrile, DAMN [15].

There is robust information about the mechanisms and chemical conditions that lead to the
formation of DAMN from HCN, cyanide ("CN), and intermediate species, such as AMN [31-34]. There
are also some proposals about their polymeric structure [18,20,28,35-39]. However, the pathways
for the formation of HCN-derived polymers remain unsolved; new approaches suggest that
hydrolysis/oxidation reactions along polymerization directly affect the physicochemical properties of
these materials [26,28].

HCN polymers might have had an impartant role in chemical evolution; nonetheless, there are
several inconsistencies regarding the initial concentration of HCN and the primitive scenario where
polymers could have been formed [4,13,14]. It has been proposed that HCN could have experienced
important reactions in prebiotic hydrothermal environments, and it could be an essential part of the
stepwise series to produce successively more complex organic molecules [5,40-46]. Nonetheless, only a
few research studies have used cyanide species in hydrothermal experiments [47-49] (for more details,
see Aubrey et al., 2009 [46]).

There is a growing interest in the chemistry of HCN solutions in prebiotic chemistry studies.
In addition, alkaline environments are shown to be very relevant for studies related to the origin of
life [50,51]. However, the synthesis of HCN polymers under simulated hydrothermal conditions has
been scarcely explored. In a recent paper [52], we studied the thermolysis of HCN under simulating
HV conditions; along with the identification of formed products in solution in this experiment, we
also detected the formation a black polymer. Hence, as we are interested in a systematic study of
HCN under HV conditions, an HCN-derived thermal polymer (HCN-DTP) from a hydrogen cyanide
solution was synthetized and characterized in detail in order to better constrain the properties of
these fascinating substances. For characterization, we used a method previously developed for the
analysis and systematic characterization of HCN-derived polymers that consisted of elemental analysis,
infrared spectroscopy (IR}, thermogravimetric (TG) and mass spectrometric thermal analysis (TG-MS),
hydrolysis treatment, and GC-MS analysis, in order to gain information about its structure, nature,
thermal behavior, and to evaluate its role as a precursor of organic molecules [17,18,26-28,53-55].
This comprehensive analytical study shows the identification of single biomolecules of interest in the
chemical evolution research but also gives clues about the complex nature of the macrostructure of the
HCN-DTF. It is necessary to know the relationships among the synthesis conditions, the structure,
and the properties of the HCN polymers, in order to increase our knowledge about the possible role
of HCN polymerization in prebiotic chemistry. These would lead to the generation of polymeric
structures with potential properties fit for new or secondary reactions in unexplored prebiotic scenarios.
In addition, these polymers would have potential applications in material sciences [18]. Interestingly,
the HCN-DTP here described presents characteristics not previously reported.
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2. Materials and Methods

Production of HCN. HCN solution (0.15 M) was produced in situ by the reaction between KCN
and H,504. HCN gas was dissolved into Milli Q water under an argon atmosphere. The concentration
of HCN was determined by titration with an aqueous solution of AgNO; [56]. The reaction for
producing HCN is not scalable and must be carried out with many precautions due to the high toxicity
of HCN. Although the concentration of HCN solution (0.15 M) could be higher than the feasible
concentration on primitive environments, it was chosen according to previous reports that consider it
as a practical and a consistent concentration for the polymerization of HCN [57].

After synthesis, the pH of the HCN solution was adjusted to approximately 10 by adding drops
{approximately 10 uL) of a concentrated KOH solution (0.1 M) until the desired pH was reached; this
was done to have an important amount of free cyanide in solution, thus avoiding a high potassium
concentration. It has been observed that the formation of HCN polymers is favored in alkaline
media [15], and we wanted to induce the formation of the polymer and prevent its hydrolysis.

Synthesis of HCN-derived thermal polymer. Experiments were carried out in a static system
at 100 °C. Aliquots of the HCN solution (0.15 M, 5 mL) were placed in glass tubes and heated for
50 h. After the thermolysis treatment, the sample was cooled at room temperature. Then, it was
possible to identify two different fractions: a soluble fraction (brown yellow) and a black viscous
fraction, the HCN-DTP. HCN-DTP (black fraction) was separated from the rest of the soluble fraction
(yellow) by centrifugation (10 min, 15 °C, 23,000 rpm). The procedure was carried out four times in
order to have a considerable amount of the material (approximately 50 mg), since the yield of the
polymer is low [18,26]. The reaction temperature and the pH were both chosen considering conditions
surrounding alkaline hydrothermal environments [58]. In addition, this temperature was selected to
synthesize organic molecules, and to favor the polymerization reactions of HCN, cyanide salts, and
DAMN (for more details, see reference [2]). In contrast with previous reports [2,29,47,59], HCN-DTP
does not form appreciable solid particles, although it was prepared above the concentration that favors
polymerization reaction (>0.01 M) [14,31]. Recently, Ruiz-Bermejo and co-workers [18,26] have proved
that high temperatures and low concentrations of raw material (i.e., up to 90 “C and <1 M) resulted in
alow yield of the polymer. According to this, the nature of HCN-DTP is the result of the domain of
hydrolysis/oxidation reactions over polymerization during thermolysis (see below). Therefore, the
common insoluble black HCN polymers [17] do not have the same nature that the HCN-DTP produced
in this experiment. Finally, the fractions were freeze-dried under reduced pressure, resulting in two
fractions: a yellow oily precipitate and a black solid powder (HCN-DTF). In this report, different
analyses were carried out with the black solid powder.

Elemental analysis. The content of C, N, H, and oxy gen was measured. The HCN-derived thermal
polymer was examined for the determination of the mass fractions of carbon, hydrogen, and nitrogen
(in percentage with respect to weight) in a PerkinElmer® Elemental Analyzer, model CNHS-2400.
The percentage of oxygen of the sample was calculated by difference.

FT-IR spectroscopy. Spectra were obtained with a FT-IR spectrometer (Nicolet®, model NEXUS
67) configured with a DRIFT reflectance accessory (Harrick, model Praying Mantis DRP). The spectra
were obtained in Csl pellets in the 4000-450 cm™! spectral region, with a spectral resolution of 2 em L.

Thermal analysis. Thermogravimetry (TG), differential thermal analysis (DTG), and differential
scanning calorimetry (D5C) measurements were performed in a simultaneous thermal analyzer model
SDTQ-600/Thermo Star from TA Instruments®. Thermal analysis was performed in an isothermal
mode for 20 min; then, a heating ramp of 10 *C/min was programmed until 1000 °C under an
argon atmosphere (100 mL/min). A coupled TG-MS system using an electron-impact quadrupole
mass-selective detector (model Thermostar QMS200 M3) was used to analyze the main species during
the dynamic thermal decomposition of the fragmentation processes of the sample.

Hydrolysis. HCN-DTP was hydrolyzed using the method developed by Ferris [19] that consisted
of an acid hydrolysis followed by a basic hydrolysis. The conditions for acid hydrolysis were HCI
6N/100-110 “C/16-24 h; for basic hydrolysis, they were NaOH 0.1 N/100 °C/6 h. After treatment,
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the product was analyzed by GC-MS in a 6859 network GC system coupled to a 5975 VL. MSD with
triple-axis detector operating in the electron-impact (EI) mode at 70 eV (A gilent@]); an HP-5 MS column
(30 m > 0.25 mm i.d. % 0.25 pm film thickness) was used; the analysis was carried out using the
derivatization method and the GC oven program developed by Marin-Yaseli [60] to detect polar organic
compounds. When available, the identified compounds were confirmed against authentic standard
mass spectra and retention times. Other organic compounds were identified by searching their mass
spectra in the NIST (The National Institute of Standards and Technology) database. For identification
purposes, we considered only peaks with a signal-to-noise ratio over 10. Those peaks whose match
probability in the database were below 90%, and/or those that were tentatively or ambiguously
identified were considered unidentified and are not discussed in this paper.

3. Results

3.1. Elemental Analysis

Elemental analysis shows that the synthesized polymer (HCN-DTF) is compositionally different
from other HCN-derived polymers; it is highly oxidized. The elemental composition of HCN-DTT, in
percentage, was C 23.2%, H 3.1%, N 19.9%, and O 53.8%. The oxygen concentration (%) was calculated
by subtraction of the experimental elemental analysis data. When these results are compared to
other syntheses under analogous conditions (i.e., cyanide source, alkaline aqueous solution, [>0.1],
=25 °C, free oxygen) (Table 51), it is evident that the content of hydrogen is very similar. However,
values of carbon and nitrogen are almost half that reported. This depletion is counteracted by the
considerably higher content of oxygen in our sample compared with the values founded in analogous
experiments [18,26-28,54]. Even, at similar initial concentrations and high temperatures in other
experiments (i.e., 0.1 M NH4CN, 80 °C during 96 h), only the hydrogen content is similar to our results
(e.g., C 38-40%; N 37-39%; H 3-4%; O 16-20%) (Table 51). The depletion of nitrogen can be related to
the effect of high temperatures, which increase denitrogenation, hydrolysis, and oxidation processes,
throughout polymerization; this process results in oxidized macrostructures [26]. In addition, previous
experiments that used net HCN [e.g., DuPont (EI. Du Pont de Nemours & Co., Inc., Wilmington, DE,
USA) HCNy,, + HO gy and HCNpyy + NHzgaq) 0 “C, 4 days] did not show similar trends. The higher
oxygen value reported in other experiments is around 25%; it has been associated with a long-time
reaction (i.e., one month) and different synthesis and storage conditions [27].

The oxygen content could depend on the polymerization conditions, such as the presence of
ammonium in the reaction medium, the temperature, the reaction time, and the raw material [26,28].
In addition, HCN-derived polymers are hygroscopic, and they can absorb a considerable amount
of water from air moisture [18]. In fact, thermograms suggest that our sample retains around
approximately 10% of H;O (peak at 55 °C in the DTG curve, see below), and furthermore, the real
amount of structural oxy gen is around 43.8%. Even considering these contributions, the oxygen content
is unexpectedly high. Hence, other mechanisms should be related to the oxidation of the polymer,
such as hydrolysis and oxidation reactions [3,26,36].

The molar ratios calculated for HCN-DTP were C/N 1.36; H/N 2.18; O/N 1.93. This suggests that
our polymer contains about approximately 2 atoms of oxygen and 2 atoms of hydrogen per nitrogen.
The molecular formula proposed is C15H34N110;51. This indicates that our HCN-DTP polymer has a
great amount of oxygenated functional groups in the polymeric structure, and it differs from other
already studied HCN polymers. In order to identify these functional groups, a Fourier transform
infrared (FT-IR) study was performed.

3.2. Fourier Transform Infrared (FT-IR) Spectroscopy

The IR-light exposition generates a complex band-pattern for HCN-DTP; those bands can be
associated with functional groups. Although IR spectra provide important information about the
functional groups that constitute these polymers, there is not enough information to associate a
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spectrum with a specific synthesis method. The IR reflectance spectra of HCMN-derived polymers
prepared under diverse experimental conditions {Table 51 Supplementary Information) show similar
bands [17,18,26,27,61] to the bands identified in our polymer.

Figure 1 shows the [K spectrum of HCN-DTE As in previous reports, the FI-IK spectra are
divided into four main regions: region I (37003000 em™1), region T (2275-2000 em '), region TI
{1825-1000 cm™ ), and region VI (centered at 660 cm ™) [26] (Figure 1). Region | can be assigned mainly
to N—onnt.:lln'ing groups of Pri mary and secondary amines (3338 cm'j, ~MWH asymmetric stretch; 3211
em ', -NH; symmetnc stretch). In addition, OH groups of carboxvlic acids and/or methyl groups in
aliphatic compounds (2964 cm't; OH stretch, ~CH3 asymmetric and symmetric stretch) may overlap.
Markedly, the bands at 2798 and 2713 em™ ! have not been reported before. These bands ame associated
with CH5 symmetric stretch and attached with aromatic groups andfor nitrogen and owygen atoms [62].
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Figure 1. Fourier transform infrared (FT-IR} spectrum of hy drogen cyamide (HCN-derived thermal
polymer. Four regions can be recognized; the band assignments are given in the text and summarized
in Table 52.

Region I1 is characteristic of nitrile groups. In general, three well-defined absorption bands are
displayed in this region (at 2305, 2204, and 2168 em™"); their intensity and position vary depending
on synthesis conditions [27]. The first band is associated with isocyanates groups (MCO asymmetric
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stretch), while the band at 2204 cm™! may be related with azides and or cyanamides (N=N=N
asymmetric stretch, -C=N stretch). Some authors have reported a clear band at 2200 em~1 due to C=N
stretching on HCN polymers formed from formamide [29,30]. However, the possible interaction among
bonds such as X=Y and X=Y=2 (where X, Y, and Z can be carbon, oxygen, or nitrogen atoms) must
be considered. The band at 2168 em™! is related to the same functional groups, such as carbodiimide
groups [17]. In addition, there are appreciable bands around 2340, 2100, and 2026 em™ 1

The third spectral region displays several bands with well-resolved peaks. The band at 1861 cm™!
can be associated to carbonyl compounds (C=0 stretch). Additionally, bands at 1668 and 1597 cm” !
may correspond to overtones, and a combination of esters, ketones, amides, and carboxylic acids
functional groups. The presence of these bands can be related with hydrolysis at high temperatures,
and/or oxidation reactions that yield oxygenated groups [18]. Moreover, the IR spectrum exhibits
bands that may correspond to —CH3 and -CH3 in unsaturated or cyclic compounds (1406 and
1348 cm™1) associated with adjacent electronegative atoms, such as nitrogen and oxygen (e.g., CH3,
CH; asymmetric/symmetric stretching, wagging and bending vibrations, NO; symmetric stretch, NCO
symmetric stretch, H-C—H bending). Previous reports [18] have proposed that the absorption bands in
this region can be associated with amide bonds and/or heteroaromatic or heterocyclic groups. Likewise,
the peak at 1261 em ™! could be linked with amide bonds, esters, or amines. The last relevant signals
(Region IV) could be associated with -CH3 and -CH; groups and/or C—C stretch with no H on central
carbon in straight and branched chains (1180, 1103, and 1009 cm_IJ, and aliphatic insaturation and/or
substituted aromatics (982, 831, 799, 760, and 705 cm_1) [62].

New kinetic studies, considering the polymerization of aqueous solutions of NHyCN at different
temperatures, showed that the shape and width of the bands at approximately 3340 and 1645 em~ ! can
be interpreted as a highly conjugated macrostructure, and that it could be related with the presence
of oxygenated functional groups (i.e., <COOH and -CONHj;) at 90 °C [26]. In our case, the band in
Region I is centered at 3338 cm'l, while the band at 1645 em™! is divided in two well-defined peaks
(1668 and 1597 cm™1) (see above).

Therefore, the elemental analysis and the infrared spectra analysis suggest that HCN-DTP shows
a higher degree of hydrolysis and/or oxidation than other polymers (Table 51). The structure of this
polymer can be composed by a greater number of conjugated bonds [e.g., C=C, C=N and C=0 groups
{heterocyclic system)] resulted from the hydrolysis and oxidation of the main chains [15,26].

3.3. TG, DTG and DSC Analysis

Thermal analyses were conducted to characterize in detail the polymer and its thermal behavior.
Thermal analysis was chosen since many properties of a complex sample can be obtained, as described
as follows. The TG relates the behavior of a sample’s weight and physicochemical phenomena.
Th.rcrugh DTG, itis possible to gai.n information of the temperature and enthalpy at which thermal
phenomena occur; and D5C was used to study the thermal transitions of the polymer while it is heated.

The TG thermogram of HCN-DTP is shown in Figure 2. In accordance with earlier reports about the
thermogravimetric behavior of HCN-derived polymers, three stages can be identified: (I) a drying state
(<150 °C), (II) a pyrolysis stage (150-450 °C), and (III) a carbonization stage (>450 °C) [17,18,27,28,53].
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Figure 2. Thermogravimetric (TG), differential thermal analysis (DTG), and differential scanning
calorimetry (DSC) curves. The predominant thermal peak around 900 °C is markedly different from
previous reports. The DTG curve shows common decomposition steps related with HON-derived
polymers. However, the peak at 167 “C and the peaks around %00 °C are unique of our sample. The DSC
curve shows multiple thermal decomposition steps. In general, each peak has its corresponding peak
in the DTG curve.
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At the first stage, there is a mass loss in our sample of about 17.2 wt %. In this stage, only
one peak has been reported [18,27,28]. However, two other evident peaks (at 55 and 124 °C) can
be observed in our sample, which suggests two main decomposition steps during the evaporation
process. The dehydration occurs at low temperatures (<90 “C), which suggests the general degradation
profiles of HCN-derived polymers [18,27,28]. The first peak (i.e., 55 °C) is related to the release of
volatile compounds such as NHj or H>O, which are retained in the polymer (approximately 10 wt %).
The predominant peak around 124 °C could be associated with the mass loss from the structure of
the polymer. Accordingly, the value of mass loss during the first stage is 7.83 wt %. This value is
consistent with previous reports (HCN-derived polymer samples present an average value close to
7.8%) [18,27,28]. Tt should be mentioned that the systematic procedure development by Ruiz-Bermejo
and co-workers [17] consists of washing the solid insoluble black polymer in order to remove the
soluble part that may be retained by the polymer. As we did not have appreciable solid particles
during synthesis, this step was not carried out (see above). Therefore, it should be considered that the
peaks at the first stage may correspond to the soluble part retained by the polymer.

The first stage corresponds to the vaporization of moisture and the desorption of water. Likewise,
it has been reported that the differences among HCN-derived polymers in this stage may be linked
with the tendency to absorb atmospheric moisture (hydrophilicity) [18]. The synthesis of HCN-DTP
was performed under argon atmosphere, and furthermore, the polymerization reaction was performed
under depleted oxygen conditions. The higher hydrophilicity of our sample may be related with
moisture directly acquired from aqueous medium resulted from hydrolysis reactions (e.g., hydrolysis
of nitriles, urea, and/or diiminosuccinonitrile, DISN [32,33]). Hence, the peak at 124 °C in our sample
could be linked with another thermal event, the degradation of other organic molecules, such as urea,
which are ionically adsorbed on the polymer backbone.

The mass loss at the second stage (26.1%) and the last stage (46.8%) are similar to other HCN-derived
polymers’ behavior, corresponding to a mass loss of approximately 25wt % and 48 wit %, respectively [18,27,25].
The second thermal degradation is associated with the thermal decomposition of the weakest bonds
(e.g., side groups on the main chain); while the third stage is related with the breaking of the main chain.

Previous reports [18,27,28] have suggested a correlation between the mass loss at these stages, with longer
polymerization time, and furthermore, a higher thermal stability. In addition, two clear DTG peaks appear at
167 °C, and around approximately 280 °C, a well-defined peak is also found at 288 °C, and a slight shoulder is
around 279 °C. Due to the proximity of these peaks, we will refer only to the peaks at 167 “C and 288 °C as part
of the second stage (Figure 2). These peaks may be related with secondary scissions, which are associated with
relative high stability structures [28]. Although, in general, two well-defined peaks at =200 °C are identified
in this second zone, other peaks can be present depending on the HCN-derived polymer (e.g., aqueous
polymerization of DAMN at 80 °C and DuPont’s sample show clear peaks above 390 °C) [18,27,28]. No
peaks have been reported at the second degradation stage at temperatures <200 °C. Hence, the sharp peak
around 167 “C might be associated with a specific thermal decomposition step in HCN-DTE

Significant differences, due to thermal degradation of the main chain of HCN-derived polymers,
are associated with the third stage [158,27,28]. Our sample yields approximately 10 wt % of char residue
at 1000 °C, which is lower than the reported values (i.e., >15wt %) (Table 51). A slow rate of weight loss
around 642 °C is consistent with the general behavior of HCN-derived polymers [18,27,25]. Moreover,
two predominant peaks are found at 906 °C and 921 °C, with a rate of weight loss that is quite fast,
which are the main degradation events of our sample. Char forming reaction can be associated with
the last peak (approximately 921 "C) under coupled thermal events. This result suggest that the
HCN-DTP is more stable than the predominant HCN-derived polymer (ie., synthesized from cyanide
salts, AMN or DAMN) [18,27,28]; this difference may be associated with the synthesis procedure.
It has been suggested that the high thermal properties of HCN-derived polymers are related with the
high interaction between pely mer chains and rigid chain-stiffening (cross-linked structures and rigid
chains with hetero/aromatic structures along the backbone); their decomposition involves the chemical
conversion of side chains [28]. Likewise, the presence of an oxygen atmosphere seems to have an effect
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during the last part of thermal degradation, since there is no char residue due to thermo-oxidation
processes [27,28].

As our polymer was synthesized under free oxygen atmosphere, the greatest peaks around 900 °C
may be related with a char-forming reaction that is a result of important cross-linking reaction associated
with oxygen atoms inside the polymer structure. Only one study reported a relevant degradation
step around 900 “C [28]. This high thermal stability can be associated with a higher oxygen content
in the HCN polymers, which depends on polymerization reactions or on the oxygenated functional
groups in the macromolecular structure due to hydrolytic processes. Some plausible structures have
been reported for oxidized HCN-derived polymers which are enriched in keto groups, amino acids,
hydroxy acids, primary amides, and carboxylic acids; these structures are the result of hydrolysis
reaction from imine, amino nitriles, cyanohydrins, cyano, and amide groups, respectively [28].

Although the thermal behavior of HCN-derived thermal polymer is complex, characteristic peaks
are summarized in Table 1. In general, we can associate each peak with endothermic (D5C) degradation
processes. The analysis of the DTG curves shows at least seven predominant peaks associated with
different thermal events. These peaks are numbered according to gradual appearance, as a function

of temperature.

Table 1. Characteristic temperatures for the thermal decomposition of HCN-thermal derived polymer
under argon atmosphere. DTG maxima with the corresponding rates of weight loss, dW/dt, and D5C
peaks observed in the samples.

Stage | Stage 11 Stage 111
(25-150 "C) (150450°C) 4501000 "C)
Evaporation Low Thermal Decomposition High Thermal Decom position
Peak DTG DsC Peak DTG Dsc Peak DTG DsC
T o dWide . e . . dW/dt . . . . dW/dt -
(] (wt %C) Tpest. C) Tomax () (wt 3y°C) Tpcas (°C) T °C) (wt %" C) Tpeake (°C)
1 56 0.11 71 3 167 015 167 5 636 0.05 636
2 124 0.20 1z7 4 79 ol 785
288 on 3m 6 905 0.3 a10
7 a1 0.27 o3

The DSC thermogram is shown in Figure 2 along with its corresponding peak temperatures (T a1
(Table 1). The different peaks can be attributed to several decomposition/oxidation reactions associated
with deamination, dehydration, and decyanation as the main reactions. At higher temperatures,
random breaking by heteroatom bridges can occur [28]. Finally, carbonaceous char could result
from cyclization (exothermic events associated with the heati.ng of nitrile pc—lymers), scission, and
cross-linking reactions. The cyclization may occur during HCN polymerization, through nitrile
groups forming a stable ladder backbone [17,27,28]. Two endothermic peaks are clearly observed
around 900 “C.

In summary, the high oxidation degree of the structure of the HCN-DTP could result
from a continuous hydrolysis, deamination, and decyanogenation process, along polymerization.
These reactions generate a complex macromolecular structure that is essentially a polyamide with intra
and inter amide bonds, as suggested recently [28].

3.4. Mass Spectrometric Thermal Analysis

The functional groups of the decomposition residues were determined by in situ mass spectrometry
(MS). Itwas possible to detect several volatile species from the thermal decomposition and fragmentation
processes of the HCN-DTP polymer (Figure 3). As in the thermogravimetric analysis, we considered
the same three thermal decomposition stages to compare its analysis with DTG and DSC curves.
Several signals have been observed for MS peaks in a wide range of temperatures. Major signals
have been quite well characterized, and they are associated with H,O, NHy™ (m/z = 18), and OH
and NH; (m/z = 17, Figure 3a) [27,28,53]. Clear MS peaks at 61, 122, and 293 °C are observed for the
HyO/NH4 ™ profile. A broad peak, from 700 up to 850 °C, is present. Two evident signals at 61 °C and
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markedly at 172 *C related with other amine species (i.e., m/2 = 15, NH, m/z = 16, NH; and m/z = 17,
NHz/OH- ) and NO (myz = 30) are observed. Two broad peaks can be recognized among 200-600 °C
for NH and NO (Figure 3a), and it may contribute to the predominant signal on the second stage
(279-288 “C) (Table 1). These profiles (Figure 3a) coincide with the first four mass loss observed on DTG
curves (Figure 2} and are associated with deamination process, and the releasing of physisorbed water.
Besides the mentioned products, other obvious MS peaks are present with a considerable intensity.
Probably, carbon and/or nitrogen species (e.g., CF (12 = 12); NJCH; " (mz = 14); CO/N; (m/z = 28);
HCO (/2 = 29) and COxHCi=NH)NH; (m/z = 44); Figure 3b) contribute to the mass loss at the first
stage (approximately 122 “C) and along a broad temperature interval on the second stage (172 and
250-303 “C). For example, the profiles of mfz = 12 (e.g., Chand mjz = # (e.g., COHC=NH)NH;)
shiow similar behavior. A first Pea]; appears around 122 °C, two signals appear at the second stages
{i.e., 172 and 253-273 “C), and three clear signals appear at the third stage (i.e., for CO»; 543, 793,
and 903 °C} In general, these temperature profiles display similar M5 peaks to those ion currents
corresponding to scission and/or depolymerization mechanisms (i.e., deamination, denitrogenation,
decarboxylation, and dec_van.ugenaliﬂn] [27,28,53]). The ﬂg;nal at mjz = 44 also can be attributed to the
hydrolytic cleavage of the amide linkage, which can lead to the formation of two fragments with NHz
and COOH end groups.
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Figure 3, lom intensity curves for HCM-derived thermal polymer. Deamination and decarboxylation
mechanisms during pyrolysis stages dominate over dehydration. (a) Major signals associated with the
releasing of amines and water; (b) signals assodated with carbon and nitrogen spedies released though
stission and/or depolymerization mechanisms; (¢} cyanide and HCN curves; and (d) signals associated
with the cleavage of the pohymer chain through the release of larger species,

Aswas mentioned before, the most intense peak on the DTG curve is around 900 °C. The profiles of
carbon/nitrogen species show a well-defined and intense peak around %03 “C (Figure 3b); this peak is the

92



Processes 2020, 8, 968 11 of19

result of diverse species that could include C*, CH,*, CO, HCO, COy/HC(=NH)NHj; through cracking
of the HCN poly mer main chain, such as -N=N- or -HC=0 or -N=C=0 and/or by decarboxylation.

Cyanide and hydrogen cyvanide curves for m/z = 26 and m/z = 27, respectively, are shown in
Figure 3¢c. In order to examine carefully these profiles, an analysis based on a Gaussian function for
the deconvolution method was performed. The deconvolution analysis shows at least six peaks that
resemble very well the last six predominant peaks on the DTG profile (Figure 2). It must be considered
that although the pmﬁle resembles the general decomposition process, the intensity of the signals
associated to cyanide species are less intense (approximately 10 times) than the signals associated with
the decarboxylation process (Figure 3b). However, it is possible to deduce that decyanogenation of the
polymer takes place over a wide range of temperatures (from 142 up to 903 °C).

Finally, the TG-MS profiles for #i/z > 30 (Figure 3d) produce clear signals along the first two thermal
stages (L.e., 142 and 243 °C) that may be the result of the cleavage of the polymer chain through the
release of NCO (m/z = 42), isocyanic acid, and/or cyanic acid (m/z = 43), the cor:esponding deprolonated
derivate of formamidine (TC(=NH)NH- mi/z = 43), formamide (i11/z = 45), and NC-CH=CH-" (m/z = 52).
Other appreciable peaks are characteristic for the third stage (i.e., 643, 793, and 913 °C). The fragment at
mjz = 52 can be attributed to dinitrile NC-CN or mononitrile derivative (the fragment NC-CH=CH-")
from polyam.i.nonil‘rﬂe, as it has been suggested n previclus reports [27,28,53]. No more i.mporfant
signals were detected for m/z > 52.

In general, the TG-MS profiles and DTG curves are consistent with the thermal behavior of
HCN-DTP. Table 2 shows a simpler view of the contribution of each volatile species related with
different thermal stages.

Table 2. Summary of detected feasible volatile species associated with each stage of thermal
decomposition and fragmentation processes of HCN-derived thermal polymer (HCN-DTP).

. MS Peaks DTG Peaks (°C)
Probable Species (mfz) 55 124 167 279-288 642 906 921
[ 12
N, CH,* 14
NH 15
NH» 16
OH", NH3 17
HzO/NHg* 18
“CN 26
HCN rl
CO, N2 28
N:H, HCO 29
NO 30
NCO 42
HNCO, HOCN 43
COE!
+HC(=NH) “
HCONH, 45
MNC-CN, =
MNC-CH=CH
STAGES STAGE1 STAGEIL STAGE IIT
Note: Except for, water, ammonia, and nitrile oxides, all species contribute with the greatest thermal step showed
on the DTG curve.

In summary, it is possible to distinguish among species with punctual thermal events from
those that decomposed gradually. The first stage (<150 °C) seems to be associated with the release
of physisorbed water, deamination, and the cleavage of the polymer chain through the release of
high mass species. The second and the last stages are the result of continuous decyanogenation,
deamination, and decarboxylation mechanisms. The almost identical behavior between the carbon
profile and carbon dioxide suggests that decarboxylation is the main thermal decomposition process,
which is consistent with a high oxygenated structure of the polymer.

The HCN-DTP polymer is extremely complex, and many of its functional groups were determined
by in situ mass spectrometry. The potential of this polymer as a source for organic molecules motivated
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conducting hydrolysis experiments in order to identify released organics that are relevant for prebiotic
chemistry studies.

3.5. GC-MS Analysis of Hydrolyzed Samples
Acidic and basic hydrolyses were performed in order to release organics from the synthesized
polymer. In our case, a series of polar organic compounds, after acidic hydrolysis treatment, were

identified (Figure 4). The basic treatment only released a very small fraction of organic compounds
(ie., glycolic acid, aminomalonic acid, and urea) (figure not shown).
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Figure 4. GC-MS chromatogram of hydrolyzed HON-DTP samples. The profile shows some organic
molecules released after acid hydrolysis.

Around 100 different organic compounds have been characterized after the hydrolysis of
HCN-derived polymers [2,17,19-21,61,63,64]. Synthesis and hydrolysis conditions (ie., differences
in heating time and pH value) determine the amount and the chemical species released [19,60,65,66].
Forexample, the hydrolysis of aminomaleonitrile poly mer, AMN polymer, showed that basic hydrolysis
yields higher amounts of a-amino acids than acidic hydrolysis [67]. The acidic hydrolysis release more
organic molecules than basic treatment [19]. In our case, in both hydrolysis treatments, urea was the
most representative species. Moreover, after acidic treatment, the detected species are predominantly
N-heterocyclic compounds (e.g., purines such as adenine, guanine, 8-hydroxyadenine, and xanthine;
pyrimidines such as isobarbituric acid and orotic acid; pteridines such as 2,4,7-trihydroxypteridine and
2,4,6,7-tetrahydroxyptenidine; and 2,5-dihydroxy pyrazine and 5-hydroxy hydantoin) carboxylic acids
(e-g, glycolic acid, oxalic acid, 2-dihydroxy acetic acid, succinic acid, dihydroxymalonic acid, and malic
acid) and amino acids (e.g., glycine, 2,3-diaminopropanoic acid, aspartic acid, and isoserine). Hence,
the restrictive variability of chemical species from HCN-DTP could be associated to its synthesis.

An interesting analysis of the insoluble residues after acid hydrolysis of NHsCN-derived polymers
showed that high temperatures are correlated with the stability of the macromolecular structure [26].
In other words, the polymers formed at high temperatures are more stable against acid hydrolysis.
In this way, we can hypothesize two probable scenarios. On the one hand, the high stability of
HCN-DTP (see above) does not lead to the easy release of simpler organic compounds. On the other
hand, as it has been suggested before [17], the formation of a non-hydrolyzable matrix (heterocyclic
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macrostructure) results in the releasing of organic molecules that were retained within the structure; this
retention is lower at high temperatures. Since the high temperatures yields high stable macrostructures,
the retention of organic molecules is not efficient (non-available retention spaces) and in consequence,
the amount and diversity of molecules is limited. In addition, as the basic treatment was performed at
a lower heating time, the pool of organic compounds is limited.

In summary, the systematic method followed in this report suggests that HCN-DTP can be
understood as a highly oxidized macrostructure with conjugated carbon and nitrogen bonds. As it
has been reported recently, the physicochemical properties of these materials are directly related
with temperature and raw material, which favors hydrolytic and/or oxidative reactions during the
polymerization of HCN [18,26]. The identification of the physicochemical properties of this polymer is
crucial to propose a scenario where the HON-DTP could have played an important role from the point

of view of chemical evolution.
4. Discussion

Since the 1970s, it has been proposed that hydrogen cyanide can play an important role in
the formation of complex organic molecules under hydrothermal conditions [5,40-46]. In addition,
new ideas propose the surroundings of alkaline environments as ideal niches for a rich HCN
chemistry [9,68,69]. If HCN was present in alkaline hydrothermal environments, as suggested by
Holm and Neubeck [5], the reactions it will undergo would be crucial to understand its role in prebiotic
reactions occurring on these environments. Figure 5 shows a possible scenario of the probable fate of
HCN, as well as its thermal polymer, under a submarine alkaline hy drothermal system.

) o

Synthosis of HCN
Foemation of G, + NH, > HCN + 3,
$NDTP 2CH, 4 N, 5 2HCN + M,

CO + NM, 5 HCN + H,0
pH > 8

Thermolynis vs Polymerization
of HCN

9 Alkeling hydrothermal
f tio - enviconment
/ Deep curranty

"M grodients

HCN-DTP

l Dituse ¢ orgenic compownds

Mineral deposits

HON.DTP

Mirmral shase

Figure 5. Probable fate of HCN and its thermal polymer (HCN-DTP) in a primitive submarine
hydrothermal system, Each point is descnbed in detail in the text
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The availability of HCN in submarine hydrothermal systems similar to the Lost City in the
Hadean Earth [5,70,71] allow HCN th.rough two main reaction pathways. As soon as the HCN is
synthesized (from the released gases, e.g., CHy, NH3, CO, N3) in hydrothermal fluids (Figure 5, Step 1),
a continuous competition among hydrolysis [68] and polymerization reactions takes place [26,54]. Ina
recent paper [52], we showed that the thermolysis of HCN at relatively alkaline pH values (i.e., pH > 8)
allows the formation of a kind of HCN-DTE.

Higher pH values (i.e., pH > 10) may favor the formation of the HCN-DTF polymer (Figure 5,
Step 2) over HCN hydrolysis at relatively high temperatures (this work). Once HCN-DTP is formed, it
will experience several phenomena; the turbulent fluids and the deep currents could spread it along
the hydrothermal system. As it is essentially insoluble, eventually, it will precipitate (Figure 5, Step 3)
at lower temperatures (<100 °C) and may interact with mineral surfaces.

In hydrothermal systems, there are both temperature and pH gradients naturally occurring
(Figure 5, Step 4). The HCN polymer could be exposed to a wide temperature gradient (from 2
up to 350 °C), and along with pH variations, hydrolysis could accomplish. Hydrothermal deposits
and venting sites along hydrothermal systems with temperatures below 100 “C represent big areas
(spanning a few kilometers) [72—75]. In addition, the dynamic flux could generate important pH
gradients through the circulation of fluids [76]. In this way, the polymer could be heated at temperatures
as high as 300 °C at different pH values. Although the off-axis (e.g., the Lost City Hydrothermal System)
ultramafic hosted hydrothermal systems are essentially alkaline environments, the contribution of acid
fluids from relative near ultramafic on-axis systems (e.g., the Rainbow Hydrothermal System) [77]
could favor acidic hydrolysis (pH < 3). As the thermal behavior suggests (see above), the heating
(<300 °C) of HCN polymers would release several organic species to the environment. In particular,
the acid hydrolysis coupled with heating would favor the release of organic compounds of prebiotic
interest (e.g., aldehydes, carboxylic acids, amino acids, and N-heterocyclic compounds). These results
are consistent with previous works that highlight the relevance of submarine alkaline hydrothermal
systems. For example, La Rowe and Regnier [71], based on theoretical analysis, showed that under
hydrothermal conditions (i.e., off-axis vent sites, 150 °C, 500 bars), HCN reacts with dissolved gases
(e.g., COy, Hy, N2), forming nucleobases through the formation of HCN polymer. A cloud rich of
organic compounds could be formed surrounding hy drothermal systems (Figure 5, Step 5). The organic
molecules could have persisted at h.igh temperatures and pressures since, as 1t has been discussed, the
fate of organic molecules depends on the particular environmental conditions [50,58]. For instance,
it has been proven that some amino acids (e.g., lysine and glutamic acid) are thermally more stable
under alkaline solutions at high temperatures (>200 °C) [78].

The species (organics, gases, ions, metals, and minerals) in hydrothermal systems could be
transported [79] to other primitive environments, where they could follow decomposition, dilution,
precipitation, and/or sorption processes [80] {Figure 5, Step 6). In this experiment, the release of
adenine from HCN polymer was confirmed. The availability of N-heterocyclic compounds is crucial
to the formation of RNA oligomers. It has been suggested that RNA polymerization could probably
occur at conditions similar to those found on submarine hydrothermal systems [81]. The formation of
other complex molecules, tholins, has been studied under alkaline conditions [52]. In this study, the
formation of alkaline aqueous aerosols under reducing atmospheres (e.g., NH3, CHy, H) resulted
in a great diversity of organic molecules, notably glyoxylic acid, which has a great relevance in the
hypothesis of glyoxylate. This finding highlights that the synthesis of organics could be favored by
alkaline conditions.

This research is part of a series of prebiotic chemistry experiments devoted to understanding
the behavior of a very simple molecule (HCN) exposed to conditions found on Hydrothermal Vents
Systems. In this research, the main objective was to characterize the produced polymer and to identify
the released formed products. In the field of prebiotic chemistry, we try to find conditions that allowed
the increase in the complexity of molecules through the simulation of feasible environments and
including some likely variables in them. The formation of more complex molecules than those we
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used as raw material could have led to the development of interactions among these molecules and
thus accomplish a complex chemistry. Eventually, such scenarios could have preceded the origin of life
on Earth.

3. Conclusions

HCN is abundant throughout the universe, and it can be easily formed in hydrothermal chimneys.
In this work, we explored the synthesis and characterization of an HCN polymer produced under
conditions resembling those of HV. Our results support the hy pothesis developed by Nils Holm and
co-workers about the relevance of alkaline systems to host a rich chemistry during the first steps of
chemical evolution [5,53]. The synthesis of HCN-DTP polymer under assayed conditions, simulating
alkaline hydrothermal conditions, reinforce the idea about considering those environments as relevant
during early Earth for organic synthesis. HCN polymers are a huge group of macromolecules, and their
study requires the use of different analytical techniques. The polymer synthesized in this experiment
is very complex and presents chemical properties different from those of the already characterized
polymers. After hydrolysis, it releases prebiotic relevant molecules such as purines, pyrimidines,
carboxylic acids, and amino acids.

The next step in this study could be to focus on understanding the effect of ions and mineral
surfaces in the synthesis of those polymers and to evaluate their effects on the production of complex
organic molecules. In addition, as pressure is a key variable in submarine hydrothermal systems (since
it affects the boiling point of water, and a change in pressure could affect the polymer yield and the
selectivity of the reaction), in a future work, we aim to develop this idea.

Although this research focuses on studying the role of HCN-DTP in alkaline hydrothermal systems
and its impact on chemical evolution, the conditions for its synthesis are easily applied to materials
science. Likewise, characterizing its physicochemical properties may be useful for other approaches
and expand to other research areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/5/8/968/s1.
Table 51: Summary of HCN-derived polymers from diverse synthesis, Table 52: Description and assignation of IR
bands for HCN-DTPE.
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Marti, E., & Colin-Garcia, M. (2021). A Lizardite—-HCN Interaction Leading the Increasing of
Molecular Complexity in an Alkaline Hydrothermal Scenario: Implications for Origin of Life
Studies. Life, 11(7), 661.

Resumen El 4cido cianhidrico, HCN, es una molécula fundamental en la evolucion quimica y los
experimentos de quimica prebidtica. Varias investigaciones han demostrado que los “polimeros
derivados de HCN” liberan una cantidad importante de diferentes moléculas organicas después de
los tratamientos de hidrolisis. Ademas, algunas investigaciones novedosas se han centrado en el
estudio del papel de las superficies minerales durante la hidrolisis y/o polimerizacion de especies
de cianuro, pero hasta ahora, el efecto de las superficies minerales no esta claro. El papel de los
minerales a lo largo de los procesos de evolucion quimica pudo ser crucial porque indudablemente
interactuaron con las moléculas organicas durante la Tierra primitiva mediante diferentes
procesos. De esta forma, en este trabajo simulamos las probables interacciones entre HCN y
serpentinita en condiciones hidrotermales alcalinas simples. Se estudi6 el efecto de la serpentinita
durante la termolisis del HCN en condiciones basicas (i.e., HCN (I) 0,15 M, 50 h, 100 °C, pH >
10). El polimero térmico derivado de HCN y el sobrenadante formado después del tratamiento
fueron analizados mediante diversas técnicas analiticas complementarias. Los resultados
obtenidos sugieren que: 1) las superficies minerales podrian actuar como mediadoras en los
mecanismos de produccion de moléculas organicas como, por ejemplo, la polimerizacion de HCN;
1) las propiedades térmicas y fisicoquimicas del polimero de HCN producido se ven afectadas por
la presencia de la superficie mineral; y III) la serpentinita parece inhibir la formacion de moléculas
orgénicas en comparacion con el experimento de control (sin mineral).
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Abstract: Hydrogen cyanide, HCN, is considered a fundamental molecule in chemical evolution.
The named HCN polymers have been suggested as precursors of important bioorganics. Some novel
researches have focused on the role of mineral surfaces in the hydrolysis and /or polymerization of
cyanide species, but until now, their role has been unclear. Understanding the role of minerals in
chemical evolution processes is crucial because minerals undoubtedly interacted with the organic
molecules formed on the early Earth by different process. Therefore, we simulated the probable
interactions between HCN and a serpentinite-hosted alkaline hydrothermal system. We studied
the effect of serpentinite during the thermolysis of HCN at basic conditions (i.e.,, HCN 0.15 M, 50 h,
100 °C, pH > 10). The HCN-derived thermal polymer and supernatant formed after treatment were
analyzed by several complementary analytical techniques. The results obtained suggest that: (I) the
mineral surfaces can act as mediators in the mechanisms of organic molecule production such as
the polymerization of HCN; (II) the thermal and physicochemical properties of the HCN polymer
produced are affected by the presence of the mineral surface; and (IlI) serpentinite seems to inhibit
the formation of bioorganic molecules compared with the control (without mineral).

Keywords: hydrogen cyanide; alkaline hydrothermal environments; organic molecules; serpentine

minerals; prebiotic chemistry

1. Introduction

Currently, it is undoubted that several cyanide species may have had a crucial role
in the previous steps for the origin of life [1-3], either as an important source of pre-
cursors to building blocks of RNA, proteins, and lipids [4-13] or as important chemical
intermediates in phosphorylation reactions [14]. These cyanide species may have been
scattered throughout some primitive environments such as the hydrothermal systems,
either submarine or subaerial [15-20]. Hydrothermal environments, both subaerial and
submarine, are considered ideal systems that allowed chemical evolution on Earth [21-23].
It has been proposed that serpentine-hosted hydrothermal systems may support favorable
conditions for prebiotic pathways due to the coexistence of different geochemical variables
on them [21,24-26]. Serpentinites are rocks formed mostly of serpentine-group minerals
derived from metamorphism of mafic—ultramafic rocks that were abundant during the
Hadean—Archean eons [27-30]. In general, these hydrous magnesium silicates are formed
after low-temperature ( <400 “C) hydration of ferromagnesian or magnesian minerals (e.g.,
olivine, orthopyroxene) formed in basic and ultrabasic rocks [31].
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Because hydrothermal activity and the serpentinization process should have been
common and widely distributed in the first 1000 Ma of the Earth’s history [24,26,29,32-35],
some authors have highlighted the interactions among cyanide species and geochemi-
cal variables present in hydrothermal environments and their aftermath in origin of life
scenarios [2,36-41].

Recent papers have shown that hydrothermal fluids, during the serpentinization
process, can lead to the occurrence of carbonaceous matter on mineral surfaces [42-44].
In addition, it has been shown that alkaline conditions and the dynamic surroundings
that are present in hydrothermal systems are crucial for the transformation of cyanide
species (e.g., cyanide salts and hydrogen cyanide, HCN) into other organic precursors
with interesting roles in pre-RNA world scenarios [11,12,45-48]. Therefore, it seems nec-
essary to study the role of serpentinite during the polymerization of HCN in order to
simulate a feasible primitive geochemical scenario such as the surroundings of an alkaline
hydrothermal system.

The polymerization of HCN has been widely studied [49-55]; however, few reports
have focused on the polymerization of HCN onto mineral surfaces. Ferris et al. [56] found
that the presence of montmorillonite inhibits the formation of oligomers because the clay
decomposes the tetramer of HCN (i.e., diaminomaleonitrile, DAMN); this effect increases
at higher temperatures [47]. However, Boclair and coworkers [57] reported that layered
double hydroxides (LDH) can favor the self-addition of cyanide at alkaline pH. On the other
hand, the -irradiation of an heterogeneous sample of HCN/Na-montmorillonite inhibited
the amount of carboxylic acids formed [58]. In addition, it has been shown that the proper-
ties (e.g., structure, kind of deposition, morphology) of aminomalononitrile-based films
are modified by the presence of surfaces (e.g., quartz, glass, and silica; [59]). There is no
comprehensive information about the role of mineral surfaces during HCN polymerization.

The dynamism of hydrothermal systems offers an interesting place for chemical
reactions. For instance, the continuous transport of material along the surroundings of
hydrothermal systems (i.e., the vent field that includes all active hydrothermal fluids
(both at low (<100 °C) and high temperatures (<400 “C)) may involve the occurrence of
thermolysis and polymerization reactions of raw material. Recently, we characterized a
polymer formed from the thermolysis of HCN (i.e., HCN-DTP) [46] simulating a simple
alkaline hydrothermal system. In this work, using the same synthesis conditions (ie.,
HCNy 0.15 M, 50 h, 100 °C, pH > 10), we studied the role of serpentinite related to the
physicochemical properties of the formed polymer (HCN-DTP/serpentinite) as well as the
nature of the supernatant and the mineral coated by an organic layer (Figure 1). Finally, we
discuss the implications for chemical evolution studies.
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1) Serpentinite was cleaned using KOH 3% viv; H,0; HNO, 3% viv and characterized using XRD, FT-IR, and TA.

2) The hydrolysis two kinds of is: acid (HCI 6N, 100-110 °C, 16-24 h) and basic (NaOH 0.1N, 100 °C,
6 h). Both procedures were carried out in each sample.

Figure 1. Processes followed for the synthesis and characterization of the HCN-DTP in presence of
serpentinite.

2. Materials and Methods
2.1. Mineral/HCN Samples

Serpentinite was provided by Professor Fernando Ortega-Gutiérrez (Geology Insti-
tute, Universidad Nacional Autonoma de México, Ciudad Universitaria, 04510 Cd. Mx,
Mexico). The sample was obtained from the Acatlan Complex, SW México [60]. In order
to remove all the organic material on the sample, the following procedure was carried
out: fragments of mineral (< 1 cm) were washed with a KOH solution (3% v/v) for 30 min
(1 g mineral/10 mL solution). After that, the mineral was stirred in distilled water (30 min)
to remove the KOH excess. Later, the sample was washed with HNO; solution (3% v/v)
(1 g mineral /10 mL solution) for 30 min. Finally, the mineral was cleaned with distilled
water to remove the acid excess. Mineral was dried at room temperature. XRD analysis
was performed for mineralogical characterization of the serpentinite sample. The lizardite
polymorph predominated in the sample. XRD spectra (Figure 2) showed distinctive diffrac-
tion peaks corresponding to lizardite (91%), antigorite (5%), and minor traces of magnetite
and brucite (=24%). Lizardite has the structural formula M3T>O5(OH)4, where M is mainly
Mg and T is 5i, although several common elements can be present in Table 2. AP N,
Mn?*, or Zn?* [61-63]. In this mineral, 1:1 flat layers of sheets of SiO4 tetrahedra and sheets
of MgO»(OH)4 octahedra are linked by hydrogen bonds. The most common polytypic is
the stacking of three layers without any lateral shift [64].
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Figure 2. X-ray pattern for the serpentinite rock sample. Diffraction peaks were assigned based
on previous works [61,63]. Legend: (L) lizardite Mg35i,O5 (OH)y, (M) magnetite (Fe;Oy), and (B)
brucite (Mg(OH)s).

To confirm that the mineral sample was not contaminated, a mass spectroscopy
thermal analysis was carried out for the cleaned serpentinite sample. Peaks related to OH~
and H>O (at 619 and 696 °C) were detected; this corroborated that all organic material was
removed from the serpentinite (figure not shown).

The HCN-DTP was synthesized in the presence of serpentinite as follows. HCN
solution was produced in situ by the reaction between KCN and H>SO4 under argon
atmosphere (for further details, please see Villafafie-Barajas et al., 2020 [46]). Once the
desired concentration was reached (0.15 mol L=1), the pH of the HCN solution was adjusted
(pH > 10) with KOH solution (0.1 mol L-1) to favor the availability of “CN and the
formation of HCN-polymers. Finally, aliquots of HCN solution (0.15 mol L1, 5mL) were
prepared with 500 mg of the previously cleaned serpentinite in glass tubes and heated
in a static system at 100 °C for 50 h. The selected temperature was consistent with the
one found in the surroundings of alkaline hydrothermal environments. After treatment,
three phases could be distinguished in the sample: I) supernatant (yellow soluble part),
1I) HCN-DTP (black polymer that was not adhered to mineral surface), and I1I) mineral +
HCN-DTP (serpentinite covered by polymer). The three phases were analyzed by different
analytical techniques (for more details, see Figure 1).

2.2. Analysis of Samples
2.2.1. FT-IR Spectroscopy (FT-IR)

The spectra were collected with a FT-IR spectrometer (Nicolet Thermo Fisher ® model
Nexus 67, MA, USA, software OMNIC ) using Csl pellets. Using a DRIFT reflectance
accessory (Harrik, model Praying Mantis DRP, New York, NY, USA), the spectra of Phases
Il and III in the 4000-450 cm™* spectral region (spectral resolution of 2 cm™") were obtained.

22.2. Thermal Analysis (TA)

A thermal analysis (thermogravimetry (TG), differential thermal analysis (DTG), and
differential scanning calorimetry (DSC)) was performed with a TA instrument® (SDTQ-
600/ Thermo Star). The method involved operating in isothermal mode (20 min) and a heat-
ing ramp of 10 °C min~! until 1000 °C under inert atmosphere (argon, flux 100 mL min—1).
The analysis of the main released species along dynamic thermal decomposition from
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fragmentation process, were carried out with a coupled TG-MS system using an electron-
impact quadrupole mass-selective detector (model Thermostar QMS200 M3).

2.2.3. XPS Spectroscopy Analysis

X-ray photoelectron spectroscopy analysis of Phase Ill was carried out in an ultrahigh-
vacuum chamber equipped with a hemispherical electron analyzer and with the use of an
Al Ka X-ray source (1486.6 eV) with an aperture of 7 mm x 20 mm. The base pressure in the
chamber was 3 x 10~® mbar, and the experiments were performed at room temperature.
The sample was analyzed by preparing a pellet containing a sample of approximately
100 mg obtained after grinding and pressing the Phase III (mineral + HCN-DTP). Phase
Il was also analyzed as raw sample (rock covered by the polymer). The peak analysis
in different components was shaped, after background subtraction, as a convolution of
Lorenztian and Gaussian curves. Binding energies were calibrated against the binding
energy of the C 1s peak at 285.0 eV. Calculation of the atomic relationships between the
identified elements was derived from integral peak intensities and sensitivity factors
supplied by Handbook of XPS [65].

2.2.4. Hydrolysis and GC-MS Analysis

To conduct a comparative analysis, a basic (NaOH 0.1N, 100 °C, 6 h) and acid (HCI
6N, 110 °C, 24 h) hydrolysis procedure was performed following previous reports [46,66].
After treatment, the samples (Phases [, II, and IIT) were analyzed by a GC system coupled
to a 5975 VL MSD (Agilent®). The detection and characterization of different signals were
performed as previously reported [9,46].

3. Results and Discussion
3.1. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of Phases II and IIl were registered and compared with their respec-
tive control samples. That means that the Phase Il was compared to the polymer control
HCN-DTP synthesized in the absence of mineral and the Phase III to a control serpentinite
sample (Figure 3). This was done as a first step to evaluate the effect of the serpentinite in
the cyanide polymerization process.

There were no appreciable differences between the spectra of the mineral alone and the
Phase III (Figure 3A). The lack of differences between the naked mineral spectrum and the
coated serpentinite is probably because the spectrum of the Phase Il was registered using a
pellet of the raw sample. As will be discussed below, the organic film represents a very low
amount (in % weight) of the raw Phase III. Therefore, in relative proportion, the intensities
of the mineral FT-IR features are much higher than those of the organic film; therefore, it
was not possible to characterize the polymeric coating by this methodology. The FT-IR
spectrum of the serpentinite described here (Figure 3A) is very similar to others spectra
previously reported, with characteristic peaks centered at 3682 cm~L, related to MgO-H
stretching vibration modes, and at 974 em~! with a shoulder at 1068 cm™!, corresponding
to the Si-O-Si asymmetric stretching mode (for a detailed description of these FT-IR spectra,
see, e.g., Rivero Crespo et al., 2019; [67]).
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Figure 3. FT-IR spectra of (A) net serpentinite (clean control mineral) and serpentinite coated in
a HCN-derived polymeric film (Phase III); (B) HCN-DTP polymer synthesized in the presence of
serpentinite (Phase II) and control HCN-DTP polymer (synthesized in the absence of serpentinite);
and (C) subtraction of the FT-IR spectra of the Phase Il and the control HCN-DTP polymer.
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On the other hand, the FT-IR spectra of the Phase Il and the polymer control HCN-DTP
present the same main features (Figure 3B). Detailed interpretations of these spectra were
presented in Villafafie-Barajas et al. [46] indicating the generation of a highly conjugated
macrostructure dominated by oxygenated functional groups. However, some slight but
significant differences can be observed between the Phase Il and the polymer control
HCN-DTP (inset plot in Figure 3B and the subtraction of the spectra in Figure 3C). The
subtraction of the FT-IR spectra of the Phase II and the polymer control HCN-DTP (pink
line in Figure 3C) presents a clear feature at 3682 cm~! and additional features at 959 and
1067 cm~!, which can be related with the presence of residual serpentinite in the Phase
IL. The bands at 1803, 1675, and 1595 cm™! may indicate a greater oxidation state for the
Phase II, since these bands can be assigned to carbonyl compounds such as esters, ketones,
amides, and carboxylic acids. Furthermore, the band at 1348 em~! can be related to -COQO
groups in carboxylic acids salts (in this case, the counterions can come from the residual
serpentinite). The features centered at 2168, 2121, 2074, and 2043 cm ! identified in the
Phase II (inset plot Figure 3C) can be assigned to azide (-N=N=N), carbodiimide (-N=C=N),
and isonitrile (N=C) functional groups. Therefore, it seems that the serpentinite increases
the hydrolysis in the HCN polymerization, resulting in highly oxidized products.

3.2. Thermal Analysis

Thermal analysis allowed characterization of the thermal behavior of the samples
and finding notable differences between HCN polymers that were not evident using FI-
IR spectroscopy. DTG and DSC curves are considered fingerprints to characterize and
distinguish among HCN polymers with very similar FI-IR spectra [68,69]. As was done
in the previous sections with the FT-IR spectra, the thermal curves of the Phase II were
compared with those of the polymer control HCN-DTP and the curves for the Phase III
with the control clean serpentinite (Figure 4). In addition, the thermal analysis of the Phase
1l was carried out under an air atmosphere. In accordance with previous reports, the
thermogravimetric behavior of the samples was divided into three stages: I) drying stage
(<150 °C), I) pyrolysis stage (150450 “C), and III) carbonization stage (>450 “C) [46,68-72].
The total weight loss of serpentinite was 12.6%, which agrees with previous reports,
together with the DTG doublet in the carbonization stage (Figure 4A,C; Table 1) and
with the DTA sharp exothermic peak at 823 °C [73]. The thermal decomposition of this
mineral leads to the dehydroxylation of the structure; the bound hydroxyl groups are
removed from the serpentinite and liberated as water vapor [74]. The release of these
groups reaches its maximum peaks at ~619 and ~696 °C as shown in the DTG curve
(Figure 4C; Table 1). Likewise, the DSC and DTA curves (Figures 4E and 5) show a sharp
exotherm peak at ~823 °C, which indicates the complete formation of olivine (i.e., forsterite;
Mg,Si0y) ([74,75].

109



Life 2021, 11, 661

8of23

1000

I — —— Serpentinite
A) ——Phase lll
Phase Ill (air)

975 4

Weight (%)
8
(]
!

875 4

C)
008

0.06 4

o
2
1

dW/dT (%/°C)

Heat Flow (mW) Exo

-15 4

617

150 300 a5 600 70 %00
Temperature (°C)

Weight (%)

dW/dT (%FC)

Heat Flow (mW) Exo

B)

——Phase Il
——HCN-DTP

47 %

034

(=3
N
1

014

004

450 600 T%ﬂ 900
Temperature (°C)

Figure 4. (A) and (B) TG curves; (C) and (D) DTG curves; (E) and (F) DSC curves. Note that an important amount of residue
remained even at high temperatures. The most important decomposition step occurred along the third thermal stage. The
identified stages were (I) drying stage (<150 °C), (II) pyrolysis stage (150450 °C), and (III) carbonization stage (>450 °C).
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Table 1. Characteristic temperatures for the thermal decomposition of samples. DTG maxima with the corresponding rates

of weight loss, dW/ dt, and DSC peaks observed in the samples.

Stage I Stage 11 Stage III
(25-150 °C) (150-450 °C) (450-1000 °C)
Evaporation Low Thermal Decomposition High Thermal Decomposition
DTG DSC DTG DSC DTG DSC
dW/dt T eak dw/dt Tpheak dwW/dt
(=] pea L= al (=] =]
Sample Tmax ( C) (WI‘%/C'C) (cc) Tmax( C) (wt%/°C) (oc) Timax ( C) (wt%/"C) Tmax ( C)
. 619 0.07 619
Serpentinite 696 0.07 823
61 0.18 71 178 0.04 164 550 0.04 649
290 0.04 654 0.08
Phase II 691 0.07 800
794 0.03 846
619 0.06 619
Phase 1l 696 0.05 823
Phase IIT 619 0.06 617
(Air) 696 0.05 827
55 0.11 71 167 0.15 168 642 0.05 636
HCN-DTP 124 0.20 127 279 0.11 906 0.34 910
288 0.11 301 921 0.27 938
1.5
—— Serpentinite
Phase Il 823
Phase Il (air)
<
o
-0.5 4
1.0 I 1 1 1 I
400 500 600 700 800 800 1000

Temperature (°C)

Figure 5. DTA analysis of serpentinite, phase IIl and phase III (air).

As with the FT-IR analysis, the thermal analysis does not show appreciable differences
between the Phase III and serpentinite (Figure 4A,C,E and Figure 5; Table 1). There was a
mass loss of only ~2% during the last thermal stage (> 450 °C) (Figure 4A). This suggests
that there was not a significant amount of polymer covering the mineral surface, and,
in consequence, the thermal profile obtained was dominated by the thermal behavior of
serpentinite. However, for the Phase IlI, the total weight loss was 10.8%, an amount lower
than the weight loss for the control sample, the clean serpentinite. Since dehydration is
the unique thermal degradation processes for the serpentinite, it seems that the polymeric
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coating might partially prevent the release of water. This also would influence the phase
change, because a reduction in the exothermicity of the forsterite formation was observed
(Figures 4E and 5). In addition, no thermal degradation of the coating was observed
in the thermal curves herein considered. The next section discusses that this thermal
decomposition seems to be minor. Furthermore, the thermal degradation of the Phase III
in the presence of air led to an additional weight loss of 0.6 % compared to the weight
loss obtained by heating under Ar atmosphere (Figure 4A). This result can be related to
the total degradation of the polymeric coating, indicating a very low organic contribution
(relative percentage in weight) from the film covering the mineral.

On the other hand, the presence of air did not affect the thermal behavior of the
serpentinite, since there are not great differences between the thermal curves recorded in
the presence of air (previously reported) with those recorded using an inert atmosphere of
Ar. Nevertheless, the changes observed in the shapes of the DSC and DTA curves of the
Phase III registered in the presence of air seem to be due to the polymeric coating, although
without highly significant variations with respect to the clean control serpentinite. These
results might indicate a physical (physisorption) interaction between the polymeric coating
and the mineral surface instead of a strong chemical interaction (chemisorption). This fact
is important to elucidate the possible role of the mineral in the full pracess of the cyanide
polymerization and to understand the interaction between the mineral and the organic
polymer. To the best our knowledge, this is the first time that the thermal analysis of a
covered mineral by a HCN-derived polymer has been described.

In regard to the Phase 11, a mass loss of around 10 wt% was observed during the drying
stage (<150 °C), which is a consequence of the release of volatile compounds retained in the

polymer, predominantly H;O. This value is consistent with previous reports [46,68,69,72].
In the second stage, the pyrolysis stage (150450 “C), the mass loss was also 10 wt%. This
value is considerably lower than those previously reported (approx. 25 wt%) [46,68,69,72].
This suggests that, as the second thermal stage has been associated with the decomposition
of the side groups on the main chain, the polymer has no highly stable side structures.
Two clear DTG peaks appear at 174 and 290 °C. Similar peaks also appear in the DTG
curve for HCN-DTP (Figure 4B) [46]. In addition, a shoulder around ~135 °C is detected.
The third step, the carbonization stage (>450 “C), showed the most significant differences
between the Phase Il and the HCN-DTP previously synthesized [46]. The sample yield
was approximately ~63 wt% of char residues at the end of the ramp temperature. This is
unexpectedly high, which is because of the fact that HCN-DTF yields around 15 wt%, while
other HCN-derived polymers have 20 wt% [46,68,69,72]. In addition, this value represents
almost the double percentage of the original weight reported (i.e., 36.4%) for the black
polymer formed by the thermal decomposition of formamide [76]. It seems, as is the case
for the coating film (Phase III), that this Phase 1T is highly thermally stable. Three signals are
evident in the DTG curve: first a slight shoulder around 550 “C and then two predominant
peaks at 654 and 691 °C. These peaks match with the signals detected in HCN-derived
polymers synthesized from NH;CN and DAMN [72]; however, this does not mean that
identical structures are present. For instance, although there is no clear signal after 800 °C,
as in other experiments performed at high temperatures (>80 °C) and high concentrations
(>0.1 M) [46,72], there is a change in slope that starts at ~800 °C in the sample synthesized
in presence of the mineral (Phase II). Finally, the DSC curve of the Phase Il shows only
three clear endothermic events at 71, 164, and 649 °C (Table 1). These signals correspond
to evaporation of the absorbed water and the two main decomposition processes of the
polymer [46,72]. Although the FT-IR spectra of the Phase II and the HCN-DTP previously
synthesized are essentially alike, the thermal analysis shows important specific thermal
fingerprints for each sample. The main difference is shown in the comparison of the DTG
curve from Phase II and the HCN-DTP [46], where there is a peak after 900 “C in the control
sample. Likewise, the Phase Il shows a higher release of volatile species (e.g., H20O) in the
first thermal step (i.e., <70 “C). This considerable difference might be associated with an
increment of hydroxyl groups in the polymer as a consequence of interactions with the

112



Life 2021, 11, 661

110f23

serpentinite structure. Also, the high amount of char for the Phase II could be related with
a higher degree of oxidation, in agreement with the FT-IR spectra. It has been proposed
that an increase in the thermal stability of the HCN-derived polymers is related to a higher
content of oxidizing groups in the macrostructures, which eventually leads to an increase
in cross-linking [69]. On the other hand, the residual amount of serpentinite in the Phase II
may be very small, because its characteristic thermal peaks are not identified in any of the
thermal curves (TGA, DTG, or DSC) of the Phase II (Figure 4B,D,F).

3.3. Mass Spectroscopy Thermal Analysis

Serpentinite control, Phase II, and Phase [ll were analyzed by in situ mass spectrometry
(Figure 6) to gain more information about the chemical species released in each thermal
step shown in the DTG curves. We considered the same three thermal stages to compare the
thermal behavior. The serpentinite control shows only signals associated to OH ™ (m/z = 17)
and HO (m/z = 18) at 621 and 700 °C, which signals are consistent with the predominant
peaks related to the release of hydroxyl groups from serpentinite as is confirmed by the DTG
curve (figure not shown) and is in agreement with previous results [73]. Comparatively, the
Phase III shows four clear signals. Three of them coincide around ~620 and ~700 “C and
could be associated with NH, (m/z = 16); OH—, NH; (m/z = 17); and H,O, NHy* (m/z = 18).
In addition, an appreciable signal at 214 °C is related to HCN (m/z = 27) (Figure 6A). Since
the serpentinite control does not show peaks below 600 °C, the peak at 214 “C can be directly
related to the thermal decomposition of the organic coating (Figure 6A). Considering the
intensity of these TG-MS data, the amount of coating on the serpentinite is small, though
it seems to partially protect the mineral of dehydration. Further works are needed to
determine the thickness and the nature of these films synthesized under hydrothermal
conditions. Only one previous paper has reported the kinetics of the deposition of AMN-
derived polymers, but it did so at room temperature [59] and did not focus on the thermal
stability of this new series of coatings.

Table 2. Summary of detected volatile species in Phase II. The MS peaks are associated with each
thermal stage. Orange = Stage I. Evaporation (25-150 °C); Blue = Stage II. Low thermal decomposition
(150450 “C); Green = Stage I1I. High thermal decomposition (450-1000 °C).

Probable Specics MS Peaks TG-MS Peaks for Phase 11
(mlz) 62 174 285 550 654

C+ 12
? 13
N,CH,* 14

NH 15 L
NH, 16
OH /NH; 17
H,O/NHy+ 18
? 22
-CN 26
HCN 27
CON, 28
N,HHCO 29
NO 30
NCO 42
HNCO/HOCN 43
CO,/ v

HC(=NH)NH;
HCONH» 45
? 46
Stage
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Figure 6. Ion intensity curves: (A) for Phase III; (B—F) for the Phase II. All signals are indicated in Table 2 with their
correspondent DTG peaks. The predominant peaks on the third stage are the result of the contribution of several carbon

and/or nitrogen species.

Phase II shows several changes related to the signals observed in the HCN-DTP
control sample [46]. Figure 6B displays the predominant signals linked to NH; (m/z = 16;
T=659°C); OH-, NH; (m/z =17; T = 67, 171, and 662 °C); H,O, NHs* (m/z =18; T = 67,
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241, 268, 557, and 685 °C); and NO (m/z = 30; T = 155 and 668 °C). Though these species
and peaks were also present in the HCN-DTF, the Phase II has new, well-defined signals
associated with NH,, OH™ /NHj3, and NO around ~660 °C. In addition, the #1/z = 30 profile
does not have the same broad peak around ~160 °C as the control sample (Figure 6B). Two
clear peaks are shown for the profiles associated with N/CHj; (m/z = 14); CO, N, (m/z = 28);
and NoH/HCO (m/z = 29) at ~650 and 750 “C (Figure 6C). These signals contribute to the
broad peak shown in the DTG curve at the third stage (>450 °C). The thermal profile is
totally different, even though these species are released in the HCN-DTP. First, the ion
current is considerably higher, and it is thus impossible to identify peaks before 600 °C as
is possible in the control sample (e.g., 172 and 283 “C). Moreover, the Phase II does not
present peaks after 900 °C as is evident in the HCN-DTP.

In general, the signals in the pyrolysis (150-450 °C) and carbonization stages (>450 “C)
are considerably different to the thermal profile of the polymer synthesized in the absence
of mineral. The main differences are the predominant peaks around ~660 “C and the
absence of peaks after ~900 °C (Figure 6D,E,F). The peaks around ~660 “C are the result
of the contribution of several carbon and/or nitrogen species, e.g., C* (m/z = 12), NH
(m/z = 15), NCO (m/z = 42), HNCO/HOCN (my/z = 43), CO»/HC(=NH)NH> (m/z = 44), and
HCONHj (m/z = 45), which suggest the dominance of decarboxylation and /or deamination
mechanisms. Other peaks displayed in the same species profiles below 300 “C (e.g., 130,
180, 255, 282) are present in the polymer synthesized without mineral. However, the peaks
at 392, 500, and 550 °C are only present for the CH, NH, NCO, CO;/HC(=NH)NH, and
HCONH; species in the Phase II (Figure 6E,F). New signals without clear assignments are
present in the polymer synthesized in the presence of mineral (e.g., #/z = 13 and m/z =46).
Interesting, the profiles associated to cyanide species, CN" (m/z = 26) and HCN (m/z = 27),
are totally different from the control HCN-DTP sample. For instance, the profile of the
sample without mineral shows a broad peak that starts at 423 °C and disappears after
900 °C. Instead, in the presence of serpentinite, cyanide species profiles only show three
peaks between 640 and 780 °C (Figure 6F). These profiles resemble the general pattern of the
DTG curve from the Phase Il. Hence, decyanogenation of the polymer takes place mainly at
650 °C. In general, the thermal profile of Phase II shows that decarboxylation, deamination,
and /or decyanogenation mechanisms occur mainly around ~660 °C. The absence of this
thermal step and the predominant peak after 900 °C in the polymer synthesized without
mineral suggest that the presence of serpentinite considerably affects the thermal and
structural properties of the HCN-derived thermal polymers. In addition, the possible
decyanogenation and degradation process of the Phase III is centered at 214 °C, suggesting

a higher thermal lability of the coating than the insoluble black solid, Phase II; this implies
that the coating and the insoluble black solid have different structural natures.

Table 2 shows a review of each volatile species contribution related to the thermal
stages previously described. In summary, the peak at 124 °C and the two signals after
900 °C do not appear on the DTG curve of the polymer synthesized in the presence
of serpentinite. In addition, the serpentinite contributes with an important amount of
hydroxyl groups released in the first thermal step (i.e., 62 °C). Finally, the peak around
550 °C is unique in this sample.

3.4. XPS Analysis

The general thermal analysis suggested important physicochemical differences be-
tween the HCN-DTP synthesized with and without serpentinite, so X-ray photoelectron
spectroscopy analysis was carried out to elucidate the interactions between the organic
coating and the mineral surface. Figure 7A shows the photoemission spectra of both the
clean serpentinite and the Phase III. The data were registered by using pellets from both
samples. The serpentinite control shows clear signals related to its atomic composition (Mg,
5i, and O) in strong agreement with previous reports [77]. In this case, the spectra of the
clean serpentinite and the Phase III do not show significant chemical changes (Figure 7A).
This could be a result of the low amount of organic polymer deposited onto the mineral
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surface and diluted in the bulk of the pellet, which may have been insufficient to obtain
characteristic or specific signals from the organic film. Some previous studies by our group,
where the characterization HCN-derived polymers and tholins was performed, reported
that ~25% in weight of organic material by total mass of sample (mineral + organic) is
necessary [71,78,79] to identify the chemical features of that material without doubt.
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Figure 7. Photoemission spectra of samples. (A) XPS overview photoemission spectra of serpentinite control and Phase 11

(pellet); (B) XPS overview photoemission spectra of Phase I (pellet and grain); and (C) XPS spectra of N 1s core level peak
of Phase III (grain sample), recognized as the fingerprint of the polymeric film.

However, when the XP5 spectrum of the Phase IIl was performed using a coated
serpentinite grain, the differences were remarkable (Figure 7B). The main difference among
the samples containing an organic coating on the surface is that the mineral signals are
attenuated. This can be explained by one main reason: the XPS technique is mainly
sensible to the first surface layers of the sample; therefore, once the polymer covers the
mineral surface forming a film, the mineral surface stays hidden underneath the organic
material. Because of this phenomenon, a signal assigned to N 1s, the fingerprint of the
polymeric film, is observed in the Phase III (inset plot in Figure 7B,C). The first component
(at 401.8 eV) can be assigned to ammonium cations, and the second one (at 403.3 eV) to
azide groups (R-N=N=N-) or nitrites (Figure 7B). The assignation of these components is
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different to those of others coatings obtained from AMN at room temperature (although

the N 1s signal is significant, Thissen et al. performed deep analysis of C 1s spectra and

the binding energies were referenced to aliphatic hydrocarbons peak at 285.0 eV [80] or

insoluble cyanide polymers (397.6 €V to imine and /or heterocyclic groups and 398.7 eV

to amides [71]. This result is consistent with the fact that the structural nature of the

HCN polymers is directly dependent on the experimental synthetic conditions, as well

as the chosen monomers used in their syntheses [72]. In the present case, the nature of

the mineral substrate could also be considered to explain these differences. Recent works

have suggested that the presence of inorganic surfaces (i.e., silica) can affect the properties

(e.g., morphology and change of composition film) of AMN-based films [59]. Likewise,
Ball [81] reported that AMN-based films deposited on amorphous carbon can affect its

electrochemical activity as a consequence of the change in the composition, morphology,
and thickness of the film. In addition, he suggested that long deposition times (21 h)
produce thicker films. Because our experiments were performing using 50 h of reaction

time at a higher temperature, the attenuated XPS signals from the mineral (Figure 7B) may

be the consequence of a thick coating that covers the mineral surface. Nevertheless, we

cannot discard molecular interactions and /or chemical reactions catalyzed by the mineral

between the HCN-DTF and serpentinite once the polymer was formed (e.g., effects of

the hydroxyl groups and/or Fe/Mg atoms during polymerization reaction). Additional

systematic experiments are needed to understand the real interactions between the HCN

polymers and inorganic surfaces. As a result, it seems that there is a physical adsorption
of the polymeric coating on the serpentinite mineral, but chemisorption cannot be ruled
out. Under the point of view of origin of life studies, these considerations about coating
mineral superficies are of interest because they have not been previously taken into account
and may increase the chemical space of prebiotic chemistry due to the potential redox
properties of these coatings.

3.5. GC-MS Analysis of Hydrolyzed Samples

The dynamism of hydrothermal systems offers important temperature (25-400 °C)
and pH gradients (pH = 2-11) along the hydrothermal fields [29,46,82-84]. Hence, the
polymers formed in these environments are probably continuously exposed to thermolysis
and hydrolysis reactions. Because hydrolysis conditions (i.e., heating time and pH value)
are directly related to the amount of organic molecules released [7,66,85], we carried out
a hydrolysis procedure (both alkaline and acid hydrolysis at 100-110 °C) for each phase
to identify some polar organic compounds associated with each sample. In addition, we
compared the detected molecules with those found in the HCN-DTP synthesized in the
control experiment (in the absence of serpentine). Figure 8 summarizes all the organic
compounds identified in this work.

The predominant species, both in acidic and basic hydrolysis, are glycerol, glycolic
acid, succinic acid, orotic acid, stearic acid, and palmitic acid (Figure 9). However, some
trends can be distinguished among phases and hydrolysis conditions. For instance, after
acidic hydrolysis, carboxylic acids predominated, such as lactic, glycolic, and succinic acid
(Figure 9A,C) and only after acid hydrolysis was 2, 5-dihydroxy pyrazine was present.
Interestingly, some fatty acids were detected after the basic hydrolysis of the Phase I and
I (Figure 9B,D). Related to this, Takahashi and coworkers [86] described the synthesis of
fatty acids from HCN using organic solvents and high temperatures (>100 °C). Likewise,
Eschenmoser [87] proposed a hypothetical pathway based on the hydrolysis of diamino-
maleonitrile (DAMN) and other intermediates previously detected [46] to explain the
formation of fatty acids.
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Figure 8. Organic compounds identified in samples after hydrolysis treatments. The colors indicate the sample from which

the organic compounds were released.

In basic hydrolysis there was a broader spectrum of hydroxylated species in addition
to the species detected by the acid hydrolysis, such as o-hydroxybutiric acid, oxalic acid,
malonic acid, hydroxymalonic acid, aminomalonic acid, and other fatty acids (heptanoic
acid, decanoic acid, and dodecanoic acid). Carbamate, glycine, orotic acid, and urea were
also detected. Notably, in all cases, glycerol was present.

Regarding the Phase III, even using a higher amount of sample (50 mg), there were
no clear signals associated with important organic compounds. As mentioned before, this
could be a result of the low amount of polymer deposited onto mineral. Only carbamate and
glycerol were identified after basic hydrolysis. Thissen et al. [38], in analogous deposition
experiments performed on gold substrates, proposed that hydrolysis of imine groups
promotes the formation of carbonyl compounds. In our case, the hydrolysis reactions could
also lead to the formation of these compounds. Some uncertain signals, probably attributed
to alkanes, could be distinguished after acid hydrolysis.
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Figure 9. Organic compounds identified in samples after hydrolysis treatments: (A) acid hydrolysis for Phase II; (B) basic
hydrolysis for Phase II; (C) acid hydrolysis for Phase I; and (D) basic hydrolysis for Phase I. The predominant species, both
for acidic and basic hydrolysis, were glycerol, glycolic acid, succinic acid, orotic acid, stearic acid, and palmitic acid.

Minerals could affect the nature of the formed product, even if the exact mechanisms
for this are not fully understood. For example, Gonzalez-Lopez and coworkers [89] found
that olivine biases the products formed by thermolysis of acetic acid and formic acid. In our
experiments, the presence of serpentinite had interesting repercussions in the diversity of
organic molecules detected after hydrolysis treatment (Figures 8 and 9). On the one hand,
after acid hydrolysis in presence of mineral, some carboxylic acids, fatty acids, and pyrazine
in the Phase I and Phase Il were identified. The presence of mineral seems to inhibit the
formation of N-heterocyclic compounds, as is evident in the control experiment (HCN-
DTP). On the other hand, after basic hydrolysis of samples synthesized in the presence of
inorganic surfaces, some amino acids and predominantly fatty acids were released from
Phase [ and II. Orotic acid was the only cyclic compound detected after both hydrolysis
treatments for the samples synthesized in the presence of mineral.

4. Outlook on Studies about Prebiotic Molecular Complexity

The current knowledge about the formation of HCN-derived polymers shows that
their features depend on synthesis conditions, including concentration, temperature, pres-
ence of oxygen, time of reaction, and raw material [11,46,48,53-55,69,72]. Alkaline hy-
drothermal systems have been pointed out as very versatile and crucial environments
for chemical evolution and, eventually, for origin of life scenarios [38-40,45,90-95]. Con-
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sidering the new perspectives of prebiotic chemistry (that suggest to take into account
the dynamism of environments, as well as the interactions among their geochemical vari-
ables; [29,46,96]), we tested the role of serpentinite during the polymerization of HCN
as a first approximation of a simple simulation of an alkaline hydrothermal system. The
results suggest that the presence of this mineral affects the thermal properties of HCN-DTP.
For instance, the release of volatile species as a function of temperature increment having
a maximum peak around ~660 °C is considerably different from the control sample. In
addition, some interesting carbon and/or nitrogen volatile species are associated with
specific thermal events.

Although the synthesis of organic compounds from serpentinization fluids in ultra-
mafic systems has been reported [97,98], our results suggest that the presence of serpentinite
could affect the chemical structure of the formed polymer (in this case HCN-DTP). Hence,
it could decrease the diversity of organic molecules released after hydrolysis treatment.
Markedly, this inorganic surface inhibited the formation of polar organic compounds and
mainly N-heterocyclic compounds, unlike the control experiment (HCN-DTP) [46]. These
results raise interesting questions: Is molecular complexity, considering the polymerization
of HCN as a prebiotic pathway, reduced in mineral-rich environments? How can the
addition of more geochemical variables affect the reactivity of the system? What is the
potentiality of these coatings?

Considering the role of minerals in HCN polymerization, previous reports have
suggested that montmorillonite inhibits the formation of oligomers [47,56] and reduces
the amount of carboxylic acids formed [58]. However, this does not mean that all mineral
surfaces may have the same effect. Related to the second question, an interesting study
showed that the addition of salts during the HCN polymerization process reduced the
diversity of organic molecules, and ammonia had the opposite effect [9]. Compared with
similar experiments that simulated alkaline hydrothermal environments using NH4CN as
initial reagent and microwave conditions as energy source, the polar organic compounds
identified by the same GC-MS method were considerably lower in our case [48].

On the other hand, the considerable thermal stability of HCN-DTP suggests that
its persistence under hydrothermal conditions as well as the presence of coated mineral
surfaces could establish new steps in chemical evolution, e.g., acting as semiconductors and
catalysts, which are phenomena with important repercussions in the development of new
chemical pathways [72] such as photocatalyst reactions [99]. In this way, understanding
the properties and roles of these complex materials can shed light about specific catalytic
reactions and the formation of some constituents of primitive chemical cycles that were
necessary in the first steps of the origin of life [100].

These results indicate that the contribution of different geochemical variables in the
same experiment, which tried to simulate the dynamism in these primitive environments,
could modify the production of organic compounds. This does not mean a “knock-out” for
these systems and their role in chemical evolution. For example, after basic hydrolysis of
samples synthesized in presence of serpentinite, the release of some fatty acids is possible.
The availability of these molecules and their eventual concentration in microporous matri-
ces of alkaline vents can be enough to precipitate into vesicles [101]. Likewise, depending
of pH conditions and salt concentrations, some fatty acid membranes resist extreme en-
vironments [102]. On the other hand, even though purines were not synthesized in the
presence of mineral, orotic acid was released after hydrolysis treatment (acid and basic).
Recently, the importance of orotic acid as a starting point in chemical pathways to RNA has
been pointed out [103-105]. Orotic acid can form metal complexes with common ions in
hydrothermal conditions (e.g., Cu?*, Mn%*, Zn%*) [106], which complexes could establish
new chemical interactions with other organic molecules or surfaces.

5. Conclusions
New perspectives in prebiotic chemistry suggest the necessity of considering the
dynamism of primitive environments. Since minerals and organic molecules should have
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interacted continuously during early Earth, important phenomena could have developed.
Common environments like alkaline hydrothermal systems could have important repercus-
sions in the synthesis and evolution of complex materials such as HCN-DTP and coatings
of mineral surfaces. The results suggest that the presence of serpentinite affects the thermal
properties of the formed polymer as well the carbon and/or nitrogen volatile species
released in specific thermal events. After hydrolysis treatment, several organic molecules
with interesting importance in pre-RNA scenarios were identified. Although the effect of
mineral surfaces in chemical evolution process has been widely investigated, the focus
on coating mineral surfaces is recent. The effect of the presence of mineral surfaces in
polymerization reactions and their repercussions in the physicochemical nature of the
polymers formed is a new area that introduces a novel vision in prebiotic chemistry.
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Capitulo VI

Estabilidad y reactividad de las moléculas organicas
Polimerizacion de aminoacidos en sistemas hidrotermales

Ensayos de Quimica Prebidtica IV

Resumen Aunque varios experimentos han demostrado que la formacion de oligopéptidos es
posible en entornos primitivos, existen dudas sobre la selectividad en la sorcion y polimerizacion
de aminodacidos. En el presente estudio, reportamos la evolucion del sistema (Ala + Glu) / SiO; en
condiciones hidrotermales submarinas (HT, por sus siglas en inglés) y subaéreas (DA, por sus
siglas en inglés). Después de los tratamientos en altas presiones y temperaturas asi como por
activacion seca, es posible una serie de condensaciones peptidicas entre los AAs. El analisis de
XRD y TG permiti6 entender la interaccion de los AAs con la superficie mineral. El analisis ESI-
MS muestra la formacion de algunos oligdmeros después de los tratamientos térmicos secos e
hidrotermales. Los resultados sugieren que los sistemas hidrotermales, tanto submarinos como
subaéreos, tendrian un papel importante en la formacion de precursores de oligopéptidos.
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Polimerizacion de aminoacidos en escenarios hidrotermales:
Ensayos de quimica prebidtica

Estancia de Investigacion

Study of amino acids polymerization under HV conditions scenario: A prebiotic chemistry
experiment. Asesor, Dr. Jean-Frangois Lambert. Sorbonne Universités, UPMC Univ Paris 2018-
2020.

Introduccion

Diversos experimentos han demostrado que existe una gran diversidad de mecanismos que pueden
participar en la sintesis de aminoacidos (AAs) bajo posibles condiciones primitivas (Miller 1953;
Rode 1999; Muioz Caro et al. 2002; Huber y Wachtershauser 2006; Aubrey et al. 2009; Burton
et al. 2012; Ruiz-Bermejo et al. 2013). Sin embargo, atn no es claro como estas moléculas
organicas podrian interactuar entre ellas y, bajo qué condiciones podrian dar lugar a la formacion
de largos oligopéptidos lineales y, eventualmente, a un "Mundo de péptidos/proteinas" (Wieland
y Bodanszky 1991; Plankensteiner et al. 2005). Por lo tanto, la sintesis de oligopéptidos es uno de
los grandes retos de la quimica prebiotica (Danger et al. 2012). Por ello, es necesario proponer
escenarios primitivos complejos en donde este tipo de reacciones se favorezcan (Hazen y
Sverjensky 2010).

Sistemas hidrotermales

Los sistemas hidrotermales, tanto subaéreos como submarinos, brindan un amplio espectro de
variables geoquimicas (€.9., gradientes térmicos y de pH, fluidos, sales disueltas, varias fuentes
de energia, disponibilidad de elementos y minerales, asi como estructuras porosas; Cleaves 2013;
Deamer y Georgiou 2015; Colin-Garcia et al. 2016, 2018; Van Kranendonk et al. 2017; Westall
et al. 2018) que pueden favorecer la elongacion de aminoacidos (Tabla 6.1). Sin embargo, aunque
la formacion del enlace peptidico se favorece a altas temperaturas, las reacciones de dimerizacion,
ciclacion y descomposicion no deben ser subestimadas (Cleaves et al. 2009). En consecuencia, es
necesario estudiar a detalle cada ambiente hidrotermal para definir cudles son las condiciones
favorables para las reacciones de polimerizacion (Deamer y Georgiou 2015; Omran y Pasek 2020).

Polimerizacion de aminoacidos en condiciones hidrotermales

La formacion de enlaces peptidicos a partir de a-aminoacidos no activados no es espontdnea en
disolucidn acuosa y al equilibrio; la reaccion de hidrolisis se ve favorecida, sobre la de sintesis de
oligomeros (Benoiton 2016). Se han propuesto al menos tres escenarios de reacciones de
condensacion para resolver este problema: I) condensacion a partir de calentamiento directo de
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aminoacidos; II) la existencia de sistemas heterogéneos, considerando minerales; y III) la
presencia de agentes de condensacion en disolucion homogénea (Rode 1999; Cleaves et al. 2009).
A excepcion de los experimentos que consideran los agentes de condensacion, la mayoria de las
simulaciones utilizan condiciones de deshidratacion (Pascal et al. 2005; Danger et al. 2012). Por
otro lado, algunos experimentos han destacado el papel de las superficies minerales en la
formacion del enlace peptidico. Los minerales pueden proporcionar condiciones de deshidratacion
al secarse, resolviendo el problema termodindmico; también pueden actuar como catalizadores en
la formacion del enlace amida (Bujdak et al. 1996; Lambert 2008; Shanker et al. 2012; Iqubal et
al. 2017; Rimola et al. 2018).

Aunque se han considerado algunas secuencias de aminodcidos preferenciales en sistemas binarios
(e.g., Glu-Gly) (Harada y Fox 1958; Fox et al. 1959; Fox y Harada 1960; Rode 1999; Higgs y
Pudritz 2009), solo unos pocos experimentos han utilizado mezclas de AAs para examinar la
selectividad de dichas combinaciones en los procesos de sorcidon y polimerizacion (Hartmann et
al. 1981; Jaber et al. 2014; Sakhno et al. 2018, Bedoin et al. 2020). En esta serie de experimentos,
consideramos el sistema binario alanina (Ala, A) + 4cido glutdmico (Glu, E) debido a que estos
aminodcidos tienen una relevancia significativa en estudios de quimica prebiotica. Por ejemplo, el
Glu puede tener un papel crucial en la copolimerizacion de aminoacidos mixtos en la sintesis de
péptidos lineales (i.e., presencia de acido piroglutamico (PyroGlu) en la posicion N-terminal en
poliaminoacidos). Ademds, ambos aminodcidos son de los productos mas comunes en
experimentos prebidticos (Harada y Fox, 1958; Fox y Harada, 1960; Harada y Fox 1965; Melius
y Hubbard, 1987; Zaia et al. 2008; Higgs y Pudritz, 2009).

Diversos experimentos han demostrado que la Ala y el Glu, se descomponen en condiciones
hidrotermales por medio de mecanismos de descarboxilacion, desaminacion, transaminacion y en
el caso del Glu por la apertura del anillo para generar productos no-proteicos (Bada et al. 1995;
Andersson y Holm, 2000; Islam et al. 2003; Abdelmoez et al. 2007; Klingler et al. 2007; Kibet et
al. 2013) (Tabla 6.1). Sin embargo, otros mecanismos, como la dimerizacion de aminoacidos, la
formacion de un anhidrido ciclico y el alargamiento de la cadena peptidica son posibles (Faisal et
al. 2005). De acuerdo con esto, algunos experimentos han evidenciado que es posible formar
oligomeros lineales a partir de aminoécidos simples (€.g., decdmeros), aunque la formacion de
dicetopiperazinas (DKP), por dimerizacion y posterior ciclacion, es la via preferencial (Bujdak et
al. 1996; Alargov et al. 2002; Islam et al. 2003; Cox y Seward 2007; Lemke et al. 2009; Cleaves
et al. 2009; Sakata et al. 2010; Otake et al. 2011).
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Tabla 6.1. Resumen de estudios experimentales en condiciones hidrotermales submarinas (HT) y
subaéreas (DA) que incluyen a los aminoacidos alanina y acido glutdmico.

Aminoacido

Condiciones

Oligémeros formados

Notas

Referencia

AAs con Glu

Ala-Glu con mezclas
de AAs

Glu mezclado con
AAs (Gly y Tyr)

Ala

Glu/Ala

Ala

Glu-AAs

Ala

Ala, Glu

Ala

Ala

Ala

DA. Tubo calentado en bano de
aceite a 175-180 °C.

DA. En ausencia de H,O a 180-190
°C por varias horas. Matraz en bafio
de aceite. Atmosfera libre de O,.

DA. Baiio de aceite bajo corriente
de nitrogeno a 180 °C durante 24 h.

HT. 90-250°C Buffer de fosfatos
pH7.

HT. Tubo de vidrio Pyrex en
autoclave a 80 atm 200-350 °C 2 h.
Atmosfera de Ha.

HT. 200 °C y 50 bar en autoclave
recubierta de teflon (48 h).
Minerales sintéticos.

HT. Soluciones acuosas de AAs a
200-350 °C por 2 minutos a 25
MPa. Reactor de flujo (agua
supercritica).

HT. Reactor tubular de flujo
continuo a 300 °C y 20 MPa.

HT. 230-290°C, 2.8-7.4 MPa. 40
min de calentamiento. 35 mM de
K" a pH 6.2. Reactor discontinuo.

HT. Reactor continuo de alta
presion con una disolucion de
alimentacion de 1.0 y 2.0% (gg ")
de AAs a 250450 ° C, 24 -34 MPa
y tiempos de exposicion de 2.5-35
s.

HT. 120-165°C y 20 bar en un
reactor inerte.

DA. Muestra solida de AAs
calentada a 180-400°C en altas

Glu se co-polimeriza en
DKP o en forma lineal
con otros AAs.

Formacion de
oligémeros.

Formacion de trimeros
and DKP.

Formacion de

compuestos resistentes al

calor (DKPy/o
polimeros mas
complicados).

Dimerizacion y posterior

ciclizacion.

Oligémeros largos (i.e.,

decameros) a
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La propiedad acida de Glu puede ser
importante en la polimerizacion (i.e.,
formacion de enlaces amida catalizada
por protones).

Pyro Glu podria estar presente en las

posiciones N-terminales. Enlaces por

puente de H en el producto Glu-Pyro
Glu.

Formacion de tripéptidos (i.e. Pyro
Glu-Tyr-Gly) y péptidos de mayor
peso molecular no identificados.
Formacion preferencial de
compuestos heterociclicos (i.e.
piroglutamidipéptidos).

La descarboxilacion de Ala produce
etilamina. Ala es destruida
irreversiblemente.

Los AAs se descomponen pero es
posible la formacion de compuestos
resistentes al calor. PyroGlu es la
especie mas predominante. Glu se
descompone en Gly y Ala. La
descomposicion es menor en un atm
de Hz.

Descomposicion de Ala por medio de
la reaccion de descarboxilacion y
liberacion de CO, y etilamina.

El 4cido glutdmico es mas estable que
otros AA debido a la formacion de
PyroGlu.

Ala es descompuesta principalmente
en acidos organicos
(e.g., acido lactico , acido piravico)
Glu es el AAs mas estable.

La mayoria de los aminoacidos son
labiles a pH 4acido y natural. Son mas
estables a pH muy basico debido que

estan en su forma ionizada.

Descomposicion térmica de Ala a
300-450°C y 34 MPa, 2.5-35 s.
Formacion de una mezcla de acido
lactico y etilamina.

a-alanina y la B-alanina
preferentemente se dimerizan y
posteriormente se ciclan.

A temperaturas moderadas (e.g., 100-

150 ° C) es posible la produccion de

Harada y Fox 1958

Phillips y Melius 1974

Hartmann et al. 1981

Bada et al. 1995

Kohara et al. 1997

Andersson y Holm 2000

Islam et al. 2003

Sato et al. 2004

Abdelmoez et al. 2007

Klingler et al. 2007

Cox y Seward 2007

Otake et al., 2011



presiones (1.0-5.5 GPa). Prensa
hidratlica.

temperaturas baja y con

tiempos de reaccion
prolongados (i.e., 32

péptidos mas largos cuando se
prolonga el tiempo de reaccion. Los
péptidos de Ala se descomponen mas

dias). lentamente que los péptidos de Gly a
250 °C. La desaminacion y las altas
presiones aplicadas podrian ser el
proceso clave que determina la
estabilidad de aminoacidos y péptidos.
A 120 °C, la ciclacion de Ala,) en
HT. Los 6xidos se impregnaron DKP es mucho mas favorable que el
con una solucién acuosa de AA alargamiento de la cadena peptidica.
001-0.1 M. Las muestras se Ciclo (Ala), y Alag,) La superficie de los 6xidos de hierro Shanker et al. 2012
Ala - . - . . .
calentaron a tres temperaturas (i.e., lineal. (i.e., la acidez de los grupos hidroxilo
50°C,90°Cy 120 ° C) durante de la superficie) puede promover la
1-35 dias. formacion de oligopéptidos.
FomacindeDiro (| Fomuin s lgmipides
Glu-Arg DA. 2 h a 200 °C. Montmorillonita. especies ciclicas (e.g. Ar )g Jaber et al. 2014
ciclo (Arg-Arg-Glu). y ATg)-
La presion puede inducir la formacion
. de péptidos al reducir la distancia
HT. Soluciones saturadas de Ala a intermolecular de las moléculas de
Ala 25 °C, 5-11GPa. Prensa toroidal. Oligomeros. . ) R Fujimoto et al. 2015
Ala vecinas. La oligomerizacion de
Ala ocurri6 a > 5 Pa incluso a 25 °C.
El producto principal es el dimero
ciclico DKP. Sin embargo, el sistema
DA. Las muestras fueron sorbidas . Glu + Leu/SiO, produce oligdbmeros
e . Alta rendimiento en la . .
en silice y activadas en un horno . - lineales, al menos hasta hexameros. El
Glu-Leu . formacion de oligdbmeros . Sakhno et al. 2018
tubular (rampa lineal de i PyroGlu puede ser un paso crucial
o a1 ineales. L -
temperatura 5 °C min™). para iniciar la formacion de cadenas
lineales.
. El trimetafosfato (Psm) puede
Ala/Glu HT. P3m con AAs en solucion Dipéptidos lineales. favorecer la formacion de dipéptidos y Ying et al. 2018

acuosa a a 35 °C por 7 dias. L1
no favorece las formas heterociclicas.

Nota: Ala Alanina Glu Acido glutamico Gly Glicina Tyr Tirosina Leu Leucina DKP Dicetopiperazinas.
Tratamiento por activacion seca (DA, por sus siglas en inglés), tratamiento hidrotermal submarino (HT,
por sus siglas en inglés).

El estudiar las condiciones que permiten la interaccion entre superficies inorganicas y moléculas
orgénicas considerando escenarios hidrotermales puede ser un punto de partida para entender con
mayor profundidad el papel de estos ambientes en la evolucion quimica. De hecho, los escenarios
que implican el secado de los aminoécidos adsorbidos, por un lado, y la activacion hidrotermal,
por el otro, pueden representar dos escenarios posibles en donde se llevaron a cabo reacciones
prebiodticas, es decir, los sistemas subaéreos y submarinos. Estos entornos pueden considerarse
adecuados para el surgimiento de los componentes fundamentales de la vida (e.g., membranas,
material genético y metabolismo) porque albergan muchas condiciones interesantes: gradientes
térmicos y de pH, fluidos dindmicos, sales disueltas, varias fuentes de energia, disponibilidad de
elementos y minerales disueltos, incluidas las estructuras porosas (Cleaves 2013; Deamer y
Georgiou 2015; Colin-Garcia et al. 2016, 2018; Van Kranendonk et al. 2017; Westall et al. 2018).
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En el presente estudio, se consider6 la evolucion del sistema (Ala + Glu)/Si0», abreviado como
(A + E)/Si0, en condiciones hidrotermales subaéreas y submarinas, con el fin de determinar
algunos signos de selectividad en la sorcidén y/o en polimerizacion. Se reporta la formacion de
algunos oligdmeros lineales largos después del tratamiento térmico seco (de ahora en adelante
llamado DA por “dry activation") y tratamiento hidrotermal submarino (llamado HT por
“hydrothermal treatment”). En general, nuestros resultados sugieren que las superficies minerales
pueden tener un papel importante en la sorcion y polimerizacion de AAs tanto en condiciones
secas como acuosas. Discutimos las implicaciones y el posible papel de los ambientes
hidrotermales y sus consecuencias para la evolucion quimica.

Procedimiento experimental

Los materiales asi como las distintas técnicas de caracterizacion son descritos en el Capitulo III.
La Figura 6.1 muestra el procedimiento experimental general para la elaboracion de estos
experimentos.

& (% ’:
_Qb A f; + 4
Glu + Ala l 810,

Adsorcion selectiva y polimerizacion

Sistemas Hidrotermales Subaéreos (DA) Sistemas Hidrotermales Submarinos (HT)
I I
IWI Reactor Parr

| 230°C28MPalh
TGA vy XRD €— Diferentes % (A+E)/S10, |

| AAgy
» g AA ) + Si0,
Maiaxima adsorcwn AA. + AA
1 2
3.5 % (Glu + Ala)/SiO, (AA, +AA, )+ Si0,

Tratamiento térmico Centrifugacién de las muestras

205 °C con una rampa de Supernadante/ precipitado
5°C mint
I 1

Desorcién
1 FTICR, NMR, FT-IR

FT-ICR, NMR, FT-IR
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Nota: IWI Método de impregnacién hiimeda incipiente (Incipient wetness impreganation), A; Alanina, A;
Acido glutamico, TGA Analisis termogravimétrico, XRD Difraccion de Rayos X, FT-ICR
Espectrometria de masas por resonancia ion-ciclotron con transformada de Fourier, NMR
Resonancia Magnética Nuclear, FT-IR Espectroscopia infrarroja por transformada de Fourier.

Figura 6.1. Procedimiento experimental general para estudiar la polimerizacion de AAs en
escenarios hidrotermales. DA Tratamiento por activacion seca (DA, por sus siglas en inglés), HT
tratamiento hidrotermal submarino (HT, por sus siglas en inglés).

Resultados y discusion

Difraccion de Rayos X. Con el fin de estimar la cobertura de saturacion de la mezcla de
aminoacidos en silice, se prepararon una serie de muestras con cargas crecientes de AAs a partir
de disoluciones acuosas a su pH natural (pH ~ 4.8). La Figura 6.2 muestra los difractogramas de
las muestras (A + E)/SiO; con diferente porcentaje de carga. A partir de una carga del 5 %, es
posible identificar algunos picos de Bragg asociados a la Ala y el Glu, significando que a este
porcentaje de carga se supera la capacidad de adsorcion del SiO; (i.e., cobertura de saturacion). Es
posible asignar los picos visibles a la fase f-acido glutdmico. Esto estd en consonancia con la
observacion de que el acido glutdmico a granel precipita a cargas bastante bajas en silice, ya sea
solo o coadsorbido con otro aminoacido hidrofobo (Tesis Hagop Abadian, Ph.D. Sorbonne
Université). Dado que las cargas de hasta el 4 % no muestran picos de los AAs a granel, utilizamos
la muestra de 3.5% (A + E)/Si0O; para llevar a cabo los experimentos de activacion térmica. De
esta manera, el comportamiento observado se puede asignar a los aminoacidos adsorbidos sin
interferencia de las fases a granel. Determinar la concentracion méxima de AAs que se puede
adsorber en el mineral es crucial para establecer la cantidad de AAs que estan directamente
interaccionando con la superficie de silice, o bien cristalizan como cristales a granel (Bouchoucha
et al. 2011). Sakhno y colaboradores (2018) mostraron que en algunos sistemas de AAs mixtos
(i.e., L + E/SiO,) adsorbidos en silice, el Glu puede permitir una mejor dispersion de Leu en la
superficie a altos porcentajes de carga, mientras que en otros sistemas mixtos (i.e., D + V/SiO,)
mejora la cobertura de saturacion en comparacion con un sistema de un solo AA.
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Figura 6.2. Difractogramas de diferentes porcentajes de cargas de (Ala + Glu)/SiO.. Nota:
Asignaciones basadas en Moshe et al. 2013; Sakhno et al. 2018; Vijayan et al. 2006.

Anélisis térmico. El analisis termogravimétrico es una herramienta valiosa para analizar la
activacion térmica y la transformacion de aminoacidos en péptidos (Bouchoucha et al. 2011; Jaber
et al. 2014; Sakhno et al. 2018). Los resultados de la primera derivada de las curvas
termogravimétricas (DTG) de las muestras con diferentes cargas de A + E/SiOz se muestran en la
Figura 6.3. Todos los termogramas exhiben picos bien definidos en tres regiones diferentes: I) <
100 ° C; 1) 120 - 200 ° C; y I1I) > 200 ° C. Como se ha sugerido en otros trabajos, el pico principal
a T <100 °C corresponde a la emision de agua fisisorbida en el mineral. La sefial mal definida en
la muestra control del silice, alrededor de 200 °C, estd asociada al proceso progresivo de
deshidroxilacion (Zhuravlev 2000; Sakhno et al. 2018). En las muestras que contienen AAs, se
aprecia un pico bien definido a 287 °C que corresponde a la degradacion térmica de los
aminoacidos y / o péptidos (picos similares se reportaron a 210 °C para el Gluy a 295 °C para la
Ala) (Bouchoucha et al. 2011; Sakhno et al. 2018). Debido a que el Aerosil 380 no exhibe picos
entre 100 - 200 °C, los eventos térmicos observados en esta region para las muestras de sorcion
pueden estar asociados con eventos térmicos de los AAs, es decir, condensacion peptidica y la
eliminacion de moléculas de agua. La sefial en este intervalo parece ser compuesta, pero sus
componentes no se resolvieron bien en las condiciones elegidas inicialmente.
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Figura 6.3. Termogramas (DTG) de diferentes porcentajes de cargas de aminoacidos (Ala +
Glu)/Si0s.

Para determinar con mayor precision los fendmenos asociados a los picos entre los 100-200 °C,
realizamos un andlisis detallado de la muestra 3.5 % (A + E)/SiO; y su respectivo sistema de un
solo aminoéacido considerando una rampa de temperatura de 1 °C min' (Fig. 6.4). Los
termogramas muestran una forma global similar a la reportada en trabajos anteriores (Bouchoucha
etal. 2011; Lambert et al. 2013; Jaber et al. 2014). Sin embargo, existen diferencias importantes
que pueden asociarse con el sistema (A + E)/SiO».

El sistema A/SiO> exhibe en este intervalo un solo pico a 177 °C. De acuerdo con Lambert et al.
(2013), este evento térmico puede deberse a la formacion del dimero ciclico de la alanina (via B
en la Figura 6.5, segunda linea) El sistema E/SiO, tiene un comportamiento mas complejo con
dos eventos térmicos bien definidos (i.e., 98 °C y otro a 135 °C, Fig. 6.4). El termograma es
esencialmente el mismo reportado por Bouchoucha et al. (2011). El primer pico puede
corresponder a la formacion del PyroGlu (anteriormente observado a 110 - 120 °C, pero para una
rampa de calentamiento mas rapida que deberia desplazar los eventos térmicos a temperaturas mas
altas). Aunque la ciclacion interna de Glu a granel a PyroGlu ocurre a temperaturas mas altas,
como 197 °C (Melius y Yon-Ping Sheng 1975; Nunes y Cavalheiro 2007; Bouchoucha et al. 2011),
la presencia de silice puede tener un efecto cinético en la condensacion de acido glutamico
(Lambert et al. 2009; Rimola et al. 2013).
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El segundo pico (alrededor de 160 °C en Bouchoucha et al. 2011) puede estar relacionado con la
formacion de PyroGluDKP (Figura 6.5 linea A). Cada uno de estos dos pasos resultaria en la
eliminacion de un molécula de agua por cada Glu, i.e., una pérdida de peso correspondiente al
24.4 % respecto al peso inicial del acido glutdmico. Experimentalmente, la integracion de los dos
eventos y la correccion de la contribucion de silice producen una pérdida de peso del 28.8% de
Glu inicial; sin embargo, la contribucion del primer pico parece ser significativamente menor a la
mitad.

El termograma del sistema mixto muestra dos eventos térmicos principales en la regién de 100 —
200 °C (Fig. 6.4), con maximos a 103 y 137 °C. El segundo pico es mas amplio que el de los
aminoacidos individuales, y el patron global no es demasiado diferente de lo que se esperaria al
sumar los termogramas de los aminoacidos adsorbidos individualmente. Sin embargo, la pérdida
de peso en esta region es mas alta de lo esperado para una pérdida total de dos moléculas de H>O
por AA, en casi la mitad; esto podria significar que la condensacion peptidica va acompanada de
una sublimacion, como se observo para el sistema Gly/SiO2 (Lambert et al. 2013). En particular,
el primer pico es casi dos veces mas grande de lo que cabria esperar para la transformacion Glu
- PyroGlu (pérdida de un H>O por Glu), lo que posiblemente indica que en el sistema mixto la
ciclacion de Glu es seguida inmediatamente por otras condensaciones.

0,030
3,5 % (A+E) Si0,
2,18% E/ 810,

0,025

137°C

0,020 H

0,015

DTG (%/°C)

0,010 4

0,005

0,000 T T T T T T T T T T T T
50 75 100 125 150 175 200

Temperatura (°C)

Figura 6.4. Termogramas (DTG) de sistema mixto y sistema con un solo AA.
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Figura 6.5. Probables reacciones de condensacion para la formacion de oligdbmeros y
compuestos ciclicos.

Resonancia Magnética Nuclear (NMR, por sus siglas en inglés). La Figura 6.6 muestra la '*C
NMR de la disolucion de alanina después del tratamiento hidrotermal (A HT), comparado con los
espectros de varios compuestos de referencia: Ala (A), dimero lineal (A2) y dimero ciclico (ciclo

Az).
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Figura 6.6. Espectro de '*C NMR de la disoluciéon A HT (a), comparado con los de los compuestos
de referencia (b: alanina, c: ciclo A2, d: dimero lineal Ay), en las regiones del carbonilo (izquierda),

metano (centro) y metilo (derecha).
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La muestra A HT solo contiene sefales en regiones compatibles con péptidos derivados de alanina
(i.e., grupos carbonilo, metino y metilo), lo que indica que el tratamiento hidrotermal puede causar
la formacion de enlaces peptidicos, pero no reacciones de degradacion més profundas. Las sefiales
en las tres regiones muestran que la disolucion problema contiene una cantidad significativa de
ciclo Az. En la region del metilo, una cantidad menor (< 25%) de Ala monomérica parece estar
todavia presente; la sefial correspondiente en el grupo carbonilo no esta presente (quizas no es
apreciable por el ruido). Las sefales caracteristicas del dimero lineal no se observan en ninguna
de las tres regiones, lo que significa que el dimero lineal A> no se encuentra entre las especies
formadas mas importantes. Finalmente, en la region de metilo, no se puede asignar una senal fuerte
a+19.15 ppm a ninguna de las tres referencias.

Los espectros de 'H NMR de la misma muestra y referencias se muestran en la Figura 6.7.

l T T T T T 1 T T T T
4.2 41 4 3.9 3.8 3.7 3.6 145 1.85 1.25

& (ppm) d (ppm) d (ppm)

AR w«"MALIL‘L

T T
2 1

Figura 6.7. Espectro de '"H NMR de la disolucion A HT (a), comparado con los de los compuestos
de referencia (b: alanina, c: ciclo Az, d: dimero lineal A»), en las regiones CH (izquierda), CH3
(centro), y zoom vertical en la region de 1-4 ppm (derecha).

Las sefiales mds intensas son dos dobletes alrededor de 1.35 ppm, atribuibles a protones de metilo
acoplados a CH, y tres sefales cuddruples en la region de 3.7 a 4.1 ppm, atribuibles a protones de
metano acoplados a CHs. Una vez mas, estas son las sefiales de los oligopéptidos. La comparacion
con los espectros de referencia coincide con los datos de *C: el dimero lineal A> no parece estar
presente en cantidades importantes, ya que no se observan sus dos dobletes de CH3 no equivalentes
y las otras sefales son compatibles con el mondmero (especie minoritaria) y ciclo A>. Sin embargo,
en la ultima region se observan dos sefales cuadruples distintas. Proponemos que estas sefiales
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podrian indicar un grado de racemizacion que conduce a dos diastereoisdmeros para el ciclo A,
esto también puede explicar la sefial adicional de '3C a +19.15 ppm.

Ademés, debido a que la resonancia magnética de protdn es mucho mas sensible que la resonancia
magnética de carbono, se pueden observar muchas sefales adicionales de menor intensidad, como
se muestra en la vista ampliada a la derecha de la Figura 6.7. Las sefiales individuales no se pueden
identificar debido a la superposicion. De hecho, los polipéptidos superiores pueden estar presentes
en proporciones no despreciables, ya que todos los nucleos de un polipéptido lineal pequeno
pueden producir sefiales diferentes, lo que conduce a la dispersion de la intensidad de la sefial en
muchos componentes. La resonancia magnética nuclear no es un método ideal para detectar
oligopéptidos minoritarios en una mezcla heterogénea; una técnica diferente, la espectrometria de
masas, es mas adecuada para este proposito.

Si se considera el tratamiento hidrotermal en presencia de silice (muestra A/SiO2 HT) no muestran
cambios significativos respecto a la apariencia del espectro de '*C (Figura 6.1 IC). Una sefial a
51.6 ppm ahora es claramente evidente en la regiéon CH, mientras que no emergi6 del ruido en el
caso de la muestra A HT. Ademas, la cantidad relativa de mondémero (A) sin reaccionar es algo
mayor que en ausencia de silice. El aspecto general del espectro 'H tampoco es muy diferente en
la region de los protones de metino. Probablemente, en la region de metilo, las sefiales mas
importantes todavia corresponden a la misma especie, pero al menos una sufre una division
adicional inexplicable, y las especies menores parecen haber aumentado en importancia.

De la misma forma, se estudio la evolucion de acido glutdmico en tratamiento con HT. Cuando se
activo una disolucion de Glu sola (disolucion E HT), los nicos picos que pudieron identificarse
claramente en el espectro de *C fueron los de la forma lactama, es decir, del PyroGlu que se forma
por una ciclacion interna de la molécula de Glu. En particular, el mondmero ya no era detectable.
La activacion del 4cido glutamico en presencia de silice (E/SiO2 HT) no cambid esta conclusion.
La "H NMR del Glu solo es bastante compleja, pero un enfoque de huellas dactilares indica que
la disolucion activada E HT es muy similar a la disolucién de referencia de PyroGlu. En el caso
de E, como en el caso de A, la adicion de silice a la mezcla de activacion térmica no cambid el
resultado.

A continuacidn, estudiamos la evolucion de mezclas equimolares de (Ala + Glu) o (A + E). Los
espectros de NMR se muestran en la Figura 6.8 para las muestras (A + E) HT, (A + E)/SiO2 HT y
(A + E)/Si02 DA. Se comparan con algunas referencias relevantes, incluido un dimero mixto, A-
E lineal (H-Ala-Glu-OH).
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Figura 6.8. Espectros de '*C NMR de las disoluciones A +E HT (a), (A +E)/SiO2 HT (b), y de (A
+E)/Si02 DA (c), comparados con los de los compuestos de referencia (d: alanina, e: ciclo Az, f:

PyroGlu, g: dimero lineal A-E), en las regiones carbonilo (izquierda), metino (centro), y metilo
(derecha).

Si bien algunas caracteristicas alin indican la presencia de PyroGlu y ciclo Az, estas mezclas son
obviamente menos simples y mds variables que los sistemas de un solo aminodcido. Por ejemplo,
en la region metilo de (A + E)/SiO2 DA (espectro c), las sefales identificables son débiles y no
representan el total de monomeros Ala introducidos. Posiblemente, la existencia de varios
oligobmeros que contienen alanina da como resultado una distribucion de la intensidad de NMR en
muchas sefales, cada una de las cuales es demasiado débil para emerger del ruido en el tiempo de
analisis. Ademads, en la region del carbonilo, la sefial aproximadamente a 179 ppm parece la mas
cercana, entre las referencias, al dimero lineal A-E; pero no se observa la otra sefial esperada de
este dimero. La NMR alcanza aqui sus limites de sensibilidad.

La '"H NMR de estas muestras es muy compleja, lo que compromete una comprension detallada.
Una excepcion es la region protonica de amida (-CO-NH-), que se presenta en la Figura 6.9. Se
compara con los espectros de referencias que contienen amida (sin incluir los mondémeros
originales). Se puede concluir que contiene una pequefia cantidad de ciclo Az, probablemente algo
de PyroGlu (ambas interpretaciones de acuerdo con los datos de '*C NMR), pero también otros
péptidos, incluidos algunos que resuenan en posiciones cercanas al dimero lineal mixto A-E de
referencia a aproximadamente +8.35 ppm.
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Figura 6.9. Espectro de 'H NMR de la muestra (A + E)/SiO2 DA en la region de protones de
amida, comparado con los compuestos de referencia.

Estudios de espectrometria de masas FT-ICR.

La espectrometria de masas es una técnica muy poderosa para la caracterizacion de mezclas de
péptidos, pero solo se puede aplicar a disoluciones, y no directamente a la fase solida. Asi, fue
posible estudiar directamente la fase acuosa obtenida en los experimentos de HT (tinica fase en
experimentos llevados a cabo en disoluciones homogéneas), y la fase que era facilmente separable
de los solidos en experimentos de sistemas heterogéneos (disoluciones de AAs + silice). Por otro
lado, para los experimentos de activacion de DA, primero se desorbieron las moléculas organicas
de la superficie de la silice. En el sistema (E + L) /SiO», Sakhno et al. (2018) determind que los
productos de activacion térmica fueron desorbidos cuantitativamente por simple contacto con agua
desmineralizada, y se espera que también sea el caso para el sistema quimicamente similar (E +
A)/S10s.

La interpretacion de los espectros de MS es complicada por varios factores. Primero, aunque la
mayoria de los picos corresponden a moléculas protonadas, también se pueden detectar algunas
formas cationizadas (i.e., complejadas) por sodio. Por ejemplo, el dimero A-A puede aparecer
tanto como la forma protonada (férmula CsHi3N203", masa exacta 161.0921 uma) o como el
complejo de sodio (formula C¢Hi2N,O3Na', masa exacta 183.0740 uma). Ocasionalmente también
se observa cationizacion de K +.

En segundo lugar, las especies formadas en las cdmaras de ionizacidon no son solo iones
moleculares. Pueden incluir algunos productos de descomposicion de los iones moleculares. La
causa mas probable de error es la posible existencia de "complejos no covalentes" entre un ion H*
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y dos o mas moléculas. Por ejemplo, la masa (exacta) 232,1292 uma corresponde a la
estequiometria CoHi7N304" que puede corresponder al trimero lineal protonado H-Ala-Ala-Ala-
OH (o A3), pero también al aducto no covalente entre un dimero ciclico y un mondmero, (ciclo
Az, A) H'. Para poder discriminar entre estas dos contribuciones se requiere hacer una
comparacion entre analisis a diferentes diluciones de la disolucion de desorcion.

Finalmente, la cuantificacion de datos espectroscopicos de masas, aunque no es estrictamente
imposible, es dificil y requiere mucho tiempo. Cada ion molecular detectado tendra su propio
factor de respuesta, y en el caso de los péptidos pueden diferir hasta en un orden de magnitud.
Ademas, la configuracion del experimento FT-ICR determinara un intervalo 6ptimo de masa
molecular para la deteccion de iones: el método que usamos habia sido optimizado para la
deteccion de oligomeros de longitud media (hasta los decameros) y probablemente subestima la
contribucion de los mondémeros. Como consecuencia, no se pueden tomar las proporciones de
intensidad para representar las proporciones de concentracion; pero aun pueden utilizarse como
indices que permitan determinar tendencias generales en una serie de muestras, siempre que se
analicen en las mismas condiciones.

Los espectros ESI-MS de las muestras mostraron un gran nimero de sefales de alto peso
molecular (Fig. 6.10.). Estos incluyen el monomero inicial, Glu, su producto de ciclizacion,
PyroGlu, asi como péptidos lineales y ciclicos. Estos ultimos incluyen: Glu-Glu (E2), E3 y E¢, Ao,
Ciclo Az, Az, A4y As, y productos mixtos EA, EAz, ExA, EA3z, ExAs, E3A, EAs, E2A3, E3Az, E3A3z
y ExAs. Para la mayoria de estas composiciones son posibles varias secuencias. No se pueden
distinguir sobre la base de un unico espectro de masas. Pueden ser discriminados por métodos en
tandem como MS/MS (Bedoin et al. 2020) pero esto requiere mucho mas trabajo. Una primera
observacion es que los oligdbmeros hasta los heptameros, a veces incluso mdas largos, son

detectables, lo que hasta ahora solo se habia informado en un estudio sobre el sistema mixto (E +
L)/SiO; (Sakhno et al. 2018).

Un resultado interesante es que fue posible identificar el dimero lineal mixto Glu-Ala o Ala-Glu
en m/z=219.09748 + 0.00001. Ademas, los productos de las sucesivas deshidrataciones de este
péptido se caracterizaron a m/z = 183.07623 + 0.00006 (EA — 2H,0) H*, 223.06884 + 0.00003
(EA — H,0) Na* y 239.04283 £ 0.00003 (EA — H,0) K" (Fig. 6.2-6.6 IC). Ademas, un oligbmero
determinado puede aparecer con diferentes grados de deshidratacion (e.g., (E2Az — H.O) H', (E2A3
— H>0) Na" y (E2A3-2H>0) H"). La pérdida de moléculas de agua adicionales puede deberse a la
formacion de un péptido ciclico y / o a la ciclacion del residuo interno de un Glu a un PyroGlu
(Fig. 6.5). En general, detectamos aproximadamente las mismas especies de péptidos poliméricos
para las muestras (A + E)/SiO2 después de DA y HT. La deteccion de octdmeros en la muestra (A
+ E)/SiO; HT sugiere que el mineral podria favorecer las reacciones de polimerizacion en estas
condiciones (la muestra sin mineral sélo produce hexdmeros). Adicionalmente, fue posible
identificar algunas estequiometrias asociadas con oligdmeros mas grandes con una intensidad y
una asignacion confiable: E3As, E2A7 y E4As para la muestra después de la activacion en seco,
mientras que para las muestras después del tratamiento hidrotermal en presencia de silice se
detecto hasta octameros (i.€., E3As, E2A¢). Asimismo, otros picos identificados corresponden a
degradaciones parciales, sucesivas deshidrataciones, o a complejaciones idnicas de estas especies
(Fig. 6.5y 6.6 1C).
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Figura 6.10. Muestra de espectros FT-ICR de los productos formados después de los
tratamientos DA y HT.

Las sefiales de ESI-MS sugieren que la presencia de un segundo aminoéacido puede afectar las vias
de oligomerizacion favoreciendo la formacion de oligomeros lineales en comparacién con los
sistemas individuales (i.e., (A + E)/SiO2 vs. E/Si0O») aunque el producto mas predominante sigue
siendo la forma ciclica. La Figura 6.11 resume el numero de oligdbmeros detectados para cada
experimento. Los experimentos, tanto en condiciones HT como DA, que utilizan aminoacidos
individuales solo producen, en el mejor de los casos, hexameros (Fig. 6.2-6.6 1C). Ademas, los
resultados sugieren que el dcido glutdmico (cuando se encuentra solo) tiene una mejor capacidad
de polimerizacion que la alanina. Por ejemplo, es posible sintetizar hasta hexdmeros de acido
glutdmico bajo DA mientras que la alanina solo produce tetrameros. En general, las condiciones
hidrotermales permiten la sintesis de hexameros y no hay un efecto apreciable de la presencia de
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silice en la polimerizacidon de aminoacidos individuales (Fig. 6.3-6.4 IC). El sistema mixto produce
una mayor variedad de especies quimicas (Fig. 6.6 IC).

Relacionado con el tratamiento hidrotermal, la presencia de silice parece permitir la formacion de
oligbmeros mas largos (i.e., octameros) en comparacion con la muestra sin mineral (i.e.,
hexameros). Por otro lado, las condiciones secas e hidrotermales, mostraron resultados similares.
En ambos sistemas, fue posible detectar oligdbmeros mas largos (nonameros para DA y octameros
para HT). Esto sugiere que, aunque la polimerizacion de aminoacidos libera una molécula de agua
en cada paso, el uso de alta presion y alta temperatura en estos experimentos permite la reaccion
de polimerizacién incluso en medio acuoso.
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Figura 6.11. Oligomeros detectados para tratamientos hidrotermales y de activacion seca. En el
mejor caso, usando el tratamiento DA, es posible la formacion de nondmeros.

La naturaleza de los productos de condensacion depende en gran medida de las condiciones de
reaccion (i.e., cantidad de agua, temperatura, tiempo de reaccion, estructura quimica del adsorbato
y adsorbente; Meng et al. 2004). Se ha reportado que una de las limitaciones de los sistemas
hidrotermales, tanto submarinos como sub-aéreos, respecto a las reacciones de polimerizacion son:
I) la dificultad de llevar a cabo reacciones de polimerizacion por reacciones de condensacion en
un ambiente acuoso; I1) la hidrélisis de los enlaces peptidicos; y III) la amindlisis interna a altas
temperaturas que conlleva a la formaciéon de DKP a partir de la descomposicion de péptidos
(Steinberg y Bada 1983; Lambert et al. 2013; Deamer y Georgiou 2015; Benoiton 2016).
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Sin embargo, algunos experimentos han sugerido que las altas presiones y altas temperaturas
pueden favorecer algunas vias de polimerizacion (i.e., dimerizacion y la formacion de DKP) sobre
las reacciones de descarboxilacion e hidrolisis de aminoécidos (Shiota y Nakashima 2005; Cox y
Seward 2007; Otake et al. 2011). Asimismo, algunos modelos teoéricos han sugerido que las altas
temperaturas (Shock 1993) y la presencia de gases disueltos (e.g9., CO», H») (Kitadai 2015) pueden
producir condiciones termodindmicas favorables para la polimerizacion. Cabe destacar que,
aunque el producto principal, después de ambos tratamientos, es la forma ciclica, algunos
experimentos han demostrado que es posible obtener oligdmeros lineales largos en condiciones
acuosas (Kawamura et al. 2005; Cox y Seward 2007; Futamura et al. 2008; Cleaves et al. 2009;
Shanker et al. 2012; Ying et al. 2018) o condiciones secas (Harada y Fox, 1958; Phillips y Melius,
1974; Hartmann et al. 1981; Otake et al. 2011; Sakhno et al. 2018). Se ha propuesto que la apertura
del anillo y el reordenamiento molecular del anhidrido ciclico (Bujdédk y Rode 1997) o la reaccion
entre DKP con mondmeros (Lambert et al. 2009) son mecanismos plausibles para el alargamiento
de la cadena peptidica. Asimismo, la polimerizacion puede ser mediada por DKP en un amplio
intervalo de temperaturas (i.e., 90-200 °C) (Mitsuzawa y Yukawa 2004) y la DKP puede ser el
bloque de construccion para la formacion de péptidos (Nagayama et al. 1990).

Por otro lado, la presencia de minerales puede tener diferentes roles. Pueden promover la
descomposicion de aminoacidos (McCollom 2013) o bien, favorecer la dimerizacion lineal sobre
la forma ciclica (Pedreira-Segade et al. 2019). Asimismo, la presencia de superficies inorganicas
puede facilitar la apertura adicional del anillo ciclico de piperazinadiona para formar los dipéptidos
lineales (Zamaraev et al. 1997). Otros experimentos con nano particulas de goetita o de ferrita
metalica confirman que, en un amplio intervalo de temperaturas (~ 50 a 120 °C), la ciclacion es
mucho mas favorable que el alargamiento de la cadena peptidica debido a la energia de activacion
de la formacion de DKP a partir de H-Ala-Ala-OH es menor en comparacion con la formacion de
H-Ala-Ala-OH a partir de la condensacion de dos moléculas individuales (Shanker et al. 2012;
Iqubal et al. 2017)

Nuestros resultados sugieren que la presencia de silice tiene un papel interesante. Con respecto a
las condiciones secas, se ha estudiado ampliamente que los grupos silanol en la superficie de la
silice pueden actuar como sitios de condensacion activadores, favoreciendo el paso de
deshidratacion necesario en la formacion del enlace amida a través del grupo amino (Lambert et
al. 2013; Rimola et al. 2018). En condiciones hidrotermales, la presencia de silice aumenta la
formacion de especies mas largas para el dcido glutdmico y marcadamente para el sistema mixto.
La mayor formacion de oligdmeros mas largos en presencia de silice puede estar asociada con
mecanismos de activacion de aminoacidos como resultado de la formacion de enlaces éster entre
los grupos silanol en la superficie de la silice (Si-OH) y el grupo carboxilico del aminoacido
(Bujdak y Rode 1997; Meng et al. 2004; Rimola et al. 2009). Debido a que el acido glutamico
tiene dos grupos carboxilicos, la formacion de enlaces éster con la silice es mayor que la de la
alanina y, por tanto, se podria favorecer la formacion de oligdbmeros. Otro mecanismo puede estar
asociado con una reaccion especial con sitios activados, como los ciclos de siloxano (Lambert et
al. 2009). Ademas, la formacion de oligdbmeros mas largos en los sistemas mixtos puede resultar
de reacciones competitivas donde hay una formacién preferencial de un polimero sobre el
anhidrido ciclico como ocurre en otros sistemas (e.g., A + G /SiO2) (Bujdak y Rode 1997).
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Conclusiones

En el presente estudio, se considero la evolucion del sistema (Ala + Glu) / SiO2 en condiciones
hidrotermales subaéreas y submarinas con el objetivo de determinar algunos signos de selectividad
en los proceso de sorcion y/o polimerizacion. Los resultados preliminares sugieren la formacion
de algunos oligémeros lineales largos después del tratamiento térmico seco (activacion seca; DA,
por sus siglas en inglés) y tratamiento hidrotermal submarino (HT, por sus siglas en inglés). En
general, nuestros resultados sugieren que las superficies minerales pueden tener un papel
importante en la sorcion y polimerizacion de AAs tanto en condiciones secas como acuosas y se
engloban en las siguientes conclusiones generales:

1. La produccién de compuestos ciclicos (e.g., ciclo Az, PyroGlu) predomina sobre la
formacion de oligdmeros lineales después de los ambos tratamientos.

2. Lapresencia de la silica parece tener un efecto cinético en las reacciones de condensacion
implicadas en la formacion de oligobmeros lineales largos considerando ambos sistemas.
Notablemente, la presencia del mineral en los experimentos HT podria favorecer la
elongacion de oligdmeros mas largos.

3. La diversidad de oligdbmeros formados en considerablemente mayor en el sistema mixto
(e.g., (Ala + Glu)/SiO.) respecto al sistema con aminoacidos individuales (e.g., Ala/SiO»).
Esto sugiere que en un ambiente primitivo, la diversidad de moléculas favoreceria la
formacion de moléculas mas complejas (i.e., oligdbmeros heterogéneos).
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Informacion Complementaria

Figura 6.1. IC. Espectro de '*C NMR de la disoluciéon A/SiO> HT (b) comparado con el de A HT
(a).
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Figura 6.2. IC. Resumen de especies detectadas por ESI-MS de las muestras para un unico
aminoacido después del tratamiento por activacion en seco.

Muestra: DA -A

Oligomero

Mondmero
Dimero
Trimere
Tetramero
Pentimero
Heximero
Heptiimetro
Oclimere
Nonamero

Muestra: DA-E

Oligdmero

Mondémero
Dimero
Trimero

Tetrimero

Pentamern
Hexdamero
Heptimetro
Octamero
Nonimero

Especie
Ciclo Ala

A3

Ad

Especie

pE
E
EE

E3

E4

E&

#/mol Farmula quimica
14216
231.239
302314 CyaHyy N, 05
g/mol Formula quimica
120,120 CHNO,
147,13 CsHNOy
276,245 €4y N,0;
405,359 €,sHN;04
534,474 CogHypN,O 3
793,2734 C3oHysMNgOqg

Pico m/z correcta
14308114 14308150
19610789 19610810
214.11851 214.11860
285.15582 28515570

Pico
13004945
15203146
24108190
25909239
26306381
28107439
29704837
37012464
38813520
39210664
41011728
499,16741
521.14919
53915993
79724483

err(ppm)

251
Lo7
0,42
042

m'z correcta  err(ppm)

130,04990
152,03130
241,08179
25909250
263.06380
281.07440
297,04830
370.12450
388,13540
359210640
410.11700
499,16710
§21.14900
53915960
T97.24480
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a6
1.05
045
042
0,03
0,03
023
037
051
061
0,68
062
036
051
0,03

+Na~

HyO+H'

“H,0+H

“HyO+Na©

“H,O+Na

Hy0+K'

H,O+K"

-2H,0+H'

2H,0+H"

2H20_Na



Figura 6.3. IC. Resumen de especies detectadas por ESI-MS de las muestras para un unico
aminoacido después del tratamiento hidrotermal sin mineral.

Muestra: TIT-E

Oligémero Especie g/mol Formula quimica Pico m/z correcta  err(ppm) HH #Na~ “H:0+H' “HyO+Na'" HO0+K 2H,0+H'
PE 129,120 CHNO;y 130.04952 130.04990 2,92
Mondmero E 147,13 C:H;NO, 148.06012 148.06040 0.81
Dimero 15203129 152,03130 0,06
Trimero EE 276,245 CipHisN2 05 259,09229 259,09250 0.81
Tetramero 277,10288 277,10300 0,43
Pentimero 281,07425 28107441 0,56
Heximero 297,04819 297,04830 0,37
Heptimetro ] 405,359 CysHyN; 0y 388,13495 388,13540 115
Octimero 40614551 406.14562 022
Nonamero 410,11687 410,11700 0.32
ES 663,580 Cy<H; Ns Oy 668,20230 668,20220 1,45
E6 792,704 Oy H, N0y 797,24348 797,24477 1.61
Muestra: HT-A
Especie g/mol Fiormula quimica  Pico m/z correcla  err(ppm) +H +Na® H,O0+H™ H:O4Na~ HOHK IH.O+H
Oligimero Ciclo Ala 142,16 CyglypNaUy 14308111 143,08150 28
A-A 160,165 CgHy N0, 161.09172 161,09210 2,36
Monémero 18307373 18307400 147
D‘f“em A3 231,239 C,H,N;0, 232,12902 232,12920 0.77
Trimero A4 302,314 Cy2Hyy N, Os 285,15569 285,15570 0,03
I:::;:::Z 30316630 303,16650 0,66
. AS 373.389 C,sHy N0 37420352 374.20340 0.32
Hexdamero
Heptametro
Octimero
Noniamero

154



Figura 6.4. IC. Resumen de especies detectadas por ESI-MS de las muestras para un
aminoacido después del tratamiento hidrotermal con mineral.

Muestra: IIT-E/SiO,

Oligomero

Mondémero
Dimero
Trimero
Tetriamero
Pentimero
Hexamero
Heptametro
Octamero
Nonimero

Muestra: IIT-A/SiO,

Oligomero

Monémero
Dimero
Trimero
Tetramero
Pentimero
Hexamero
Heptimetro
Octamero
Nonamero

Especie
pE
E

EE

Especie
Ciclo Ala
A-A

A3
A4

g/mol
129,120
147,13

276.245

405,359

g/mol
142.16

160.165

231.239
302314

373.389
444464

Férmula quimica
C,H,NO;
C;H,NO,

CioHi6N; 04

C3Hi:NgOyo

Formula quimica
CeHioN,0;

CgHiaN, Oy

CyH, N, 0,
C2H;, N, 04

€y 5Hy7 N0
CygH; N0,

Pico
130,04958
148,06019
152,03157
259,09251
277.10314
281,07452
297.04850
388,13547
406,14609
410.11742
797.24563

Pico
143.08116
16109175
183.07373
232.12942
285.15552
303.16609
374.20320
445,24030

m/z correcta  err(ppm)

130.04990
148,06040
152,03130
259.09225
277.10300
281.07441
297.04830
388,13540
406.14562
410.11700
79724477

m/z correcla

143.08150
161,09210
183.07400
232.12920
285.15570
303.16650
374,20340
445,24060
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2,46
141
1,77
1
0.05
042
16
0,18
12
1.02
1.04

err(ppm)

237

+H

+H

“H,O+H"

“H,O+H™

“H,O+Na~

“H,O+Na"

anico
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“H,0+K"
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Figura 6.5. IC. Resumen de especies detectadas por ESI-MS de las muestras para los sistemas de

aminoacidos mixtos después del tratamiento por activacion en seco.

Muestra: DA-(A1E)

Oligomero

Monémero
imero
Trimero
Tetramero
Pentimero
Heximero
Heptimetro
Octamero
Nonamero

Especie
pPE

Ciclo Ala
EA

EE

B

A4

E2A2

E3A

E3A2

E2A4

E2A7
E4AS

g/mol
129.120

142,16
218.205

231.239
405.359

289.279

347.319

302314
360.354

418.394
476.434

431249
373.380
489.469

547,509

560.544

502.504
618.584
631.618
747.698
760.733
818.773

702.693
831.808

773.768
889.848

Formula quimica
C5HNO;
CgH N2 05
CgHyN>O5

CyHsN;05

Cy3Hy N304

€1:HyN,0;

CyHyN,0;

CsHysN,Og
CisHysN;Oyy
Cy5HyoN,Og

Cy5Hy;N;Og
Cy9H;3N50pp

Gy H;;5N;0y,

CyH;3eN¢Oyy

CypH3N4Oy
Ca:H3eNgOy5
CysHy N, Oy
CyHisN; O
C30HsgNg Oy
C3;HyoNg Oy

CygHygNgOy5
C;;3H53N; Oy

C5,H5N; Oy
C;5HssNg Oy

Pico
130,04962
143,08114
18307618
201,08680
223.06881
239,04280
241.08184
259.09245
281.07445
196.10789
214,11851
370.12447
27212413
200.13475
294.10613
330.12976
312,11916
352,11172
368.08561
28515582
343.16141
361.17202
365,14339
383.15643
423,14908
441.16199
45917264
414.19871
396.18810
454.19080
472.20429
490.21311
494,18568
512,19925
530.20085
568.15698
§25.23083
§65.22301
485.23595
601.24710
614.27887
712.27904
743.32137
783.31616
§01.32601
6853158
796
§14.35836
756,35288
§54,35293

m/z correcta err(ppm)

130,04990
143.08150
183,07640
201.08700
223.06890
239,04290
241.08190
259.09250
281.07440
196.10810
214,11860
370.12450
272.12410
290.13470
294.10600
330.12960
312.11900
352,11150
368.08550
285.15570
343.16120
361.17180
365.14320
383,15610
423,14860
441.16160
459.17220
414.19830
396.18540
454.19320
472.20380
490.21440
494,18580
51219870
530.20930
568.15620
52523040
565.22200
485.23540
601.24640
614.27800
71227840
7433206
7833155
801.3261
685.3152
7963472
814.3577
7563523
§54,3527

156

2,15
2,51
12
0,99
04
041
0.24
0.19
0.17
1,07
0,42
0.72
0.1
0.17
0.44
0.48

+H"

+Na

H,O0+H'

H,O0+Na'

HL0+K

2H,0+H"



Figura 6.6. IC. Resumen de especies detectadas por ESI-MS de las muestras para los sistemas
de aminoacidos mixtos después del tratamiento hidrotermal.

Muestra: HT-(A=-F)

Especie g/mol Férmula quimica Pico m/z correcta err(ppm) o +Na' H,0+H' H;O+Na' H,0+K" 2H,0+H"

Oligomero PE 129.120 C,H,NO; 130,04957 130,04990 2,53

E 147.13 CHNO, 148.06018 148.06040 1.48

Monémero 152.03156 152,03130 171

Diymero Ciclo Ala 142,16 CH N, 0, 143.08124 143.08150 1.8

“Arimery AA 160.165 CeHp N0 16109184 161.00210 161
letramero 3 B

Peatamicrs EA 218208 C4H,,N, 05 201.08686 201.08700 0.6

Hosioasss 219.09748 219.09760 0.54

5 22306884 22306890 0.26

Heptamelro 23004284 239.04290 0.25

OciSmiery EE 276.245 CyoH,N,0, 259.09250 259.09250 0.38

Nonamero 2

277.10313 277.10300 0.46

281.07450 281,07440 0.35

A3 231.239 CyH;-N;04 23212914 23212920 0.25

E3 405.359 C1sHyN;Oy 388.13555 388.13540 0.38

406.14612 406.14560 1.28

EA2 289.279 €y HygN30 27212417 27212410 0.25

290.13478 290.13470 0.27

29410624 294.10600 0.81

E24 347.319 Cy3HyN;0¢ 330,12080 330,12960 0.6

348,14041 348,14010 0.89

352.11178 352.11150 0.79

368.08581 368,08550 0.84

A4 302,314 CpH, 28515591 285,15570 0.73

303.16648 303.16650 0.06

EA3 360.354 CyH, N,O; 34316144 343.16120 0.60

361.17209 361.17180 0.8

E2A2 418.394 Cy6Ha6N Oy 419.17773 419.17730 1.02

423,14907 423,14860 11

E3A 476,434 CsHysN, Oy, 459,17259 459,17220 0.84

EA4 431.249 Cy7HyN Oy 1414,19866 414,19830 0.86

432.20031 432.20890 0.94

E2A3 489.469 C15H; N5Oyg 47220435 472.20380 1.16

490.21505 490.21440 1.32

E3A2 547,509 CyHy3NsOy 548.22047 548.21990 1,04

568.15620 142

E2A4 560,544 CyHyeNgOy, $61.25150 1.55

E6 792.704 C5oHy N0l 797.24480 0.53

EAS 502.504 CyoHy N O,y 503.24651 503.24600 1,01

E3A3 618.584 CyHygNgOy; 601.24695 601.24640 091

61025777 619.25700 1.24
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Muestra: IIT-(AtE)/SiO,

Oligémero

Monomero
Dimero
Trimero
Tetrimero
Pentimero
Hexamero
Heptametro
Octimero
Nonimero

Especie
PE
E

Ciclo Ala

AA
EA

EE

oo

A4

AS
E2A3

E3A2

E2A4

g/mol
129,120
147,13

142,16
160,165
218,205

276,245

231,239
405,359

289.279

347319

302,314

360.354

418.394

476.434
431.249

373,389
489.469

560.544
792,704
502,504

618.584

631,618

760.733
702.693

Formula quimica
CsH:NO;
CsH;NO,

CgHN, O
C6H| 3
CsHN, 04

CoHyeN; 0,

C3H N0,
CISH:!‘\.JOID

Cy3HyoN;04

Cy3HyN; 05

CpaHypN, O

CyHyN,O;

CysHyN.Op

CisHyN,Oyy
C,;H;eN,0;

Cy5HyN; O

Ci5H;N5Opg

€y Hy3N;0y,

C2aH3N¢Oyy
Ci3HuNgO1
CaoH3NgOy

CysHyN¢Oy5

CysHyN; Oy

C3oHygN3Oy
CIlH(Q'\vloi;

Pico
13004958
148.06019
152,03158
143,08125
161,09185
18307627
201.08687
219.09747
239,04286
223,06887
259,09252
277,10314
281.07452
297,04851
232,12917
388,13549
406.14610
410,11746
27212419
290.13480
294,10623
330,12983
348,14045
352.11183
368.08584
285,15588
30316649
343.16148
361.17180
365.14356
419.17779
423,14917
459.17271
43220940
414,19877
374,20378
472.20442
490.21512
494.18640
548.22059
568,15714
530,21008
561.25247
707.24581
503.24670
485.23664
601.24743
619.25789
623,22917
632,28964
614.27880
761,33226
703,32682

m/z correcta err(ppm)

130,04990
148.06040
152,03130
143,08150
161,09210
183,07640
201,08700
219.09760
239,04290
23,06890
259,00250
277.10300
281,07440
297,04830
232.12920
38813540
406,14560
410,11700
272.12410
29013470
294,10600
330.12960
348,14010
352.11150
368,08550
285.15570
303,16650
343,16120
361.17180
365.14320
419.17730
423,14860
459,17220
432.20890
414,19830
374,20340
47220380
490.21440
494.18580
54821990
568.15620
530,20930
561.25150
797.24480
503,24600
485,23540
601.24640
619.25700
623.22880
632.28860
614,27800
761.3312
703.3257

158

246
141
1.84
1,74
155
071
0.64
0.5
0.16
0.13
077
0.5
0.42
0.7
012
0.23
1,23
112
033
0.34
0,78
0,69
1
0.93
0,92
0.63
0,03
0.76
0,88
0.98
1.16
134
L11
115
113
1.01
131
146
121
125
1.65
147
1,72
1.26
1.39
255
171
143
0,59
1.64
1.3
1.39
1.59

+H

+Na

“HO+H™

H,O+Na"

HLO+K”

2H,0+H"



Capitulo ViII

Destino de las moléculas organicas
Sorcion de aminoacidos

Ensayos de Quimica Prebidtica V

Resumen El proceso de sorcion de moléculas organicas es fundamental para comprender los
mecanismos que pudieron preceder los procesos de polimerizacion durante la evolucion quimica.
Aunque varios experimentos han demostrado la capacidad de sorcion de diferentes minerales, la
mayoria de esas simulaciones se han realizado utilizando agua destilada y/o modelos simples de
agua de mar como entornos de reaccion. De esta manera, el realizar experimentos que tengan en
cuenta algunas de las variables geoquimicas, que pudieron estar presentes en algunos ambientes
primitivos permite comprender de mejor manera los procesos de sorcion que pudieron llevar a una
mayor complejidad molecular. En este trabajo se realiz6 la sorcion de glicina (Gly), alanina (Ala),
acido glutamico (Glu) y acido aspartico (Asp) en serpentinita considerando un modelo de agua
hidrotermal (HWM), enriquecida en iones Na®, CI" y Ca** . Los resultados sugieren que los iones
disueltos mejoran la sorcion de aminoécidos. Esto puede ser el resultado de la formacion de
puentes cationes entre los grupos COO™ de los aminoacidos y la carga superficial negativa de la
serpentinita. Ademas, la formacion de enlaces de hidrogeno y otro tipo de interacciones pueden
contribuir en la interaccion entre aminoacidos y minerales a diferentes valores de pH.
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Papel de los iones en la sorcion de aminoacidos en serpentinita:
Ensayos de quimica prebidtica

Introduccion

Varios experimentos han demostrado que es posible sintetizar una gran diversidad de aminoacidos
(AAs) en diversos escenarios primitivos (€.g., sistemas hidrotermales, interacciones superficie-
atmosfera y/o meteoritos / cometas) (Miller 1953; Rode 1999; Muioz Caro et al. 2002; Huber y
Wachtershauser 2006; Aubrey et al. 2009; Burton et al. 2012). Sin embargo, se ha propuesto que
la concentracion de AAs en los océanos primitivos probablemente fue muy baja, del orden de 10
*a 107 mol L' (Stribling y Miller 1987; Zaia et al. 2008). En consecuencia, se necesitan
mecanismos que favorezcan la concentracion de estas moléculas organicas para llevar a cabo
futuras reacciones de polimerizacion (i.e., formacion de oligopéptidos).

Minerales como agentes concentradores de moléculas orgéanicas

Dependiendo de las condiciones fisicoquimicas del medio, las superficies minerales pueden
concentrar diversas moléculas organicas a partir de disoluciones diluidas (Zaia 2004, 2012;
Schoonen et al. 2004; Lambert 2008; Cleaves et al. 2012). No obstante, independientemente del
escenario primitivo, estas disoluciones diluidas son més que la suma de un medio acuoso y
compuestos organicos. Pocos experimentos han tomado en cuenta diversas variables geoquimicas
acopladas (i.e., iones, temperatura y diferentes valores de pH) en los fenomenos de sorcion (Tessis
et al. 1999; Franchi et al. 2003; Zaia 2012; Wei et al. 2012; Farias et al. 2014, 2016; Sebben y
Pendleton 2015; Pandey et al. 2015; Pedreira-Segade et al. 2018; Villafane-Barajas et al. 2018;
Hao et al. 2019); y solo algunos de ellos han considerado un modelo de agua de mar representativo.

Sistemas hidrotermales y aminoacidos

Los sistemas hidrotermales, tanto subaéreos como submarinos, son considerados como entornos
ideales para permitir el proceso de evolucion quimica (Martin et al. 2008; Colin-Garcia, et al.
2016, 2018). En particular, se ha propuesto que los sistemas hidrotermales con basamento de
serpentina y los fluidos hidrotermales alcalinos liberados a partir del proceso de serpentinizacion
(ver Anexo) pudieron ofrecer condiciones favorables para el desarrollo de vias metabolicas
primitivas debido a la disponibilidad de diferentes variables geoquimicas (e.g., alta [Ca], [K], [Na],
baja [Mg], pH > 9, alta [Hz]) y su amplia distribucioén durante los primeros 500 Ma en la historia
de la Tierra (Schulte et al. 2006; Martin et al. 2008; Sleep et al. 2011; McCollom y Seewald 2013).

Las serpentinitas son rocas formadas principalmente por minerales del grupo de las serpentinas
que se derivan del metamorfismo de rocas maficas-ultramaficas, las cuales fueron abundantes
durante el Hadeano-Arqueano (Miintener 2010). En general, estos silicatos de magnesio se forman
durante la hidratacion a baja temperatura (i.e., < 400 °C) de minerales ferromagnesianos o
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magnesianos (€.g., olivina, ortopiroxeno) presentes en rocas basicas y ultra basicas (Evans et al.
2013).

Los aminodacidos son esencialmente inestables a altas presiones y altas temperaturas (White 1984;
Bernhardt et al. 1984; Bada et al. 1995). Sin embargo, nuevos experimentos que han considerado
otras variables geoquimicas (e.g., gradientes de temperatura y pH, iones y gases disueltos,
minerales y estados redox) muestran que la estabilidad y el destino de estas moléculas orgénicas
dependen de las condiciones ambientales. La glicina (Gly), la alanina (Ala), el acido glutamico
(Glu) y el acido aspartico (Asp) se han sintetizado en condiciones hidrotermales y son los
aminoacidos mas abundantes recolectados in situ en sistemas hidrotermales submarinos (Yuasa et
al. 1984). ; Horiuchi et al. 2004; Aubrey et al. 2009; Fuchida et al. 2014). Ademas, estas moléculas
organicas se han identificado en fluidos hidrotermales reducidos y alcalinos (Lang et al. 2013),
aunque se ha mencionado que su presencia podria estar asociada con la produccion bioldgica local.

Fluidos hidrotermales y modelo de agua hidrotermal

La composicion de los fluidos hidrotermales es el resultado de un continuo intercambio quimico
entre el agua ocednica y la litosfera. Varios procesos geoquimicos estan involucrados en la
formacion de estos fluidos, tales como: reacciones entre agua-roca, la composicion de la cdmara
magmatica debajo de los campos hidrotermales, desgasificacion magmatica y/o la entrada de
volatiles, separacion de fases durante el enfriamiento, asi como las diferencias en las condiciones
hidrolégicas en la zona de reaccion (James et al. 2014). Por lo tanto, no es trivial generalizar su
composicion. Aun asi, algunos investigadores han sugerido que los iones Na', Ca**, Mg®" y Fe**
eran los predominantes en el agua oceédnica y/o en los fluidos hidrotermales durante el Hadeano-
Arqueano temprano (De Ronde et al. 1997; Zaia 2012; Hao et al. 2019).

A pesar de que se han realizado algunos experimentos de sorcién utilizando serpentinita
(Hashizume, H. 2007; Fornaro et al. 2018), ninguno de ellos ha considerado el papel de los iones
disueltos en la sorcion de aminoacidos en este mineral.

Por ello, se estudid la sorcion de Gly, Ala, Glu y Asp (Fig.7.1) en serpentinita considerando un
modelo de agua hidrotermal (Hydrothermal Water Model, HWM), con el fin de analizar el papel
de los iones en el proceso de sorcion de aminodcidos. Asimismo, se evaluaron diferentes
condiciones de pH para estudiar las interacciones entre las moléculas orgédnicas y la superficie
mineral.
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Glicina (Gly) Alanina (Ala) Acido glutamico (Glu) Acido aspartico (Asp)

0 o] ﬁ ﬁ
H;N— CH —C —0OH H,;N— CH—C—0H HzN—i:H—C—OH H;N —CH—C—O0H
H CH; CH, — CH,— COOH CH,— COOH
pKa, a-grupo carboxilo 234 234 2.19 1.88
PKa, a-ion amonio 9.60 9.69 9,67 9.60
pKa, o-grupo cadena lateral 4.25 3.65

Figura 7.1. Estructura quimica y valores de constantes de disociacion de los aminoacidos
utilizados en este trabajo.

Procedimiento Experimental

Los materiales asi como las distintas técnicas de caracterizacion son descritos en el Capitulo III
La Figura 7.2 muestra el procedimiento experimental general para la elaboracion de estos
experimentos.

Modelo de agua hidrotermal. El modelo de agua hidrotermal, HWM, se prepar6 de acuerdo con
Zaia (2012) (Tabla 7.1). Sin embargo, con base en el modelo original de Ronde (De Ronde et al.
1997), decidimos eliminar el aporte de NH4" porque esta asociado con la descomposicion de
materia organica o un subproducto de microorganismos, lo cual no es consistente con un modelo
prebidtico. Aunque existen diferencias importantes entre la composicion del modelo HWM vy los
fluidos hidrotermales actuales medidos in situ (James et al. 2014; Seyfried et al. 2015) (Tabla 7.1),
en todos los casos predominan los iones CI" ~ Na*>> Ca*" ~ K"
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Figura 7.2. Procedimiento experimental para realizar la sorcion de AAs en serpentinita

Resultados y discusion

La Figura 7.3 muestra los resultados de la sorcion de los cuatro aminoacidos en serpentinita usando
el HWM. El pH de las muestras de AAs/serpentinita en HWM tuvo valores entre pH =11 - 12. El
porcentaje de sorcion para todos los aminoacidos utilizando el modelo hidrotermal es de alrededor
del 50 %. En este intervalo de pH, como se muestra en la Figura 7.3, los aminoacidos estan
predominantemente en su forma anionica (i.e., > 96 % Gly’, > 95 % Ala’, > 95 % Glu?, >95 %
Asp). El punto de carga cero, a estos valores de pH, de la muestra de serpentinita es pHpzc ~ 8.5
y, por lo tanto, en estas condiciones, la superficie mineral estd cargada negativamente. En
consecuencia, la simple interaccion electrostatica entre la superficie del mineral y los aminoacidos
cargados negativamente no puede ser el mecanismo de sorcién predominante (ver abajo).

Por otro lado, los experimentos realizados en agua destilada a pH basico mostraron que el
porcentaje de sorcion no supera el 20 % (Fig. 7.3). La diferencia de porcentaje de sorcion entre
los experimentos con el modelo de agua hidrotermal respecto a los realizados con agua destilada
a pH basico, puede estar asociada con la presencia de los iones disueltos en el HWM. En contraste
con estos resultados, algunos autores han demostrado que la alta concentracion de sales reduce la
sorcion de AAs en algunos minerales (e.g., arcillas, goethita, silice; Farias et al. 2014, 2016;
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Sebben y Pendleton 2015) y que el grupo R cargado de los AAs podria tener un papel crucial en
el mecanismo de sorcion (Benetoli et al. 2007). Sin embargo, cabe mencionar que ninguno de
estos informes utiliza el mismo modelo de agua y la relacion de cargas entre los AAs y los
minerales no es completamente negativa.

Tabla 7.1. Composicion del modelo de agua hidrotermal (HWM) y de los fluidos hidrotermales
naturales.

Composicion de fluidos hidrotermales

Zaia (2012) De Ronde etal. (1997)  Jamesetal. (2014)  Seyfried et al. (2015)
Cr 688 920 552 542
Na* 638 789 406 491
Br 2.6 2.25 --- 0.844
SO47 2.3 4.12
I 6.02*%107° 0.037 --- ---
NH4" 11.42 5.1 --- ---
K* 21.6 18.9 72.5 10.5
Mg*? 50.9 1.9
Ca*? 42.56 232 20 26.5
Sr*? 0.04 4.52 69.5 0.101
Ambiente geoldgico
Composicion Fluidos ubicados en las Composicion de los Fluidos hidrotermales
sugerida de agua dorsales oceanicas y en el fluidos terminales de las provenientes del campo
hidrotermal ambiente tectonico tras-arco. cuencas tras-arco. hidrotermal Lost City.
artificial Basamento con [K*] T ~116 °C and pH ~10.4.
32Ga Barbeton 3.2 Ga, Deposito de baja a media “BH, J2-360IGT2”.
pH ~12. Hierro. basalto/andesita
basaltica

(T ~310 °C and pH
~4.8). Cuenca tras-arco.
«Trough, Theya North
Knoll »

Nota: El modelo de agua hidrotermal utilizado en este estudio fue basicamente el propuesto por
Zaia (2012), excepto que no se utilizd amoniaco. Los reactivos se disolvieron en 1,0 litro de agua
MiliQ.

La baja cantidad de aminoécidos sorbidos a pH basico en agua destilada (< 20 %) (Fig. 7.3) se
puede explicar por diferentes mecanismos. De acuerdo con el diagrama de distribucion de especies
(Fig. 7.4), a los valores de pH experimentales, ~ 15 % de Gly y Ala estdn en su forma de
zwitterion. Por tanto, los aminodcidos cargados en su grupo amino protonado pueden tener una
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atraccion electrostatica hacia la superficie mineral que estd cargada de manera opuesta. Otras
opciones pueden ser mediante mecanismos no electrostaticos en ambiente acuosos, tales como: I)
la formacién de enlaces entre el grupo carboxilo del aminoacido y un 4tomo de la superficie
mineral (i.e., Si); IT) formando un enlace coordinado del carboxilato (R-COQO") con los atomos de
oxigeno de la superficie; III) a través de enlaces coordinados entre el AA y los iones divalentes en
la superficie del oxihidréxido (e.g., Fe**, Mg*"); y/o por IV) la formacion de complejos de esfera
externa con aductos unidos por hidrogeno (Lambert 2008). Ademas, la posibilidad de formar
"puentes catidnicos" entre el grupo carboxilato (R-H-C(NH2)COO") y el cation K* disuelto
(proveniente de la solucion de KOH utilizada para preparar la muestra control a pH basico, ver
métodos) con la superficie mineral con carga neta negativa. Dado que el Glu y el Asp tienen cargas
negativas a pH basico, la sorcion mediada por interacciones de "puente cationico" podria ser el
mecanismo de sorcion predominante. Benetoli et al. (2007) reportaron una mayor sorcion de Asp
que Ala en caolinita (Al>Si20s(OH)a) (con estructura similar a la serpentinita; polimorfo lizardita,
Mg3Si205(OH)4) a pH = 8 y sugirieron que esta diferencia podria estar asociada con el grupo R
cargado del Asp. Hashizume (2007) mostré que la capacidad de sorcion de Asp y Glu por crisotilo,
Mg3(S1205)(OH)s, a pH = 8 - 9, es mayor para los aminodcidos Gly y Ala; el autor asocia este
resultado con las interacciones entre las cargas negativas de los AAs y los grupos silanol (S-OH;")
en el borde del crisotilo asi como a la baja solubilidad de Glu y Asp. Por lo tanto, la capacidad de
sorcion de los aminoacidos en la serpentinita, a pH basico, puede ser el resultado de mecanismos
no electrostaticos y la probable formacion de puentes cationicos entre el grupo carboxilato y el K*
disuelto. Experimentos recientes muestran que la presencia de cationes divalentes (e.g., Ca*",
Mg?*; M?%) y metales de transicion (e.g., Zn, Ni) pueden mejorar la sorcién de oligonucleotidos
porque pueden actuar como mediadores de union entre dcidos nucleicos y superficies de arcilla
debido a la capacidad de interactuar con el fosfato cargado negativamente del esqueleto del acido
nucleico (modelo de puente cationico; Franchi et al. 2003; Pedreira-Segade et al. 2018; Hao et al.
2019). Mecanismos similares pueden ocurrir entre los aminoacidos y los grupos anfoteros de la
serpentinita (S-OH, donde S es un atomo de superficie) a través del grupo carboxilo cargado
negativamente, en los valores de pH del HWM:

(R-H-C(NH2)COO") + M2* + §-0° — (R-H-C(NH)COO")--- M2* - “O-S

Considerando el error experimental, el orden de sorcion fue: Asp ~ Ala ~ Gly > Glu usando HWM
(Fig. 7.3). Debido a que los amino4cidos tienen esencialmente la misma estructura quimica, estas
diferencias podrian atribuirse a la cadena lateral (Fig. 7.1). Aunque el 4cido glutdmico y el 4cido
aspartico tienen doble carga negativa a pH basico, la sorcion de Asp es mayor que el Glu (Fig.
7.3). La sorcion de Ala y Gly es esencialmente la misma que el Asp. Se ha propuesto que la glicina
y la alanina pueden formar complejos débiles con Na* y especies estables con Ca®" y Mg?*. El
4cido glutdmico y aspartico forman especies relativamente débiles con los cationes Na*, Ca*" y
Mg?" (Bottari y Porto 1982; De Stefano et al. 1995). Ademas, el grupo carboxilo interactia
débilmente con Na" y fuertemente con cationes divalentes (i.e., Ca*" y Mg?") y los grupos amino
no protonados interactian débilmente con Ca®>" y Mg?** (De Stefano et al. 2000). Rundberg et al.
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(1994) demostraron que los cationes, como el Na*, pueden ser sorbidos en goethita formando un
complejo de esfera externa a valores de pH por encima del punto de carga cero del mineral
(superficie con carga negativa). Asimismo, la leucina, en su forma zwiterionica, puede interactuar
con los metales divalentes (i.e., Cu?* y Mg?") de las arcillas (Pandey et al. 2015). Otra posibilidad
es la union de grupos negativos (i.e., COO") con sitios metalicos ubicados en el borde de los
minerales (Hao et al. 2019). En consecuencia, se podria favorecer la formacion de puentes
catidénicos, mediados por los cationes disueltos en el agua hidrotermal, entre el grupo carboxilato
y/o los grupos amino no protonados en los aminoécidos y la superficie serpentina. Esto podria
explicar la mayor absorcion de aminoécidos en entornos ricos en cationes en comparacion con los
experimentos realizados con agua destilada.

1009 EE pH acido
00 pH natural

= pH basico
1 JEwM

70 —

-

% Sorcion

Figura 7.3. Porcentaje de sorcion de aminoacidos a pH acido, natural, basico y en presencia de
iones disueltos, HWM. pH basico = 10-12, natural (pH natural de la solucién de AA en agua
desionizada) y pH é4cido = 2-3, pH HWM = 11-12.

Para obtener mas informacion sobre la funcion de los iones divalentes, se realizé la sorcion de los
AAs apH basico (pH =10 - 11) usando CaCl (Fig. 7.5). Las diferencias del porcentaje de sorcion
muestran que el calcio tiene un efecto apreciable sobre la sorcion de Gly y Ala, lo cual es
consistente con la posibilidad de formar complejos estables entre estos aminodcidos con un cation
divalente (Bottari y Porto 1982; De Stefano et al. 1995, 2000). Ademas, la cantidad sorbida de
Gly es mas alta que Ala. Debido a que la unica diferencia entre estos aminoéacidos es un grupo
metilo, el impedimento estérico podria afectar el mecanismo de sorcion a través de interacciones
de puente cationico. No hay diferencia entre la sorcion de Glu y Asp en presencia de CaCl, en
comparacion con la solucion de KOH (Fig. 7.5). Sin embargo, el Glu se absorbe un poco mas que
el Asp en ambos sistemas. Los resultados (Fig. 7.5) mostraron que el catién divalente (i.e., Ca*")
favorece la sorcion hasta un 30 % en el caso de la glicina, pero es inferior al 20 % para el resto de

aminodcidos. Por lo tanto, la gran capacidad de sorcion de aminodcidos en la serpentinita,
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utilizando el HWM, podria ser resultado de la contribucion de todas las especies de cationes (i.e.,
Na™ (el cation predominante), Sr*?) que componen el modelo de agua hidrotermal.

Las sorciones a pH natural muestran que Glu y Asp se sorben ligeramente mas (~ 20 %) que Gly
y Ala (Fig. 7.3). En estas condiciones, Gly y Ala estdn en su forma zwitterion. El Asp esta
esencialmente en su forma negativa y Glu esté alrededor del 50:50% en su forma zwiteridnica y
negativa. La superficie de la serpentinita estd débilmente positiva en el valor de pH de las
disoluciones de Gly, Ala y Asp; mientras que es predominantemente positivo en la disolucion de
Glu (Fig. 7.4). Hedges y Hare (1987) mostraron una tendencia similar usando caolinita a pH = 6 -
8. Estos autores sugirieron que una carga positiva apreciable en los bordes de los cristales de
caolinita puede favorecer la mayor absorcion de Asp.

Serpentinita P =85 Serpentinita PH, = 85

Ic
Pasitivo I Negativo Positivo I Negativa

Gly* Gly GIy” Ala® Ala Ala

0,5 b
0,6

0,44

Fraceion molar

0,24

0.04

o Glu*  Glu Glu- Glu? Asp™ Asp Asp Asp?

0,84 4

0.6 J Sorciones pH dcido
Sorciones pH natural

0,41 ] HTW

Fraccion molar

0.24 4

0.04 1
01234567 8 9210111213140 1 2 3 4 56 7 8 91011121314

pH pH

Figura 7.4. Diagrama de distribucion de especies de los AAs usados respecto a la carga
superficial de la serpentinita. El intervalo de pH de la solucion de AA se muestra para cada
experimento.

Finalmente, las sorciones a pH acido muestran un comportamiento diferente (Fig. 7.3). El orden
de sorcion fue: Gly > Glu > Ala > Asp. En este intervalo de pH, todos los aminoécidos estan en
su forma zwiterionica y protonada (~ 50:50 %) y la superficie mineral es predominantemente
positiva. Aunque se ha demostrado que algunos minerales adsorben méas aminoacidos con grupos
R cargados (Zaia 2004), en nuestro caso, el sistema Gly/serpentinita mostrd la mayor sorcion a pH
acido.
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Para obtener informacion sobre los mecanismos fisico-quimicos que podrian estar involucrados
en la capacidad de sorcién de la serpentinita, se realizd un analisis XRD para determinar el
polimorfo de la serpentina. El patron de difraccion muestra picos de difraccion distintivos de
lizardita (91 %), antigorita (5 %) e impurezas tipicas como magnetita y brucita (= 4 %) (Fig. 7.6).
De esta manera, en nuestra muestra de serpentinita predomina el polimorfo de lizardita.

La lizardita tiene una formula estructural M3T>Os(OH)s, con capas planas 1:1 de laminas de
tetraedro de SiO4 y laminas de octaedro de MgO2(OH)s unidas por enlaces de hidrogeno. M es
principalmente Mg y T es Si, aunque varios elementos comunes pueden estar presentes en la
estructura como Fe?*¥* AI**, Ni, Mn**, Zn** (Rucklidge y Zussman 1965; Mellini 1981; Zheng y
Wang 2014). El politipo méas comun es el apilamiento de tres capas sin ningun desplazamiento
lateral (Carmignano et al. 2020), en tanto que la disolucion de los grupos hidroxilo de la superficie
y los bordes deja una carga positiva en un amplio rango de pH (Feng et al. 2013). El agua en las
estructuras cristalinas puede actuar como acido de Lewis moderado o base de Lewis y puede
controlar la polimerizacion dimensional de las unidades estructurales (€.g., moderador de carga).
En otras palabras, los enlaces de hidrégeno en la lizardita pueden impartir caracter catidnico en el
lado (OH) y un caracter anidnico en el lado silicato (Hawthorne, 2015).
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Figura 7.5. Porcentaje de sorcién de amino4cidos a pH bésico y usando CaCly. El catién Ca**
parece favorecer la sorcion de aminoacidos.
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Figura 7.6. Patron de difraccion de rayos X de la muestra de serpentinita. Los picos de difraccion
se asignaron segin Rucklidge y Zussman (1965) y Zheng y Wang (2014). Leyenda: (L) lizardita
Mg3zSi>0s5(OH)4, (M) magnetita (Fe3Os4) y (B) brucita (Mg(OH).).

El pHp.c del mineral es crucial en el proceso de sorcion, disolucion, precipitacion y formacion de
coloides durante la interface mineral-agua. La capacidad de formar capas de agua superficial en el
material hidréxido conduce a sitios reactivos que pueden establecer especies superficiales
cargadas (S-OH," y S-O") (Churchill et al. 2004). Ademas, otros iones adsorbentes, ademas del
H", pueden dar como resultado la configuracion de otros complejos superficiales de aniones o
cationes. Por lo tanto, la capacidad de formar enlaces de hidrogeno entre la superficie hidratada
expuesta y los bordes protonados de la lizardita, a valores de pH por debajo de su pHpzc, podrian
ser los mecanismos que expliquen la capacidad de sorcion < 20 %.

Otro experimento usando minerales de silicato, mostrd que el acido aspartico se sorbe débilmente
en la caolinita a través de la complejacion de iones aspartato de esfera externa en sitios de
superficie de carga variable [las especies adsorbentes cargadas negativamente estdn unidas
electrostaticamente a un grupo hidroxilo de superficie cargado positivamente (protonado)] (Ikhsan
et al. 2004). El grupo carboxilo ionizado del ion aspartato se mantiene adyacente a la superficie.
La capacidad de sorcion (hasta un 20 %) vario ligeramente con el pH (Ikhsan et al. 2004). Ademas,
algunos experimentos han informado que ciertos aminodcidos comunes se absorben en
aproximadamente un 10 % en caolinita (Hedges y Hare 1987). Por otro lado, se ha demostrado
que los aminoécidos bésicos se sorben mas que los aminoacidos neutros o acidos debido a las
reacciones de intercambio i6nico con la superficie de la arcilla, cargada negativamente (Ramos y
Huertas 2013). Ikhsan et al. (2004) informaron que el Asp se sorbe alrededor del 10 % a un pH =
3.5yun 18 % a un pH = 8.5 a través de la formacion de complejos de esfera externa de los iones
de aspartato en sitios de superficie de carga variable. En otras palabras, cada especie cargada
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negativamente se absorbe electrostaticamente a un grupo hidroxilo superficial cargado
positivamente (SOH2"-Asp").

En nuestro caso, en condiciones acidas, la glicina podria ser absorbida a través del grupo R—-COO"
del ion hibrido y los grupos S-OH:" en la superficie del mineral, por la formacion de complejos
de esfera externa en los bordes de lizardita y/o mediante la formacion de puentes de hidrégeno con
la forma i6nica hibrida. Las interacciones electrostaticas, la formacion de puentes de hidrogeno,
el intercambio de ligandos, las reacciones de intercambio i6nico, las fuerzas de van der Waals y
las interacciones especificas de los grupos carboxilo y amino, son mecanismos probables que
explicarian el proceso de sorcion de AA en minerales. Dado que la lizardita es un mineral que no
se expande, las reacciones de intercambio entre capas no son posibles.

Conclusiones

En resumen, los fendmenos de sorcidon son mas que una atraccion electrostatica. Los enlaces de
hidrogeno, los enlaces coordinados y las interacciones de London/van der Waals pueden contribuir
a la sorcion de las moléculas orgédnicas. Asimismo, fendmenos como la dependencia del pH de la
superficie hidroxilada, la presencia de impurezas i6nicas, que pueden cambiar el valor pHpzc del
mineral, la capacidad de sorber iones en 6xidos por intercambio i6nico con el cation estructural
y/o por la formacién de enlaces con los grupos hidroxilo de superficie (carga dependiente del pH)
y la posibilidad de formar un puente catioénico entre el grupo carboxilato (R-H-C(NH2)COO") y
los cationes disueltos, deben ser considerado.

El proceso de sorcion de las moléculas organicas es fundamental para comprender los mecanismos
de polimerizacién que pudieron haber ocurrido durante las primeras etapas en la Tierra primitiva.
Aunque varios experimentos han demostrado la capacidad de sorcion de diferentes minerales, la
mayoria de esas simulaciones se han realizado utilizando agua destilada o modelos simples de
agua oceanica. De esta manera, es necesario realizar experimentos que tengan en cuenta algunas
de las variables geoquimicas que probablemente estaban presentes en los ambientes primitivos.
Esto permitira tener un mejor entendimiento de los procesos de sorcion que pudieron llevar a una
mayor complejidad molecular. En este trabajo, se analiz6 la sorcion de Gly, Ala, Glu y Asp en
serpentinita considerando un modelo de agua hidrotermal (HWM), enriquecida en iones Na*, CI’
y Ca?". Los resultados preliminares sugirieren que los iones disueltos aumentan la sorcién de
aminoacidos. Esto puede ser el resultado de la formacion de puentes, mediados por los cationes
presentes en solucion, entre el grupo COO™ de los aminoécidos y la carga superficial negativa de
la serpentinita. Ademas, la formacion de puentes de hidrogeno y otro tipo de interacciones pueden
ser relevantes en las interacciones entre aminoacidos y minerales a diferentes valores de pH.
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Capitulo VIII

Conclusiones generales

Los experimentos que tratan de entender el papel que pudieron tener los sistemas hidrotermales,
tanto submarinos como subaéreos, en los procesos de evolucion quimica y en las etapas previas al
surgimiento de las componentes basicas de la vida se han modificado en los ultimos afios.
Actualmente, sabemos que algunas de las condiciones que imperan en estos ambientes favorecen
la generacion y evolucion de moléculas orgénicas. Debido a que los sistemas hidrotermales son
ambientes muy dinamicos y con numerosas variables geoquimicas, es necesario realizar
experimentos que consideren la mayor cantidad de ellas con el objetivo de desarrollar una quimica
prebidtica con modelos més consistentes y robustos.

En este trabajo se realizd un estudio sistematico partiendo de la justificacion de un escenario
geoquimico consistente con las probables condiciones en la Tierra primitiva, esto es, el destino
del acido cianhidrico en sistemas hidrotermales. Después, se identificaron las condiciones
fisicoquimicas que favorecen la transformacion del HCN en moléculas mas complejas, es decir,
polimeros térmicos de HCN. Asi mismo, se realizd un estudio detallado de las propiedades
térmicas y estructurales de estos materiales asi como el efecto de la presencia de superficies
minerales durante su sintesis. Se identificaron las condiciones fisicoquimicas que favorecen la
liberacion de una amplia diversidad de moléculas organicas a partir de la hidrélisis de estos
materiales. Finalmente, se realizaron simulaciones experimentales enfocadas en el destino de
algunas de las moléculas organicas obtenidas a partir de la hidrolisis de los polimeros de HCN. En
este caso, los aminoacidos. Por un lado, se estudio la oligomerizacion del sistema Ala + Glu en
presencia de silica, Si0, tanto en condiciones hidrotermales submarinas (€.g., altas presiones y
temperaturas) y subaeras (€.g., ciclos mojado-secado). Por otro lado, se estudio el efecto de iones
disueltos en la sorcion de aminodcidos en serpentinita considerando un modelo de agua
hidrotermal. Los resultados obtenidos se engloban en el estudio del efecto de diversas variables
geoquimicas, presentes en escenarios hidrotermales, tanto en la estabilidad, la reactividad y el
destino de diversas moléculas organicas desde el punto de vista de la quimica prebidtica.
Considerando lo anterior, el caracter sistematico de los experimentos realizados se puede concluir
de la siguiente manera:

1) Relevancia del escenario geoquimico. Hasta ahora, no existe una propuesta tinica de un entorno
primitivo que pueda contribuir con todas las condiciones para el desarrollo de una estructura
organica compleja. Sin embargo, el dinamismo que presentan los sistemas hidrotermales parece
ser un buen punto de partida. Sin embargo, debe tenerse en cuenta que cualquier experimento que
simule algunas de las condiciones presentes en estos sistemas debe ser claro en la escala que
simula, y por lo tanto, ser consistente con las condiciones fisicoquimicas que prevalecen en esas
escalas. Asimismo, es necesario ser cauteloso y coherente con el alcance de los resultados para

176



evitar sobreestimaciones sobre el papel de estos sistemas en la evolucidon quimica y eventualmente,
en el origen de la vida. En nuestro caso, un escenario hidrotermal con la continua aportacion de
materia prima (e.g., CH4, NH3, CO2) pudo llevar a la formacion de HCN. Una vez disponible esa
molécula organica y en concentraciones > 0.1 mol L™, un ambiente alcalino (pH > 8.5) favoreceria
su polimerizacion. Ademas, las altas temperaturas (= 100 °C) podrian favorecer su polimerizacion.
Finalmente, la presencia de superficies minerales podrian afectar las propiedades térmicas y
estructurales de estos materiales.

2) Disponibilidad de materia prima para llevar a cabo reacciones quimicas y estudio de las
condiciones de sintesis, la estabilidad y reactividad de compuestos organicos. La sintesis de un
polimero térmico de HCN, simulando algunas de las condiciones presentes en sistemas
hidrotermales alcalinos, refuerzan las hipdtesis sobre la relevancia de estos entornos para la
sintesis organica durante la Tierra primitiva. Actualmente, es claro que los polimeros de HCN son
un grupo enorme de macromoléculas y su estudio requiere el uso de diferentes técnicas analiticas.
El polimero sintetizado en este experimento es muy complejo y presenta propiedades quimicas
diferentes a las de los polimeros caracterizados considerando otras condiciones de sintesis.
Después de su hidrolisis (i.e., a pH acidos y basicos), fue posible caracterizar un amplio espectro
de moléculas organicas que podrian estas disponibles en los alrededores de los sistemas
hidrotermales (e.g., aminoacidos, acidos carboxilicos, N-heterociclos) y en consecuencia, ser
nichos ideales para la evolucion quimica. Estos resultados respaldan propuestas como los mundos
de pre-RNA.

3) Destino de las moléculas organicas en sistemas hidrotermales alcalinos. Una vez que el medio
circundante al sistema hidrotermal se enriquezca en material orgédnico, las moléculas organicas
podran experimentar diversos fendmenos. En particular, durante este trabajo nos centramos en el
fendmeno de polimerizacion de una mezcla de aminoacidos en presencia de minerales (Ala +
Glu/Si0O2). Notablemente, tanto en condiciones acuosas como secas, es posible sintetizar
oligobmeros heterogéneos largos (i.e., nonameros). Estos resultados contribuyen a un mejor
entendimiento del efecto de la presencia de minerales asi como de las condiciones de reaccion en
la formacion de oligopéptidos sencillos. Por otro lado, se estudio el efecto de iones disueltos en la
sorcion de aminoacidos en serpentinita considerando un modelo de agua hidrotermal. Este modelo
es consitente con la composicion de fluidos hidrotermales alcalinos y se toma como punto de
partida para entender los procesos de sorcion de moléculas orgdnicas en minerales. Los resultados
preliminares sugieren que la presencia de cationes podria favorecer la formacion de puentes entre
organico-mineral, actuado como anclajes y favoreciendo su concentracion.

Los experimentos realizados en este trabajo son una primera aproximacion para entender el
dinamismo de los sistemas hidrotermales, asi como su papel de modelos de ambientes primitivos.
Particularmente, se desarrolld un camino de evidencias experimentales que sostienen que a partir
de una molécula relativamente sencilla como es el acido cianhidrico y en un entorno geoquimico
consistente con la Tierra primitiva, es posible alcanzar cierta complejidad quimica. En otras
palabras, obtener oligopéptidos lineales a partir del HCN. Los resultados sugieren que el desarrollo
de experimentos que combinen diversas variables geoquimicas tiene repercusiones importantes en
el comportamiento del sistema. En consecuencia, este trabajo contribuye en un mejor
entendimiento de los procesos que pudieron tener lugar en el desarrollo de la complejidad quimica
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en los sistemas hidrotermales. Si bien esta investigacion se centra en estudiar el destino del HCN
en los sistemas hidrotermales alcalinos y su impacto en la evolucidon quimica, las condiciones para
su sintesis se aplican facilmente a la ciencia de materiales. Asimismo, caracterizar sus propiedades
fisicoquimicas puede ser 1til para otros enfoques y expandirse a otras areas de investigacion.
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ANEXO1

Sistemas Hidrotermales Submarinos: La relevancia de los
sistemas dinamicos en la Evolucion Quimicay sus
consecuencias en la Quimica Prebidtica

Articulo de revision

Villafafie-Barajas, S. A. y Colin-Garcia M. Submarine Hydrothermal Vents Systems: The
relevance of dynamic systems in chemical evolution, and aftermath in prebiotic chemistry
(Enviado 1JA)

Resumen Desde su descubrimiento, los sistemas hidrotermales submarinos han sido senalados
como sitios importantes para el desarrollo de diversos procesos durante la evolucion quimica asi
como su probable papel en escenarios de origen de la vida. Sin embargo, las simulaciones
experimentales que consideran las condiciones geoquimicas presentes en estos entornos se han
enfocado en una parte muy especifica de estos sistemas. Si bien el dinamismo de estos ambientes
es evidente, es necesario tener claridad en la escala del sistema asi como el alcance de los
resultados experimentales para no sobrestimar las hipotesis sobre el papel de estos escenarios en
cuestiones de origen de la vida. En esta revision intentamos comunicar como se puede interpretar
este dinamismo y su importancia en los experimentos de quimica prebiotica
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Abstract: Since their discovery, the submarine hydrothermal vents systems have been pointed out
as important sites for the development of several processes during chemical evolution and their
probable role related with origin of life scenarios. However, the experimental simulations that
consider the geochemical conditions present in these environments have been focused in a specific
part of these systems. Although the dynamism of these environments is evident, it is necessary to
be clear in the scale of the venting as well as in the scope of the experimental results in order not
to overestimate the results and hypothesis. In this review, we try to communicate how this

dynamism can be interpreted as well their importance on prebiotic chemistry experiments.
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Introduction

Before the discovery of submarine hydrothermal vents systems (SHVS) (Corliss et al. 1979), some
scientists pointed out the importance of high temperatures in the first steps along the formation of
life. Markedly, R. B. Harvey suggested the thermal spring environments as probable scenarios for
the emergence of life (Harvey 1924). On the other hand, S. Fox (1967), D. E. Ingmanson and M.
J. Dowler (1977) suggested that temperature gradients would be important for the generation and
evolution of organic compounds under high temperature environments (e.g., brine pools
associated with the axes of plate spreading, and hot springs associated with submarine volcanism).
A few years after, J. B. Corliss, J. A. Baross and S. E. Hoffman (1981; 1985) suggested that these
environments “provide all conditions necessary for the creation of life on Earth™ as consequence
of the discovery of the first SHVS, the “Clambake 1 (Ballard 1977) . These authors proposed the
possibility that life could have originated in a Precambrian hydrothermal oceanic system, based
on chemosynthesis processes, as result of reactions through gradients of temperature, pH, and

chemical composition.

As soon as these proposals permeated the scientific community, several scientists tried to test them
experimentally. The first approximations showed that the organic molecules (e.g., amino acids,
carboxylic acids, and nitrogen bases) are mainly decomposed at high temperatures (> 100 °C)
(Vallentyne 1964; Povoledo and Vallentyne 1964; White 1984; Bernhardt et al. 1984; Miller and
Bada 1988; Qian et al. 1993; Bell et al. 1994; Bada et al. 1995; Larralde et al. 1995; Kohara et al.
1997; Levy and Miller 1998). Hence, S. Miller, J. Bada and A. Lazcano (Miller and Bada 1988;

Bada et al. 1995; Miller and Lazcano 1995; Bada and Lazcano 2002) argued that submarine
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hydrothermal conditions, still at some stage in the thermal gradient (i.e., even considering low
temperatures, > 25 °C), are hostile environments because the organic molecules are essentially
decomposed after their synthesis. In addition, these authors considered that the most probable
contribution of those environments was rather the chemical regulation of the ocean-atmosphere
system during the early Earth (e.g., contribution of metals and dissolved ions). However, they did
not discard that “some protective mechanisms” may have been available in hydrothermal systems

and they could have improved the stability of the organic molecules.

Nowadays, several researchers have taken into account some of previous ideas and they have
proposed interesting hypothesis about the steps that could led to the formation of the first living
organisms in this kind of environments (Wachtershiduser 2006; Martin et al. 2008; Lane and Martin
2012; Herschy et al. 2014; Sojo et al. 2016; Barge and White 2017). However, although these
environments harbor the basic requirements for life (i.e. energy, water, and organic molecules;
Omran and Pasek 2020), there are several questions that still need to be resolved. For example,
the decomposition of biomolecules Vs their polymerization in aqueous medium, and the formation
of lipid-membranes under high salt concentration (Cleaves et al. 2009; Deamer and Georgiou

2015).

In consequence, whether or not life originated in environments like SHVS, a possibility so far
unproven, it is necessary to constrain the most feasible submarine hydrothermal vent scenario for
chemical evolution to accomplish. In this sense, our goal in this paper is not to justify the
emergence of life in these environments. The idea is to describe, according to our experience, what
could be the physic-chemical scenario in primitive submarine hydrothermal vents systems that

could have allowed the chemical evolution.

Early Earth environment
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The Earth was and still remains as a dynamic system. New evidence, supported by detrital zircons,
suggest: 1) the probable presence of liquid water on planet surface along the first 1000 Ma of the
Earth’s history, 2) a proto-continental crust composed by granitic rocks (TTG), 3) the presence of
fluvial erosion processes, and 4) continental crust recycling during subduction events (Cavosie et
al. 2007; Harrison 2009; Sleep 2010; Kemp et al. 2010; Arndt and Nisbet 2012; Trail et al. 2013;
Boehnke et al. 2018). In consequence, probably, an intense hydrothermal activity was present
during the Hadean and the early Archean. This could have allowed the transport of organic
compounds, gases, ions, metals and minerals on these environments (Kelley 2005; Golding et al.
2011; Stiieken et al. 2013). This intense hydrothermal activity led to great changes on the
geochemical processes on Primitive Earth, such as: 1) a great hydrothermal mineral deposits
formation, 2) the synthesis of organic molecules, 3) an enrichment of gases and dissolved ions in
a neutral-alkaline ocean, and 4) the formation of oligomers and polymers as a prelude to
biomolecules (Sleep et al. 2004; Schulte et al. 2006; Hazen et al. 2008; Novoselov and Silantyev
2010; Papineau 2010; Schrenk et al. 2013; Wang et al. 2014; Shibuya et al. 2015; Morrison et al.
2018; Villafafie-Barajas et al. 2020a, b). Therefore, it is very likely that SHVS were present and
were abundant on early Earth, so they could have acted as niches of chemical evolution to

accomplish.
Submarine hydrothermal vents systems: dynamic systems

The complexity of SHVS is intrinsically linked to a highly dynamic environment. The convection
processes in SHVS can be separated into three spatial scales of venting: I) the flow coming from
a single hydrothermal chimney (smokers) (10 m?), II) the vent field that includes all active
hydrothermal fluids (both at low,< 100 °C, and high temperatures, < 400 °C) (100 m?), and III) the

active ridge segment (10 km?) that include hydrothermal deposits and venting sites (Little et al.
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1987). Thence, it is possible to consider these hydrothermal fields, in an overall way, as a dynamic
system resulted of a constant interaction among the hydrothermal fluids coming from several
sources (€.9., rich array of plumes, poly-metallic mounds, chimneys, buoyancy fluxes and currents
along topography). The hydrothermal field can be dominated by one single vents, several vents
with enough separation or by clustering vents that can interact with each other (Lupton et al. 1985;

Tao et al. 2013) (Fig. 1).
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Figure 1. Submarine hydrothermal vents systems are highly dynamic environments. Any
experiment that simulate some of the conditions present on these systems should be clear in the
scale of the venting (e.g., smokers, diffuse and low temperature vents or the active ridge segment)

as well as in the scope of their results. Figure is detailed described on the text.

A significant number of prebiotic experiments, simulating submarine hydrothermal vents
conditions, only focus on the stability and decomposition of organic molecules at high

temperatures and high pressures (i.e., >100 °C and >10 bar). Other few experiments have studied
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the role of minerals, dissolved ions and gases, the quenching effect (350 °C - 2 °C), the pH effect
and the redox state on the behavior of different organic molecules and the synthesis of oligomers
(for a detailed revision, please review Colin-Garcia et al. 2016, 2018). Despite these experiments
have improved the understanding of the role of physicochemical variables (coupled or
individually) on the fate of organic molecules in these environments, most of the experiments just
represent a small portion of the submarine hydrothermal vents systems. In other words, they are
focused in the first scale of the venting (see above), and they do not consider the nature of the
environment, the dynamism. As we will explain later, the process of chemical evolution must have
been presented in a wide space throughout these systems; although the high temperatures and
pressures are the most evident parameters on SHVS, they do not fully represent all the conditions
found on these systems. There are other variables that strongly influence the system, such as
salinity, minerals, and pH gradients. In consequence, in order to “simulate” the submarine

hydrothermal vents conditions, the scale and the scope of simulation must be specified.
Flow and spread

Because SHVS are very dynamic, the water flow is highly variable in space, time, and temperature

as well as the topography (Stein et al. 2013).

The hydrothermal fluids can be released and transported by several ways: either by localized hot
vents (up to 400 °C, 22-119 cm s™! for fluid temperatures between 200 - 300 °C), or by diffuse flow
warm plumes (< 100 °C) from other discharge sites (e.g., cracks in lava flows and seafloor around
vent field, breccia, collapse pits, lava rubble, mineral deposits, and faults) at low flow rates (e.g.,
vertical velocities of diffuse effluent rage between 0.9-11.1 cm s™! for fluids temperatures between
3-33.5°C) (Lupton et al. 1985; Little et al. 1987; Bemis et al. 2012; Mittelstaedt et al. 2012). This

warm diffuse flow could represent the most important part of SHVS from a chemical evolution
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point of view (Fig. 1). In other words, these surroundings can extend for kilometers, and represent
a continuous heat output fraction. Some authors have reported that these diffuse flow warm plumes
can represent up to 90 % of the total heat fraction of the system (Ramondenc et al. 2006; Bemis et

al. 2012).

The simplest model about the dynamic flux from hydrothermal fluid is the buoyant flow.
Depending of the variables used (e.g., ambient sea water buoyancy frequencies, source diameters,
source velocities, dissolved ions, density gradient, hydrographic conditions, convection and
conduction of heat and sea water stratification) the vertical thermal diffusion can be different

(Wilcock 1998; Coumou et al. 2006; Tao et al. 2013; Kadko et al. 2013). Some models suggest
that the maximum plume rising height can be ~ 300 m (Tao et al. 2013) and that it can spread

laterally through diffusion and advection mechanism (Thomson 2005). These models match the

measured values height of the plume TAG hydrothermal site (German and Sparks 1993).

When the vent water and sea water reach an equilibrium density, they form a plume named
conveyor belt. This plume can spread laterally up to 100 kilometers along basement relief through
and driven by abyssal currents (Dymond and Roth 1988; Khripounoff et al. 2001). In this way,
several reactions among plume constituents and seawater can accomplished at different time scales
(e.g., oxidation, precipitation, dissolution, sorption and scavenging reactions; Kadko et al. 1990)

(see below).
Bottom currents

Other factor that should not be underestimate is the bottom currents. They influence the turbulent
mixing and venting activity, and result in environmental thermal gradients (5- 10 °C cm™ at

timescales of hours and days). Bottom currents, also contribute to the lateral transport of the fluids
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over a large region (kilometers) (Bates et al. 2010; Mittelstaedt et al. 2012). These low
temperatures could induce the precipitation of minerals from the suspended particles in

hydrothermal clouds at distances until 100 km from the ridge crest (Baker et al. 1985; Hannington

etal. 2001).

Thermal gradients

On the other hand, the variations of temperature can be associated with several phenomena. For
instance, it could be the result of changes in the porous diffusive system in the chimney, tidal
cycles, hydrothermal fluid discharge or the turbulent mixing with the environment (Chevaldonné
et al. 1991; Khripounoff et al. 2001). Other phenomena such as thermophoresis, at the micro scale,
can result in the accumulation of organic molecules on the convection chamber (Braun and
Libchaber 2004; Mast et al. 2013). It has been reported that fluids, associated with turbulences and
that were mixed between sources, exhibit high temperature differences (e.g. 50 °C) at the

centimeter scale (Fornari et al. 1998). Some models suggest that the rise of a plume until maximum
height of rise is reached in ~ 1 h and that quenching is about of 30 seconds (Mcduff 2013). Other

models suggest important thermal gradients along the chimney wall (McCollom and Shock 1997).

Chemical interactions along plume and sea water

Hydrothermal fluids can be considered as multicomponent electrolytes with high metal
concentrations, and an important amount of organic and volatile components (Lemke 2013). The
ability to form ligands, among metal and organic matter, can have important repercussions on the
fate of molecules. For instance, the interaction of organic compounds with dissolved metals forms
very high stable complexes, they can be widely distributed along hydrothermal systems (Sander

and Koschinsky 2011). It has been reported that 90 % of metals in hydrothermal fluids can be
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present as metal-organic molecules (e.g., amino acids) complexes. The turbulent mixing may
result in different thermal stabilities of amino acids and, hence the distribution and absolute
concentrations of those complexes vary in each hydrothermal site (Klevenz et al. 2010). These
complexes eventually precipitate, enriching the amino acids concentration in the low temperature
(5 -100 °C) hydrothermal sedimentary environments, compared to the high temperature vent fluid

habitats (T > 150 °C).

In present day systems, the concentration reported can be affected by in situ production of
microbial biomass in the sediment (Haberstroh and Karl 1989). On the other hand, the
complexation reactions in hydrothermal brines (i.e., rich in Na*, Ca**, Cl') suggest that they depend
of the solubility of organic salts, their concentration, and the pH conditions (Hennet et al. 1988).
On the other hand, it has been showed that supercritical water enhance the solubility of organic
compounds and reduces solvation properties for ionic species due to its loss of aqueous hydrogen
bonding (Simoneit 1992). The ability of hydrothermal fluids to transport ions and other aqueous
species, into and away from alteration zones, is strongly correlated to changes in the electrostatic
properties of the fluid. In consequence, it is possible that H>O-organic compound reactions occur

at hydrothermal conditions (Shock 1992).

Another fundamental aspect to consider is the chemical reactions along the plume. For example,
some oxidation/reduction reactions can be some kinetically slow in some cases (€.g., Fe and Mn)
(McCollom 2000). Dissolved Mn (II) has residence times close to one month; although, it is highly
dependent of precipitation mechanisms (€.g., coordination polymers with sodium azide)
(Mandernack and Tebo 1993). Some species (€.9. H2S) can be removed by their precipitation as

oxides (Mottl and McConachy 1990; Gartman et al. 2011). Other chemical species, such as
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methane, remain in dissolution for one week before their complete oxidation. This can represent

an important carbon source to the surroundings of the vent field (10 km) (De Angelis et al. 1993).

One of the most discussed problems in chemical evolution is the concentration and the availability
of organic molecules. Since the SHVS are open systems, it seems extremely difficult to reach high
organic concentrations in them. On the one hand, to delimitate the amount of organic carbon along
the hydrothermal plumes is very difficult, due to the biological production and consumption. Some
differences among the dissolved organic carbon (DOC) and the POC (particulate organic carbon)
concentrations (DOC; 38-47 uM and POC; 0.16-3.81 uM), in the mid-ocean ridge hydrothermal
systems, have been reported. These differences are associated with the heterogeneous physical
conditions of the system (i.e., subsurface biological production, sorption onto mineral surfaces,
thermal decomposition, etc.). Essentially, DOC is depleted both at high-temperature ridge-axis
vents as in warm off-axis vents (< 10 uM). (Lang et al. 2006; Bennett et al. 2011). On the other
hand, the distribution of organic species can be controlled by the seawater mixing, temperature
and cooling effects and the CO,-CO-H> thermodynamic equilibria (Foustoukos et al. 2009).
Although some amino acids have been detected in hydrothermal fluids (directly collected from
deep-sea hydrothermal systems), it is necessary to consider several things. First of all, it not easy
to distinguish between the contribution of organism ( direct biological origin), and those produced
by hydrolysis of polymeric forms (i.e., derived from organism and bio-debris) (Horiuchi et al.
2004). Likewise, it is not clear which part of hydrothermal area (i.e., chimney (hot spots) or in low
temperature hydrothermal fluids) is the most important source for amino acids (Fuchida et al.
2014). Nonetheless, it has been suggested that low temperature hydrothermal fluids can be an
important source of amino acids and not the hydrothermal plume per se (Svensson et al. 2004;

Lang et al. 2013).
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Finally, it is necessary to consider the gas and particle distribution. As we can expect, gas diffusion
should be very quickly. For instance, hydrogen (H>) is removed from the plume within hours while
manganese (Mn) is removed after two-weeks (Kadko et al. 1990). The particle distribution will
depend of mineral phase and solubility (sulfate and sulfite particles have a slower process of
dissolution than hydrous iron) (Lilley et al. 2013). Likewise, some data suggest that the particle
recycling and re-entrainment in the plume can occur over a length of 1-10 km (German and Sparks
1993). Besides, this dissipation of material could be replaced by a continuous input from low-
temperature water-rock reactions (Mayhew et al. 2013). In addition, the scavenging processes

could impact these processes and affect the ocean geochemical cycles (German et al. 2002).

Conclusions

A consistent submarine hydrothermal vent scenario?

As we can deduct from the previous arguments; a more consistent submarine hydrothermal
scenario includes not only high pressures and high temperatures as main conditions. The fluids
discharged by different sources from hydrothermal systems experiment a chemical evolution as
they interacts with seawater (Kadko et al. 1990) and hardly remain at high temperatures ( > 100

°C).

Although the properties of water and chemical species are clearly affected by physicochemical
gradients through the circulation in hydrothermal systems, that are often ignored in the prebiotic
chemistry and the origin of life experiments (Holm and Hennet 1992). Recently, the scientific

community has noticed these ideas and developed more consistent experiments.

For example, some experiments suggest that abiotic reactions from dissolved gases, at T > 150 °C

and 350 bar, form carbon compounds in just few days (Seewald et al. 2006). Additionally,

190



theoretical models suggest that is thermodynamically possible, considering temperature gradients
and oxidation-reduction reactions, to synthesize organic molecules from some common gases
(e.g., CO2, H2) (Shock 1993; Shock and Schulte 1998; Shock and Canovas 2010; McDermott et
al. 2015). These experiments seem to be consistent with the availability of organic compounds in
SHVS. For instance, Lang et al. (2010) reported, based in isotopic evidence, the abiotic production
of organic molecules (i.e., formate, 158 umol kg'!; acetate, 35 pmol kg') from alkaline
hydrothermal vents (i.e., Lost City hydrothermal field). A recent experimental results suggested
that HCO3/CO; can be reduced to formate and trace amounts of acetate, using metal sulphides as
catalysts, and H»oS as a reductant at hydrothermal conditions (300 °C, 3 h, basic pH) (He et al.
2019). On the other hand, Ying et al. (2019) showed that the formation of dipeptides increase with
rising pressure (300 bar, T < 50 °C, amino acid, P3M, pH 10.7) because the high hydrostatic
pressure increases the equilibrium constant of the reaction. Also, the interaction among minerals
(olivine and orthopyroxene) with amino acids during several days (147 days) at 200 bar with
periodic thermal cycling (30-100 °C) leads to the synthesis of dipeptide species and their
chemisorption (Takahagi et al. 2019). Other researchers have focused on the thermolysis and
polymerization reactions of hydrogen cyanide under simple hydrothermal conditions (Das et al.
2019; Villafafie-Barajas et al. 2020a, b) and showed the formation of several organic compounds,
suggesting that this kind of reactions can occur in the vicinity of hydrothermal vents. Moreover,
other studies suggest that ferrocyanide solutions are stables at lower pCO2, temperature < 25 °C,
and higher pH (6.9-9.3); for example, in environments saturated in carbonate or bicarbonate brines
(Toner and Catling 2019). As we can see, there are many gaps in prebiotic chemistry studies and
there is no clear knowledge about the role of geochemical variables present in SHVS. Therefore,
it is necessary to develop more experiments with a clearer idea about the conditions and variables

simulated (Holm and Andersson 2005).
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Even though there are several proposals about submarine environments and their role in chemical
evolution and origin of life, it is necessary to have an epistemic modesty. For example, some of
these ideas can be overviewed in the suggestions that some protometabolic pathway raised from
the result of the interaction of hydrothermal fluids (considering redox and pH disequilibria) with
mineral in an ancient submarine hydrothermal vent (Wéchtershduser 1988a, b, 2006; Cartwright
and Russell 2019). While these ideas have stimulated the thinking of the scientific community
about the role of these scenarios, according to our point of view, they are far from the scope of the
experimental approaches about origin of life. However, the importance of these ideas is that the
authors considered the dynamism of hydrothermal systems as the main argument related to the

interaction of minerals with organic molecules where the pH has a dramatic role.

Until now, there is no a unique proposal of a primitive environment that could have contributed to
fulfill all the conditions for the development of a complex organic structure. Nevertheless, the
dynamism presented in submarine hydrothermal systems seems to be a good starting point.
However, it should be kept in mind that any experiment that simulates some of the conditions
present on SHV'S must be clear in the scale it simulates (e.g., smokers, diffuse and low temperature
vents or the active ridge segment), and thus, be consistent with the conditions prevailing on those
scales. Also, it is necessary to it be cautious and consistent with the scope of its results, to avoid
overestimations about the role of these systems on chemical evolution and eventually, in origin of

life.
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