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Abstract

In continental settings, the interaction of meteoric water with ultramafic rocks generates
waters of variable physicochemical characteristics owing to serpentinization and
weathering. The discharge of these waters forms aerial alkaline to hyperalkaline spring
systems where waters mix, undergo evaporation, and take up atmospheric CO», leading
to the formation of carbonate minerals. The understanding of natural carbonation taking
place in such serpentinite-hosted alkaline environments is critical for assessing the role
of this potentially significant sink in the global carbon cycle, and the viability of CO>
sequestration techniques for safe carbon storage.

Serpentinization-driven, alkaline environments provide critical insights into the
natural conditions regarding the capture of atmospheric carbon dioxide through carbon
mineralization. The main objective of this Ph.D. thesis is to advance our understanding
of serpentinization-related alkaline spring systems and the associated precipitation of
carbonate minerals under alkaline conditions. To contribute to this main research goal,
the present Ph.D. thesis aims to (i) provide an additional account of how water
composition, mixing, and mineral precipitation and textures co-evolve in
serpentinization-driven alkaline spring systems in ophiolites, (ii) investigate alkaline
spring sites in subcontinental mantle peridotites and associated mineralizations formed
by the interaction between hyperalkaline fluids and river waters, and (ii) experimentally
investigate the crystallization sequence and morphologies of hydrated magnesium
carbonates, and define the conditions under which their nucleation, crystal growth, and
transformation take place. These aims have been addressed through the study of natural
alkaline springs hosted in exposed oceanic (Samail Ophiolite, Oman) and
subcontinental mantle serpentinized peridotites (Ronda peridotites, Spain), and through
carbonate crystallization experiments, to fill gaps in our current knowledge on the
mechanisms and the conditions characterizing carbonate mineral precipitation in such
systems.

In Oman Ophiolite, complex alkaline pool networks include three distinctive
water types: i) Mg-type; moderately alkaline (7.9 < pH < 9.5), Mg?*~HCOs -rich
waters, ii) Ca-type; hyperalkaline (pH > 11.6), Ca?>*~OH -rich waters, and iii) Mix type;
alkaline to hyperalkaline (9.6 < pH < 11.5). The sites are characterized by active
precipitation and sedimentation in the pools, which is triggered by mixing, evaporation,
and uptake of atmospheric CO». Hydrated magnesium (hydroxy-) carbonate in Mg-type
waters due to evaporation. Crystal morphologies record the effect on the values of
supersaturation and supersaturation rates in the pools due to mixing processes,
evaporation and CO; uptake. Textural evolution of aragonite from crystalline sheaves
to spheroidal shapes underlines the different supersaturation rates of calcium carbonate
crystallization in Mix-type waters. Geochemical models of mixing between Mg-type
and Ca-type waters revealed the evolution of mineral saturation indices under various



mixing proportions and their relation to the observed mineralogy and geochemistry of
the pool waters.

Ronda waters can be classified into hyperalkaline fluids (10.9 < pH < 12) and
river waters (8.5 < pH < 8.9) that are broadly similar to Ca**~OH -rich and Mg*"—
HCO; -rich water types described in serpentinite-hosted alkaline springs in ophiolites.
Travertine, crystalline crusts, and sediment deposits comprise the types of solid
precipitates observed in Ronda hyperalkaline spring sites. Calcite, aragonite, dolomite
and Mg-Al-rich clays are the main mineral phases identified in the spring sites.
Aragonite and dolomite contents increase away from the springs and toward the river
waters, a process that uniquely reflects the effect of Mg ions on the precipitation of
aragonite versus calcite. Dolomite forms during lithification of travertine due to
periodic flooding of river water combined with subsequent evaporation.

Low-temperature crystallization experiments in the MgO—CO>—H>O system in
closed and open systems resulted either in no precipitation (clear drops) or instant
precipitation of a cloudy colloidal material of micro- to nano-particles. In closed system
experiments, the transformation of the initial colloidal material took place in three
stages: 1) dissolution of AMC with increasing pH, followed by the formation of
nesquehonite, ii) nesquehonite growth with slight pH increase due to the dissolution
AMC, and iii) solvent-mediated transformation of nesquehonite into dypingite
particles. In open system experiments, evaporation and atmospheric CO> diffusion in
the solution triggered different crystallization sequences and morphologies compared
to the closed system experiments. The solvent-mediated transformation of nesquehonite
to dypingite did not occur due to the evaporation of the water. Unlike closed system
experiments, dypingite exhibits a wide range of morphologies including chain-like
structures, rings and clusters. The chain-like morphologies form after aggregation of
dypingite hemispheres triggered by continuous supersaturation due to the evaporation
of the solution.

Keywords: Oman Ophiolite, Ronda peridotites, serpentinization, CO; sequestration,
carbon mineralization, alkaline springs, carbonate precipitation, mixing processes,
magnesium ion effect, crystallization experiments, hydrated magnesium carbonates,
amorphous magnesium carbonate, nesquehonite, dypingite.



Extended abstract

In continental settings, the interaction of meteoric water with ultramafic rocks generates
waters of variable physicochemical characteristics owing to serpentinization and
weathering. The discharge of these waters forms aerial alkaline to hyperalkaline spring
systems where waters mix, undergo evaporation, and take up atmospheric CO», leading
to the formation of carbonate minerals. The understanding of natural carbonation taking
place in such serpentinite-hosted alkaline environments is critical for assessing the role
of this potentially significant sink in the global carbon cycle, and the viability of CO>
sequestration techniques for safe carbon storage.

Serpentinization-driven, alkaline environments provide critical insights into the
natural conditions regarding the capture of atmospheric carbon dioxide through carbon
mineralization. The main objective of this Ph.D. thesis is to advance our understanding
of serpentinization-related alkaline spring systems and the associated precipitation of
carbonate minerals under alkaline conditions. To contribute to this main research goal,
the present Ph.D. thesis aims to (i) provide an additional account of how water
composition, mixing, and mineral precipitation and textures co-evolve in
serpentinization-driven alkaline spring systems in ophiolites, (ii) investigate alkaline
spring sites in subcontinental mantle peridotites and associated mineralizations formed
by the interaction between hyperalkaline fluids and river waters, and (ii) experimentally
investigate the crystallization sequence and morphologies of hydrated magnesium
carbonates, and define the conditions under which their nucleation, crystal growth, and
transformation take place. These aims have been addressed through the study of natural
alkaline springs hosted in exposed oceanic (Samail Ophiolite, Oman) and
subcontinental mantle serpentinized peridotites (Ronda peridotites, Spain), and through
carbonate crystallization experiments, to fill gaps in our current knowledge on the
mechanisms and the conditions characterizing carbonate mineral precipitation in such
systems.

In Chapter 3, this thesis investigates how water composition, mixing, and
mineral precipitation and textures co-evolve in serpentinization-driven alkaline springs
in the Oman Ophiolite (Sultanate of Oman, Oman). Interactions between meteoric
water and ultramafic rocks in the Oman Ophiolite generate waters of variable
physicochemical characteristics. The discharge of these waters forms complex alkaline
pool networks, in which mineral precipitation is triggered by mixing, evaporation, and
uptake of atmospheric CO».

A systematic and co-localized sampling of waters and solids in two individual
spring sites allowed us to determine the saturation state of a range of minerals and
correlate them to the different water and precipitate types. The waters of the spring sites
are subdivided into three distinctive types: 1) Mg-type; moderately alkaline (7.9 < pH
< 9.5), Mg?*~HCO; -rich waters, ii) Ca-type; hyperalkaline (pH > 11.6), Ca*>*~OH -



rich waters, and iii)) Mix type; alkaline to hyperalkaline (9.6 < pH < 11.5) waters with
intermediate chemical composition. The sites are characterized by active precipitation
and sedimentation in the pools, as well as travertine terraces formed over the ultramafic
rocks. The classification of the collected solid samples was made according to their
macroscopic features and spatial distribution into five types: i) Crystalline crusts
floating on the water surface, ii) rock coatings around the pool rims, iii) flocculent
material covering the bottom of the pool and/or being in suspension within the water
column, iv) mud-like material forming dam-like formations (rippled terracing) and
massive deposits within and adjacent to the pools, and v) lithified structures from active
water flow areas and travertine terraces. Lithified structures associated with active flow
include dam-like formations and hardened concretions, while travertine terrace samples
were collected from areas with no evident —at least currently— active flow.

Similar to weathering environments of ultramafic rocks, this study offers the first
report of hydrated magnesium (hydroxy-) carbonate occurrence in Oman Mg-type
waters. Nesquehonite forms in these waters via evaporation and transforms into
dypingite and hydromagnesite under CO»-rich conditions. In Ca-type waters, the
coupling of atmospheric CO; uptake with evaporation leads to the formation of a
calcitic crystalline crust on the air-water interface. The crusts are aragonite- and brucite-
bearing, where Mg-type and Ca-type waters discharge and vigorously mix in the same
pool. Unlike the Mg-type and Ca-type waters, the pools of Mix-type waters host
massive aragonite-dominated deposits due to a high Mg/Ca ratio that favors the growth
of aragonite over calcite. The hydrodynamics during mixing control brucite
precipitation and restrict its formation and accumulation around specific mixing zones,
where a continuous supply of Mg of inflowing Mg-type waters takes place.

Crystal morphologies record the effect on the values of supersaturation and
supersaturation rates in the pools due to mixing processes, evaporation and CO> uptake.
Textural evolution of aragonite from crystalline sheaves to spheroidal shapes underlines
the different supersaturation rates of calcium carbonate crystallization in flocculent
material of Mix-type waters. Aragonite in dams (terraces) of mud-like precipitates
shows a self-organized nanocrystalline structure made of co-oriented nano-rods,
suggesting nucleation and growth by accretion and not by classical crystal growth
mechanisms. In Ca-type waters, CO, uptake and evaporation dictate the textural
characteristics of calcite both in crystalline crusts and in rock coatings. The texture of
crystalline crusts in Mix-type waters is suggestive of an initial stage of aragonite nuclei
formation that is followed by subsequent growth of the first crust segments at the air-
water interface, likely caused by CO; uptake and evaporation.

Geochemical models of mixing between Mg-type and Ca-type waters revealed
the evolution of mineral saturation indices under various mixing proportions and their
relation to the observed mineralogy and geochemistry of the pool waters. Calcium
carbonate (calcite + aragonite) has the highest SI values in Ca-type waters and
systematically decreases in Mix-type waters and Mg-type waters that show the lowest
SI values. Mg-type waters and Mix-type waters with pH < 10.5 are undersaturated with
respect to brucite, whereas brucite is supersaturated in Ca-type waters and Mix-type



waters with pH > 10.5. All water types are undersaturated with respect to nesquehonite
that is close to saturation in Mg-type waters. Ca-type and Mg-type waters are
undersaturated with respect to artinite and hydromagnesite. Measured versus estimated
(PHREEQC) values of element concentrations in the water samples are well correlated
(R?>0.95) for K, Na, CI, and Mg, whereas Ca, Al, Si, Sr, Ba, SO4>~ and DIC show a
larger dispersion.

In Chapter 4, this thesis presents the investigation of alkaline spring sites in
subcontinental mantle peridotites, and associated mineralizations formed by the
interaction between hyperalkaline fluids and river waters in Ronda peridotite massifs.
Ronda waters can be classified into hyperalkaline fluids and river waters that are
broadly similar to Ca**~OH -rich and Mg?'~HCOs -rich water types described in
serpentinite-hosted alkaline springs in ophiolites. At the discharge sites of the fluids
(fractures or human-made outlets) and ponds along the fluid flow paths, the fluids are
hyperalkaline (10.9 < pH < 12) and characterized by low Mg and high Na, K, Ca, and
CI' concentrations. River waters, occurring near the spring sites, are mildly alkaline
(8.5 < pH < 8.9) and enriched in Mg and DIC compared to Na, K, Ca and CI". The
chemical composition of Ronda Mg**~HCOs™ river waters is likely due to the
hydrolysis of ferromagnesian peridotite minerals in equilibrium with the atmosphere by
infiltrated meteoric water and shallow groundwater in the serpentinized peridotite. The
Ronda Ca**~OH" hyperalkaline fluids are generated by the combination of low-
temperature serpentinization reactions from infiltrated surface Mg**~HCO;™ river
waters —or Ca’’~HCOs~ waters from near karst aquifers— and deep carbonate
precipitation isolated from atmospheric CO>. Mass balance calculations indicate that
the weathering of Ca-bearing peridotite silicates, such as diopside, is a possible source
of Ca in Ronda Ca?>’~OH™ hyperalkaline fluids; however, it requires steady-state
dissolution rates substantially higher than those experimentally determined. Travertine,
crystalline crusts, and sediment deposits comprise the types of solid precipitates
observed in Ronda hyperalkaline spring sites.

Calcite, aragonite, dolomite and Mg-Al-rich clays are the main mineral phases
identified in the spring sites. As illustrated in the Bafios del Puerto spring site, calcite-
dominated precipitation is due to uptake of atmospheric CO» by Ca’’—OH~
hyperalkaline fluids during discharge, and aragonite-dominated precipitation is due to
mixing of Ca’’~OH ™ hyperalkaline fluids with Mg?>*~HCOs" river waters. Aragonite
and dolomite contents increase away from the springs and toward the river waters, a
process that uniquely reflects the effect of Mg ions on the precipitation of aragonite
versus calcite. Other potential factors controlling the precipitation of these CaCOj3
polymorphs are the Mg/Ca ratio, the CO> content, and the temperature of the fluids.
Dolomite forms during lithification of travertine due to periodic flooding of river water
combined with subsequent evaporation.

In Chapter 5, this thesis investigates the crystallization sequence and
morphologies of hydrated magnesium carbonates to provide better constraints
regarding their nucleation, crystal growth, and transformation in alkaline environments.
The experimental procedures included crystallization experiments in the MgO—CO»—



H>O system at low temperature under variable pH and reactant concentration to
investigate the crystallization sequence and the textural evolution of hydrated
magnesium (hydroxy-) carbonates. Two types of experiments were conducted: 1) closed
system experiments isolated from the atmosphere (in a glove box under Nitrogen), and
il) open system experiments in atmospheric conditions. Mixing of MgCl.6H,0O and
Na,COs solutions resulted either in no precipitation (clear drops) or in instant
precipitation of a cloudy colloidal material of micro- to nano-particles. Instantly
precipitated, colloidal material was amorphous magnesium carbonate (AMC), AMC
and nesquehonite, or AMC, nesquehonite, and dypingite.

In closed system experiments, the transformation of the initial colloidal material
took place in three stages: 1) dissolution of AMC with increasing pH, followed by the
formation of nesquehonite prismatic crystals (1 pm — 50 um), ii) nesquehonite growth
(up to 200 um crystal sizes) with slight pH increase due to the dissolution of AMC, and
iii) solvent-mediated transformation of nesquehonite into dypingite particles (<1 — 5
um crystal sizes).

In open system experiments, evaporation and atmospheric CO> diffusion in the
solution triggered different crystallization sequences and morphologies compared to the
closed system experiments. Evaporation caused an increase in the values and rates of
supersaturation, leading eventually to precipitation in all crystallization wells. Unlike
closed system experiments, crystallization in clear drop wells started between 3 and 48
h after the initial mixing. Nesquehonite did not transform into dypingite, as the solution
entirely evaporated between 90 and 120 h after initial mixing. This solvent-mediated
process cannot take place due to the evaporation of the water, explaining the persistence
of nesquehonite in evaporation-affected natural environments. Dypingite exhibits a
wide range of morphologies including chain-like structures, rings and clusters. The
chain-like dypingite has a hemispherical structure that exhibits interlocking flakes of
dypingite at the exterior part, and a compact dypingite substrate in the interior part. This
interior part is most likely formed around initial Mg-COs-bearing nuclei, while the well-
defined dypingite flakes of the exterior part grow at a later stage due to evaporation.
The chain-like morphologies form after aggregation of dypingite hemispheres triggered
by continuous supersaturation due to the evaporation of the solution.

Keywords: Oman Ophiolite, Ronda peridotites, serpentinization, CO: sequestration,
carbon mineralization, alkaline springs, carbonate precipitation, mixing processes,
magnesium ion effect, crystallization experiments, hydrated magnesium carbonates,
amorphous magnesium carbonate, nesquehonite, dypingite.



Resumen extendido

En los entornos continentales, la interaccion entre el agua meteodrica y las rocas
ultramaficas genera aguas de caracteristicas fisico-quimicas variables debido a la
serpentinizacion y a la meteorizacion. La descarga de estas aguas forma sistemas de
fuentes de aguas alcalinas a hiperalcalinas donde las aguas se mezclan, se evaporan y
absorben el CO, atmosférico, dando lugar a la formacion de minerales carbonatados.
Un mejor entendimiento de los procesos carbonatacion natural que tiene lugar en estos
ambientes alcalinos albergados por serpentinita es fundamental para evaluar el papel de
estos procesos en el ciclo global del carbono, y la viabilidad de las técnicas de secuestro
de CO; para el almacenamiento seguro de carbono mediante mineralizacion de rocas
ultramaficas.

Los manantiales alcalinos asociados a procesos de serpentinizacion de baja
temperatura proporcionan una oportunidad Unica para investigar las condiciones
naturales para la captura permanente de didxido de carbono atmosférico en diferentes
tipos de minerales. El principal objetivo de la presente tesis doctoral es avanzar en
nuestra comprension de los manantiales alcalinos relacionados con la serpentinizacion
y la precipitacion de minerales carbonatados que ocurren en estos sistemas alcalinos.
Para contribuir a este objetivo principal de investigacion, la presente tesis doctoral tiene
por objetivos investigar: 1) investigar el control de la composicion y mezcla de aguas
en la precipitacion y las texturas minerales en manantiales alcalinos asociados a la
serpentinizacion en complejos ofioliticos; ii) investigar los manantiales alcalinos en las
peridotitas del manto subcontinental y las mineralizaciones asociadas formadas por la
interaccion entre los fluidos hiperalcalinos y las aguas fluviales; e iii) investigar
experimentalmente la secuencia de cristalizacion y las morfologias de los carbonatos
de magnesio hidratados para constrefiir las condiciones en que se produce su
nucleacion, crecimiento cristalino y transformacion en sistemas alcalinos. Estos
objetivos se han abordado mediante el estudio de manantiales alcalinos naturales en
ofiolitas (ofiolita de Samail, Omadn) y en macizos de peridotitas del manto
subcontinental (peridotitas de Ronda, Espafia), y mediante experimentos de
cristalizacion.

En el capitulo 3 de esta tesis se investiga como la composicion del agua de las
fuentes y manantiales alcalinos y su mezcla con aguas fluviales influyen en la
precipitacion de diferentes tipos de minerales y sus texturas en dos manantiales
alcalinos asociados a procesos de serpentinizacion de baja temperatura en la ofiolita de
Oman. Las interacciones entre el agua meteorica y las rocas ultraméaficas en la ofiolita
de Oman generan aguas de caracteristicas fisico-quimicas variables. La descarga de
estas aguas forma redes complejas de pozas y charcos alcalinos en los que la
precipitacion de diferentes minerales se genera por una combinacion de la mezcla de
diferentes tipos aguas, evaporacion y absorcion del CO, atmosférico.



El muestreo sistematico y simultdneo de aguas y solidos en dos manantiales
alcalinos de la ofiolita de Oman nos ha permitido determinar el estado de saturacion de
las aguas muestreadas en diferentes minerales y correlacionarlos con los diferentes tipos
de agua y precipitados observados en estos manantiales. Hemos clasificado las aguas
de las fuentes y manantiales alcalinos de Oméan en tres tipos principales: i) aguas tipo
Mg, que son aguas moderadamente alcalinas (7,9 < pH < 9,5) ricas en Mg?*~HCOs; ii)
aguas tipo Ca, que son aguas hiperalcalinas (pH > 11,6) ricas en Ca **~OH; y iii) aguas
de tipo mixto, que son aguas de caracter alcalino a hiperalcalino (9,6 <pH < 11,5) con
una composicion quimica intermedia entre las dos anteriores. Todos los manantiales
investigados en esta ofiolita se caracterizan por la precipitacion y sedimentacion activa
de diferentes minerales en charcos y pozas, asi como por la formacion de terrazas de
travertinos en las rocas ultramaficas sobre los que discurren ocasionalmente. La
clasificacion de los materiales s6lidos muestreados se ha realizado en funcion de sus
caracteristicas macroscopicas y su distribucion espacial. Distinguimos en cinco tipos
de materiales solidos: i) costras cristalinas que flotan en la superficie del agua; ii)
revestimientos rocosos alrededor de los bordes de las pozas y charcos; iii) material
floculante que cubre el fondo de las pozas o estd en suspension dentro de la columna
de agua; iv) material fangoso que forma forma terrazas onduladas y depdsitos masivos
dentro y adyacentes a las pozas; y v) estructuras litificadas en areas de flujo activo de
agua y terrazas de travertinos. Las estructuras litificadas asociadas con el flujo activo
incluyen concreciones endurecidas, mientras que las muestras de terrazas de travertinos
se recogieron de zonas sin flujo evidente activo en el momento del muestreo.

Nuestro estudio pone por primera vez en evidencia la presencia de carbonato de
magnesio hidratado (hidroxilo) en las aguas de Oman de tipo Mg. La nesquehonita se
forma en estas aguas a través de la evaporacion y se transforma en dipingita e
hidromagnesita en condiciones ricas en CO>. En las aguas de tipo Ca, la accion
simultanea de la captura de CO; atmosférico y la evaporacioén conduce a la formacion
de una corteza cristalina calcitica en la interfaz aire—agua. En las pozas en las que las
aguas de tipo de Mg y Ca descargan simultaneamente y se mezclan vigorosamente, las
costras contienen aragonito y brucita. A diferencia de las aguas de tipo Mg y Ca, las
pozas con aguas de tipo mixto albergan depdsitos masivos dominados por la
precipitacién de aragonito debido a la alta proporcion local de Mg/Ca en el agua lo que
favorece el crecimiento del aragonito en lugar de calcita. En estos ambientes mixtos, la
hidrodinamica de la mezcla de aguas controla espacialmente la precipitacion
restringiendo la formacién y acumulacion de costras alrededor de zonas especificas de
mezcla donde existe un suministro continuo de Mg por las aguas de tipo Mg.

Las morfologias de los cristales registran el efecto de la supersaturacion y las
tasas de supersaturacion en las pozas debido a los procesos de mezcla de aguas,
evaporacion y absorcion de CO» atmosférico. La evolucion de la textura del aragonito
desde las gavillas cristalinas a las formas esferoidales se debe a diferentes tasas de
supersaturacion de la cristalizacion del carbonato de calcio en el material floculante de
las aguas de tipo mixto. El aragonito en las presas y terrazas de los manantiales produce
de precipitados parecidos al lodo que muestran una estructura nanocristalina auto-



organizada formada de nano-varillas con la misma orientacion, sugiriendo la
nucleacién y el crecimiento por agregacion y no por mecanismos clasicos de
crecimiento cristalino. En las aguas de tipo Ca, la absorcion y evaporacion de CO:
atmosférico controlan las caracteristicas de la textura de la calcita tanto en las costras
cristalinas como en los revestimientos de las rocas ultramaficas. La textura de las
costras cristalinas en las aguas de tipo mixto sugiere una etapa inicial de formacion de
nucleos de aragonito seguida por crecimiento de costras flotantes incipientes en la
interfaz aire-agua, probablemente causadas por la captura del CO, atmosférico y la
evaporacion.

Los modelos geoquimicos termodindmicos de mezcla entre las aguas de tipo Mg
y las de tipo Ca (mediante el programa PHREEQC) nos permiten investigar los indices
de saturacion (IS) de minerales bajo diversas proporciones de mezcla de estas aguas y
compararlos con la mineralogia y la geoquimica observadas en las aguas de la piscina.
El carbonato célcico (calcita + aragonito) tiene los valores mas altos de IS en las aguas
de tipo Ca y disminuye sistematicamente en las aguas mixtas y las de tipo Mg que
muestran los valores mas bajos de IS. Las aguas de tipo Mg y mixtas con pH < 10,5
estan subsaturadas con respecto a la brucita, mientras que la brucita esta supersaturada
en las aguas tipo Ca y las aguas mixtas con pH > 10,5. Todos los tipos de agua estan
subsaturadas con respecto a la nesquehonita que s6lo esta cerca de la saturacion en las
aguas de tipo Mg. Las aguas tipo Ca y Mg estan subsaturadas con respecto a la artinita
y la hidromagnesita. Los valores medidos frente a los estimados de las concentraciones
de diferentes elementos en las muestras de agua estan bien correlacionados (R?> 0,95)
para K, Na, Cl- y Mg, mientras que el Ca, Al Si, Sr, Ba, SO4>"y el contenido en carbono
inorganico disuelto (DIC) muestran una mayor dispersion.

En el capitulo 4 de esta tesis se presenta la investigacion de los manantiales
alcalinos en las peridotitas del manto subcontinental, y las mineralizaciones asociadas
formadas por la interaccion entre aguas hiperalcalinas y las aguas fluviales en los
macizos de las peridotitas de Ronda. Las aguas de las peridotitas de Ronda pueden
clasificarse en fluidos hiperalcalinos y aguas de rio que son similares, respectivamente,
a las aguas ricas en Ca>*~OH" y Mg?*~HCO;" descritas en los manantiales alcalinos en
ofiolitas. En los lugares de descarga de los fluidos (fracturas o salidas hechas por el
hombre) y estanques a lo largo de las trayectorias de flujo de los fluidos, los fluidos son
hiperalcalinos (10,9 < pH < 12) y se caracterizan por bajas concentraciones de Mg y
altas de Na, K, Ca y CI". Las aguas de los rios, que se producen cerca de los manantiales,
son ligeramente alcalinas (8,5 < pH < 8,9) y estan enriquecidas en Mg y DIC en
comparacion con Na, K, y Ca. La composiciéon quimica de las aguas del rio en las
peridotitas de Ronda son de tipo Mg?'—~HCO5" y se debe probablemente a hidrélisis de
los minerales de ferro-magnesianos de las peridotitas por aguas metedricas en equilibrio
con la atmosfera que discurren en superficie o coOmo aguas subterraneas poco profundas
que circulan en las fisuras de las serpentinitas. Los fluidos hiperalcalinos de las
peridotitas de Ronda son aguas de tipo Ca>*~OH™ que se generan por la combinacion
de reacciones de serpentinizacién a baja temperatura de aguas superficiales infiltradas
Mg?*~HCO; de rios o aguas Ca**-HCO; infiltradas de los acuiferos cérsticos



adyacentes que evolucionan en acuiferos serpentiniticas profundos generando
serpentinizacion de baja temperatura aisladas del CO; atmosférico y precipitando en
profundidad carbonatos. Los céalculos de balance de masa indican que el Ca de estas
aguas puede provenir de la meteorizacion de los silicatos de peridotita portadores de
Ca, como el didpsido; sin embargo, lo que requeriria tasas de disolucion
sustancialmente mas altas que las determinadas experimentalmente para las bajas
temperaturas de este proceso de hidrolisis.

Las costras cristalinas, travertinos y depdsitos de sedimentos en pozas son los
principales tipos de precipitados solidos observados en los manantiales hiperalcalinos
de las peridotitas de Ronda. La calcita, el aragonito, la dolomita y las arcillas ricas Mg-
Al son las principales fases minerales identificadas en los manantiales investigados en
las peridotitas de Ronda. Como queda bien ilustrado en el manantial de Bafos del
Puerto (macizo de peridotita de Ojén), la precipitacion dominante de la calcita se debe
a la absorcion del CO, atmosférico por los fluidos hiperalcalinos Ca?>*~OH" durante la
su descarga. La precipitacion de aragonito en el mismo manantial se debe a la mezcla
de los fluidos hiperalcalinos Ca**~OH" con las aguas fluviales de escorrentia ricas
Mg?*~HCO5". El contenido de aragonito y dolomita aumenta progresivamente desde la
surgencia de las aguas hiperalcalinas hacia las aguas del rio, lo que refleja de manera
unica el efecto el pale de los iones Mg en la precipitacion de aragonito. Otros factores
potenciales que controlan la precipitacion de estos polimorfos de CaCOs3 son la relacion
Mg/Ca, el contenido de CO; y la temperatura de los fluidos. Por tltimo, la dolomita se
forma durante la litificacion de los travertinos debido a ciclos de inundacion periodica
del agua del rio combinados con la evaporacion.

Finalmente, en el capitulo 5 de esta tesis se investiga la secuencia de
cristalizaciéon y las morfologias de los carbonatos de magnesio hidratados con el
objetivo de comprender mejor los mecanismos de nucleacion, crecimiento cristalino y
la transformacion de estos minerales en ambientes alcalinos. Los procedimientos han
comprendido experimentos de cristalizacion en el sistema MgO—-CO>—H20O a baja
temperatura, bajo un pH, y una concentracion de variables de reactivos para investigar
la secuencia de cristalizacion y la evolucion textural de los carbonatos de magnesio
hidratados. Se llevaron a cabo dos tipos de experimentos: i) experimentos en sistema
cerrado aislado de la atmosfera (en una cabina de guantes en una atmosfera de
Nitrogeno); y i) experimentos en sistema abierto en condiciones atmosféricas. La
mezcla de soluciones de MgCl,.6H>O y Na>COjs resulté en la ausencia de precipitacion
o la precipitacion instantanea de un material coloidal turbio de micro- a nano-particulas.
El material coloidal precipitado instantdneamente es bien carbonato de magnesio
amorfo (CMA), CMA y nesquehonita, o CMA, nesquehonita y dipingita.

El muestreo secuencial de experimento con pH variable a diferentes intervalos de
tiempo nos ha permitido investigar el efecto del pH y la secuencia de (trans)formacion
de la fase con el tiempo. En los experimentos en sistema cerrado, la transformacion del
material coloidal inicial tiene lugar en tres pasos: i) disolucion del CMA con un
aumento del pH, seguido de la formacién de agujas bien definidas de cristales
prismaticos de nesquehonita (1 — 50 um); ii) inicio del crecimiento de la nesquehonita



con un ligero aumento del pH debido a la disolucion del CMA; y iii) la transformacion
de la nesquehonita —mediada por el disolvente— en particulas de dipingita (< 1 —5
pum).

Los experimentos en sistema abierto estan afectados por la captacion y difusion
del CO; atmosférico en la solucion y la evaporacion, que causaron diferentes secuencias
de cristalizaciéon y morfologias en comparacion con los experimentos en sistema
cerrado. La cristalizacion en sistema abierto comenz6 después de 3 hora tras las que s
produjeron tasas de supersaturacion y precipitacion de solidos en todos los pocillos de
del experimento de cristalizacion debido a la evaporacion. A diferencia de los
experimentos en sistema cerrado, la nesquehonita no se transforma en dipingita en
sistema abierto, ya que la solucion se evapora completamente después de 120 horas,
evitando el proceso de transformacion mediada por el disolvente observado en los
experimentos en sistema cerrado. La evaporacion de la solucion y explica la
persistencia de la nesquehonita en los entornos naturales evaporiticos. A diferencia de
los experimentos en sistemas cerrados, cuando ésta precipita, la dipingita presenta una
amplia gama de morfologias, incluyendo estructuras en forma de cadena, anillos y
cumulos. La dipingita en forma de cadena tiene una estructura semiesférica que exhibe
escamas de dipingita entrelazadas en la parte exterior, y un sustrato compacto de
dipingita en la parte interior. Las estructuras en forma de cadena se forman después de
la agregacion de diferentes hemisferios de la dipingita provocados por la
supersaturacion continia debido a la evaporacion de la solucion.

Palabras clave: ofiolita de Oman, peridotitas de Ronda, serpentinizacion, secuestro de
CO>, mineralizacion del carbono, fuentes alcalinas, precipitacion de carbonatos,
procesos de mezcla, efecto del ion magnesio, experimentos de cristalizacion,
carbonatos de magnesio hidratados, carbonato de magnesio amorfo, nesquehonita,
dipingita.



Extetapévn mepiinyn

Ye NMMEWPOTIKEG TEPLOYES, N OAANAemiOpaon HETAED HETEMPIKOV VOOTOC Kol
VIEPUOPIKDOV — TETPOUATOV  ONUIOLPYEL  VEPA  JPOP®V  QUOTIKOYN UKDV
YOPOUKTNPLOTIKAOV EEALTIOG TNG GEPTEVTIVIMONG Kot TG amocafpmonc. H £E0do¢ avtdv
TOV VOATOV oTNV EMPAVELN oYNUATICEL OAKOAMKES E0C VTEPOAKOMKES TNYEC, OOV T
vooTo avaperyvoovtal, veiotavtor eEdtuion kot amoppootv atpoceopikd COo,
odMYdVTOG 610 oynuaticpd avlpoakik®v opvktdv. H katavomon g déopgvong
dvBpaxa pe Puowkég depyaocies (amdbeon avOpaKIKdV 0puKTOV) TOV AapPdvel xdpa
o€ TETO10, OAKAAKA TTEPBAALOVTA TOV PIAOEEVOVVTOL GE GEPTEVTIVITN Elvan Kpiotun yia
™V aSl0AdYNoT ToV POAOL TNG MG OLVNTIKT depyasio TPOGPOPNONG GTOV TUYKOGLO
KOKAO TOoV GvOpaka, Kot TG Proctudtntog Tov texvikdv déopevong COs pe okomd v
acQOAN amobnkevomn avOpaka.

Ta oAkl TepiBaAiovTa Tov dNUIOVPYOHVTOL AOY® CEPTEVTIVIOGNG TAPEXOLY
ONUOVTIKEG YVAGCELS YO TIG QUOIKEG OLVONKES OYETIKG HE TN OEGUELON TOV
atpoo@apkod CO; péow g amdBeong avOpakikdv opukTdv. O KOPLOG GTOYOS AVTOV
TOV S1OAKTOPIKOD EIVOL VO EVIGYVGOVLLE TNV KATOVONGT HOG TEPT TOV OAKAAKOV TNYDV
nmov oyetilovtar pe TN oepmEVTIVIOON Kot TNV ommoBeon avOpaKIKOV OpLKTOV VIO
aAKoAIKES ouvOnKeg. Me okomd va vAomomBel 0 KOPLOg aVTOG EPEVVNTIKOS GTOYOG, TO
TapOV S1O0KTOPIKO GTOYEVEL (1) VO EVICYDGEL TIG VIAPYOVTIES YVMOGEIS GYETIKA LLE TOV
TPOTO L€ TOV OTO10 1 GVGTAGT TOV VEPOL, N UIEN Kot 1 amdBeoT TV 0OPLKTAOV KOt Ot
VOEC OVOTTTUGOOVTOL GE OAKOAIKES TNYEG MOV oyeTilovIon HE TNV GEPTEVTIVIOON
opoAiBwv, (i) vo depguvnoel Tomo0ecieq CAKOMK®OV TNYOV O©E TEPLOOTITEG
VIONTEPOTIKOD  povodo, Kol TV omdbeon GOYETIKAOV  OpPLKTOV UECH  TNG
aAAnAeniopaong HeTAED VIEPUAKAAKOV PEVOTMV KOl TOTA®V véATV, Ko (iil) va
OEPEVVNGEL TTEPAUATIKA TNV OAANAOVYi0 KPLOTAAA®ONG Kol TIS HOPPOAOYiES T®V
EVLOPOV aVOPOKIKAOV 0PUKTMOV TOV HayVNnoiov, kot va Kabopicel Tig cuvOnKes kiTo
amd TIG omoieg AapuPavouy xdpa M YEVVEST] Kol 1 aVATTUEN TOV KPLGTAAA®Y TOVG,
KaODG Kol 0 HETAGYNUOTIGHOS TOVG 6€ GAAeS pdoelc. Ot 6TOYOL avTol £XoVV emtevyOel
HECM TNG LEAETNG TOV PLGIKAV AAKOAK®OV TNYHDV TOV PIA0EEVOHVTAL GE EKTEDEIUEVOVC
nepootiteg €ite wkedviov (Samail Ophiolite, Opdv), eite vronmepwTKOL HavIHO
(Ronda peridotites, Iomavia), kot pHEC® TEPAUATOV KPLOTOAADGEMS OVOPOKIKOV
OPLKTMV, £TCL MOTE VO, EVIGYVGOVUE TIG VITAPYOVGES YVMGELS LG CYETIKA LE TOLG
UNYavicpovs Kot T cuvOnkeg mov yapaktnpilovv v andbeon avOpaKik®v opuKT®OV
0€ TETOL0L GUOTILLOLTOL.

210 kKe@Aiao 3, avt) 1 OTpIPn epevva TG eEgMocovTal TOVTOYPOVA T
oVOTOON TOV VOATOV, N avduelln Kot 1 awdfeon TV OPLKTMOV Kol Ol VLS OTIG
OAKOAMKEG TNYEC TOV EAEYYOVTOL OO TIG OlEPYACIESG GEPTEVTIVIOONG TV 0PLOAIB®V TOV
Opav (Semail Ophiolite). Ot aAANAETOPAGEIS LETAED TOV HETEDMPIKAOV VOATOV KO TOV
VIEPULOPIKDV TETPOUATMOV GTOVG 0P10AIB0VG Tov Oy dNpovpPyovV VAT [LE TOKIAN
QLGIKOYNUIKA YopakTnplotikd. H andppiyn avtdv tov vodtov oynuotilel cuvheta



dikTua KOAOTNTOV pe aAKaAMKE vepd (deEapeveg), ota omoia 1 andBecT TV OPLKTOV
TPOKOAEITAL OO TV avAIEN, TV eEATon Kot TNV TpdSAny” atpoceaptkov CO;.

M. CUGTNUOTIKY KOl GUVOTTAPYOVCH OELYUATOANYIO TOV VOATOV Kol TOV
oTePE®V 08 OV0 Eeywplotéc TOMoOesieq OAKOMKAOV TNYOV HOG ETETPEYE V.
TPOGOOPIGOVILE TO EMIMESO KOPESHOV HOG TOKIAIOG opuKTOV (saturation index) kot
VO TIG GUGYETIGOVUE E TOVS JPOPETIKOVS TOTOVG VOATOV KOl OPVKTOV amoBEcEmV.
Ta vepd TV Ty®V LIOdPOVVTAL GE TPEIS dAKPLTOVG TOHTTOVG: 1) TOmov Mg (Mg-
type), pétpra odkoAcd (7,9 < pH < 9,5), mhovcta e Mg*-HCO;™ vdara, ii) Tomov Ca
(Ca-type), vrepkoAkocd (pH > 11,6), mhovoia og Ca*'-OH vdato ko iii) petctdg
tonog (Mix-type)” aAkaAikd émg vrepaikaikd (9,6 <pH <11,5) 0data pe evorqpeon
ynukn cvotacn. Ot tomobecieg mov epuvroape yapakmmpilovtat amd evepyr omdbeon
kot kabilnon otig defapevéc, Kabmg kot amd tpafeptivn mov oynuatiCeton move amod
T VEPUAPIKA TETpOUATO. H Ta&vopnon tov cuAeyévimv oTtepe®@v SEIyUAT®V £YIVE
GUUO®MVO, [LE TO LOKPOGKOTIKE YOPAKTNPLOTIKE TOLG KO TNV YMPIKT] KOTAVO T TOVG GE
névte tomovg: 1) Kpvotadlkég kpovoteg (crystalline crusts) mov emmAéovv otnv
EMPAVELD TOV VEPOD, 1) EMOTPMOGELS ATOOETIKOD VAIKOD YOP® Omd TO TOYYMUOTO TMV
deapevmv (rock coatings), iii) kpoxkdmtd VAKO (flocculent material) mov kaAvTTEL TOV
mobpéva tov deapevav Kot / 1 eitvarl v aumpnoel vtOg TG GTHANG VOOTOC, 1V)
Aoomoedéc vako (mud-like) pe kopatoedeic empdveieg - putidwoelg (dam-like) xon
poalikég evomobéoelg evtdg kot dimha oTig de&apevec Kot v) MOOTOMUEVEG dOUES OO
TEPLOYES EVEPYNG PONG VOTOG Kot Tpafeptiv. Ot MBomompéveg dopég mov oyetilovton
pe v gvepyn pon mephapPdvovy amobEécelc e Kopatoedng dopn Kot Aorompéva
ovykpipota, eved detypoto tpafeptiviy cLAAEXONKOY amd mEPOYEC TOV dev Exouv
ELLPAVT - TOVAGYIGTOV €L TOV TOPAVTOG - EVEPYN POT).

Opoimg pe to TepPdAlovta amocAOp®ONS TOV VIEPUOPIKOV TETPOUATOV, 1|
TopoVOO LEAETY) ATOTEAEL TV TPMTN OVOPOPA VTTAPENG EVVIPWV AVOPUKIKMDY 0PUKTOV
TOV payvnoiov ota voato TOmov Mg oto Opdv. Xe avtd ta vepd oynuotileton
veokoveyovitng (nesquehonite) péow tng e£ATHIONG KO LETATPEMETAL GE VTITIVYKITN
(dypingite) kot vopopayvnoitn kdtm and cvvinkeg TAovaoieg o CO2. Lta Vd0TO TOTOV
Ca, n ovlevén g atpocapikng mpdcsinyng CO2 pe v e&dtuion odnyel otov
OYNUOTIGUO VOGS KPLGTAAAKOV 06BEGTOVYOV PAO100 TNV dEMPAVELR aEPa-VEPOV. Ot
KPOVGTEG AOTEAOVVTOL OO aparyovitn kot Bpovasitn, 6mov eKPaAiovv Ta VdOTO THTOV
Mg ka1 Ca xor avoperyvoovior otny o de€apevn. AviiBétwg, ol deEapevég TV
VOATOV PEIKTOV TOHTOV PIAOEEVODY gVpEYEDELS amoBEaEIC apaymvitn AOY® TG VYNANG
avoroyiog Mg / Ca mov guvoel v avantuén tov apaywvitn Evavit tov acPeotitn. H
VOPOSVVAIKN KATA TV avapiln eAéyyel yopukd v andBeon Ppovasitn ko wepropilet
TOV GYNUOTIGUO KOl T GLCCMPELCT] TOV YUP® Ond CLYKEKPYEVES LDveS avauéng,
omov Aapfavel yopo pio cvveyng mapoyn Mg kot vépo&eldiov amd to E1GEPYOUEVOL
voarta Tomov Mg.

Ol kpLOTOAMKES HOPPOAOYIEG KATAYPAPOLY TNV EMOPAOCT OTIG TIEG TOV
VIEPKOPEGUOV  (supersaturation  state) Kot  ©TOVG  PLOUOVS  VITEPKOPEGLOV
(supersaturation rate) otig deEapevég AOY®M TV H0OIKOGLOV avapgng, eEatuiong Kot
npdoAnyng COz. H petatponr g veng Tov apaymvitn amd KPUGTOAAIKES OUTVPAUIOES



0€ GPALPOELDN CYNLATO VITOYPOUUILEL TOVG S1AUPOPETIKOVS PLOLOVG VTTEPKOPEGLOV TNG
KpuotdArwong avOpakikod acPectiov 610 KPOKWO®TO LMKO TOV VIATOV UEKTOV
tomov. O apayovitng oTiG PLTIOMCELS TOV AUCTOEW®V 0mofécewv Topovotdletl pio
OLTO-OPYOVOUEVT]  VOVOKPLOTOAAKY]  OOUN  KOTOOKELOGUEV  oamd  GUuV-
TPOCAVATOMGOUEVES VOVO-PAPOOVG, YEYOVAS TOV DTTOONADVEL SNUIOVPYLN Kot AVATTLEN
pe mpooavénon Kot Oyl LE TOLG KANGGIKOVG UNYXOVIGHOVG KPLGTOAAOYpOQiaG. XTo
voota tomov Ca, m oamoppoéenon kor 1 eEdtuion tov CO2 xobopilovv TO
YOPOKTNPLOTIKA TOV VPOV TOL 0GPECTITN TOGO OTIC KPUOTUAAIKEG KPOVGTEG OGO Kol
OTI§ EMOTPMOELS OMOOETIKOV VAIKOV YOPp® amd To Toydpata Tov degopevav. H von
TOV KPOVOTAOV GTO UEIKTOV TOHTOV VOATA VTOONADVEL EVOL OPYIKO GTASIO GYNUOTIGHLOV
TUPNVOV apay®VITH oL akoAovOeiTOl and avamTLEY TOV TPOTOV TUNUATOV TOV
(QAOLOV OTI OEMPAVELDL OEPO-VEPOV, OV TOAVAOS TPOKAAEiTAL amd TPOGANYN Kot
e&aton COs.

Ta yeoymukd povtéda avapeiEng vodtmv tomov Mg kot Ca amokdAlvyay v
eEEMEN TOV JEIKTOV KOPEGHOL OPLVKTOV VIO SAPOPEG AVOAOYIES avAUIENG Kot TN
oY£0N TOVG HE TNV TOPOTNPOVUEVT] OPLKTOAOYIO Kot YE®YNUEIL TOV VOIATOV TOV
de€apevav. To avOpaxikd acBéotio (acfeotitng + apaywvitng) £xel TOLG VYNAITEPOVG
deikteg KopeopoV oto Vouta TOTOL Ca Kol GUGTNUOTIKG LELMVETAL GTA VOOTO TOTOV
Mg, ta onoio Tapovctdlouvv Tig YaunAdtepeg THEG 6TOVG deikTeg Kopespov. Ta vdata
TOmov Mg kat ta pektod tomov Hoata pe pH < 10.5 dev eivan kopespéva 6Gov apopd
010 Bpovoitn, evod givar vrepkopespéva ota Voata THmov Ca Kol 6To LEIKTOV TOHTOV
vdata pe pH > 10,5. Olot o1 TOTOL ivort 0KOPEGTOL OGOV QLPOPE GTO VEGKOVEYOVITN OV
mAnoldlel Tov kopeopd ota voota tomov Mg. Ta vdata tomov Ca kot Mg eivan
AKOPESTO OGOV 0POPA GTOV aPTIViTN Kol Tov vVOpopayvnoitn. Ot petpndeiceg Evavt
TtV ektipdpevev (PHREEQC) TidV TV GUYKEVIPOCE®DY TOV GTOLYEIMV 6T detypoTa
vEPOL Tapovstdlovy kavomomtikyy cuoyétion (R? > 0,95) ywa to K, Na, Cl kou Mg,
gvd awtéc tmv Ca, Al, Si, Sr, Ba, SO4> ko DIC eiyvovv peyoldtepn Stoaomopd.

>10 Ke@aiowo 4, n mopovoa epyocio Tapovcstdlel T SePeHvNON OAKOAK®MV
YOV G€ TEPWOOTITEG VIONTEPMOTIKOD HovOLO Kol TS oxeTLONEVES amoBEGES OV
oynpotifovton amd TV GAANAETIOPOCT TOV VIEPUAKAAKADV PEVCTMV KOl TOV TOTAUIDV
VOATOV GTOVG OpEVOVG OYKOVG TV TepoTitdy TG Ronda. Ta vdata tg Ronda
pumopotv va taSvopunfodv 6€ VITEPUAKAAKE KOl GE QT TOV TOTAUI®V VOAT®V TOV
gival yevikd mapopoto. pe ovtd mov sivon miovoto oe Ca’"-OH™ kar Mg?*-HCO5', 1o
omoio. TEPLYPAPOVTIOL OE OAKOAKES TNYEG OV @LAoEevovvTal e 0PLOAMBOVS. ZTig
Tom00eGiEC EKPPONG TV PEVOTOV (POYUES 1) avOp®TOYEVEIC TNYEG) KO OTIG OEEQUEVEG
KOTO UNKOG TOV SL0OPO UMDY PONG TOVGS, T peVGTA glval vrepoaikoikd (10,9 <pH < 12)
Ko yopaktnpifovtatl and younid enimedo Mg kot vynid enineda Na, K, Ca ko CI'. Ta
moTaue. Hoata, oL EUPOVICOVTOL KOVTO OTIC TEPOYEG TOV TNYDOV, givor Mmimg
ook (8,5 < pH < 8,9) ko eumhovticpéva oe Mg kar DIC oe oOykpion pe Na, K,
Ca ko CI'. H ymuur; ovvOeon tov Mg -HCOs3™ motdpmv vdérov e Ronda sivat
mhoavov va oeeihetar otV LOPOAVLON TV  GONPOUAYVNGLOVY®Y OPLKTOV TOL
mepoTitn omd 10 PETEWPIKO veEPO TO omoio Ppioketor oe 1coppomion pe TNV
ATULOGPAIPOL, KO TO pPNYOVS VOIPOPOPOVS OPILOVTEG GTOV CEPTEVIIVIOUEVO TTEPLOOTITN.



H ymuxn ovotoon tov Ca**-OH vrepoikoikdv pevotdv g Ronda mapdystan amd
TOV GLVIVACUO AVTIOPAGEMV GEPTEVTIVOGTG YOUNANS Oepprokpaciog amd ta dmonuéva
Mg?*-HCOs™ em@avetakd motdpo vdato —n omd ta Ca*-HCOs;Hdata amnd tovg
KAPGTIKOVS VOPOPOPoLS opilovtec— Kot TV Pabdid amdBeon avBpaKik®V opuKTOV G
TePPAAAOVTIO OTOUOVOUEVO OO TIG OTUOCPUPIKES CLVONKES. ZOUQOVO UE TOVG
VTOAOYIGHOVG 1ooppomiag palag, 1 omocdfpmwon TV TUPITIKOV OPLKTMOV TMV
TEPWOTITAOV TOV PEPOLY AGPRECTIO, OTMG 0 d10yid10g, efvan pia mBavY| Ty acPfectiov
ota Ca?*-OH" vrepolkalixd pevotd g Ronda” w6t660, amottovvrar otadepoi puOuoi
SldAvoNG, ONUAVTIKE VYNAOTEPOL OO EKEIVOVE TTOVL €YoVV KOBOPIOTEL TEWPAUATIKA.
TpaPeptivng, KpvotoAlkég kpovoteg Kot evamobécselc nudtowv omotelohv Tovg
KOPOVG TOMOVG TV OTEPEDV OmOBECEMY TOV TOPOUTNPOVVTIOL OTIG TOTODEGIES
VIEPOAKOMK®OV TTydV NG Ronda.

O acPeotitg, o apaywvitng, 0 S0AopiTNG Kot 01 dpythol TAovoiol o Mg-Al etvat
01 KUPLEC OPLKTEG PAGELS OV evTioTilovtal oTig peletnuéves mnyés. Omwg gaiveton
otnv my"n Bafios del Puerto, o1 anoBéceig mov xuplapyel o acPeotitng opeirovatt otnyv
npdsANYN atpoceatpikod COz and ta Ca* -OH virepolkolikd peuoTd KoTd TV 6080
TOVG OTNV EMPAVELD, Kot 1) amdBeon mov Kuplapyeiton amd apaywvitn opeiletal 6TV
avauén Ca?"-OH™ vrepodkolkdv pevotdv pe Mg?-HCO;™ motdpimv vddrov. H
TEPLEKTIKOTNTO GE OPOY®VITY Kot S0AOpITN avEAvETOL OGO OO LAKPLVOLLAGTE Ot TOL
onpeio avapfrAvong TV OAKIAIK®OV TNY®OV Kot TPOS T0 TOTapa voata, o dtudkacio
TOV OVTOVOKAG TNV ETOPACT] TOV WOVI®V LayvNnGeiov oty amdbeon apaymvitn Evavtt
oV aoPeotitn. AALot dvvnTikol TaPEyovieS mov EAEYXOVV TV amOBEST] AVTOV TOV
ToAOHOpY@V avBpakikod acBeotiov givar n avoroyio Mg / Ca, 1 meplekTikOTNTO GE
CO; kau M Beppokpacio twv pevot®dv. O doropitng oynuatiletar Katd ™ ddpKeLd TG
MBomoinong tov Tpafeptivn AOY® TG TEPLOSIKNG TANUUOPOS TOV TOTAUIWV VIAT®V GE
GLVOLAGUO HEe EMAKOAOLOT eEATION.

210 KEPAAoo S, M TopovGH OONKTOPIKY OTpPn epguva TV aAAnAovyio
KPLOTAAAL®ONG KO TIG LOPPOAOYIES T®V £VVIPMV avVOPUKIKOV OPLKT®V TOV HoyvNGiov
pe oKomO vaL 0ploTel KAADTEPX 1) YEVVEST] TOVG, N AVATTLEN TOV KPUGTOAA®Y TOVG Ko
0 UETACYNUOTIGUOG TOVG 0€ aAKOAMKE TepPairovia. Ot TEWPAUATIKES OUOTKAGIES
neplelyav  mepduota KpuotdAimong oto cvotnuo MgO-CO2-HO oe younin
Oepuokpacio vd petafAntd pH kot cuykévipwon avidpovimv yio va epevvndei 1
aAAniovyio KpvotdAlmong kot M eEEAMEN TV LVEOV TV EVudprv (VOPOLL-)
avOpaKIKOV opuKTAOV TOL payvnoiov. Aweénybnoov dvo tomol mepoudTov: 1)
TEWPAUATA KAEIGTOV GLOGTHUOTOS TOV OOpovVaONKay and v atpodceapa (oe glove
box pe 4{mto), Kot ii) TEPAUATO AVOIKTOD GLGTHIOTOG GE ATUOGPAPIKES cuvOnKkec. H
avépén tov MgChL.6H20 kot tov dwwivpdtov NaxCOs odnynoce eite oe pundevikn
amobeon (Swyeic otayoveg) eite oe otypaio amdbeon evog Boloh KoAAOEWOVG
VAKOU piKpo- €06 vavo-copotdiny. To KoAAogWEG VAIKO Tov TpoAfe and otiyuaio
amobeon amotelovtav omd AGuopeo avlpakikd payviow (AAM), AAM Ko
veokovgyovitn, 1 AAM, veskovgyovitn kot viurvykitn.

2T0. TEWPAUOTO KAEGTOL GLOTNUOTOC, O UETACYNUATIOUOG TOL  apyLKOD
KOALOEWO0VG LAMKOV mpaypatonombnke oe tpion otddio: 1) didlvon tov AAM pe



av&ovopevo pH, axolovBolpevn amd To GYMUATIGUO KPLGTOAMK®OV otepedv (1 um -
50 pm), ii) avantuén veckoveyovitn (neyédn kpvotdAlwv émg 200 um) pe eAappld
avénon tov pH Adym g ddlvong tov AAM, kot iii) UETACYNUATIOUO TOV
veoKoveyovitn, Ady®m emidpoong tov O0ADTN, o copatid viutvykitn (peyétn
KPLOTOA @V oo <1 éwg S5 um).

2t0 TEWPAUOTO avolyToh OCLOTNUATOG, 1 eEATUIoN KOl 1 Odyvuon  Tov
atpoceapkod COz2  oto  ddAvpo  TLPOSOTNCAV  SPOPETIKEG  AAANAOVYIES
KPUOTAAAMOTNG KOl LOPPOAOYIEG GE GUYKPION LE TO TEPALOTO KAEIGTOV GUGTNUATOG.
H e&drtpion mpokdiece adENoN TOV TILAOV KO TOV PLOUGV VTEPKOPESUOD, 0dNYDOVTAG
TEMKG 6€ OMpovpyior KpVOTAAAWY o€ OAa Ta doyeia avipéng (dev vampyav dlovyeig
OTOYOVEG OTO TEAOG TOL TEPAUATOS). Xe ovtifeon pe Ta TEPAUOTO KAEIGTOV
GLGTNHLLATOG, 1] KPVOTAAAWGT 6Ta dOYELN AVAUENG S0V YDV GTOYOVAV EEKivoe HETAED
3 kot 48 wpdV PETA TV apykn ovapiEn. O veskoveyovitng dev HETOUOPOOONKE oE
viumvykit, kabog to didAvpa e€atpiomke €€ oAokinpov peta&d 90 ko 120 opodv
petd v oapywn avépén. H diepyacio petacynuatiopod Tov VEGKOVLEXOVITN OF
vrunvykit yivetotr vd ) Pondeia Tov SoAvT Kot €161 dev pmopel vor AaPel ympo
e€autiag g eEATIoNG TOL VEPOV,. AVTO €ENYel TV EMPOVN TOV VECKOLEYOVITN GE
QoK mepPdiiovta wov emmpedlovion and évtovn e€dtuion. O vrumvykitng
TaPOLGLALEL EVOL EVPV PAGLOL LLOPPOAOYLDY TOV TEPIAALUPAVOLY dOUEG TOV HO1ALOVV [UE
aAvGida, SaKTLAMOVG Kot GUUTAEYHOTO KPLOTAAA®YV. H mpmtn mepintmon xel pio
NUIOGOIPIKY SOl TOL TAPOVGIALEL OAANAOGLVOEOUEVES KPLOTUAMKES TAAKES
VIumvykitn oto e£mTePIKO HEPOG KOl EVOL GLUTAYEG LIOGTPOUO VIITVYKIT GTO
ECMTEPIKO PEPOG. AVTO TO €0MTEPIKO HEPOS TOAVOTATA GYNUATICETOL YOP® OO TOVG
apywovg mupnveg mov eEpovy Mg-COs, evd ot mAdkeg vTimvykitn tov e£®TEPIKOD
TUNUOTOS OVOTTUGOOVTOL GE HETOYEVESTEPO oTAd0 efoutiag g e&drtuione. Ot
pop@oroyieg mov potdlovv pe alvcida oynuatilovior HETd omd CLGGOUATMOOT TOV
nuiceapiov vmvykitn mov TopodoTovVTIoL omd CLVEYN VIEPKOPECUO AOY® NG
eEdTong Tov 1AV UATOC,.

AEEe1S KAEWOWA: 0p10416001 Ouav, weprootites Povra, aeprmeviiviwaon, déouevan avlpaxo.
UEC® OPUKTMOV, OAKOMKES TINYES, amOBean avOpoKIKMY OPUKT®YV, OLEPYOTIES AVAUIENS
voarwv, oéouevon COz, eTIOPaTN 10VTWV UAYVHTIOD, TEIPGUATO. KPVOTOAAWOTNGS, EVDOPA
oVOpPOKIKG TOV UOYVHOIOD, GUOPPO OVOPOKIKO UOYVHOLO, VEGKOVEYXOVITHG, VIITIVYKITHG.
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1 Introduction

The present chapter includes the background and state of knowledge about the exposure of
mantle peridotites on the Earth’s surface, the serpentinization and weathering taking place due
to their interaction with seawater or meteoric water, and the mineralization processes occurring
during these water-rock interactions. It also describes marine and continental alkaline
environments developing as a result of water circulation in serpentinized mantle rocks.
Moreover, it presents information about the occurrence of (hydrated) Mg-carbonates in
serpentinite-hosted alkaline environments, and previous experimental work in the MgO—-CO»>—
H20 at low temperature. An introduction to the geological settings of the study areas is given
at the end of this chapter.

1.1 Exposures of mantle rocks on Earth’s surface

The study of mantle rocks is principally directed towards the understanding of the composition
and structure of the Earth’s interior (e.g., Carlson, 2003; Helffrich and Wood, 2001; Jackson,
2000), the mechanisms of plate tectonics (e.g., Morris and Ryan, 2003), and the accretion of
oceanic and continental crust (e.g., Kelemen et al., 1997; Martinez and Taylor, 2002), among
other major geodynamical and petrological topics. However, (bio)geochemical and geological
processes triggered during the interaction of fluids with mantle are emerging research fields
that are related to different topics of high societal relevance, such as the carbon capture and
storage (Kelemen et al., 2011; Kelemen and Matter, 2008; Matter and Kelemen, 2009; Seifritz,
1990), deep carbon cycle (Alt et al., 2013; Dasgupta and Hirschmann, 2010; Kelemen and
Manning, 2015; Menzel et al., 2018, 2019), deep subseafloor biosphere (McCollom and
Seewald, 2013; Menez et al., 2012), the origin of life (Lane and Martin, 2010; Martin et al.,
2008; Martin and Russell, 2007; Sleep et al., 2011), and detection of primitive life (Garcia-
Ruiz et al., 2003, 2017).

Exposed parts or fragments of the mantle on the Earth’s surface include: 1) abyssal
peridotites from the oceanic mantle that have been dredged from the ocean floor or recovered
from drill cores (e.g., Bonatti et al., 1974; Hamlyn and Bonatti, 1980; Prinz et al., 1976); ii)
tectonically emplaced suboceanic; subcontinental and subarc mantle rocks that were exhumed
from the upper mantle (e.g., Boudier and Coleman, 1981; Tilley, 1947); and iii) mantle

xenoliths erupted in deeply derived volcanic rocks (e.g., Nixon 1973; Pearson et al., 2003).

_3_
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Abyssal peridotites provide direct information on the uppermost mantle in present-day
oceanic settings (e.g., Cann, 1971; Miyashiro et al., 1969), and are limited mid-ocean ridge
(MOR) environments (Dick et al., 1984; Niu and Hékinian, 1997), depression deeps (Hékinian
et al., 1993), serpentinite seamounts (Parkinson and Pearce, 1998), or passive continental
margins (Cornen et al., 1996).

Mantle rocks that have been tectonically emplaced on continental or oceanic crust can be

categorized as:

1. The lower ultramafic section of extensive (tens of km) ophiolite or island arc
complexes, obducted on continental margins (e.g., the Oman Ophiolite and the
Kohistan and Talkeetna Arc complexes — Boudier and Coleman, 1981; Burg et al.,
1998; Coleman, 1971; Mehl et al., 2003).

2. Dispersed ultramafic bodies (m to km in size) in suture zones and mountain belts (i.e.,
the orogenic peridotite massifs — Den Tex, 1969; Thayer, 1960).

3. The exhumed mantle rocks above the sea level by normal faults associated with rifting
or transform faults in ocean basins (e.g., Zabargad Island in the Red Sea, St. Paul’s
islets in the Atlantic, and Macquarie Island in the southwestern Pacific — Dijkstra and
Cawood, 2004; Melson et al., 1967; Varne and Rubenach, 1972). This type of
tectonically emplaced mantle along with abyssal peridotites are collectively known as

“oceanic peridotites” (e.g., Bodinier and Godard, 2014).

In the following sections, we will focus on oceanic and subcontinental mantle peridotites

that are the host rocks of the alkaline springs investigated in the present Ph.D. thesis.
1.1.1 Occurrences of abyssal peridotites

Abyssal peridotites can be found in ultraslow- (spreading rate < 1 cm/y), slow- (spreading rate
< 3 cmly), and fast-spreading (spreading rate > 10 cm/y) MORs (Fig. 1.1). However, a very
limited number of peridotite sites have been reported at fast-spreading MORSs (e.g., Hess Deep
— Hékinian et al., 1993). The relatively high crustal thickness at fast-spreading ridges (= 7 km)
and the regular sequence of basalts (1 — 2 km), sheeted dykes (1 — 2 km) and gabbroic rocks (3
— 5 km) could explain the lack of peridotites at fast-spreading MORs (Canales et al., 2003;
Ciazela et al., 2015; Warren, 2016; White et al., 1992).
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Figure 1.1. Half spreading rates of ocean crust formation (Miiller et al., 2008) and locations where
serpentinized abyssal peridotites have been recovered from the seafloor (after Deschamps et al.,
2013; Warren, 2016).

Extensive tectonic windows accommodating upper mantle exposures on the seafloor are
most common at slow-spreading MORs. Thus, the abyssal peridotites mostly come from walls
of fracture zones or rift mountains in these ridge systems. Samples of this type of peridotites
were mainly collected in the slow-spreading Mid-Atlantic and Indian Ocean ridges (e.g.,
Bonatti et al., 1992; Dick et al., 1984; Godard et al., 2008) and, more recently, at ultraslow-
spreading ridges, such as the Southwest Indian Ridge (e.g., Johnson and Dick, 1992; Seyler et
al., 2004; Warren and Shimizu, 2010) and the Gakkel Ridge and Lena Trough, Arctic Ocean
(Hellebrand et al., 2002; Hellebrand and Snow, 2003). Along both slow- and ultraslow-
spreading ridges, abyssal peridotites were also discovered at large exposures of mantle and
lower crustal rocks called oceanic core complexes (OCC) (e.g., Boschi et al., 2006; Godard et
al., 2009; Ildefonse et al., 2007). These are dome-shaped structures interpreted as parts of the
lower crust and/or upper mantle exposed on the seafloor via low-angle normal or detachment
faulting (e.g., Cann et al., 1997; Tucholke and Lin, 1994).

Other occurrences of abyssal peridotites can be found at suprasubduction settings (e.g., the
Izu—Bonin—Mariana forearc — Parkinson and Pearce, 1998), and at sites related to early stages
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of the Atlantic opening (Galicia passive margin and the Gorringe Bank — Abe, 2001; Boillot et
al., 1988) and Newfoundland margin — Miintener and Manatschal, 2006).

The abyssal peridotites are often affected by oceanic hydrothermal alteration and the
degree to which abyssal peridotites are representative of pristine oceanic mantle is still
debatable. However, they provide a reference point for understanding processes related to

mantle formation and alteration.
1.1.2 Ophiolites and orogenic peridotites in continental settings

The most common types of tectonically emplaced mantle rocks along mountain belts in
continental settings include ophiolites and orogenic peridotite massifs (Fig. 1.2). Unlike
abyssal peridotites, both types are dissociated from the environment where they originally
formed (e.g., Bodinier and Godard, 2014). In some cases, the original geodynamic setting of
these rocks is uncertain and speculative, rendering it difficult to determine how representative
they are regarding mantle compositions (e.g., Menzies and Dupuy, 1991; Nicolas, 1989).
However, ophiolites play a crucial role in understanding the function of plate tectonics and the
structure of the oceanic crust and upper mantle (Abbate et al., 1985), and orogenic peridotites
are an essential window to probe numerous mantle processes (e.g., structure, nature and
evolution of lithosphere, asthenosphere, magma genesis, mantle plumes, and metamorphic
pathways) (Liou et al., 2007).

Ophiolites represent fragments of upper mantle and oceanic crust (Coleman, 1977;
Nicolas, 1989) that were obducted onto continental or oceanic crust during continent-continent
and arc-continent collisions (e.g., Dilek and Flower, 2003), ridge-trench interactions (e.g.,
Lagabrielle et al., 2000), and/or subduction-accretion events (e.g., Cawood et al., 2009).
Ophiolites are observed in all major orogenic belts (> 70 ophiolites have been described
worldwide) that mark major boundaries between amalgamated plates or accreted terranes
(Lister and Forster, 2009) (Fig. 1.2).
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Figure 1.2. (Up) Location of the main ophiolitic belts and ophiolite complexes worldwide. (1)
Circum-Pacific: KM — Klamath Mountains; NC — New Caledonia; PNG — Papua New Guinea; 1B
— Indonesian back-arc ophiolites. (2) Himalaya—Alps—Caribbean: YZ — Yarlung Zangbo ophiolites;
Om — Semail ophiolite, Oman and U.A.E.; Tr — Troodos, Cyprus; Vo —Vourinos and Pindos,
Greece; WA — Western Alps; Cu — Cuba ophiolites. (3) Appalachian—Caledonian belt: BOI — Bay
of Islands, Newfoundland. (4) Pan-African belt. (Down) Location of the main orogenic peridotite
occurrences worldwide: Tl — Tinaquillo, Venezuela; Ho — Horoman, Hokkaido, Japan; DS —
Dabie-Sulu, China; Q — Qinling, China; ANQ — North Qaidam — Altyn-Tagh, China; and ZA —
Zabargad, Red Sea, Egypt. Inset: WGR — Western Gneiss Region, Norway; B — Bohemian Massif,
Czech Republic, Germany, Austria, and Poland; V — Vosges, France; AA — Alpe Arami, Central
Alps, Switzerland; M — Val Malenco, Italy; | — Ivrea zone, Italy; L — Lanzo, Western Alps, Italy;
VG — Voltri Group, Italy; EL — External Liguride peridotites, Italy; PYR — Pyrenees, France; RO
— Ronda peridotites, Spain; BB — Beni Bousera, Morocco; CO — Cabo Ortegal, Spain (from
Bodinier and Godard, 2014)
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A complete ophiolite sequence could be broadly described as a stack of mafic to ultramafic
rocks that includes, from bottom to top, tectonized peridotites, cumulate peridotites, and
pyroxenites overlain by layered gabbros, sheeted basaltic dikes, a volcanic sequence, and a
sedimentary cover (see Penrose Conference, 1972). A number of completely developed
ophiolitic complexes have been discovered and studied in the Internal Ligurides (Northern
Italy), Troodos (Cyprus), Semail (Sultanate of Oman and the UAE), Xigaze (Tibet), Klamath
Mountains (Trinity, California), and the Bay of Islands (Newfoundland, Canada).

Based on the main lithologic variations observed in ophiolitic mantle sections, the Internal
Ligurides and the Semail ophiolites may be considered as two end-members from mildly
refractory —Ilherzolite-dominated— mantle section to a strongly refractory —harzburgite-
dominated— mantle section, respectively (e.g., Boudier and Nicolas, 1985; Nicolas and
Boudier, 2003). Moreover, their geochemistry, structure, and thickness are strongly controlled
by spreading rate, proximity to plumes or trenches, mantle temperature and fertility, and the
availability of fluids. Thus, they could be also categorized based on their relation to different
geodynamic settings: i) subduction-unrelated; continental margins and MORs, and ii)

subduction-related; suprasubduction zones and volcanic arcs (see Dilek and Furnes, 2011).

The orogenic peridotite massifs are mostly lherzolite-dominated (e.g., O’Hara 1967),
while —in few instances— they can be mainly composed of harzburgites or dunites to
pyroxenites, through harzburgites and lherzolites (Bodinier and Godard, 2014). Several
orogenic peridotites contain accessory lithologies (e.g., dikes, veins, and veinlets filled with
garnet and/or amphibole pyroxenites, hornblendites, gabbros, and diffuse facies of pyroxene-
rich or amphibole-bearing peridotites), resulting from the segregation and migration of partial
melts or from the interaction between mantle rocks and melt/fluids (e.g., Bodinier et al., 1988;
Garrido and Bodinier, 1999).

Based on their predominant petrologic facies and/or their P-T trajectory before
exhumation, orogenic peridotites can be characterized from high-pressure (HP) and ultrahigh-
pressure (UHP) massifs (e.g., e.g., Central Alps — Ernst, 1981; Pfiffner and Trommsdorff,
1998), over intermediate-pressure (IP) (e.g., Beni Bousera, northern Morocco, and Ronda,
southern Spain — Gysi et al., 2011; Lenoir et al., 2001), to low-pressure (LP) exhumed mantle
rocks (e.g., Val Malenco in the Eastern Central Alps — Miintener and Hermann, 1996). The
orogenic massifs are often related to platform sediments or continental rocks recording extreme

metamorphic conditions, from HT at IP or LP (e.g., Beni Bousera (northern Morocco) and

_8_
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Ronda (southern Spain) massifs — Loomis, 1972) to HP or UHP at variable temperatures (Liou
et al., 2007).

The orogenic peridotites show a wide range in size from small bodies (1 — 10 m) embedded
in metamorphic sediments (e.g., Pyrenean lherzolites; Fabries et al., 1991) to extensive
ultramafic massifs (up to 450 km?) comprising the main body of overthrusted tectonic units
(e.g., the Ronda peridotite massifs — Tubia and Cuevas, 1986). However, the majority of the
Iherzolite massifs display intermediate sizes between the examples above (few hundred mto a

few km), occurring along thrust sutures or major faults.
1.2 Hydration and carbonation of ultramafic rocks

Most mantle peridotites are harzburgites or Iherzolites composed of more than 50 vol% olivine
and variable amounts of ortho- and clinopyroxene. Because they are far from equilibrium at
weathering and low-temperature metamorphic conditions, these olivine- and pyroxene-rich
rocks readily hydrate to form serpentine group minerals when in contact with water. The fate
of carbon is closely linked with the hydration of peridotite, which can be carbonated if fluids
rich in dissolved inorganic carbon are involved. Natural CO. uptake via carbonation of
peridotite on the seafloor is a significant carbon sink and an important element of the carbon
cycle (e.g., Alt et al. 2012; Friih-Green et al. 2004; Kelemen et al. 2011; Schwarzenbach et al.
2013). On-land, hydration and carbonation result from low-temperature reaction of meteoric
water with peridotite, first described in Northern California by Barnes et al. (1967), and later
recognized in exposed peridotite bodies worldwide (e.g., Bruni et al. 2002; Cipolli et al. 2004;
Kelemen and Matter 2008; Neal and Stanger 1985; Paukert et al. 2012).

In addition to serpentinization, carbonate minerals can form during hydrothermal
carbonation and weathering of peridotites and serpentinites (e.g., ophicarbonates and
hydromagnesite playas; Kerrick and Connolly, 1998; Power et al., 2009). The types of
carbonation depend mainly on the fluid composition and temperature, varying from listvenites
at high temperatures (> 150 °C) to supergene travertine and shallow cryptocrystalline
magnesite (< 100 °C) (e.g., Hansen et al., 2005; Mervine et al., 2014). The fast kinetics of
carbonation reactions and the high capacity of serpentinites to buffer CO2-bearing fluids lead
to the rapid precipitation or replacive growth of carbonate minerals in serpentinized peridotites
(Andreani et al., 2009; Grozeva et al., 2017). The variations in temperature, solute activities

and CO: in the fluids lead to different degree of hydration and carbonation of the rock, and

_9_
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thus, different assemblages from brucite-serpentine to talc-magnesite and magnesite-quartz
(Klein et al., 2013; Klein and Garrido, 2011; Klein and McCollom, 2013; Menzel et al. 2018;
Power et al., 2013) (Fig. 1.3).

Water - rock interactions in peridotites
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Figure 1.3. Possible reaction pathways of peridotite and serpentinite alteration at high and low
temperatures. These processes include serpentinization, carbonation, and weathering of the rock,
leading to different mineral assemblages (From Power et al., 2013).

1.2.1 Serpentinization of mantle peridotites

Serpentinization takes place in a range of geological settings on Earth, and serpentinites are
present in all ancient orogenic belts (Evans et al., 2013) (Fig. 1.4a). It mainly occurs at the
seafloor (e.g., MORs, OCCs), where exposed oceanic mantle lithosphere comes in contact with
seawater, and it continues during subduction of abyssal serpentinites and peridotites (Fig.
1.4b). Cannat et al. (2010) argued that serpentinites may constitute up to 25% of the top part
of the oceanic lithosphere. In subduction zones, serpentinites occur near the base of the mantle
wedge at depths greater than 10 km (Saumur et al., 2010). In some forearc environments,
buoyant serpentinites have been exhumed to the seafloor along normal faults and other tectonic
processes (e.g., Mariana forearc mud volcanoes; Mottl et al., 2004). This is evidence for the

formation of serpentinites in the cold (T < 650 °C) leading edge of the mantle wedge in
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subduction zones when fluxed by fluids derived from pore waters or devolatilization of

subducting slab lithologies (Fryer et al., 1999; Hyndman and Peacock, 2003).

% Abyssal 7% Mantle wedge * Subduction zone (o) Other major seafloor
serpentinites serpentinites serpentinites sites of serpentinites

Areas of abyssal peridotites Major occurrences of
at mid-ocean ridges / serpentinites on continents

(wy) ydeqg

Figure 1.4. (a) Worldwide occurrences of abyssal serpentinites (blue star) related to MORs
(serpentinization 1), subducted (red star) and mantle wedge serpentinites (green star)
(serpentinization 2), major occurrences of serpentinites on continents (green lines) and on seafloor
(blue circles), as well as areas of abyssal peridotites at MORs (yellow lines). (b) Schematic sketch
illustrating the geological environment of abyssal peridotite serpentinization (serpentinization 1)
at MORs, as well as during subduction (serpentinization 2). (after Deschamps et al., 2013; Warren,

2016).
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Serpentinization is a pivotal hydrothermal alteration process of ultramafic rocks that
produces unique geochemical environments under unusual geological conditions. Many reports
focused on the construction of possible reactions defining mineralogical assemblages during
serpentinization (Bach et al., 2006; Frost and Beard, 2007; Kelemen et al., 2011; Klein et al.,
2009; Klein and Garrido, 2011; Palandri and Reed, 2004). Fluid-rock interaction reactions
result in the transformation of olivine and pyroxene, mainly into hydrous Mg-Fe-phyllosilicates
(e.g. serpentine), Mg-hydroxides (brucite), Fe-oxides (e.g. magnetite) and Mg-Ca-carbonates
(e.g. magnesite and calcite). Serpentinization demonstrates a variety of different reaction types
including hydration (Eqg. 1.1, 1.2), iron oxidation (Eqg. 1.3) and carbonation (Eq. 1.4, 1.5):

Hydration reactions:

3Mg2SiO0s (s) + SiO2 (aq) + 6H20 (I) » 2MgsSi2Os(OH)4 (s) (1.1)
4Mg2SiOs4 (s) + 6H20 (I) = 2MgsSi20s5(OH)4 (s) + 2Mg(OH)2 (s) (1.2)
Iron oxidation reaction:

6Fe2Si0s (5) + 7H20 — 3FesSiz0s(OH)4 (5) + FesOs (s) + Hz (g) (1.3)
Carbonation reactions:

4MQ2SiOs (s) + 4H20 (1) +2C0O2 (g) — 2Mg3Si205(OH)4 (s) + 2MgCO3 () (1.4)
4Mg2SiO4 (s) + CaMgSi206 (s) + 6H20 (I) +CO2 (g) —» 3M@3Si20s(OH)a4 (s) + CaCOs (s) (1.5)

At relatively low temperatures (< 150 °C), the reactions result in extremely high pH,
commonly above 10. Hyperalkalinity is caused by the OH™ production during the dissolution
of the host rock silicates (Palandri and Reed, 2004), and can be further supplemented by the
concomitant OH™ and H. production during the oxidation of Fe?* contained in the silicates to
Fe3* (Eq. 1.3) (Chavagnac et al., 2013a). The combination of the produced Hz and CO, or CO
under highly reducing conditions leads to the formation of methane (Eq. 1.6) and other organic
compounds (Bach et al., 2004; Klein et al., 2014; McCollom and Bach, 2009; Ménez et al.,
2018).

4H; (g) + CO2(g) = CHa (g) + 2H20 (I) (1.6)
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The combination of redox gradients, abiotic production of hydrogen, and higher carbon
molecules make serpentinization environments strong candidates to host the emergence of life

on Earth or even other planets (Ménez et al., 2012; Russell et al., 2010).

In continental settings, ultramafic rocks share the same chemical characteristics of
hydrothermal systems in seafloor peridotite: reaction of meteoric water with peridotites results
in the development of high-pH, production of H, and CHs, and precipitation of Ca-Mg-
carbonates (e.g., Barnes and O'Neil 1969; Boulart et al., 2013; Bruni et al. 2002; Kelley et al.
2005; Neal and Stanger 1985; Paukert et al., 2012).

1.2.2 Weathering of serpentinized rocks

In principle, peridotites are considered low-permeability crystalline rocks, although a fraction
of sufficient rainfall can be stored in shallow and weathered layers (Andreo et al., 1993; Andreo
and Gervilla, 2007). The weathering rate of serpentinized rocks is strongly related to
carbonation rates and the viability engineered solutions for carbon capture and storage (Matter
and Kelemen, 2009; Power et al., 2013). The weathering rate of partially or completely
serpentinized peridotites is controlled by many factors such as rock composition, climate, water
chemistry, pH, and biological activity (Baumeister et al., 2015; Hausrath et al., 2008; Lewis et
al., 2006; Power et., 2013). Serpentine minerals are relatively unstable in near-surface
conditions and weather quickly into other layer silicates, such as smectite and vermiculite
(Dixon, 1989; Hseu et al., 2007; Rabenhorst et al., 1982). Baumeister et al., (2015) underlined
the importance of the rock porosity and initial composition of serpentine minerals, reporting
the mineral dissolution sequence in weathered serpentinites from the Klamath Mountains
(California, U.S.A.). The sequence from most to least weathered was Fe-rich pyroxene >
antigorite > Mg-rich lizardite > Al-rich lizardite, showing the critical role of pyroxene content
and Fe, Mg and Al proportions in the minerals of the rock. Moreover, microbial activity may
enhance the dissolution of serpentinized peridotites and induce carbonate precipitation in
weathering environments (e.g., hydromagnesite — magnesite playas; Power et al; 2014; Renaut
and Stead, 1990), by altering the water chemistry, pH, and redox conditions (Ferris et al. 1994;
Schwartzman and Volk 1989).

Similar to serpentinization-related fluids, the interaction reactions during weathering of
peridotites alters the chemical composition of the circulating waters from meteoric into Mg-Si-
rich, alkaline (pH = 8 — 9.5) waters (e.g., Barnes and O'Neil 1969; Neal and Stanger 1985;
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Palandri and Reed, 2004). Carbonation of serpentinites due to weathering has been reported in
various environments such as alkaline springs (Kelemen and Matter, 2008; Matter and
Kelemen 2009), hydromagnesite playas (Power et al., 2009), and serpentinite mine shafts and
tailings (Beinlich and Austrheim, 2012). Hydrated Mg-carbonate minerals are associated with
low-temperature weathering environments of serpentine minerals and brucite (e.g., Beinlich
and Austrheim, 2012; O’Neil and Barnes, 1971; Power et al., 2014; 2019; Ulven et al., 2017).
Their formation is likely related to uptake of atmospheric CO2 by Mg-rich waters coupled to
evapoconcentration (Power et al., 2019). Significant abundances of hydrated Mg-carbonate
minerals may develop at depth as carbonated surfaces become buried or as a consequence of
ongoing reaction after burial (e.g., Pronost et al. 2012). Continental weathering sequesters an
estimated 300 million tonnes of CO. each year, while serpentinites contribute a
disproportionately high share of weathering products despite representing only a small
proportion of crustal rocks (Seifritz 1990).

1.3 Serpentinite-related alkaline waters in marine and
continental environments

Alkaline fluids are strongly related to serpentinization and weathering of mantle rocks both in
marine and continental settings. The produced alkaline waters (cf. Sec. 1.2) play a key role in
the carbonation of the host rock, as well as in the capture of CO; after their discharge. Most
studies of marine peridotite-hosted hydrothermal systems have focused on serpentinization
near mid-ocean ridges (e.g., Charlou et al. 2002; Frith-Green et al. 2003; Kelley et al. 2001;
Schmidt et al. 2007), while continental alkaline environments can be observed —together with

the hosting peridotites— all around the globe (Fig. 1.5).

On-land alkaline waters can originate either from weathering or serpentinization of mantle
rocks by meteoric water. These water-rock interactions alter the water chemistry, forming two
evolved water types of entirely different chemical composition. In shallow aquifers, reactive
meteoric water generates Mg—HCOz-rich waters via weathering of peridotite. Deeper water
percolation produces a highly alkaline Ca—OH-rich groundwater, probably influenced by
serpentinization. The Oman Ophiolite is the most typical location to observe both Mg—HCO3-
rich and Ca—OH-rich water types emerging from partially serpentinized peridotites (e.g.,
Chavagnac et al., 2013a; Neal and Stanger, 1985; Paukert et al., 2012).
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Figure 1.5. Global map showing the sites hosting alkaline to hyperalkaline waters related to
peridotites and serpentinites. In red are the sites hosting only Mg—HCOs-type waters. In blue are
the sites hosting only Ca—OH-type waters. In green are the site hosting both types of waters.

However, several localities of alkaline waters worldwide have been studied, where one or both
water types are present; U.A.E.: Ugba, 1991; Etiope et al., 2015, U.S.A.: Barnes et al., 1972;
Blank et al., 2009; Morrill et al., 2013, Canada: Power et al, 2014; Szponar et al.,2013, Costa
Rica: Sanchez-Murillo et al., 2014, New Caledonia: Monnin et al, 2014, New Zealand: Pawson,
2015, Philippines: Cardace et al., 2015, Japan: Homma and Tsukahara, 2008; Suda et al., 2017,
Turkey: D’Alessandro et al., 2016; Russell et al., 1999; Yuce et al., 2014, Serbia: Doljak et al.,
2016; Oudech and Djokic, 2015; Todorovic et al., 2016, Bosnia and Herzegovina: Barnes et
al., 1978; Etiope et al., 2017; Miocic and Samardzic, 2016, Cyprus: Neal and Shand, 2002,
Italy: Boschetti and Toscani, 2008; Bruni et al., 2002; Cipolli et al., 2004, Romania: Nicula
and Baciu, 2019; Rosca et al., 2016, Norway: Beinlich and Austrheim, 2012; Daae et al., 2013;
Okland et al., 2012, Greece: D’ Alessandro et al., 2018; Etiope et al., 2013; Voutsis et al., 2015,
Portugal: Marques et al., 2008, and Spain: Etiope et al., 2016. Hydromagnesite playas in Atlin
(Canada) and serpentinite mine tailings in Feragen ophiolites (Norway) are two characteristic
examples of Mg—HCOs-rich waters generation due to weathering of ultramafic rocks (e.g.,
Beinlich and Austrheim, 2012; Power et al., 2014).
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Occurrences of CH4 and Hz have been broadly documented in marine serpentinite-hosted
hydrothermal fields (e.g., Lost City), and serpentinization-driven hyperalkaline springs (e.g.,
Oman, Philippines, ltaly, among others; see Etiope and Whiticar, 2019). The observed
variability of Ho/CHj ratios in the different gas-producing sites worldwide may reflect different
stages of serpentinization that produce fluids from H>-dominated (e.g., Lost City, Semail,
Oman) to CHs-dominated (Voltri, Italy) (Boulart et al., 2013).

1.3.1 Hydrothermal vents of alkaline fluids in marine serpentinites

Hydrothermal activity in marine environments (Fig. 1.6) plays an essential role in Earth's
evolution by modifying the composition of oceanic crust, affecting ocean chemistry, forming
ore deposits, global element cycles, and providing energy for thriving microbial communities.
Also, serpentinization and carbonation of peridotite are exothermic processes and may
contribute to hydrothermal circulation (Schuiling 1964; Fyfe 1974; Kelley et al. 2001;

Emmanuel and Berkowitz 2006).
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Figure 1.6. Map of major hydrothermal vents at MORs and subduction zones (From Konn, 2009).

Along divergent margins, numerous marine hydrothermal systems of high temperature (>
300 °C), high metal concentration, and acidic pH (2 — 3) have been discovered in serpentinized

ultramafic rocks (e.g., Longatchev; Batuev et al., 1994). Unlike these systems, Lost City is the
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only known serpentinization-driven hydrothermal field (Fig. 1.7) that shows relatively low
temperature (40 — 90 °C), high pH (9 — 11), high H2/CHj4 ratios, and low metal concentrations
(Kelley et al., 2001; Kelley et al., 2005; Proskurowski et al., 2006). This system is hosted in
serpentinized peridotites of an oceanic core complex (Atlantis massif) near the Mid-Atlantic
Ridge at 30 °N. The discharge of the active venting fluids into the seawater leads to the
formation of large carbonate chimneys (up to 60 m above the seafloor), which consist of
variable mixtures of calcite, aragonite and brucite (Ludwig et al., 2005). The highly reducing
conditions of the serpentinizing environments allow the development of abiotic organic
compounds (Lang et al., 2010) and host a broad and specific community of microorganisms
(Brazelton et al., 2006). Kelley et al. (2001) suggested that, whereas other vent sites have a
magmatic heat source, Lost City may be heated by exothermic hydration of peridotite, while
exothermic heating via peridotite carbonation may also be necessary (Kelemen and Matter
2008).
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Figure 1.7. Sketch showing geologic and tectonic relationships at Lost City. Hydrothermal
structures are located on a faulted down-dropped block of variably altered and deformed crust
composed predominantly of serpentinite. Active serpentinization of the peridotites by seawater
generates alkaline fluids that form carbonate chimneys (calcite+aragonite+brucite) upon their
discharge (After Kelley ey al., 2005).
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Even lower-temperature (< 40 °C), peridotite-hosted, hydrothermal alkaline vents form
carbonate chimneys just offshore from Prony Bay in New Caledonia (Monnin et al., 2014).
The existence of additional terrestrial low-salinity, high-pH waters that discharge into the New
Caledonia southern lagoon creates a peculiar mixed subaerial — subaquatic alkaline spring
system (Monnin et al., 2014).

In submarine forearc environments, the reaction of hanging wall peridotite above
subduction zones with hydrothermal fluids is evidenced by serpentine mud volcanoes and
associated carbonate chimneys (e.g., Mottl et al. 2004). In Mariana forearc, several low-
temperature (~ 2 °C) hydrothermal systems are associated with serpentinite-hosted mud-
volcanoes. These systems are H, — CHs-producing, hyperalkaline (pH up to 12.5), and are able
to sustain high biomass communities (Takai et al., 2005).

1.3.2 Aerial alkaline springs in continental settings

In continental settings, surface alkaline waters (e.g., springs, playas) and aquifers in
serpentinized peridotites are the manifestations of low-temperature alteration and weathering
of their host rocks. The vast majority of these alkaline environments are located in ophiolites
(e.g., Oman, U.S.A., Cyprus, Norway, New Zealand, among others), while few sites are hosted
in subcontinental mantle orogenic peridotites (e.g., Italy, Spain, Portugal). Low-temperature
reactions between meteoric water and ultramafic rocks take place in many steps, based on
different subsurface flow paths. These different flow paths dictate the generation of the two

types of alkaline to hyperalkaline waters (Fig. 1.8).

The hydrolysis of ferromagnesian peridotite and serpentinite minerals by meteoric water
in open —CO2- and Oz-rich— shallow aquifers leads to the increase of Ca, Mg, Si, and
dissolved inorganic carbon (DIC) in the water (Eq. 1.7). These water-rock interactions result
in the formation of mildly alkaline (pH = 7.5 — 9.5) Mg—HCO3 groundwater, also known as
Type | waters (e.g., Barnes et al., 1967; Barnes and O’Neil, 1969). These waters are strongly
related to weathering of ultramafic rocks and precipitation of (hydrated) magnesium carbonate
minerals, which is —in some cases— mediated by microorganisms (e.g., Power et al., 2009;

McCutcheon et a., 2014; Renaut et al., 1993).

Mg2SiOs (S) + 4CO; (g) + 2H20 (I) - 2Mg?* + 4HCOs +SiO; (aq) (1.7)


https://www.sciencedirect.com/science/article/pii/S0009254119305649#bb0445
https://www.sciencedirect.com/science/article/pii/S0009254119305649#bib682
https://www.sciencedirect.com/science/article/pii/S0009254119305649#bib683
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Fluid circulation and alkaline spring formation
in terrestrial serpentinized mantle rocks

Type | waters (Mg-type)
Alkaline springs

Mg” - HCO, -rich  Type Il waters (Ca-type
75<pH<95 P (Ca-type)

Weathering
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Ca* - OH'-rich
pH> 115
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Contact with the atmosphere - rich in CO,
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Partially serpentinized
peridotites

Figure 1.8. Schematic illustration of the possible groundwater pathways leading to different water
types in serpentinized peridotites. Type | (red) is COz-rich groundwater that follows near-surface
pathways through the vadose zone and shallow fault systems. Weathering of the peridotite leads to
the generation of Mg—HCOs-type waters. Deeper fluid percolation and isolation from the
atmosphere leads to the formation of CO.-depleted Type Il groundwater (blue). This process
triggers serpentinization, creating hyperalkaline Ca—OH-type waters. Travertine terraces form by
Ca—OH waters via CO; uptake. (after Mervine et al., 2014).

Deeper meteoric or already evolved water (e.g., Mg-HCOs-type) infiltration in the
peridotites, cutting off the contact with the atmospheric CO2 and O,. These isolated waters
become hyperalkaline (pH up to 12) due to H* consummation and OH" release during
dissolution reactions of Fe-Mg-silicates (Eq. 1.8) that can be enhanced by iron oxidation
reactions (Chavagnac et al., 2013a; Kelemen et al., 2011; Palandri and Reed, 2004). The
chemical profile of these waters is characterized by very low Mg and DIC concentrations, as
reaction with the peridotites results in the formation of serpentine and carbonate minerals.
Although both Mg and Ca are released from primary forsterite and pyroxenes, Mg is
preferentially incorporated into reaction products such as serpentine, brucite, and magnesite.

Thus, although Ca is a minor constituent of the peridotite, contained mainly in pyroxene
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minerals, its concentration in the generated waters rises, as it is excluded almost completely

from serpentine and clay minerals (Kelemen et al., 2011).
4Mg2SiO4 + CaMgSizOs + 7TH20 = 3Mg3Si.05(0OH)4 + Ca?* + 20H" (1.8)

When the hyperalkaline waters emerge to the surface, they react with the atmosphere or
mix with shallow groundwater or surface waters. These processes feed the waters with CO-
and trigger Ca-carbonate precipitation in the form of travertine terraces, stream conglomerates,
and shallow vein networks (Eg. 1.9).

Ca?*(aq) + 20H (aq) + CO, (aq or g) = CaCOs () + H20 (I) (1.9

Other secondary minerals reported co-existing with Ca-carbonates in alkaline springs
include mainly brucite, and traces of hydromagnesite, dypingite and layered double hydroxides
(e.g., Anraku et al., 2009; Chavagnac et al., 2013b; Neal and Stanger, 1984; Mervine et al.,
2014; Olsson et al., 2014).

The present research investigates the geochemistry and mineralogy in alkaline spring
systems from serpentinized ultramafic rocks in ophiolites (Oman) and orogenic subcontinental
peridotites (Ronda, Spain) that host both Mg—-HCOzs-type and Ca—OH-type waters generated

by weathering and serpentinization, respectively.

1.4 Crystallization experiments in the MgO-CO2-H:0
system at low temperature

The formation of Mg-carbonate minerals during the weathering of silicates and hydroxides is
a naturally occurring process that could be utilized to store CO; artificially. Numerous geo-
engineered carbon mineralization proposals have been evaluated at laboratory and pilot-scale,
involving subsurface injection of CO- into basalts and peridotites (Gislason and Oelkers, 2014;
Kelemen and Matter, 2008; Matter et al., 2016; Power et al., 2013a, b), passive carbonation of
ultramafic mine tailings (e.g., Beinlich and Austrheim, 2012; Harrison et al., 2013;
McCutcheon et al.,, 2015; Power et al., 2010; Wilson et al.,, 2009), and accelerated
mineralization using high pressure-high temperature reactors (Gerdemann et al., 2007,
Lackner et al., 1995). Another related approach for CO, sequestration that can also induce
carbonate precipitation is enhanced weathering. This process artificially accelerates the natural

weathering and requires the emplacement of fine-grained mafic or ultramafic rocks in natural
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weathering environments (e.g., Hartmann et al., 2013; Montserrat et al., 2017; Rigopoulos et
al., 2018). In addition to their natural occurrence and use for CO. storage, hydrated Mg-
carbonates are promptly linked to the construction of engineered barriers for nuclear waste
storage (Xiong and Lord, 2008), exploitation of Mg resources, (Cheng et al., 2009; Cheng and
Li, 2009; Dong et al., 2008; Wang et al., 2008), and MgO production (Cheng et al., 2009; Wang
and Li, 2012).

Assessment of the CO, storage capacity and security requires knowledge of the stability,
solubility, and formation sequence of the carbonate minerals. The relative stability and
solubility of numerous Mg-carbonates has been investigated (e.g., Ballirano et al., 2013;
Bénézeth et al., 2011; Berninger et al., 2014; Gautier et al., 2014; Héanchen et al., 2008;
Harrison et al., 2019; Hopkinson et al., 2008, 2012; Konigsberger et al., 1999; Xiong, 2011,
Zhang et al., 2006). Table 1.1 lists the most common MgCOs-bearing phases that have been
discovered and investigated so far in nature and laboratory experiments. In general, more
hydrated Mg-carbonate phases are more stable than less hydrated phases: magnesite >
hydromagnesite > dypingite > nesquehonite > lansfordite (Canterford et al., 1984; Langmuir,
1965). For example, dypingite can be a precursor for the formation of hydromagnesite (Davies
and Bubela, 1973; Hopkinson et al., 2008), a mineral suitable for safe CO; storage at surface
conditions (e.g., Power et al., 2009; 2014). Furthermore, the transformation processes of
metastable Mg-carbonates play a key role in the isotopic signature for tracing CO> cycling and
sequestration (e.g., Beinlich and Austrheim, 2012; Falk et al., 2016; Oskierski et al., 2013,
2016; Mervine et al., 2014; Shirokova et al., 2013), and assessing the mobility of toxic metals

that can be incorporated in the crystal structure (Hamilton et al., 2016).

Table 1.1 Most common MgCOgs-bearing phases and their chemical formulas.

No. of MgO/mol No. of H,O/mol No. of COy/mol Compound Chemical formula

1 - 1 Magnesite MgCO,

1 2 1 Barringtonite MgCQ05-2H,0

1 3 1 Nesquehonite MgCO0;-3H,0

1 5 1 Lansfordite MgCO04-5H,O

2 1.5 | Pokrovskite Mg,(CO5)(OH),-0.5H,0
2 4 1 Artinite Mg (CO5)(OH),-3H,0

5 5 4 Hydromagnesite Mgs(CO3)4(OH),-4H,0
5 6 4 Dypingite Mgs(CO3)4(0OH),-5H0
5 5-6 4 Giorgiosite Mgs(CO5)4(OH),-5-6H,0
7 25 5 Shelkovite Mg7(CO3)s(OH),-24H,0




PART I

Due to the strong hydration of aqueous Mg, the formation of magnesite is Kinetically
inhibited at low temperatures and is rarely observed to form in crystallization experiments at
temperature < 60 °C (e.g., Deelman, 2011; Hanchen et al., 2008; Saldi et al., 2009;). Instead,
hydrated Mg-magnesium carbonates are consistently identified in field and laboratory studies,
often co-existing and transforming under variable conditions (e.g. Ballirano et al., 2013; Davies
and Bubela, 1973; Hopkinson et al., 2008; Harrison et al., 2015; Power et al., 2014; Wilson et
al., 2009). The unclear precipitation mechanisms and wide range of potential occurrence of
multiple metastable hydrated Mg-carbonates, makes difficult the prediction for the formation
of a specific phase, and thus the evaluation of the CO; storage efficiency (Hianchen et al., 2008;
Hopkinson et al., 2008; Konigsberger et al., 1999; Kristova et al., 2014; Montes-Hernandez et
al., 2012).

Nesquehonite and dypingite are the most common phases during the interaction of Mg-
rich waters with CO> at low temperatures, with nesquehonite forming by equilibrated with the
atmosphere waters and/or evaporative conditions (Konigsberger et al., 1999; Power et al.,
2007; Schaef et al., 2011; Xiong and Lord, 2008; Zhao et al., 2010), while dypingite under
lower than the atmospheric Pco. values and/or presence of microbial activity (e.g., Mavromatis
et al., 2012; McCutcheon et al., 2014; Power et al., 2007; Shirokova et al., 2013; Wilson et al.,
2010). Nesquehonite, dypingite and hydromagnesite are thoroughly examined via a large
number of studies regarding its thermal stability (e.g., Ballirano et al., 2010; Jauffret et al.,
2015; Lanas and Alvarez, 2004; Morgan et al., 2015), and the impacts of temperature, pH,
saturation state, solubility, and solution composition on nucleation, kinetics, and crystal
morphology and size (Chaka et al., 2014, 2016; Cheng et al., 2009; Cheng and Li, 2010; Ding
et al., 2016; Di Lorenzo et al., 2014; Hanchen et al., 2008; Harrison et al., 2019; Wang et al.,
2008; Wang and Li, 2012; Zhang et al., 2006; Zhao et al., 2013). However, further experimental
study on the factors and mechanisms controlling crystallization sequences and textural features
of hydrated Mg-carbonates is required in order to shed light on the conditions, under which

they nucleate, grow and transform.

1.5 Geological setting of the study areas

1.5.1 Serpentinized peridotites in the Semail Ophiolite, Oman

The Samail Ophiolite, located in the Sultanate of Oman and the United Arab Emirates, is

considered the largest and best-exposed ophiolite in the world. The ophiolite is a thrust sheet
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of oceanic crust and upper mantle that was emplaced onto the Arabian continental margin
during the closure of the Tethyan ocean in the late Cretaceous (initiated ~95 Ma; Coleman
1981; Hacker et al. 1996).

The mantle section is underlain by the metamorphic sole (metamorphosed oceanic
sediments and volcanic rocks), the relatively unmetamorphosed oceanic sediments and
volcanic rocks of the allochthonous Hawasina nappes, and the autochthonous continental shelf
and parautochthonous continental slope deposits (thick carbonate deposits resting on pre-
Permian crystalline basement) (Glennie et al., 1974). Tilting and erosion have exposed
ophiolite sections from 0 to 15 km below the paleo-seafloor, providing outcrop exposures of
igneous and hydrothermal processes at oceanic spreading centers (e.g., Gregory and Taylor
1981; Kelemen et al. 1997; Pallister and Hopson 1981; VVan Tongeren et al. 2008).

Many studies have focused of hydrothermal processes in the lower crust (e.g., Bosch et al.,
2004; Van Tongeren et al. 2008), as well as on mantle peridotite hydration and carbonation
(e.g., Mervine et al., 2014; Paukert et al., 2012). In Oman, carbonate-altered peridotite is
present as travertine and carbonate veins in serpentinized peridotite associated with active
hyperalkaline waters, and fully-carbonated listvenite, representing older high-temperature
systems. The hydrology and the geochemistry of groundwater and mineral deposits associated
with alkaline springs formed have been documented in a series of studies in the last 40 years
(e.g., Dewandel et al., 2004, 2005; Matter et al., 2006; Neal and Stanger 1983, 1984, 1985;
Stanger 1986; Stanger et al. 1988; Stanger and Neal 1994; Weyhenmeyer, 2000). Clark and co-
workers studied the stable isotope and radiocarbon record of travertine formation from
peridotite-hosted alkaline springs (Clark and Fontes 1990; Clark et al. 1992). Recent studies
have investigated these alkaline systems in greater detail, adding extensive mineralogical
analyses, isotopic data, quantitative estimates of carbonation rates and geochemical reaction
path models (e.g., Chavagnac et al. 2013a, b; Kelemen and Matter 2008; Kelemen et al. 2011;
Matter and Kelemen 2009; Paukert et al. 2012).

1.5.2 Subcontinental mantle peridotites in Ronda, SW Spain

The Ronda (S. Spain) and Beni Bousera (N. Morocco) peridotite massifs are segments of
subcontinental lithospheric mantle tectonically emplaced on the internal metamorphic crustal
units of the Betic and Rif belts, respectively (e.g., Afiri et al., 2011; Bruguier et al., 2009; Frets
et al., 2014; Garrido et al., 2011; Reuber et al., 1982). These internal units correspond to the

Alpujarride and Sebtide complexes exposed together with the Ronda and Beni Bousera massifs,
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respectively. They consist of metamorphic crustal rocks with an increasing metamorphic grade
towards the contact with the peridotites, reaching granulite facies (Platt et al., 2013). The Ronda
massif is one of the largest exposures of subcontinental lithospheric mantle, covering an area
of ¢. 450 km?. The massifs include the Ronda, Ojén, and Carratraca peridotite bodies, and they
are composed mainly of spinel lherzolites, harzburgites, minor dunites, and subordinate
pyroxenite layers that are generally parallel to the foliation of their host peridotites (e.g.,
Garrido et al., 2011; Garrido and Bodinier, 1999; Lenoir et al., 2001; Obata, 1980; Pearson et
al., 1993; Reisberg, 1988). Mantle pyroxenites from Ronda massifs demonstrate a wider range
of major element abundances and O isotopic variability than the peridotites, showing extreme
variations in their Nd and Sr isotopic compositions (e.g., Frey et al., 1985; Garrido and
Bodinier, 1999; Kumar et al., 1996; Obata, 1980; Varas-Reus et al., 2016). From top to bottom
these, three main tectono-metamorphic domains have been recognized in the Ronda massifs
(Frets et al., 2014; Lenoir et al., 2001; Soustelle et al., 2009; Van der Wal and Vissers, 1993,
1996; Varas-Reus et al., 2016):

I.  Garnet-spinel mylonite domain, in direct contact with the overlying metamorphic
crustal units and including stretched and boudinaged garnet pyroxenite layers.
ii.  Spinel (+ garnet) tectonite domain composed of highly foliated porphyroclastic spinel
peridotites and garnet pyroxenite.
iii.  Granular spinel peridotite domain that consists of coarse grained spinel peridotites with

intercalated spinel pyroxenite layers.

In Ronda, a narrow (c. 200 — 400 m wide) recrystallization front has been observed and
described at the transition between the spinel tectonites and granular peridotites (\Van der Wal
and Vissers, 1993; Lenoir et al., 2001; Vauchez and Garrido, 2001). Ronda massifs are
characterized by a late plagioclase tectonite domain that overprints the other domains, and
attests for partial re-equilibration of peridotites in the plagioclase Iherzolite facies (Hidas et al.,
2013a, 2015; Lenoir et al., 2001; Van der Wal and Vissers, 1996). According to several
geochronological studies in peridotites and pyroxenites, and in their metamorphic country
rocks (e.g., Esteban et al., 2011; Loomis, 1975; Pearson and Nowell, 2004; Reisberg et al.,
1989), the emplacement of both Ronda peridotites took place early Miocene (19 — 23 Ma). This
emplacement was probably triggered by rapid extension, producing an extremely attenuated

continental lithosphere in the westernmost Mediterranean (e.g., Platt et al., 2005).

In the peridotite massifs, most rainfall generates surface runoff and only a small fraction

infiltrates in the weathered zone (Andreo and Gervilla, 2007). The discharge of groundwater
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occurs as streams/rivers and springs with weak flow rates. The surface streams and rivers are
slightly mineralized (electrical conductivity = 100 — 200 uS/cm), and show circum-neutral pH
values (7 — 9) (Etiope et al., 2016). Numerous spring waters are widespread in the peridotites
due to the deep circulation of water along the main faults of the peridotite massifs (\adillo et
al., 2015). These types of springs are hyperalkaline and they are characterized by dissolved
CHa (0.1 — 3.2 mg/) of abiotic origin (Etiope et al., 2016).
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2 Thesis Aims and Outline

2.1 Motivation

The present Ph.D. thesis is part of the European Commission FP—7 Marie Curie Initial Training
Network (ITN) “ABYSS” on reactive geological systems from the mantle to the abyssal sub-
seafloor. The objective of ITN ABYSS is to train Early Stage Researchers (ESR) in
geodynamics, mineralogy, hydrodynamics, thermodynamics, and (bio)geochemistry of mid-
ocean ridge processes and their environmental and economic impacts. The motivation behind
the ITN ABYSS is to make significant advances and in the understanding of the coupled
tectonic, magmatic, hydrothermal and (bio-) geochemical mechanisms that control the
structure and composition of the oceanic lithosphere. One of the targets of the ABYSS project
is to investigate the carbon mineralization in hydrothermally altered mantle rocks; in particular,
explore the couplings between chemical, mechanical and hydrodynamic processes as well as
the effect of transport, and fluid and rock compositions on rates and products of reactions in

open hydrothermal systems.

Within the framework of the ABYSS project, the present thesis aims to contribute to a
better understanding of the role of low-temperature carbonation in atmospheric carbon dioxide
sequestration through the study of natural examples of carbon mineralization in
serpentinization-related alkaline environments and the conduction of crystallization
experiments of carbonate minerals. Moreover, the present Ph.D. thesis is part of the
PROMETHEUS! project, an ERC Advanced Grant that aims to carry out an in-depth
investigation of the nature of mineral structures and the role of mineral self-organization in
extreme alkaline geological environments. The PROMETHEUS project seeks to improve our
understanding of the early geological and biological history of Earth by pushing forward the
unexplored field of inorganic biomimetic pattern formation. The investigation of geologically-
feasible scenarios for early Earth conditions requires the investigation of the global scale
serpentinization of ultramafic rocks under alkaline and highly reducing conditions, and the
textural and morphological features of carbonate minerals precipitating from serpentinization-

driven alkaline fluids.

! Project Prometheus (ERC Advanced Grant) (http://prometheus-erc.eu/).
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2.2 Aims

The main objective of this Ph.D. thesis is to advance our understanding of serpentinization-
related alkaline spring systems and associated precipitation of carbonate minerals under
alkaline conditions. Serpentinization-driven, alkaline environments provide critical insights
into the natural conditions for the capture of atmospheric carbon dioxide through carbon

mineralization. To contribute to this main research goal, the present Ph.D. thesis aims to:

I provide an additional account of how water composition, mixing, and mineral
precipitation and textures co-evolve in serpentinization-driven alkaline spring

systems in ophiolites.

ii. investigate alkaline spring sites in subcontinental mantle peridotites and associated
mineralizations formed by the interaction between hyperalkaline fluids and river

waters.

iii. experimentally investigate the crystallization sequence and morphologies of
hydrated magnesium carbonates, and define the conditions under which their

nucleation, crystal growth, and transformation take place.

These aims have been addressed through the study of natural alkaline springs hosted in
exposed oceanic (Samail Ophiolite, Oman) and subcontinental mantle serpentinized peridotites
(Ronda peridotites, Spain), and through carbonate crystallization experiments, to fill gaps in
our current knowledge on the mechanisms and the conditions characterizing carbonate mineral

precipitation in such systems.

To accomplish the first aim, | conducted a systematic sampling of waters and solids samples
from two alkaline spring sites in the Wadi Tayin Massif of the Samail Ophiolite, Oman. The
determination of water composition and detailed mineralogical and textural study of samples
allowed us to examine the effects of geochemistry and hydrodynamics on mineral precipitation.
This study complements our current knowledge of carbonation in serpentinization-related
alkaline springs by providing thorough documentation of mineralogy, textures and crystal
morphologies coupled to water geochemistry. | further used thermodynamic modeling to
determine the saturation state of a wide range of minerals and compare it to the mineralogy and
(macroscopic and microscopic) textural features of the precipitates collected from the alkaline

water pools.



2. AIMS AND THESIS OUTLINE

To address the second aim, | investigated water and solid samples from five alkaline spring
sites in the Ronda peridotite massifs (SW Spain). The water samples included hyperalkaline
fluids and river waters, and the solid samples involved mineral precipitates and travertines
observed in the sampling sites. | carried out a detailed study of the chemical composition of
the waters and the mineralogy and textures of the solid precipitates in order to determine the
geochemical and mineralogical characteristics of the alkaline spring sites, and assess how the
interaction between hyperalkaline fluids and river waters affects the mineral precipitation.

Finally, in order to tackle the third goal, | carried out a series of crystallization experiments
in the MgO—-CO2-H>0 system. The experiments involved unseeded mixing of lab-synthesized
solutions in a closed and an open system .| monitored the crystallization sequence ,
morphological characteristics and changes in the solution pH to screen the conditions of
hydrated magnesium carbonate precipitation under different reactant concentrations, pH, COz,
and silica contents . The experiments provide new constraints on the nucleation , crystal
growth, and transformation conditions and mechanisms of formation of hydrated magnesium

carbonates.

2.3 Structure of the Thesis

The current Thesis comprises four main parts. Part | contains an introduction to the
background and state-of-knowledge of the subject (Chapter 1), the research motivation, aims,
and overview of the structure of the thesis (Chapter 2). For clarity and consistency, the
methodological aspects of the research are addressed in their respective chapters in Part I1.

Part 11 includes Chapters 3, 4 and 5, which present the main findings and results of the
three aims of my Ph.D. thesis. Chapter 3 addresses the first aim of the thesis, presenting a
detailed study of the Samail Ophiolite (Oman) alkaline spring systems under a geochemical,
mineralogical and hydrodynamical perspective. The results of this study have been published
in the JCR journal Chemical Geology?. Chapter 4 presents the results of the geochemical and
mineralogical investigation of the alkaline spring sites in the Ronda peridotite massifs. This
chapter has been published in the JCR journal Lithos®. Chapter 5 is a draft of a manuscript that

2 Giampouras, M., Garrido, C.J., Bach, W., Los, C., Fussmann, D., Monien, P., Garcia-Ruiz, J.M., 2020. On the
controls of mineral assemblages and textures in alkaline springs, Samail Ophiolite, Oman. Chemical Geology.
DOI: https://doi.org/10.1016/j.chemge0.2019.119435

% Giampouras, M., Garrido, C.J., Zwicker, J., Vadillo, I., Smrzka, D., Bach, W., Peckmann, J., Jiménez, P.,
Benavente, J., Garcia-Ruiz, J.M., 2019. Geochemistry and mineralogy of serpentinization-driven hyperalkaline
springs in the Ronda peridotites. Lithos. DOI: https://doi.org/10.1016/].lith0s.2019.105215
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addresses the third aim of the thesis and reports the results of the experimental crystallization
and morphogenesis of various hydrated magnesium carbonate phases under variable alkaline

conditions.

Part 11l presents the main conclusions of the thesis and open questions for future
investigations (Chapter 6). Part IV provides the bibliography used and references cited
throughout the thesis.

In addition to the JCR publications cited above, the results of the present thesis have been
disseminated at different international conferences and meetings, including a poster in the 5™
International School of Crystallization (2016; Granada), a talk and a poster in the EGU General
Assembly (2016; Vienna, Austria), a poster in the AGU Fall Meeting (2017; New Orleans,
U.S.A.), a 3-minute thesis (3MT) presentation at the ABYSS Meeting (Granada, Spain, 2017),
a poster in the Final FLOWS Conference (Granada; 2017), and a talk at the 5" Granada—
Miinster Discussion Meeting (Granada, Spain, 2017). The research of the thesis has further
been communicated to the broader audience in one outreach article and one video in the

ABYSS SeaRocksBlog®.

4https://searocksblog.wordpress.com/2016/01/07/the-crystal-society-an-introduction/;
https://searocksblog.wordpress.com/2016/05/19/an-ocean-on-land/
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3 On the controls of mineral assemblages and
textures in alkaline springs, Samail Ophiolite,
Oman!

3.1 Introduction

Serpentinization-driven processes have recently been identified to affect a vast range of
environments on the Earth's (sub-)surface. These processes are highly relevant for currently
debated issues, such as carbon capture and storage (Kelemen et al., 2011; Kelemen and Matter,
2008; Matter and Kelemen, 2009; Seifritz, 1990), the deep carbon cycle (Alt et al., 2013;
Dasgupta and Hirschmann, 2010; Kelemen and Manning, 2015; Menzel et al., 2018, 2019), the
origin of life (Lane and Martin, 2010; Martin et al., 2008; Martin and Russell, 2007; Sleep et
al., 2011), and the detection of primitive life (Garcia-Ruiz et al., 2003, 2017).

Serpentinization is the process of hydrothermal alteration of peridotite and other olivine-
rich rocks, producing particular geochemical environments under different geological
conditions (e.g., Schrenk et al., 2013). Many studies have provided insights into the diversity
of the fluid-rock interaction reactions leading to different mineralogical assemblages during
serpentinization processes (Bach et al., 2006; Frost and Beard, 2007; Kelemen et al., 2011;
Klein et al., 2009; Klein and Garrido, 2011; Palandri and Reed, 2004). Depending on the fluid
and rock compositions, fluid-peridotite reactions at moderate to low temperatures result in the
transformation of primary olivine and pyroxene, mainly into hydrous Mg-Fe-phyllosilicates
(e.g., serpentine), magnesium hydroxide (brucite), Fe-oxides (e.g., magnetite), and Ca-Mg-

carbonates (e.g., magnesite and calcite).

The Lost City hydrothermal field (LCHF) is a characteristic example of marine
serpentinization, and is hosted in an oceanic core complex (Atlantis massif) near the Mid-
Atlantic Ridge at 30°N (Kelley et al., 2001). Fluids in LCHF show relatively low temperature
(40 — 90 °C), high pH (9 — 11), high H2/CHj ratio, and low metal concentrations (Kelley et al.,
2005; Proskurowski et al., 2006). Active fluid venting leads to the formation of carbonate
chimneys that consist of variable mixtures of calcite, aragonite, and brucite (Ludwig et al.,

2006). In continental subaerial settings, serpentinization of ophiolites and subcontinental

! This chapter has been published in Giampouras, M., Garrido, C. J., Bach, W., Los, C., Fussmann, D., Monien,
P., & Garcia-Ruiz, J. M., 2020. On the controls of mineral assemblages and textures in alkaline springs, Samail
Ophiolite, Oman. Chemical Geology. DOI: https://doi.org/10.1016/j.chemge0.2019.119435
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mantle peridotites by meteoric waters is typically linked to the formation of terrestrial alkaline
spring systems (among others, in Oman: Chavagnac et al., 2013a; Neal and Stanger, 1985;
Paukert et al., 2012, Turkey: Yuce et al., 2014, U.S.A.: Barnes et al., 1972; Blank et al., 2009;
Morrill et al., 2013, Costa Rica: Sanchez-Murillo et al., 2014, Bosnia: Barnes et al., 1978,
Cyprus: Neal and Shand, 2002, Italy: Bruni et al., 2002; Cipolli et al., 2004, Canada: Szponar
et al., 2013, Portugal: Marques et al., 2008, and Spain: Etiope et al., 2016; Giampouras et al.,
2019). There are also examples of mixed subaerial and subaquatic alkaline spring systems;
Monnin et al. (2014) showed that serpentinization-affected meteoric water in Prony Bay (New
Caledonia) discharges in a lagoon area, where it mixes with seawater forming carbonate
concretions. In Aqua de Ney springs in California, Boschetti et al. (2017) suggested that the
release of fossil seawater due to slab dehydration influenced the chemical profile of the

hyperalkaline fluids before their discharge.

In terrestrial subaerial environments, the formation of the alkaline springs is the
consequence of the infiltration and reactive percolation of meteoric waters in ultramafic rock
aquifers. This process triggers numerous water-rock reactions that eventually lead to the
generation of two distinctive types of waters, generally known as “Type I”” and “Type II”” waters
(Barnes et al., 1967; Barnes and O’Neil, 1969). Type | waters are Mg?*—~HCOs -rich waters
associated with shallow water flow paths in the ultramafic aquifer (Fig. 3.1), where waters are
in equilibrium with the atmosphere and cause the chemical weathering of the host ultramafic

rock minerals (Eq. 3.1) via reactions such as:

4 Mg,SiO4 + 4 COz + 2 H,0 - 2 Mg?* + 4 HCO3™ + SiO2 (aq) (3.2)
(Olivine)

Type 1l waters are Ca>*—~OH -rich and their genesis requires deeper reactive percolation
flow paths through the ultramafic bedrock (Fig. 3.1), where groundwater becomes isolated
from the atmosphere triggering low-temperature serpentinization of olivine and pyroxene (Eq.

3.2) via reactions such as:

4 Mg,SiO4 + CaMgSi,06 + 7 H2,0 - 3 MgsSi.0s(0OH)4 + Ca®* + 2 OH~ (3.2)

(Olivine) (Pyroxene) (Serpentine)

Type 11 waters are hyperalkaline (pH >11) due to OH™ production during the dissolution
of the host rock silicates (Palandri and Reed, 2004). The increase of the water pH could be

supplemented by the concomitant OH™ and H production during the oxidation of Fe?*

contained in the silicates to Fe3* (Chavagnac et al., 2013a).
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Figure 3.1. Schematic illustration of the possible groundwater pathways and the different water types
characterizing the spring systems. Modified after Mervine et al. (2014). Type I (red line) is CO.-rich
groundwater that follows near-surface pathways through the vadose zone and shallow fault systems.
Deeper fluid percolation and isolation from the atmosphere leads to the formation of CO,-depleted
Type 11 groundwater (blue line). Mixing between these two waters upon discharge forms pools of
mixed waters (light blue). Dashed lines show potential deeper water percolation in the peridotites.
The horizontal scale represents only the frontal part of the sketch without taking into account the
perspective of the image. *The terms “Mg-type”, “Ca-type”, and “Mix-type” are used in the present
study to describe Type I, Type Il, and mixed waters arising upon mixing between Type | and Type Il
waters, respectively.

Studies of the terrestrial alkaline spring systems hosted in the Oman Ophiolite have
provided a very detailed account of their geochemistry and mineralogy (69 sites in Neal and
Stanger, 1983, 1984, 1985 and Stanger, 1986; 14 sites in Paukert et al., 2012; and 26 sites in
Chavagnac et al., 2013a). These studies have identified the characteristic two water types
previously described in terrestrial alkaline spring sites in ophiolites: moderately alkaline (pH =
7.5 — 9.5) Mg?*~HCOg3 -rich (Type 1), and hyperalkaline (pH > 11) Ca®**~OH -rich waters
(Type I1). The two water types mix upon their discharge and eventually form complex
hydrological networks observed in different spring sites throughout the Oman Ophiolite (Fig.
3.1). Paukert et al. (2012) reported that these surface mixed waters are alkaline to hyperalkaline
(pH between 8.5 and 11.9), showing variable Ca?* (0.2 to 1.7 mmol/L), Mg?*" (0.02 to 2.5
mmol/L), and Dissolved Inorganic Carbon (DIC) (0.07 to 4.5 mmol/L) concentrations. In terms
of their mineralogy, previous studies showed that calcium carbonate precipitation dominates

the alkaline springs, while magnesium hydroxides are occasionally present. Hydromagnesite
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(Mervine et al., 2014), dypingite (Olsson et al., 2014) and layered double hydroxides (LDH)
(Anraku et al., 2009; Chavagnac et al., 2013b) have been reported in some spring sites.

In submarine serpentinite-hosted alkaline systems, mixing between discharging alkaline
fluids and seawater is the key driver of mineral precipitation (Kelley et al., 2005; Ludwig et al.,
2006). In terrestrial alkaline spring systems, mixing between differently sourced waters may
also, govern the precipitation and cause much of the geochemical and mineralogical diversity
in the alkaline springs (e.g., Chavagnac et al., 2013a, 2013b; Falk et al., 2016; Leleu et al.,
2016; Morrill et al., 2013; Neal and Stanger, 1985; Paukert et al., 2012; Szponar et al., 2013).
A trademark of the Oman alkaline springs is the well-developed hydrological systems formed
by the coeval production and, subsequent mixing, of hyperalkaline (Ca%*—OH -rich) and
moderately alkaline (Mg?*—HCOj3 -rich) water types (Chavagnac et al., 2013a; Neal and
Stanger, 1985; Paukert et al., 2012).

In this study, we investigated two individual spring sites in the Oman Ophiolite, where
mixing of the two water types is widespread and imposes a primary control of water
composition and mineral precipitation. Although similar studies have been previously carried
out in the Oman alkaline springs (Chavagnac et al., 2013a, 2013b), the present research
complements these studies by providing a thorough documentation of the mineralogy, textures
and crystal morphologies coupled to a conceptual geochemical and mineralogical mapping of
the different pools in the spring sites. We conducted a systematic —downstream— sampling
of waters and solids from numerous pools in the spring sites with the aim to examine the
function of the spring sites under a geochemical, mineralogical and hydrodynamical
perspective. The joint collection of water and solid samples from the same pool (each sampling
point) allows us to determine the saturation state of a wide range of minerals and compare it to
the mineralogy and (macroscopic and microscopic) textural features of the precipitates. This
detailed pool-by-pool investigation enables us to provide an additional account of how water

composition, mixing, and mineral precipitation co-evolve in the alkaline spring systems.

3.2 Geological setting and alkaline spring sites

The Samail Ophiolite (Sultanate of Oman and the United Arab Emirates) is one of the largest
exposures of oceanic lithosphere on land and is composed of twelve (12) distinct massifs lined
up along the NE part of the Arabian plate (Fig. 3.2a). The ophiolites represent the topmost of

a stack of nappes thrusted over autochthonous carbonate rocks (Hajar supergroup), which lie
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on top of a pre-Permian crystalline basement (e.g., Coleman, 1981; Glennie et al., 1973; Searle

and Cox, 2002). The nappes consist of ~47 km of crustal rocks (layered gabbros, sheeted dikes,
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Figure 3.2. Geology of the studied spring sites in the Samail Ophiolite, Wadi Tayin massif,
Sultanate of Oman. (a) The Oman Ophiolite (green) is located in the northeastern part of
the Arabian plate and is composed of twelve (12) large structural massifs (names
indicated in blue). Modified after Godard et al. (2003). (b) Geology of Wadi Tayin massif
(orange in (a)), where the present study took place. The sampling sites, Nasif and
Khafifah, are located within the red circle. Modified after Nicolas et al. (2000). (c) Local
geological map of the two spring sites, Nasif and Khafifah. Modified after de Gramont et
al. (1986).
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and volcanics) and ~10 km of variably serpentinized (~30 — 80%) upper mantle section
(harzburgites and dunites) (e.g., Coleman, 1981; Glennie et al., 1973; Godard et al., 2000;
Hanghoj et al., 2010; Lippard et al., 1986; Monnier et al., 2006; Nicolas et al., 2000). A large
portion of the serpentine has probably formed during sub-oceanic hydrothermal alteration prior
to the exposure of the ophiolites on land (e.g., Boudier et al., 2010). However, the partially
serpentinized peridotites continue to experience on-going water-rock interactions at low
temperatures (< 60 °C) (Kelemen et al., 2011; Miller et al., 2016; Neal and Stanger, 1985; Streit
etal., 2012).

The present study focuses on two alkaline spring systems; the Nasif and Khafifah sites (80
km south of Muscat; Fig. 3.2c). Both sites are hosted in partially serpentinized ultramafic rocks
from the Wadi Tayin massif (Fig. 3.2b), and they host a number of springs and water pools that
form complex hydrological networks (Fig. 3.1). The first site (Nasif: 58°23'39.03"E,
22°53'43.23"N) is located NNW of Al Hayema town in wadi Nasif, and is hosted in partially
serpentinized harzburgites of the mantle section that are highly fractured and weathered. The
second site (Khafifah: 58°25'30.87"E, 22°54'14.23"N) is located N of Al Hayema town in wadi
Khafifah (also known as Qafeefah). The Khafifah site is located at the end of the southeastern
oriented wadi Khafifah and is placed in partially serpentinized harzburgites with minor dunite.
However, the valley that hosts the Khafifah site represents an important tectonic boundary, as
it separates harzburgites of the mantle section from gabbros belonging to the crustal section. In
earlier communications, the Nasif site has been referred to as “Les Lauriers Roses” and the

Khafifah site as “Rencontre de la Colombe” (Chavagnac et al., 2013a, 2013b).

3.3 Methods
3.3.1 Field methods

3.3.1.1 Sampling

We collected fifty-five (55) solid samples of fresh precipitates and lithified structures
associated with alkaline and hyperalkaline waters in the spring sites. The sites are characterized
by active precipitation and sedimentation in the pools, and travertine terrace occurrnce over the
ultramafic rocks. We classified the collected solid samples according to their macroscopic
features and spatial distribution into five types: i) Crystalline crusts floating on the water
surface (Fig. 3.3a), ii) rock coatings around the pool rims (Fig. 3.3b), iii) flocculent material

covering the bottom of the pool and/or being in suspension within the water column (Fig. 3.3c),
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iv) mud-like material forming dam-like formations (rippled terracing) and massive deposits
within and adjacent to the pools (Fig. 3.3d), and v) lithified structures from active water flow
areas (Fig. 3.3e) and travertine terraces (Fig. 3.3f). Lithified structures associated with active
flow include dam-like formations and hardened concretions (Fig. 3.3e), whilst travertine terrace

samples were collected from areas with no evident —at least currently— active flow.

Mud-like precipitates
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Figure 3.3. Photographs of the types of the collected solid samples. (a) Crystalline crusts floating
on the water surface, (b) rock coatings around the pool rims, (c) flocculent material covering the
pool bottom and/or being suspended in the water column, (d) mud-like precipitates forming dam
like structures (rippled terracing) and massive deposits around streams and pools, (e) lithified
structures (dam-like formations and concretions) from active water flow areas, and (f) travertine
terraces lying on the ultramafic rocks.

— 39 —



PART II

Thirty (30) water samples were taken from several pools and their contributors (spring
outlets) by using 50 mL syringes (PE/ PP), which were pre-rinsed with sample material.
Sampling from deeper parts was conducted using a telescope sampling collector (Burkle,
Germany) equipped with a rinsed 500 mL polyethylene bottle. The waters from each sampling
point were filtered through (pre-flushed) cellulose acetate membrane syringe filters (Sartorius
Minisart Plus, pore diameter 0.45 pum) and directly filled into three different 10 mL
polyethylene vials for alkalinity titration (pre-cleaned with ultrapure water, without headspace),
trace metal analysis (pre-conditioned with distilled 5 % HNO3 and sample was fixed by adding

100 uL of distilled concentrated HNO3), and anion analysis (pre-cleaned with ultrapure water).

3.3.1.2 In-situ measurements

Water samples were analyzed for pH, temperature, and electrical conductivity (EC) using a
Hanna Instruments HI 98129 handheld tester, which was recalibrated daily. Alkalinity was
directly measured in the field within 1 h after sampling. For this purpose, 10 mL of each sample
was poured into a 20 mL polystyrene container under stirring, using a portable magnetic stirrer
(IKAR Topolino Mobil). Under continuous stirring, 0.1 M hydrochloric acid (Titrisol, Merck,
Germany) was added in 20 — 30 uL steps until a pH value between 3.5 and 4.3 was reached.
The pH was monitored using a WTW Multi 3430 IDS portable meter, equipped with an IDS
pH electrode (SentixR 940) during the entire alkalinity measurement process. Considering the
change in the pH value and the volume of HCI added, the alkalinity (Alk.; Eq. 3.3) can be

calculated as:

[(Vhar - cucr) — 107PHfnal . M + 1(QPHstart . ﬂ]

Alk. ("fl) - - il fu 33

where Vo represents the initial sample volume, Vuci and Crci is the volume and the
concentration of the added acid, pHstrt Symbolizes the initial pH value of the sample, pHfinal IS
the final pH value after the end of the titration, and fu+ stands for the activity coefficient of H*
ions (1.0 for freshwater). In order to determine the accuracy and the precision of the method, a
2.5 M NaHCOs solution was measured on a daily basis as a control. Precision was better than
0.5 % and accuracy was < 3.3 %. Dissolved inorganic carbon (DIC) was calculated using the

following alkalimetric titration equation (Eq. 3.4) given in Stumm and Morgan (1996):

Ak, |
Cr (mm0l> = 1000 - (000 (J;l[z ]2a2 )[OH 1)

(3.4)
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where Cr is the sum of the concentrations of carbonic species in the aqueous solution, and
a1, o2 are the values of ionization fractions of carbonic acid. The ionization fractions were
estimated using the equilibrium constants, K1 = [H"][HCO3 ]/[H2CO3] for HCO3™ and K, =
[H*][COs* ]/[HCO37] for CO3*".

3.3.2 Analytical techniques

Water samples were analyzed for major (Ca, K, Mg, Na, Si) and trace elements (Ba, Sr) by
inductively coupled plasma optical emission spectroscopy using a Varian Vista Pro ICP-OES
device. Sulfate (SO4*") and chloride (CI") concentrations in water samples were determined
using a Metrohm 882 Compact IC Plus ion chromatograph (IC). Analytical accuracy obtained
from the measurement of certified reference materials (TMDW-A, IAPSO seawater) was better
than 0.25 % for IC analyses and better than 8 % for Ca, K, Mg, Si, Ba, Sr, and 13.8 % for Na
regarding the ICP-OES measurements. Further element analyses on 10-fold diluted water
samples were conducted using a double-focusing magnetic sector field inductively coupled

plasma mass spectrometer (Thermo Finnigan Element2™, Germany).

The mineralogy of the samples was determined by powder X-ray diffraction (XRD), using
a PANalytical MPD diffractometer with a Bragg-Brentano parafocusing geometry and Cu K,
radiation (operating at 40 mA and 45 kV). Instrument configuration included programmable
divergence slits in the incident and diffracted beams, placement of a 0.25° fix anti-scatter slit
in the incident path and a PSD detector PIXel. Data processing was conducted by using the
software HighScore Plus from PANalytical X'Pert PRO (mineral database: Pdf2HSP/PAN-
ICSD). Mineral quantification was defined by the peak refining method described in Rietveld
(1969). Recently formed precipitates collected from the spring sites were analyzed both wet
and dried in order to detect hydrated, labile phases that might be present within the pools. The
textural characterization and semi-quantitative chemical analysis of the solid samples were
carried out at the Centro de Instrumentacion Cientifica (CIC) of the University of Granada
(Granada, Spain) using a Field Emission Scanning Electron Microscope (FE-SEM) ZEISS
AURIGA (In- Lens mode at 3 kV) and an Environmental SEM (ESEM) FEI Quanta 400 (SE
mode at 5 kV and BSE mode at 12 kV). Complementary analysis of mineral phases and textures
was carried out at CIC using a FE-SEM Zeiss Supra 40Vp connected to a Renishaw In Via
Raman spectrometer fitted with a Nd:YAG 532 nm laser and a near infrared diode 785 nm
laser, with maximum powers of 500 mW and 100 mW, respectively. The SEMs were equipped

with Energy Dispersive X-ray Spectrometers (EDS).
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3.4 Results

3.4.1 Chemical composition of alkaline waters

The physicochemical parameters (Appendix Fig. A—3.1) and chemical composition of the
collected water samples are presented in Tables 3.1 and 3.2, respectively. We subdivided the
waters into three types according to their chemical and hydrological characteristics: i) Mg-type;
moderately alkaline (7.9 < pH < 9.5), Mg?*~HCOs3 -rich waters, ii) Ca-type; hyperalkaline (pH
> 11.6), Ca**~OH -rich waters, and iii) Mix-type; alkaline to hyperalkaline (9.6 < pH < 11.5)
waters with intermediate chemical composition. In the present study, we use the terms “Mg-
type” instead of Mg?*—~HCO3 -rich waters (Type I) and “Ca-type” instead of Ca?*—~OH -rich
waters (Type II). We also use the term “Mix-type” to refer to all the waters formed by the
mixing between Mg-type and Ca-type waters (Fig. 3.1).

The two studied spring sites are small-scale, hydrological networks of pools formed upon
the discharge of Ca-type and Mg-type waters (Fig. 3.4a). Mg-type waters occur in spring and
run-off waters forming pools with diameters from 0.5 to 2 m, and emanate from rock fractures
usually associated with soils (Fig. 3.4b). They have high Mg (1.4 — 7.2 mmol/L) and DIC (4 —

14.6 mmol/L) concentration, and relatively low Ca concentration (0.2 — 0.4 mmol/L).

Ca-type waters include shallow pools (in most cases up to 0.5 m in diameter) with a thin
crystalline crust floating on the water surface (Fig. 3.4c). They show high Ca concentration (up
to 2 mmol/L), low DIC (0.4 — 1.7 mmol/L), and virtually no Mg (0.001 — 0.02 mmol/L). Ca-
type waters form isolated pools discharging from either tectonic fractures or small cracks and
fissures in the ultramafic rocks. The hydrological network of the pools develops through mixing
of the run-off waters of the two different spring water types (Figs. 3.1; 3.4a). Pools of Mix-
type waters —that are predominant in the two spring sites— show great variability in diameter

(0.5 =7 m) and habitually display a turquoise color (Fig. 3.4d).

Mix-type waters have variable Ca (0.1 — 0.6 mmol/L) and Mg (0.02 — 2 mmol/L)
concentrations, intermediate between Mg-type and Ca-type waters, and DIC values between
0.7 and 3.8 mmol/L. The graph in figure 3.5 highlights the categorization of the three different

water types, based on the relationship between Ca/Mg ratio and pH.
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3.4.2 Mineralogy and textures

We have identified five mineral groups in the studied spring sites (Table 3.3): anhydrous
carbonates (calcite, aragonite, and dolomite), hydroxides (brucite), layered double hydroxides
(LDH; hydrotalcite), hydrated carbonates (nesquehonite), and hydrated hydroxy-carbonates
(dypingite, hydromagnesite and artinite). Olivine and serpentine group minerals —identified in
a fraction of the samples— are most likely detritus from the ultramafic host rocks, and quartz
probably derives from wind-blown dust from the nearby Wahiba Sands desert (40 km SE from
the spring sites). The detailed mineralogy and description of the collected solid samples are
given in Table 3.4. In addition, we determined the frequency and the proportional content of
each identified mineral phase in all sample types. Table 3.5 summarizes the percentage of the
identified mineral phases to the total mineralogical index in each sample type, and Table 3.6,
presents the wt% range in mineral composition for each type of solid samples. All samples
contain calcium carbonate phases, and brucite is present in 22% of them. Hydrated magnesium
(hydroxy-) carbonates (nesquehonite, dypingite, hydromagnesite and artinite), LDH, and

dolomite are found in 7%, 2% and 2% of the total number of collected samples, respectively.

Table 3.3. Chemical formulas and mineral groups of mineral phases identified in the spring sites.

Mineral Chemical formula Mineral group

Calcite, aragonite CaCOs3 Anhydrous carbonates

Dolomite CaMg(CO3)s

Brucite Mg(OH), Hydroxides

Hydrotalcite MgsAl>(OH),6(CO3)-4H,0 Layered double hydroxides (LDH)
Nesquehonite MgCO53H,0 Hydrated carbonates

Dypingite Mgs(CO3)4(0OH)»-5H,0

Hydromagnesite Mgs(COs3)4(OH)24H,0 Hydrated hydroxy-carbonates
Artinite Mgz(CO3)(OH)23H20

3.4.2.1 Crystalline crusts

We identified two types of crystalline crusts in the spring sites: i) calcitic crusts (90 — 100
wt%; Table 3.6) in Ca-type waters, and ii) aragonite-dominated crusts (60 — 72 wt%) in Mix-
type waters. Calcitic crusts in Ca-type waters are thin (< 1 mm) and form on the air—water

interface. They are rather homogeneous and almost exclusively composed of aggregates of
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subhedral {120} calcite crystals (up to 40 um), growing laterally to the air—water interface
towards the water column (Fig. 3.6a). Patches of subhedral to anhedral calcite crystals (< 4 um)
can be also observed in between the main subhedral calcite crystals (Fig. 3.6a).

Figure 3.6. SEM images of crystalline crusts precipitating on the surface of Ca-type and Mix-type
waters. (a) Calcite-dominated crystalline crust in Ca-type waters. (b) Zoomed-in image of the
calcite crystals from the inset in (a), showing patches of subhedral to anhedral calcite crystals in
between larger calcite crystals. (c) Aragonite-brucite—calcite assemblage in a crystalline crust in
Mix-type waters. (d) Hydromagnesite and brucite clusters grow on an aragonitic crust in Mix-type
waters.

Crystalline crusts in Mix-type waters are rare and occur where Mg-type and Ca-type spring
water outlets discharge in the same pool. They typically form near the outlet of Ca-type waters,
and their growth is restricted towards the central parts of the pool. Unlike Ca-type water crusts,
the mineralogy in Mix-type water crusts is heterogeneous and is composed of aragonite (50 —
75 wt%), brucite (10 — 35 wt%), calcite (4 — 12 wt%), and sometimes hydromagnesite (0 — 15
wt%) (Fig. 3.6¢, d). Aragonite exhibits acicular, needle-like morphologies, with needle-like
crystal sizes ranging from < 1 — 20 um. In the aragonite-dominated crusts, dispersed euhedral
to subhedral (5 — 30 um) calcite crystals grow on the aragonitic crust surface (Fig. 3.6¢). Brucite
occurs as single spheres (avg. diameter of 40 um) made of interlocking flakes (Fig. 3.6¢), and
hydromagnesite as rosette clusters with flower-like morphologies of variably spaced flaky

crystals (Fig. 3.6d).
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3.4.2.2 Rock coatings

The rock coating materials mantle some Mg-type and Ca-type pools just above the water
surface. The mineralogy of rock coatings in Mg-type waters is diverse and includes calcium
carbonate phases (0 — 15 wt% calcite and aragonite), hydrated magnesium carbonates (5 — 70
wt% nesquehonite, 0 — 25 wt% dypingite, 0 — 12 wt% hydromagnesite and 0 — 5 wt% artinite),
and halite (0 — 20 wt%) (Fig. 3.7). Aragonite occurs as individual, spindle crystals (< 15 um;
Fig. 3.7a), and calcite as subhedral crystal clusters (< 40 um; Fig. 3.7b). Nesquehonite exhibits
variably sized, prismatic crystals (40 — 2000 um; Fig. 3.7b, c) and dypingite and
hydromagnesite show rosettes (< 40 um) made of flaky crystals (Fig. 3.7¢). Halite —formed
during evaporation at the edges of the pools— appears as integrating {111} octahedral crystals

(Fig. 3.7a) or crusts on the surfaces of other minerals (Fig. 3.7c).

aragonite

Figure 3.7. SEM images of rock coatings precipitating around the pools. (a) Mineral assemblage
of calcite, octahedral halite and spindle-like aragonite in Mg-type waters of the Nasif site. (b)
Prismatic nesquehonite, calcite with curved edges and halite in Mg-type waters of the Nasif site.
(c) Large prismatic crystals of nesquehonite grow on rosette-like aggregates of dypingite in Mg-
type waters. (d) Acicular aragonite crystals associated with calcite crystals with curved edges in
Ca-type waters.

Rock coatings in Ca-type waters are made of calcite (70 — 90 wt%) and aragonite (10 — 30
wt%) showing subhedral to euhedral crystals (Fig. 3.7d). Integrating, euhedral {104} calcite
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crystals (up to 50 um) co-exist with {120} curved edged calcite (up to 120 um), which exhibits
step growth (Fig. 3.7d). Where present, aragonite shows acicular morphologies of tubular

crystals ranging in size from 5 to 80 um (Fig. 3.7d).

3.4.2.3 Flocculent material

The flocculent material consists of particles in suspension within the water column that
eventually form unconsolidated deposits at the bottom of the pools. They mostly occur in the
Mix-type waters; we have only found one sample of this sample type in Ca-type waters at the
Khafifah site (sample OM15K—-01A-P; Table 3.4). Aragonite (5 — 25 pm) is the main
component of the flocculent particles (75 — 100 wt%) and exhibits diverse textures including
initial crystalline sheaves, dumbbell, wheat-sheaf, and acicular-spheroidal morphologies (Fig.
3.8a). Brucite crystals, with low degree of crystallinity, and flakes of LDH phases are

occasionally attached to aragonite particles (Fig. 3.8b; Appendix Fig. A—3.2).

Figure 3.8. SEM images of flocculent material depositing at the bottom of the pools and/or
being in suspension within the water column. (a) Textural variability of aragonite including
initial crystalline sheaves, dumbbell , wheat-sheaf, and acicular -spheroidal morphologies in
Mix-type waters. (b)Brucite and LDH (hydrotalcite ) crystals found attached on aragonite
crystals in Mix-type waters.

3.4.2.4 Mud-like precipitates

Mud-like precipitates are white to yellow/brown material only occurring in Mix-type waters.
They mainly form at shallow parts of the pool network, such as the pool and stream edges, or
shallow areas of Mix-water pools. Occasionally, mud-like precipitates form dams (rippled
terracing) in pools and streams associated with active water flow. Aragonite is the predominant
mineral phase (63 — 100 wt%) in mud-like precipitates, displaying a homogeneity in
morphological and textural features (crystal sizes range from < 1 umto 15 pm) (Fig. 3.9a). The

most common aragonite morphologies are spindle (c. 80 vol%; Fig. 3.9b) followed by
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spheroidal aragonite clusters made of small (< 3 um) needle-like crystals (Fig. 3.9b). Calcite
(0 — 37 wt%; 2 — 5 um in size) and brucite (0 — 16 wt%; < 500 nm in size) are occasionally
associated with needle-like aragonite (Fig. 3.9¢c). In some cases, aragonite shows penetration

twinning with crystal sizes varying from < 1 umto 10 um (Fig. 3.9d).

spindle
aragonite

needle-like
aragonite

Figure 3.9. SEM images of mud-like precipitates forming inside and around the pools and streams.
(a) Overview of aragonite-dominated mud-like precipitates. (b) Spindle and needle-like
morphologies of aragonite crystals and crystal aggregates in mud-like precipitates. (c) Needle-like
clusters of aragonite along with calcite and brucite crystals. (d) Aragonite crystals exhibiting
(cruciform) penetration twinning sit on spheroidal needle-like aragonite.

3.4.2.5 Lithified structures

Samples of lithified structures include dam-like formations, concretions associated with active
water flow, and travertine terraces on ultramafic rocks that are presently unrelated to active
water flow. Dam-like formations are whitish, yellowish or reddish, and they are commonly
associated with microbial mats. Calcite is the dominant phase of the dam-like formations (85 —
100 wt%) and exhibits an internal layering that terminates into curved and sharp edges on the
exterior part (Fig. 3.10a). Small amounts of needle-like aragonite (0 — 15 wt%) can be observed

at the external parts of the dams (Fig. 3.10a).

The concretions consist of aragonite (55 wt%), brucite (36 wt%), and calcite (9 wt%), and

they are locally observed in restricted zones, where run-off Ca-type waters mix with Mg-type
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or Mix-type waters. Aragonite occupies the lower part of the concretions (in contact with the
ultramafic bedrock), and shows a massif cementation texture that becomes needle-like (< 5 pm)
at the exterior part (facing the water column). Brucite displays a compact texture with narrow

spaces between the flaky crystals that compose the brucite clusters (Fig. 3.10b).

Calcite is the main component (76 — 90 wt%) of travertine samples, whilst aragonite (5 —
14 wt%) and dolomite (0 — 8 wt%) are present as minor phases. Traverine samples display
recrystallization textures with variable crystal sizes (from < 1 pm to > 200 pm), different
generations of vein networks, and chaotic and colloformic textural features (Fig. 3.10c). Clasts
of serpentinite, Fe-oxides, and Cr-spinel from the ultramafic host rocks occasionally occur in

the carbonate matrix of the travertine (Fig. 3.10d).

.

Figure 3.10. SEM and optical microscope images of lithified structures associated with Ca-type and
Mix-type waters or collected from travertine terraces. (a) SEM image of calcite-dominated dam-like
structures associated with active flow of Ca-type waters. The dams exhibit an internal layering that
terminates into a curved and smoothened exterior part. Needle-like aragonite occurs at the external
part of the dam. (b) SEM image of concretions containing brucite clusters that grow on a substrate
of acicular aragonite. This type of sample occurs at the mixing zones where Ca-type waters mix with
Mg-type or Mg-rich Mix-type waters. (c) Optical microphotograph of travertine thin section
exhibiting colloformic and chaotic textures of calcium carbonate (transmitted light). (d) Optical
microphotograph of travertine thin section composed of clasts from the serpentinized host rocks that
are entrapped in the calcium carbonate matrix (transmitted light).
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3.4.3 Thermodynamic models

3.4.3.1 Mineral saturation indices

The mineral saturation indices (SIs) in the investigated water samples (Appendix Fig. A—3.3)
were calculated using the geochemical speciation and reaction path modeling code PHREEQC
(Parkhurst and Appelo, 1999) and the wateq4f database. Figure 3.11 shows the Sl of potential
mineral phases as a function of the partial pressure of CO2 (Pco,) in the three water types from
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Figure 3.11. Saturation index of potential mineral phases versus the Log(Pco,) in the different
water types of the two spring sites. The pH-curve in the diagrams (green line) is filled through
actual data measured on-site. The CaCQs (s) diagram (up left) plots saturation index values for
calcite (top-above the line) and aragonite (bottom-below the line) for each sample.
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the Nasif and Khafifah spring sites. Calcium carbonate (calcite + aragonite) has the highest SI
values in Ca-type waters (avg. SI = 1.95) and systematically decreases in Mix-type waters (avg.
Sl =1.33) and Mg-type waters (avg. SI = 0.85) that show the lowest Sl values. Mg-type waters
and Mix-type waters with pH < 10.5 are undersaturated with respect to brucite (avg. SI = —2),
whereas brucite is supersaturated in Ca-type waters and Mix-type waters with pH > 10.5 (avg.
SI = 1). All water types are undersaturated with respect to nesquehonite that is close to
saturation in Mg-type waters. Ca-type and Mg-type waters are undersaturated with respect to
artinite and hydromagnesite. The Sls of these minerals increase in Mix-type waters, where
hydromagnesite is supersaturated in some samples, and artinite is supersaturated (avg. SI = 1.2)
in most samples. Quartz Sls are positively correlated with Pco, that corresponds to a transition
from quartz-undersaturated Ca-type waters to quartz-saturated Mg-type waters. Most Khafifah
waters show lower Pco, values than Nasif waters, indicating that Khafifah waters are less

equilibrated with the atmosphere.

3.4.3.2 Mixing model

The spatial distribution and the undisturbed nature of the pools in the Nasif site allow to
accurately compare the water chemical compositions derived by analytical techniques to those
acquired by mixing model calculations. The positive correlation (r? = 0.9992) of conservative
tracers, such as CI” and Na, points that the physicochemical variability of the Nasif site waters
is due to variable mixing of two water end-members with the highest and lowest CI~ and Na
concentrations, respectively. To evaluate the role of water mixing in mineral precipitation, we
performed mixing model calculations using the PHREEQC-MIX command. For modeling, we
use as end-members pristine Ca-type (OM15-1W) and Mg-type spring water samples
(OM15-4W) with the highest and lowest CI™ and Na concentrations (Table 3.2), respectively.
The modeling was computed to mix the Mg-type water end-member with the Ca-type end-
member under a mixing ratio step of 0.01 (1%) (Fig. 3.12). This permits to follow and examine
the Sl of the minerals under all the intermediate mixing ratios between the two pristine end-

members (100% = 1; Fig. 3.12) of Mg-type and Ca-type waters.

Figure 3.12 models the evolution of the Sls of selected mineral phases, CO2(g) and pH
with increasing mixing fraction —from left to right— of the Ca-type water end-member.
Calcite and aragonite are supersaturated for all mixing fractions and their Sls reach a plateau,

where Ca-type water mixing fraction is between 0.3 and 1 (Fig. 3.12). Brucite becomes
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saturated at Ca-type water mixing fraction > 0.25, where pH is > 9.8. Brucite Sl value continues
to increase (c. 2.5) up to 0.95 Ca-type water mixing fraction, where it rapidly decreases (Fig.
3.12). Artinite reaches saturation at 0.12 Ca-type water mixing fraction, where the pH value
is11.2 (Fig. 3.12). Similar to brucite, artinite presents an extreme Sl value decrease between
0.95 and 1 Ca-type water mixing fraction that leads to its undersaturation. Hydromagnesite —
which Sl values display a bell-shaped curve— is supersaturated between 0.15 and 0.8 Ca-type
water mixing fraction (Fig. 3.12). Nesquehonite is undersaturated for all mixing fractions; its
Sl increases in the 0 — 0.15 Ca-type water fraction interval, while it decreases with increasing
Ca-type water mixing fraction (0.4 — 1) (Fig. 3.12).

Brucite Artinite

CaCo,(s) Hydromagnesite

Quartz pH - === Log(pCO,)
=12

Nesquehonite

i

—10

Saturation Index
pH

-9~ [ T | T | T | T | T 1 8
0 0.2 0.4 0.6 0.8 1
100% Mg-type Mixing ratio —  100% Ca-type

Figure 3.12. Saturation index, pH, and CO- evolution during gradual mixing of Mg-type and Ca-type
waters. Water sample OM15-1W was used as the end-member for pristine Mg-type waters and sample
OM15-4W as the end-member for pristine Ca-type waters (see Table 3.2). The step of mixing ratios
in the model is 0.01 (1%), starting from 100% Mg-type water (at 0 on the x axis) and ending up with
100% Ca-type water (at 1 on the x axis).
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The same water samples used as end-members for the mixing model in figure 3.12 were
also used to calculate the theoretical mixing proportion of Mg-type and Ca-type water type in
each collected water sample from the Nasif spring site (Fig. 3.13).
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Figure 3.13. Plots of measured (analytical) versus estimated (PHREEQC) concentrations
using the collected water samples from the Nasif spring site. Water sample OM15-1W was
used as the end-member for Mg-type waters and sample OM15-4W as the end-member for
Ca-type waters (see Table 3.2). Red squares represent the values of the two end-members.
The black circles correspond to the rest water samples. Red dashed line represents the
indicative mixing trend.
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Measured (analytical) versus estimated (PHREEQC) values of element concentrations
(Fig. 3.13) in the Nasif water samples are well correlated (R2 > 0.95) for K, Na, CI" and Mg,
whereas Ca, Al, Si, Sr, Ba, SO4*~ and DIC show a larger dispersion and correlation. Estimated
values of Ba, Sr, Ca, K, Si, Al, DIC are higher than the measured ones in the majority of the
samples, whereas SO4>~ shows higher measured values.

3.5 Discussion

3.5.1 Groundwater flow paths of Oman alkaline springs

In the Oman spring systems, the proximity between the outlets of Mg-type and Ca-type water
springs —somewhere spaced close together ¢. 1 m— (Fig. 3.4a) raises the question of what are
the underground flow paths of these two types of water. In the Oman Ophiolite, groundwater
circulation occurs in the near-surface horizon of fissured serpentinized peridotite, and to a lesser
extent, along deeper fractures (Dewandel et al., 2003). Although tectonic structures (e.g., faults)
might act as deep groundwater pathways of Oman hyperalkaline Ca-type springs, these springs
randomly emanate from bedrock fissures unrelated to these tectonic structures, indicating that
they follow other groundwater permeability pathways in the fissured aquifer. On the contrary,
Mg-type spring waters generally follow tectonic contacts, emanating from fractured zones often
associated with soils. The similar chemistry of meteoric-derived Mg-type spring waters and
surface wadi waters (e.g., Paukert et al., 2012) suggests that they were both produced due to
weathering processes taking place in the shallow serpentinized peridotite aquifer (Barnes and
O’Neil, 1969; Dewandel et al., 2004).

The contrasting difference in the daily temperature fluctuations between Ca-type and Mg-
type spring waters likely indicates that they are fed by groundwater from different depth
horizons. The temperature of Ca-type hyperalkaline waters is rather constant (30 — 32 °C) and
is likely indicative of deep groundwater. The daily temperature of Mg-type spring waters
fluctuates as much as 10 — 12 °C showing that they are fed from shallower groundwater
horizons. The differences in temperature fluctuations support that, before their discharge, Ca-
type and Mg-type waters probably circulate along distinct flow paths, and that their
underground mixing was likely limited. Rempfert et al. (2017) argued, however, that subsurface
mixing of both water types could be the cause for enhancing the chemical disequilibria that
promotes the growth of some microbial communities in Oman Ophiolite deep aquifers.

Although the chemical profile of Ca-type and Mg-type waters greatly differs, underground
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mixing —at least to some degree and at specific aquifer parts— is a possible scenario. Further
research is needed to develop a better understanding of the pathways and processes controlling
the groundwater circulation and mixing of both water types, and their impact on their chemistry

and any potentially triggered precipitation.

3.5.2 Hydrodynamics, geochemistry and active precipitation in the Oman
spring systems

The hydrology and hydrodynamics of the Oman spring systems are pivotal to understand the
variations in the chemistry of Mix-type waters and the chemical, mineralogical, and textural
characteristics of their mineral precipitates (Fig. 3.14). In the following subsections we discuss
the various mineral phases and textures associated with the different water types, and how they

are linked to the hydrological features and hydrodynamics characterizing the spring sites.

3.5.2.1 Hyperalkaline Ca-type waters

Deep-rooted Ca-type waters discharge —apparently scattered— throughout the spring sites,
feeding regularly the pool waters with hyperalkaline waters upstream to downstream (Fig.
3.14). The depletion of Ca-type waters in DIC dictates atmospheric CO2 uptake as one of the
main contributors for carbonate precipitation. In addition, the slow Ca-type water flow rates (Q
=0.1-0.5L/s; Leleu et al., 2016) and the shallow nature of Ca-type pools promote evaporation

under the arid climate conditions of Oman.

A thin (< 1 mm) crystalline crust on the water surface (Fig. 3.3a) is the main characteristic
of hyperalkaline Ca-type waters. Crystalline crusts in Ca-type water pools and flow paths are
mainly made of calcite (90 — 100 wt%; Table 3.6) that precipitates due to coupled effects of
atmospheric CO> uptake and evaporation (e.g., Chavagnac et al., 2013b; Clark et al., 1992; Falk
et al., 2016). The absence of Mg?* ions and the low Mg/Ca ratio in Ca-type waters favor the
precipitation of calcite (Folk, 1994; Pentecost, 2005), as well as the low dissolved CO; content
(Fig. 3.11) inhibits aragonite precipitation (Jones, 2017a). In the absence of Mg ions,
evaporation and CO; hydroxylation lead to extreme supersaturation rates and massive
precipitation of calcite (Jones, 2017a). These fast supersaturation rates (Clark et al., 1992; Falk
et al., 2016) in Ca-type waters could lead to the formation of initial calcite nuclei that remain
attached to the air—water interface due to surface tension. This process may explain the presence
of patches with small calcite crystals (< 4 um) (Fig. 3.6b) in between the typical subhedral

calcite crystals (up to 40 um) in Ca-type crystalline crusts (Fig. 3.6a). Further evaporation in
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the pool can lead to high supersaturation and promote the observed precipitation of larger
calcite crystals that use the initial small crystals as nucleation surface.

Evaporation of Ca-type waters produces a coating rim of precipitation on the rock around
the pools (Fig. 3.3b). Similar to crystalline crusts, these rock coatings are calcite dominated
(70 — 90 wt%,; Table 3.6). The calcite crystals from rock coatings (Fig. 3.7d) and crystalline
crusts (Fig. 3.6a) share similar sizes and morphologies that record the possible effects of
evaporation on the textures of this sample type during precipitation. The curved edges of calcite
crystals (Fig. 3.7d) are associated with high supersaturation (Gonzalez et al., 1992) with respect
to calcium carbonate as a result of the high concentration of Ca in the evaporating waters. Slow
evaporation rates could lead to kinetically-controlled high-quality crystals (Jones, 2017b),
which is supported by the co-existence of euhedral {104} calcite crystals along with {120}

calcite with curved edges and evident step-growth crystallization (Fig. 3.7d).

Rock coatings
Rock coatings Mud-like (Ca-type) Travertine
(Mg-type) precipitates

Crystalline crust
(Ca-type)

Crystalline crust _ - Lithified structures - Lithified structures -
(MIX-type) rlocculent material concretions dam-like

Figure 3.14. Conceptual model of the Oman alkaline spring systems. The spring sites host different
types of waters that are characterized by several types of precipitates with various textural
characteristics. Water mixing, atmospheric CO, uptake, and evaporation are the main drivers of
precipitation and textural differentiation of mineral phases occurring in the spring systems.
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3.5.2.2 Mg-type and wadi waters

Unlike Ca-type waters, Mg-type waters are more scarce and less dispersed, often merging with
surface wadi waters before mix with Ca-type waters. In most cases, the Mg-type and wadi
waters (Q is up to 20 L/s) in the peridotites are perennial and their flow is higher than that of
the Ca-type water (Dewandel et al., 2004). This constant water flow leads to influxes of large
Mg-type water volumes in pool network, especially near the Mg-type spring outlets. The
fraction of the Mg-type waters in the Mix-type waters decreases upstream to downstream, as
the number of the Ca-type springs feeding the pool network increases.

The precipitation in Mg-type waters is limited including only rock coatings around the pool
rims. Our study is the first report of broad occurrence of hydrated magnesium (hydroxy-)
carbonates in the Oman Ophiolite Mg-type waters. Since most of the Oman Mg-type waters
are undersaturated with respect to hydrated Mg-carbonate, evaporation is the most plausible
factor controlling their precipitation. Hydrated magnesium (hydroxy-) carbonates are indicative
of evaporative environments characterized by CO> degassing and high CO content (e.g., Levy
et al., 1999; Miiller et al., 1972; Power et al., 2009; Power et al., 2019). Nesquehonite can be
formed due to evapoconcentration around the Mg-type pools (Fig. 3.14) through cycles of
recharge and subsequent evaporation of the pool waters. The large size (up to 2 mm) and the
high quality of nesquehonite crystals in Mg-type waters (Fig. 3.7c) could indicate slow
supersaturation rates, probably due to slow evaporation of the —Ilower in temperature

compared to Ca-type (Appendix Fig. A—3.1)— Mg-type waters.

In the Khafifah spring site, one Mg-type water pool (i.e., OM15K-02W; Table 3.2) is
supersaturated with respect to hydromagnesite (SI = 2) and artinite (SI = 0.8) (Fig. 3.11). The
interaction of water with soil potentially accounts for its high Mg DIC concentration —that
plays a crucial role in the precipitation of hydrated Mg-carbonates (Ferrini et al., 2009;
Kloprogge et al., 2003; Power et al., 2019)— and favored the precipitation of hydrated
Mg-carbonates (25 wt% nesquehonite and 70 wt% dypingite; Table 3.6). The XRD analysis
showed that artinite in Mg-type pools is chlorartinite, a Cl-rich artinite variety, where OH™ is
replaced by CI™ in the crystal lattice. Co-precipitation of chlorartinite and nesquehonite is
common in Cl-rich evaporitic environments (Mignardi et al., 2011). Hydromagnesite only
occurs in the Khafifah water pools with DIC > 5 mmol/L, attesting for precipitation in a CO,-

rich environment (Power et al., 2019).

Alternatively, the precipitation of hydrated Mg-carbonates may also be due to the increase
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of the OH™ concentration during the influx of Ca-type waters in Mg-type pools. In this scenario,
evaporation would control nesquehonite precipitation, while the precipitation of dypingite,
hydromagnesite, and artinite is governed by the pH increase (Power et al., 2007; Zhang et al.,
2006) during Ca-type water influx events. These influx events could explain the observed
transformation process of nesquehonite to dypingite in figure 3.15, where a pseudomorph of
dypingite forms after a prismatic crystal of nesquehonite. This could also imply a potential
recharge of the pool with alkaline Mg-type waters. In both cases, the inserted fluid is
undersaturated with respect to nesquehonite and initiates its dissolution. Subsequently,
supersaturation with respect to dypingite or hydromagnesite could create an interfacial layer,
where the product mineral may take on the crystal morphology of the parent (pseudomorphic
replacement; Fig. 3.15) (Power et al., 2019 and references therein). This process is known as
interface-coupled dissolution—precipitation (Ruiz-Agudo et al., 2014). In addition, the
influence of Mg-type waters by Ca-type water influxes could introduce high amounts of OH™
in the pool leading to nesquehonite conversion into dypingite and/or hydromagnesite (Power et
al., 2007; Zhang et al., 2006).

Figure 3.15. The transformation process of nesquehonite into dypingite (pseudomorph crystal) in
Mg-type waters. Prismatic crystal of nesquehonite (left) get completely converted to dypingite flakes
(right) via interface-coupled dissolution—precipitation (middle).

3.5.2.3 Mix-type waters

Massive calcium carbonate deposits —mud-like precipitates and flocculent material— are
systematically associated with Mix-type water pools, pointing that mixing of Ca-type and Mg-
type waters is the primary cause for the precipitation of these deposits. Based on the stable
isotope signature of calcium carbonates, Falk et al. (2016) proposed that the main precipitation
mechanisms of these deposits was both water mixing and atmospheric CO. uptake; however,
calcium carbonates with an atmospheric CO2 uptake isotopic composition may have been

formed in Ca-type pools and transported to the Mix-type pools by the water flow. Due to the
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relatively low Sl of calcium carbonate (SI = 0.6 — 1.7; Fig. 3.11) in Mix-type waters —
compared to other travertine forming environments (Leleu et al., 2016; Pentecost, 2005)—

evaporation may have also played a role in the formation of these deposits.

Aragonite is the dominant calcium carbonate phase in Mix-type water pools due to the
higher Mg concentration and Mg/Ca ratio relative to those in Ca-type waters (Table 3.6) (e.g.,
Chavagnac et al., 2013b; Falini et al., 1994; Jones, 2017a; Lin and Singer, 2009; Pokrovsky,
1998, and references therein). In some cases, Mg-type and Ca-type waters discharge
simultaneously into the same pool and create peculiar Mix-type pools (Fig. 3.14; e.g.,
OM15-03W). These Mix-type pools share a mixture of mineralogical and textural
characteristics that reflect a strong influence from both Mg-type and Ca-type waters on mineral
precipitation; aragonite-brucite (hydromagnesite)—calcite crystalline crusts (Table 3.4;
OM15-03B—-P) and aragonite-brucite (hydromagnesite)—calcite mud-like and flocculent
material deposits (Table 3.4; OM15-03C—Pa) form, respectively, around Ca-type and of Mg-
type spring outlets (Fig. 3.14).

The texture of crystalline crusts in Mix-type waters is suggestive of an initial stage of
aragonite nuclei formation that is followed by subsequent growth of the first crust segments at
the air-water interface, likely caused by CO. uptake and evaporation (Fig. 3.16; Stage I). In a
second stage (Fig. 3.16; Stage Il), further growth of semi-spherical acicular aragonite takes
place leading to the expansion of the crust. The growth of aragonite is unaffected by the
presence of Mg ions, which remain —at least initially— in solution and suppress aragonite
transformation into calcite (Berner, 1975; Kitamura, 2001; Reddy and Wang, 1980). The
continuous growth of the crust leads to the development of an aragonitic layer that completely
covers the water surface and becomes the substrate for later growth of brucite and calcite
crystals (Fig. 3.16; Stage I11). The development of the crystalline crust provides a non-turbulent
environment and a physical substratum that promotes the growth of well-defined microplates
of magnesium hydroxide, resulting in a better ordering of brucite crystals. In contact with
atmospheric CO», brucite transforms to hydromagnesite, artinite or nesquehonite, what would
account for the presence of hydromagnesite in some crystalline crusts (Fig. 3.6d) (Botha and
Strydom, 2001; Hostetler et al., 1966; Simandl et al., 2008; Zhao et al., 2009). In the late
crystallization stage (Fig. 3.16; Stage Ill), formation of brucite in the crystalline crusts
decreases the Mg/Ca ratio of Mix-type waters, triggering the heterogeneous nucleation of
calcite on the aragonitic crust surface. The euhedral shape of these crystals formed in this stage

(Fig. 3.16) is indicative of slow crystal growth that was favored by the sluggish atmospheric
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CO. diffusion into water pools due to the formation of the crystalline crust (Chavagnac et al.,

2013Db; Olsson et al., 2014).

Stage |: Aragonite nucleation and formation

<
<=

CO, diffusion

Stage |l: Aragonite growth

Stage llI: Brucite and calcite growth on aragonite

/

Bruc:te @i\ ‘ \ Calcite”
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Figure 3.16. Growth process of crystalline crusts in Mix-type waters. At initial crystallization stage,
aragonite nucleates at the air—water interface due to evaporation and COzuptake (Stage I). Further
evaporation and CO:zdiffusion and uptake leads to aragonite growth, and the development of the
crystalline crust at the air—-water interface (Stage I1). Aragonite crystals act as a growth substrate
for brucite and calcite, as well as a barrier for further CO2 diffusion in the water (Stage I11).
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Aragonite particles from a single sample of flocculent material in Mix-type pools (Fig.
3.14) exhibits a large textural diversity (Fig. 3.8a) that reflects their formation under different
supersaturation values and rates. The aragonite particle textures record an evolutionary path
from an initial crystalline sheaf towards acicular, sphere-like aragonite (Fig. 3.17). Higher
supersaturation and faster supersaturation rates lead to aragonite formation that exhibits
branching, displaying a splitting process at the growth front of the crystal (Rowling, 2004).
This process creates fan-like morphologies at the tips of aragonite crystals that eventually form
spherical aragonite morphologies (Fig. 3.17) (Granasy et al., 2005). Unlike mud-like
precipitates, the aragonite textures in flocculent material record the changes in the values of
supersaturation and supersaturation rates associated with environments of vigorous water
mixing (e.g., in Mix-type pools where Mg-type and Ca-type waters discharge simultaneously)

or rapid CO; uptake and evaporation (e.g., near the air—water interface).

The deposition and development of dam-like formations (rippled terracing) is controlled
by water hydrodynamics, in particular the bedrock morphology and local obstacles to the water
flow paths (Hammer et al., 2007; Hammer et al., 2010) (Fig. 3.3d). Aragonite in dams (terraces)
of mud-like precipitates show a self-organized nanocrystalline structure made of co-oriented
nano-rods (Fig. 3.18), suggesting nucleation and growth by accretion and not by classical
crystal growth mechanisms. Diverging rod-made branches lead to wheat-sheaf shapes, whereas
converging ones lead to spindle crystals with mesocrystalline structure (Fig. 3.18). These
structures could also be attributed to self-organization of aragonite mesocrystals, leading to
crystals formed by crystalline subunits (Colfen and Mann, 2003; Jones, 2017b; Meldrum and
Colfen, 2008; Zhou et al., 2009). The homogeneity of mineralogy (aragonite: 63 — 100 wt%;
Table 3.6) and textures (Fig. 3.9a) in mud-like precipitates imply non variable saturation values
and supersaturation rates. These steady conditions can be established in low energy
environments of the pool networks, such as the mid-parts of shallow pools and the outmost
parts of streams and pools. Indeed, these environments are the most common areas within the

spring sites, where mud-like dams tend to form.

Apart from crystalline crusts, brucite is uncommon in streams, but locally precipitates —
occasionally forming brucite-bearing concretions (Fig. 3.3e)— in restricted mixing zones,
where Ca-type waters come in contact with Mg-type and Mix-type waters (Fig. 3.14). In these
mixing zones, the water flow is slow, indicating the critical role of hydrodynamics on brucite

occurrence. The relatively more energetic water flow of streams may prevent brucite settling
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and favor its dissolution (Chavagnac et al., 2013b), while mixing zones with slow water flow

promotes the settling and/or preservation of brucite.

Figure 3.17. SEM images (left) and sketches (right) describing the textural evolution of aragonite
in flocculent material. Branching and splitting processes lead from an initial crystalline sheaf, over
wheat-sheaf and dumbbell, to an acicular-spheroidal morphology.
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The crystals of brucite in the concretions (Fig. 3.3e) display a distortion bending and a
narrowing of the internal distances between the crystal flakes (Fig. 3.10b). These textural
features likely indicate an on-going cementation process around mixing zones, where the
hyperalkaline Ca-type waters come in contact with Mg-type or Mix-type waters under slow
water flow conditions. At the parts of the concretions that aragonite growth is not inhibited by
brucite, open-space crystallization of acicular, needle-like aragonite is favored (Fig. 3.10b).
Unlike Mix-type crystalline crusts, brucite crystals in mud-like and flocculent material (for
frequency see Table 3.5) show smaller crystal sizes (< 5 um) and lower degree of crystallinity
(Fig. 3.8b) than brucite in the crystalline crusts (Fig. 3.6¢). This textural feature is possibly
indicative of faster supersaturation rates during vigorous mixing of Ca-type with Mg-type or
Mg-rich Mix-type waters, where the steady supply of Mg?* and OH~ keeps the water
supersaturated with respect to brucite. In some cases, brucite occurs in mud-like and flocculent
material from Mix-type water pools that are located away from mixing zones. This may indicate
that brucite had formed elsewhere and was transported by the water flow in these pools.
Nevertheless, according to our mixing model, the highest values of brucite supersaturation (S|
= 2.5; Fig. 3.12) are attained where the Ca-type mixing fraction is between 0.5 and 0.9. This is
in agreement with the calculated Mg-type — Ca-type ratios (see Fig. 3.13) characterizing the
natural Mix-type pools, where brucite was actually found (Appendix Fig. A—3.4).

Figure 3.18. SEM image (left) and sketch (right) describing the spindle aragonite crystals that form
due to the aggregation of aragonite nano-rods via self-assembly processes in the dams of mud-like
precipitates.
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3.1.1 Development of travertine terraces

Preserved travertine terraces in Oman (Fig. 3.3f) —forming over the past 50 ka (Mervine et al.,
2014)— are extensive carbonate formations that mainly form via CO: uptake from the
hyperalkaline Ca-type waters (Falk et al., 2016). In most cases, the travertine terraces develop
in association with Ca-type springs and appear to have a close genetic relation to lithified dam-
like structures (Fig. 3.3e). Before reaching the form we observe today, travertine terraces
experience early stages of cementation and lithification processes that can be identified in the
lithified dam-like structures. Calcite exhibits internal lamination and undefined crystal
boundaries (Fig. 3.10a) recording the conversion of well-shaped crystals into the observed
chaotic textures of the travertines. Similarly, aragonite structure is affected by cementation
processes and displays a compact texture by narrowing the space between the needle-like
crystals (Fig. 3.10a). Compact textures of aragonite could indicate its gradual transformation
into more stable calcite (Pentecost, 2005 and references within), which is the major component
of Oman travertine terraces (Table 3.6). In some parts of the lithified dams, calcite crystals
exhibit concentric cavities, which often crosscut crystal boundaries (Appendix Fig. A=3.5).
These cavities on calcite surfaces could be created by gas bubbles that are attached to the growth
substrate (Aquilano et al., 2003; Taylor and Chafetz, 2004). Calcite starts forming on the bubble
surface leaving an empty space at the place where the bubble was present. This kind of pores
on calcite surface may also be associated with specific cellular functions (e.g., self-protection
mechanisms, presence of polysaccharidic capsule) processed by several microbial communities
(e.g., cyanobacteria) during calcium carbonate precipitation (Bundeleva et al., 2014; Martinez
et al., 2010). Such impurities on calcite may create disorganization and irregular crystallization

surfaces that eventually lead to the perplexing textures observed in post-lithification travertine.

The lithified dam-like structures are exclusively associated with active Ca-type waters
that run-off from Ca-type springs (Fig. 3.4; Fig. 3.14). The dominance of calcite over aragonite
in these dam-like structures (Table 3.6) point to their precipitation directly from Ca-type waters
without any indication of mixing with Mg-type waters. Alternations of active and inactive flow
of Ca-type waters could trigger multiple recrystallization events that effect the development of
the dam-like structures and subsequently the travertine terraces. Dehydration-hydration periods
have an impact on calcite growth and reactivity (Fenter and Sturchio, 2012 and references
within) that could lead to the chaotic and colloformic textures of the travertine terraces (Fig.
3.10c). The strong presence of active carbonate precipitation due to mixing requires further

assessment regarding its contribution and incorporation to the travertine terrace build-up.
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Figure A-3.1. Comparative bar charts of average values of water parameters of each water type
in the two spring sites. Bar charts: (a) pH, (b) temperature, (c) conductivity, and (d) alkalinity.
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Figure A-3.2. SEM image (up) of LDH flaky crystals growing on acicular aragonite.
EDX analysis (down) showing the Mg and Al in the LDH (hydrotalcite) crystal
structure.
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Figure A-3.4. Relationship between Sl evolution of occurring mineral phases in the pools (calcite,
aragonite, brucite and nesquehonite) and concentration variations of the main ion species of the water
types (Ca, Mg, OH" and HCOz3") during gradual mixing model. The mixing model and the end-member
waters used for its construction are described in section 3.4.3, and they are identical with the model
in figure 3.12. The grey area on the plot corresponds to sampled Mix-type water pools with modeled
Mg- and Ca-type mixing proportions (see Fig. 3.13) in which brucite has been identified.
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Figure A-3.5. Concentric cavities on calcite surface crosscutting crystal boundaries in lithified
dam-like structures.
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4 Geochemistry and mineralogy of
serpentinization—-driven hyperalkaline springs
in the Ronda peridotites!

4.1 Introduction

Carbonation processes associated with hyperalkaline fluids and serpentinization of peridotite
have recently attracted much attention because of their relevance to carbon capture and storage
(Kelemen et al., 2011; Klein and Garrido, 2011; Matter and Kelemen, 2009), the role of
carbonation of serpentinite in the deep carbon cycle (Alt et al., 2012, 2013; Dasgupta and
Hirschmann, 2010; Kelemen and Manning, 2015; Menzel et al., 2018, 2019), the origin of
prebiotic organic chemistry (Martin et al., 2008; Martin and Russell, 2007; Sleep et al., 2011),
and the detection of primitive life (Garcia-Ruiz et al., 2003, 2017).

Active serpentinization in the ocean sub-seafloor generates fluid vents with carbonate
chimneys —up to 60 m in height— composed of mixtures of calcite, aragonite, and brucite
(Ludwig et al., 2006). The Lost City hydrothermal field is a unique example of active
serpentinization system in the Atlantis massif oceanic core complex near the Mid-Atlantic
Ridge at 30° N (Kelley et al., 2001). In this vent field, the discharging alkaline to hyperalkaline
fluids (pH: 9 — 11) show relatively low temperature (40 — 90 °C), high H2/CHjs ratios, and low
concentrations of metals (Kelley et al., 2005; Proskurowski et al., 2006). Alkaline to
hyperalkaline springs also occur off-shore in continental settings, where hyperalkaline fluids
form during deep circulation of meteoric waters in tectonically emplaced and variably
serpentinized ophiolites and subcontinental lithosphere mantle peridotites. In these continental
peridotites, the exposure of serpentinite-hosted hyperalkaline (pH > 11) fluids to atmospheric
conditions induces carbon mineralization (Neal and Stanger, 1984). Carbonate precipitation
from continental serpentinite-hosted hyperalkaline fluids are documented, among other places,
in the Samail Ophiolite (Oman) (Chavagnac et al., 2013a; Neal and Stanger, 1983; Paukert et
al., 2012), California Coast Range (USA) (Barnes and O’Neil, 1971; Blank et al., 2009; Morrill
et al., 2013), Bay of Islands (Canada) (Cardace et al., 2009), Santa Elena Ophiolite (Costa Rica)

! This chapter has been published in Giampouras, M., Garrido, C.J., Zwicker, J., Vadillo, I., Smrzka, D., Bach,
W., Peckmann, J., Jiménez, P., Benavente, J., Garcia-Ruiz, J.M., 2019. Geochemistry and mineralogy of
serpentinization-driven  hyperalkaline  springs in  the Ronda peridotites.  Lithos.  DOI:
https://doi.org/10.1016/j.lithos.2019.105215
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(Sanchez-Murillo et al., 2014) and the Ligurian ophiolites (Italy) (Chavagnac et al., 2013a;
Cipolli et al., 2004). In addition, alkaline springs in Prony Bay ophiolites (New Caledonia) are
an example of carbonate precipitation by meteoric-origin hyperalkaline fluids, which are
subsequently affected by seawater (Monnin et al., 2014). The increasing interest in carbon
mineralization for the removal of carbon dioxide from the atmosphere has fuelled research on
carbonate formation in serpentinite-hosted alkaline fluids in continental settings such as
caverns, hot springs, and lacustrine environments (Lacelle et al., 2009; Leleu et al., 2016;
Pentecost, 2005).

In the Ronda peridotites (Betic Cordillera, S. Spain) (Fig. 4.1), previous studies have
documented more than 70 alkaline to hyperalkaline springs, which chemistry and related
mineralization are still barely known (Etiope et al., 2016; VVadillo et al., 2016). Here, we present
a detailed study of the geochemistry of hyperalkaline fluids and river waters, and the associated
mineral phases and textures characterizing the alkaline spring sites in the Ronda peridotites.
The present study is aimed at better constraining the carbonation processes in serpentinite-
hosted alkaline fluids in one of the largest exposures of subcontinental mantle peridotites

worldwide.

4.2 The Ronda peridotites

The Gibraltar arc in the westernmost Mediterranean is bounded by the Alpine Betic and Rif
orogenic belt that surrounds the Neogene Alboran Sea basin (Fig. 4.1a). This arc-like mountain
belt was formed as the result of a complex Cenozoic evolution of subduction initiation, slab
fragmentation, and rollback in the central and western Mediterranean in a context of slow
convergence between Africa and Europe (e.g., Balany a et al., 1997; Booth-Rea et al., 2015;
Faccenna et al., 2004; Guerrera et al., 2005; Lonergan and White, 1997; Platt et al., 2013;
Royden, 1993). These geodynamic processes resulted in the crustal emplacement of large
bodies of subcontinental mantle peridotites that now crop out in the internal zones of the
western Betics (the Ronda peridotites) and the Rif (Beni Bousera peridotites) mountain belts
(Fig. 4.1a) (Frets et al., 2014; Garrido et al., 2011; Hidas et al., 2013a; Marchesi et al., 2012;
Mazzoli et al., 2013; Obata et al., 1980; Précigout et al., 2013; Tubia et al., 1997; Van der Wal
and Vissers, 1996).
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Figure 4.1. Geological maps of the Betic-Rif orogen and the western Betic Cordillera. (a) Simplified
geological map of the main tectonic domains and units of the Betic-Rif orogenic belt showing the
location of the Ronda peridotites (Betic Cordillera, S. Spain) and the Beni Bousera Peridotite (Rif
Belt, N. Morocco). The red rectangle indicates the area shown in Fig. 4.1b (modified after Hidas et
al., 2013a). (b) Enlarged geological map of the western sector of the internal zones of the Betic
Cordillera showing the location of the investigated serpentinite-hosted hyperalkaline spring sites
(yellow stars) in eastern Sierra Bermeja (Ronda peridotite massif; BAL: Balneario de Tolox; AMAR:
Fuente Amargosa; ALF: Fuente Alfaguara), western Sierra Alpujata (Ojén peridotite massif; BP:
Basios del Puerto), and northwestern Sierra de Aguas (Carratraca peridotite massif; HED: La
Hedionda) (modified after Acosta-Vigil et al., 2014; Mazzoli and Martin Algarra, 2011).

In the Betic Cordillera, several mantle peridotite massifs —here collectively referred to as
“the Ronda peridotites”— occur in the westernmost Alpujarride complex, a tectonic unit of the
internal zones of the Betics that is structurally sandwiched between the Malaguide and the
Nevado-Filabride complexes (Fig. 4.1a). The westernmost Alpujarride complex includes the
Jubrique and Blanca crustal units that overlie and underlie, respectively, the Ronda peridotite
massif (Fig. 4.1 a & b) (Balanya et al., 1997; Tubia et al., 1997). The Jubrique unit is a highly

attenuated (< 5 km) crustal section composed of non-metamorphic to greenschist carbonates
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underlain by a crustal sequence of increasing metamorphic grade towards the upper contact
with the peridotite massif. The Blanca Unit (Fig. 4.1b) underlies below the Ronda peridotite
and is composed of variably deformed, high temperature—low pressure schists, marbles, and

migmatitic gneisses (Acosta-Vigil et al., 2014; Tubia et al., 1997).

Covering an area of ¢. 450 km?, the Ronda peridotites are one of the largest outcrops of
subcontinental mantle peridotite worldwide (Obata et al., 1980; Tubia et al., 1997). These
ultramafic massifs are mostly composed of spinel and plagioclase peridotite (Iherzolite, minor
harzburgite and subordinate dunite) and minor garnet lherzolite, with occasional layers of
garnet- spinel- and plagioclase-pyroxenites, and rare gabbro veins and chromitite pods
(Bodinier et al., 2008; Garrido and Bodinier, 1999; Garrido et al., 2011; Gervilla and Leblanc,
1990; Gonzalez-Jiménez et al., 2017; Lenoir et al., 2001; Obata et al., 1980; Soustelle et al.,
2009; Tubia et al., 2004; Van der Wal and Vissers, 1996). The Ronda peridotites encompass
several massifs exposed in the mountain ranges of Sierra Bermeja (Ronda massif), Sierra
Alpujata (Ojén massif), and Sierra de Aguas (Carratraca massif) (Fig. 4.1b). The massifs are
in tectonic contact with different crustal lithologies of the Jubrique and the Blanca units of the
western Alpujarrides, and the frontal units of the western internal zones of the Betics (Martin
Algarra, 1987) (Fig. 4.1b).

4.3 Hyperalkaline springs in the Ronda peridotites

We studied five hyperalkaline spring sites in the westernmost part of the Ronda peridotites
(Fig. 4.1b; Table 4.1). Etiope et al. (2016) investigated the stable isotope signatures and **C
age of gases occurring in these spring sites and confirmed that they show isotopic signatures
similar to other continental hyperalkaline springs associated with active serpentinization. The
spring sites investigated in the present study generally occur near the contact of peridotites with
crustal rocks (Fig. 4.1b). Fuente Amargosa (AMAR), Fuente Alfaguara (ALF) and Balneario
de Tolox (BAL) springs are located in the eastern part of Sierra Bermeja —the Ronda peridotite
massif— near the village of Tolox (Fig. 4.1b), and the La Hedionda (HED) spring is located
in SE Sierra de Aguas —Carratraca peridotite massif— near the village of Alora (Fig. 4.1b).
In these springs, the hyperalkaline fluids emanate from rock fractures (ALF) or human-made
pipes and fountains (BAL, AMAR, and HED).

The Baios del Puerto (BP) (Fig. 4.2) —in the Ojén massif, SW Sierra Alpujata (Fig.

4.1b)— is a serpentinite-hosted spring system near the riverside of the Alaminos river. We
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selected this spring site for the comprehensive investigation of hyperalkaline fluids and river

waters, and the associated mineralogy.
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Figure 4.2a shows a map of the BP spring system; the hyperalkaline fluids emanate from
fractures in serpentinized peridotites (e.g., BP1, BP3, and BP5; Fig. 4.2a & b) and flow
downstream stagnating at shallow pools along several flow paths (e.g., BP1/SK and BP2; Fig.
4.2a & c). The hyperalkaline fluids discharge at the riverside, where they mix with the
Alaminos river waters (Fig. 4.2 a & d). Rarely, small and isolated shallow reddish pools
occasionally occur in this spring site (e.g., BP5; Fig. 4.2a & €). Intermittent methane bubbling
(Etiope et al., 2016) is observed in some pools (e.g., BP2 and BP5; Fig. 4.2a) and in the river

at the confluence with the hyperalkaline streams.

In Ronda hyperalkaline spring sites, the main types of precipitates are travertines,
crystalline crusts and sediments (Fig. 4.2c & e). Crystalline crusts occur as thin films floating
on the surface of hyperalkaline pools, while sediments —referred to as “flocs” in the Oman
alkaline springs (e.g., Falk et al., 2016)— are unconsolidated solid precipitates on the bottom
of the pools. Pentecost (2005) defines travertine as the inorganic process of calcium carbonate
precipitation through the transfer (evasion or invasion) of carbon dioxide from or to a
groundwater source. In this study, we refer to travertine as the solid precipitates at the spring
discharging outlets, and to lithified terraces in former and current flow paths of hyperalkaline
fluids (Fig. 4.2b —d). All the studied hyperalkaline spring sites are characterized by different

extents of travertine precipitation and build-up of lithified terraces.

The HED and AMAR sites (Fig. 4.1b) show only minor amounts of travertine, and the
BAL site contains only sediments. The ALF site hosts travertine precipitating around the outlet
of the hyperalkaline spring, and crystalline crusts forming on the surface of the discharging
fluids. The BP site has abundant travertine, crystalline crusts, and sediments depositing in

various pools. No evident precipitation was observed at the riverbeds (Fig. 4.2a).

<« Figure 4.2. Overview of the Basios del Puerto site (BP). (a) Sketch of the serpentinite-hosted BP
hyperalkaline spring system in Sierra Alpujata (Fig. 4.1b) near Alaminos river. The BP site hosts
numerous springs of hyperalkaline fluids discharging from fractures in the serpentinized peridotites.
The hyperalkaline fluids flow (white arrows) towards the riverside, locally stagnating in shallow
pools, and eventually mixing with the Alaminos river waters. Also shown are travertine zones on
bedrock, sampling locations of solid (yellow circles) and water (red circles) samples, and sites with
gas bubbling. The IDs of water (e.g., BP1) and solid (e.g., BP1/SK) samples in the figure correspond
to the IDs presented in Tables 4.1 and 4.2 for the water samples and in Table 4.3 for the solid
samples. (b) Picture of travertine forming around the hyperalkaline spring (BP1; label b in Fig.
4.2a). (c) Picture of spring—pool systems of hyperalkaline fluids (BP2; label ¢ in Fig. 4.2a) with
travertine and sediment deposits, and periodic gas bubbling. (d) Picture of the confluence and
mixing area of hyperalkaline fluids and river waters (label d in Fig. 4.2a). Note the presence of
travertine on the bedrock along the flow path of hyperalkaline fluids and the development of thick
travertine at the mixing zone with river waters. (e) Picture of the red-colored isolated pool, BP5,
showing the sediment bed on the bottom of the pool (label e in Fig. 4.2a).



PART II

4.4 Sampling

We sampled water and —where present— solid samples of mineralization from the
hyperalkaline spring sites, some of which also accommodate river waters (i.e., ALF and BP
sites). Solid samples were taken from travertines, crystalline crusts, and sediments (cf. section
4.3). Where available, we collected travertine samples at the spring discharging outlets, along

the flow paths, and from lithified terraces.

We collected water samples from the discharging outlets (e.g., BP1 spring in Fig. 4.2b)
and pools (e.g., BP2 pool in Fig. 4.2c) of hyperalkaline fluids, and at selected sites, from nearby
river waters (e.g., Fig. 4.2d). We sampled hyperalkaline waters from the discharging outlets of
the BAL, AMAR, ALF, and HED springs (Table 4.1), and one sample of the river waters in
the ALF site (Table 4.1). In the BP site, we sampled hyperalkaline fluids from discharging
outlets and pools, river waters, and waters from an isolated, red-colored pool (Fig. 4.2a). The
locations of these samples are given in Table 4.1.

Water samples were taken using 50 mL syringes (PE/PP) with cellulose acetate membrane
filters (Sartorius Minisart Plus; pore diameter 0.45 mm) that were previously rinsed with the
sampled water. The water samples were split into three 10 mL polyethylene vials —cleaned
with milliQ water— for the measurement of alkalinity, cations and trace metals, and anions,
respectively. The vials for the determination of alkalinity were filled without headspace, while
the vials for cation and trace metal analyses were preconditioned with 5 % HNOs (distilled),

and 100 mL of concentrated HNOs (distilled) were added to the water samples.

4.5 Methodology

4.5.1 Insitu measurements of physicochemical parameters of waters

We determined in situ the pH (+ 0.01), temperature (= 0.4 °C), total dissolved solids (= 1 %)
and electrical conductivity (+ 1 %) of water samples using a Hanna Instruments HI 9813-5
portable meter. We measured the alkalinity within 1 h after sampling by pouring 10 mL of the
water sample into a 20 mL polystyrene container on a portable magnetic stirrer; after
measurement, 0.1 M HCI (Titrisol, Merck, Germany) was added in 20 pL steps under
continuous stirring until attaining a pH value between 3.5 and 4.3. The equation 4.1 was used

to calculate the alkalinity (Alk.) as follows:
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Vo+V vV
[(Vucr - caci) — 107PHinal . (Vo + Vi) O;HJrHCl) + 10PHser . 0]

_ fH+
= 7 (4.1)

m0l>

Alk.( -

where Vo is the initial sample volume, Vuci and Crcr are, respectively, the volume and the
concentration of the acid added, pHstart and pHrinal are, respectively, the pH at the start and end
of the titration, and fy. is the activity coefficient of H* ions (1.0 for freshwater). A 2.5 M
NaHCO3 solution was measured as a control in order to determine the accuracy and the
precision of the method. Precision was better than 0.6 % and accuracy was < 3.4 %.

Dissolved inorganic carbon (DIC) was calculated using the alkalimetric titration equation
(Eq. 4.2) of Stumm and Morgan (1996):

(Alk.

Toog + [H*] = [0H7])

(a1 + 2“2)

’ (mmol 4.2)

=1 :
I ) 000

where Ct is the sum of the concentrations of carbonic species in the aqueous solution, and a1
and ay are the values of ionization fractions of carbonic acid. lonization fractions were
estimated using the equilibrium constants, K1 = [H'][HCO3 ]/[H2CO3] for HCOs™, and K; =
[H*][CO3? J/[HCO3 ] for COz%".

4.5.2 Analyses of solid and water samples

The mineralogy of solid samples was determined by XRD, using a PANalytical MPD
diffractometer (40 mA and 45 kV) at the Andalusian Institute of Earth Sciences (IACT,
Granada, Spain). Instrument configuration included programmable divergence slits in the
incident and diffracted beams, placement of a 0.25° fix anti-scatter slit in the incident path and
a PSD detector PIXel. Data processing was conducted using the software HighScore Plus from
PANalytical X Pert PRO (mineral database: PAf2HSP/PAN-ICSD). Mineral quantification
was defined by peak refining method described in Rietveld (1969). The observation and semi-
quantitative analysis of solid samples was carried out at the Centro de Instrumentacién
Cientifica (CIC) of the University of Granada (Granada, Spain) using a Field Emission ZEISS
AURIGA (InLens mode at 3 kV) and a Variable Pressure SEM FEI QEMSCAN 650F (SE
mode at 5 kV and BSE mode at 12 kV) Scanning Electron Microscope (SEM), both equipped
with Energy Dispersive X-ray Spectrometers (EDS).

Water samples were analyzed for major (Ca, K, Mg, Na, Si, P) and trace elements (Ba, Sr,
Al, Fe) by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Varian

Vista Pro ICP-OES at the University of Bremen. The analyses were conducted within two
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weeks after sampling. Sulfate (SO4%") and chloride (CI") concentrations were determined using
a Metrohm 882 Compact IC Plus ion chromatograph (IC) at the University of Bremen. The
relative error (%) for SO4> and CI is 1.9 % and 1.4 %, respectively, and it was obtained from
the measurement of certified reference material (CRM) TMDW-A/IAPSO (seawater). The
percentage errors (%) for the ICP-OES measurements were obtained by using the SLEW-
3/evisa (estuarine water) and SLRS-5/evisa (river water) CRMs and they are < 5 % for Ca, Ba,
Mg, Na, Si, Sr, Al and Fe, 10 % for K, and 24 % for P.

4.5.3 PHREEQC modelling

The Saturation Index (SI) of the relevant mineral phases in the sampled waters was calculated
using the PHREEQC-2 code (Parkhurst and Appelo, 2005) and the wateq4f.dat database (Ball
and Nordstrom, 1991). Negative Sl indicates that the solutions are undersaturated with respect
to a given mineral and its dissolution is thermodynamically favored over precipitation; positive
Sl indicates that mineral precipitation is favored, and Sl of zero (0) shows that the mineral
phase is in equilibrium with the solution. We removed from the dataset serpentine-group
minerals, diopside, talc, and other minerals that, though could be supersaturated (SI > 5) in the
investigated alkaline fluids, do not precipitate in alkaline terrestrial systems (Paukert et al.,
2012; Chavagnac et al., 2013b). We use PHREEQC-2 to model the chemical variations of the
waters induced by a gradual CO; partial pressure (Pco,) decrease (cf. section 4.6.1) to simulate
non-reactive isolation of the waters from the atmosphere. The step of Pco, decrease was —0.25
bar, and the final Pco, of the waters was —9.17 bar. The model used Ronda river waters
(BPR/DO in Table 4.2) and Ca—HCOs-rich waters from the Turdn river valley in eastern
Serrania de Ronda (Barbera and Andreo, 2015).

4.6 Results

4.6.1 Classification of Ronda alkaline and hyperalkaline waters

Based on their chemistry and physical characteristics, we classify Ronda waters into

hyperalkaline fluids and river waters (Fig. 4.3; Fig. 4.4):

i. Hyperalkaline fluids are characterized by high pH (10.9 — 12) (Table 4.1), low Mg
(0.0007 to ~0.06 mmol/L) and high Na (up to ~4.6 mmol/L), K (up to ~0.34
mmol/L), Ca (up to ~1.9 mmol/L), and CI” (up to ~4.5 mmol/L) concentrations

compared to those of river waters (Fig. 4.3a & b). Hyperalkaline fluids display
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relatively constant DIC/Ca ratios and fall close to the Ca apex in the Ca — DIC — Si
diagram (Fig. 4.3d). On the contrary, these fluids show variable DIC/Mg ratios
plotting along the DIC — Si side (Fig. 4.3e). They correspond to water samples taken
from —natural or human-made— discharging outlets, and pools formed along the
flow path of the hyperalkaline discharging outlets (i.e., in the BP site; Fig. 4.2b, d
& e).

River waters are samples taken from rivers at the ALF and BP sites (Fig. 4.1). They
are enriched in Mg (up to ~2.8 mmol/L) and DIC (up to ~8.3 mmol/L) compared to
Na, K, Caand CI" (Fig. 4.3a & b), are mildly alkaline (8.5 < pH < 8.9) (Table 4.1),
and have high alkalinity (Fig. 4.3b & c). They fall near the DIC — Si side in the Ca
— DIC — Si ternary plot (Fig. 4.3d) and have DIC/Mg ratios between 3 and 4 (Fig.
4.3).
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Figure 4.3. Ternary classification diagrams of Ronda collected waters (this study) and waters from
Samail ophiolites in Oman (Paukert et al., 2012). (a) Mg — Ca — Na + K, (b) SO~ — DIC —CI",
(c) Alkalinity — DIC — CI7, (d) Ca— DIC —Si and (e) Mg — DIC - Si.

The BP5 —a red-colored pool (Fig. 4.2¢c)— water sample is unlike other alkaline
water sample from our study and is characterized by relatively high temperature in
the high-end range of hyperalkaline fluids (20.8 °C), and intermediate pH (9.6)

between those of river waters and hyperalkaline fluids (Fig. 4.4a). It shows the
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highest conductivity (3015 mS/cm) and alkalinity (15.13 meg/L) (Fig. 4.4b & c)
and demonstrates low Ca concentration compared to Mg, Na and K (Fig. 4.3a).
Furthermore, the BP5 falls near the DIC apex in the Ca — DIC — Si diagram (Fig.
4.3d) and near the Mg apex in the Mg — DIC — Si diagram (Fig. 4.3e).
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Figure 4.4. Water parameters of the collected samples . (a) Temperature
, (b) conductivity , and (c) alkalinity of water samples versus pH.



4. RESULTS: RONDA PERIDOTITES

Overall, the chemistry of Ronda alkaline waters is within the range of Ca—OH (i.e., Ca*—
OH -rich) and Mg—HCOs (i.e., Mg?*—HCOg3 -rich) water types described in ophiolite-hosted
alkaline springs (e.g., Barnes et al., 1967; Barnes and O’Neil, 1969; Cipolli et al., 2004; Neal
and Shand, 2002; Neal and Stanger, 1985) (Fig. 4.3; Fig. 4.4; Appendix Fig. A—4.1). The
composition of Ronda hyperalkaline fluids and river waters are similar to that of hyperalkaline
springs and run-off or surface waters —river and shallow groundwater— in the Oman
Ophiolite (Fig. 4.3a — c). Ronda river waters have higher Mg and DIC than Oman surface

waters.

Ronda hyperalkaline fluids have a higher conductivity (avg. of 892 mS/cm) and are hotter
(avg. of 19.9 °C) (Fig. 4.4a & b) and less alkaline (avg. 2.68 meg/L) (Fig. 4.4c) than Ronda
river waters (avg. of 17.2 °C, 528 mS/cm and 7.31 meq/L, respectively). Compared to other
alkaline spring sites worldwide, Ronda river waters (5 — 8.5 meq/L; Fig. 4.4c) display a similar
range of alkalinity to the Troodos Mg—HCOs waters (4.5 — 9.4 meg/L; Neal and Shand, 2002),
and a more restricted range of alkalinity than the Taro-Ceno Valleys Mg—HCO3 waters (1 —
10.2 meg/L; Boschetti and Toscani, 2008). The Oman Ophiolite Mg—HCOs-rich, mildly
alkaline waters are less alkaline (2.5 — 4.5 meg/L; Chavagnac et al., 2013b) than Ronda river
waters (Fig. 4.4c). The alkalinity of hyperalkaline fluids in the Troodos (2.3 — 6 meg/L; Neal
and Shand, 2002), Gruppo di Voltri ophiolites (0.5 — 4.4 meg/L; Cipolli et al., 2004), and
Samail Ophiolite (Chavagnac et al., 2013b) are similar to those in the Ronda peridotites (1.2 —
6 meg/L; Fig. 4.4c).

Temperature and pH of waters from our study —measured in October 2017— are similar
(within 0.6 — 1.7 °C, and < 1 for pH) to those measured by Etiope et al. (2016) in the same
springs in March and June 2014, pointing to a limited annual and seasonal variability of
temperature and pH of Ronda peridotite waters. The temperature of ultramafic-hosted fluids in
continental springs, such as in Ronda, are generally lower than those of alkaline fluids in
submarine vents like the Lost City hydrothermal field (40 — 90 °C) (Kelley et al., 2001) (Fig.
4.5).

Other continental serpentinite-hosted hyperalkaline fluid sites show similarly low
temperatures (Fig. 4.5); the New Caledonia and Cyprus alkaline springs display temperatures
in the range of 10 — 30 °C (Barnes et al., 1978; Monnin et al., 2014; Neal and Shand, 2002),
and those in the Taro-Ceno valleys are c. 13 °C (Boschetti and Toscani, 2008). The temperature

of Ronda alkaline waters is similar to those of serpentinite-hosted alkaline fluids of the Cabego



PART II

de Vide (avg. of 19.5 °C) (Marques et al., 2008) and Liguria ophiolites (Chavagnac et al.,
2013Db).

== Lost City (Mid-Atlantic Ridge) (Ludwig et al., 2006)
Ronda peridotites (Spain) (This study)
)( Prony Bay (New Caledonia) (Monnin et al., 2014)
A Cabego de Vide (Portugal) (Marques et al., 2008)
‘ Gruppo di Voltri (Liguria - Italy) (Chavagnac et al., 2013a)
Samail Ophiolite (Oman) (Chavagnac et al., 2013a)
B Ccalifornia Coast Range and Oregon (USA) (Barnes and O'neil, 1969)
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Figure 4.5. Plot of the temperature versus pH of various serpentinite-hosted alkaline fluid sites
worldwide.

4.6.2 The chemical composition of Ronda peridotite waters

Ronda water samples altogether show a positive correlation between Na and CI™ (Fig. 4.6).
Similar correlations have been reported in other serpentinite-hosted spring sites and ascribed

to variable extents of evaporation or mixing with surface freshwater or seawater (Chavagnac



4. RESULTS: RONDA PERIDOTITES

et al., 2013a; Monnin et al., 2014). The pH gap observed between Ronda hyperalkaline fluids
(pH > 10.9) and river waters (pH < 8.9) (Fig. 4.4) points to limited mixing of both water types
at the time of sampling. Therefore, the Na — CI™ correlation in Ronda water most likely reflects
differences in the salinity of waters due to variable extents of evaporation. The effect of
evaporation is particularly significant for the hyperalkaline fluid and BP5 samples.
Hyperalkaline fluids in discharging outlets and pools —with intermediate Na and CI
concentrations— record moderate to great extent of evaporation; the fluids in the BP5 pool
underwent the highest evaporation as attested by their unusually high Na and CI”
concentrations (Fig. 4.6).

The chemistry of Ronda waters is shown in figure 4.7. The Ca concentration versus pH is
rather scattered (Fig. 4.7a). The Mg, Si, SO4>~ and DIC concentrations show a decrease from

100 —
— ® Hyperalkaline fluids (pH > 10.9)
—] ¢ Riverwaters (pH<8.9)
—{ % BP5 (pH=9.6) *
o —
E =
£ -
S 1=
0.1 | llllllll | IIIIIIII IR RRLLL

0.1 1 10 100
Na (mmol/L)

Figure 4.6. Na vs. Cl- diagram defining the different water types around
the evaporation line.
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river water towards hyperalkaline fluid composition, while Na concentration displays the
opposite trend (Fig. 4.7b —f). Hyperalkaline fluids are enriched in Ca (up to ~1.9 mmol/L) and
depleted in Mg (avg. of 0.06 mmol/L) and DIC (avg. of 0.63 mmol/L). River waters contain
higher Mg (up to ~2.8 mmol/L), Si (up to ~0.7 mmol/L) and DIC (up to ~8.3 mmol/L)
concentration than hyperalkaline fluids. Compared to river waters, hyperalkaline fluids show
higher Na, K, Al, and CI” concentrations, while Fe, Ba, Sr, and SO4? concentrations are similar
in both water types. Fluid from the BP5 pool has an unusual chemical composition
characterized by very high Mg, Na, K, CI~, and DIC, as well as 1 to 4 orders of magnitude
higher P and SO4?~ concentrations than the other Ronda water types (Table 4.2). Generally,
Mg, Si, SO4>~ and DIC concentrations of river waters and hyperalkaline fluids display opposite
trends with pH (Fig. 4.7).

Figure 4.8 displays the composition of Ronda waters normalized to CI™ to better depict
the primary chemical variations of waters that undergo variable extends of evaporation upon
fluid discharge (Chavagnac et al., 2013b; Monnin et al., 2014). The Ca/Cl” and Na/Cl ratios
versus pH of Ronda hyperalkaline fluids (Fig. 4.8a & d) display positive covariations that are
more patent than in the non-normalized plots (cf. Fig. 4.7a & d). Otherwise, the plots of Cl-
normalized elemental variations are less scattered but display similar trends for Mg, Si, SO4?",
and DIC versus pH than the non-normalized concentrations, demonstrating that evaporation
has not greatly obliterated the primary compositional trends of the Ronda hyperalkaline fluids

and river waters. Saturation indices of minerals and PCO, of waters

The saturation index (SI) for different minerals in the studied Ronda waters are shown in figure
4.9. Calcite and aragonite are saturated in hyperalkaline fluids and river waters, showing a
higher supersaturation in hyperalkaline fluids (calcite avg. SI = 1.4 and aragonite avg. SI = 1.2;
Fig. 4.9a & b) than in river waters (calcite avg. SI = 0.8 and aragonite avg. SI = 0.6; Fig. 4.9a
& b). Dolomite [CaMg(CO3)2] is supersaturated in river waters (avg. SI = 2.5; Fig. 4.9¢) and
the majority of hyperalkaline fluids (avg. SI = 1.2; Fig. 4.9c). The BP5 pool water displays the
highest Sl values for calcite (1.8), aragonite (1.7), and dolomite (5). Magnesite [MgCQs] is
supersaturated in the BP5 pool (2.5) and river waters (1.2) (Fig. 4.9d), while is undersaturated
in the hyperalkaline fluids (Fig. 4.9d). The hydrated magnesium carbonate phases
nesquehonite  [MgCO3-3H20] and artinite [Mg2(COs)(OH)2:3H,0] are  generally
undersaturated in the hyperalkaline fluids and river waters (average SI < —1.5; Fig. 4.9e & f)
except for fluids from the BP2 —supersaturated in artinite— and BP5 pools —supersaturated

in nesquehonite and artinite— (Fig. 4.9e & ). Brucite [Mg(OH)2] is supersaturated (Fig. 4.99)
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in hyperalkaline fluids that exhibit the highest Mg concentrations (BAL, AMAR, and BP2 sites;
[Mg] > 107?) (Table 4.2; Fig. 4.7b), and slightly undersaturated in the rest of the hyperalkaline
fluids, and in the river waters and BP5 pool waters (Fig. 4.99). Quartz is saturated in river

waters (avg. SI = 0.8) and unsaturated in the hyperalkaline and BP5 fluids (Fig. 4.9h).

Altogether, the calculated Pco, for Ronda alkaline waters is negatively correlated with pH
(Fig. 4.10). River water Pco, values reflect equilibration with the atmosphere, while
hyperalkaline fluids show lower Pco, values in disequilibrium with the atmosphere. The Pco,
of the BP5 pool water (—3.96 bar) is intermediate between those of river waters and

hyperalkaline fluids (Fig. 4.10), indicating conditions closer to atmospheric equilibrium.

@ Hyperalkaline fluids
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* BP5

, Atmospheric
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Log (Pco,)
»
|
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Figure 4.10. Calculated Pco,versus the pH of different water types in Ronda spring sites.
Horizontal dashed red line represents the point at which the waters are in equilibrium
with Earth’s atmosphere (PCO,=—3.42 bar).

4.6.3 Mineralogy and textures of the precipitates

Minerals identified the Ronda spring sites are mainly calcite and aragonite, and minor dolomite
and Mg-Al-rich clays (Table 4.3). Other minerals (e.g., serpentine group minerals and quartz)
(Table 4.3) are likely detritus.
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4.6.3.1 HED, AMAR, BAL and ALF sites

Calcite is the predominant or single phase (Table 4.3) in travertine formed by
hyperalkaline fluids at the HED, AMAR and ALF sites (Fig. 4.1b). Rhombohedral calcite (up
to 60 mm crystal size) at the HED site shows poor crystallinity due to cementing processes
(Fig. 4.11a). In the BAL site (Fig. 4.1b), aragonite exhibits dumbbell, cruciform, and spindle-
like morphologies (Fig. 4.11b). Calcite is the main mineral of crystalline crusts, where it forms
aggregates of euhedral to subhedral {104} crystals (10 — 60 mm) that grow laterally to the air-
water interface (Fig. 4.11c). A three-dimensional growth of calcite crystals takes place at the
crust—water interface, while the crust side facing the atmosphere is flat due to non-occurring
crystallization (Fig. 4.11c). Minor branched, spindle-like aragonite crystals (Fig. 4.11d) are
also present in the crust at the ALF site. The aragonite crystal size (10 — 20 mm) is relatively

constant in all solid samples (cf. section 4.3).
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Figure 4.11. Mineral phases and textures from HED, BAL and ALF sites. (a) Sample of calcite
dominated travertine at the discharging outlet of HED spring site. Crystal boundaries (red dashed
lines) of calcite get degraded due to lithification processes. (b) Dumbbell, cruciform and spindle
aragonite in the BAL spring site. (c) Calcitic crystalline crust forming at the air—water interface in
the ALF spring site. The side facing towards the air is flat, while calcite crystals grow towards the
water column and exhibit euhedral {104} crystals. (d) Calcite (Cal)-dominated crystalline crust
with minor aragonite (Ara) from the ALF site. Inset: Zoom in the branching phenomenon of
aragonite crystals.



4. RESULTS: RONDA PERIDOTITES

(s31t010P) 23127ED ‘S3U0ZEIY I91EM I3ALI U] Ul DBIID] SUILISAEI) padiawqns ualp NI/ddd

(931NaTWLIaA ‘9)1woop) 2313 ‘ajiuosery Mueq I3ALI 3y} 19A0 SUISUPY 2JP119) JUIJISABI], ualp vo/ludd

djuogele ‘e MUeq J9ALI 3U] 310Jaq JIBIIJ) AUILIAARI], ualp ydg

(Aed> pagnuaprun ‘auprezi| ‘9(nosAiyd ‘zyrenb ‘9juosele) oo puod gdg woiy JuawWipas ualp Gdd
(a1uo8eie) ann[ed-SN Jueq I9ALI 3] 1€ 3DPLIA] SUILIIARILL ualp vdd

ADE) puod apew-uewiny woyy ejdoald aunisaen YsIMo[Ex ualp zdd

(Ae[2 pagnuapiun ‘a3ipezi| ‘9|nosAIyd ‘zirenb ‘ajiwojop) 21101e3-3IN 90E1I19] SUILIDAEI] PayIyII] ualp 11/1d9
Eiln) |2 9DBJINS 19jem U0 SUIJRO[) ISMLID ul[eIsA1) uzlp MS/1dg

AE) [[2M apeW-uewWnNy punoJe 3Je.L1a) JUIIABL], ua(p Ldg

(a1uogere) ade) DBLINS JIJeM U0 SULBO[J ISNID aul[[eIsAl) epuoy MS/ITY

(no1wIaA) a31e) Sunids aureye1adAy a3 puUNOIe IDB1I1A] UNIARIL], epuoy IV

2juosery )UP) I3]BM B JO LW0310q 3 WOoLJ JUSWIPas YAA BpuOy vd

(nuoSere) a[e) urejunoj apew-uewiny wodj aieyidnaid aunIaAell aJYAA epuoy AYINY

(ennorurian) 23121e2-SIA adid e woiy ajendoald aunIaAen YA EJBIJELIRD) adH

(saseyd Jounu) ASo[eIaury uondrsap ardwes IS aj ordures

‘sajdwres pijos Jo ABojesauiw pue ‘uondiidsap ‘uoneanT 'y ajgel



PART II

4.6.3.2 Baiios del Puerto sSite

Samples from the BP site contain variable proportions of calcite and aragonite, with calcite
ratio ranging from 35 to 100%. Travertines at the hyperalkaline fluid discharging outlets are
mostly composed of calcite (Table 4.3; Fig. 4.2b) with chaotic and colloformic textures (Fig.
4.12a) typical of the onset of travertine formation (Pentecost, 2005). Travertines formed at the
mixing areas of hyperalkaline fluids and river waters (Table 4.3; Fig. 4.2a, ¢ & d) are rich in
aragonite with spherulitic morphologies (up to 100 mm in diameter) (Fig. 4.12b). Aragonite in
the BP site is associated with Mg-Al-rich clays, possibly vermiculite (Fig. 4.12c). Dolomite is
a minor component of lithified travertines, and a major phase in the BP5 pool (Fig. 4.2¢), where
it occurs as subhedral to euhedral crystals up to 300 mm in size in the pool sediments (Fig.
4.12d).

Figure 4.12. Mineral phases and textures from BP site. (a) Lithified travertine with chaotic
morphologies due to precipitation from multiple fluid generations. Inset: Zoomed image of vugs and
clefts with step that are dispersed over the carbonate layers. (b) Sphere -like aragonite (Ara) co-
existing with calcite (Cal) in submerged parts of travertine in river waters. (c) Acicular aragonite
rods growing in association with clay minerals. Dashed red line separates aragonite (left) and Mg-
rich clays (right). Inset: Zoomed image displays the interlocking flaky clay crystals. (d) Aragonite
mantling a dolomite crystal in sediments of BP5 pool.
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4.7 Discussion

In order to better constrain the carbonation processes in the Ronda continental serpentinite-
hosted alkaline fluids, we will first discuss the processes accounting for the physicochemical
composition of the Ronda river waters (section 4.7.1) and hyperalkaline fluids (section 4.7.2)
in the light of those already proposed for other continental serpentinite-hosted alkaline springs
worldwide. We will then address the origin of the mineralogical and textural diversity of their
associated mineral precipitates, and how it relates to the (hydro)dynamics of the Ronda alkaline
spring systems (section 4.7.3).

4.7.1 Genesis of Ronda Mg-HCO:s alkaline river waters

The relative enrichment of Ronda river waters in Mg and Si is characteristic of river waters
running through serpentinites (Baumeister et al., 2015; Margiotta et al., 2012). Like surface
alkaline waters in ophiolites worldwide (e.g., Barnes and O’Neil, 1969), the genesis of Ronda
Mg—HCOg river waters is most likely due to hydrolysis of ferromagnesian peridotite minerals
(EqQ. 4.3) by the infiltration of meteoric water and shallow groundwater in equilibrium with the

atmosphere following reactions such as (e.g., Paukert et al., 2012):

Mg2SiOs + 4 CO, + 2 H,0 - 2 Mg?* + 4 HCO3™ + SiO- (aq) (4.3)

Olivine

Percolation reaction path modelling of freshwater and rainwater through serpentinite under
atmospheric CO2 conditions demonstrates that this type of mineral hydrolysis reactions
increases the concentration in Mg and H4SiO4 and, to a lower extent, the pH of water leading
to mildly alkaline (pH > 8) Mg-HCOs-rich waters (e.g., Bruni et al., 2002; Marques et al.,
2008; Palandri and Reed, 2004; Paukert et al., 2012). Similarly, Mg—HCO3 river waters in the
Ronda peridotites are most likely generated by shallow chemical weathering of serpentinized
peridotites by meteoric waters equilibrated with atmospheric CO2 and O2. The correlation of
alkalinity with DIC concentrations in the Ronda river waters (Fig. 4.13) indicate that carbonic
species (i.e., HCOz3") are the main source of alkalinity in agreement with a shallow circulation
and interaction of these waters with the vegetation and atmosphere. The Cl-normalized
alkalinity of the Ronda river waters is conservative relative to Cl-normalized Ca, K and Na
(Fig. 4.14), which likely reflects that they are in equilibrium with Ca-, K-, and Na-bearing

minerals such as calcium carbonates and clays.
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Figure 4.13. Alkalinity versus DIC concentration of the different water types in the
Ronda spring sites. Dashed lines indicate the different trends between the water types
based on the alkalinity—DIC relationship.
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Figure 4.14. Cl-normalized Ca, Na and K versus CI-normalized alkalinity of the
different water types in the Ronda spring sites.
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Despite being saturated in CaCOs, Mg-carbonates, and quartz, the Ronda river waters lack
any precipitates of these minerals (Fig. 4.9a — d & h). The absence of calcite in CaCO3
supersaturated water is common in Mg-HCOs waters worldwide (e.g., Lu et al., 2000;
Pentecost, 1992; Suarez, 1983) and usually attributed to inhibited nucleation of CaCOs due to
high fluid flow, short resident times, and high sediment loads (Rogerson et al., 2014; and
references therein). Under moderate atmospheric pressure and ambient temperature, the abiotic
formation of anhydrous magnesium carbonates is kinetically hindered (e.g., Arvidson and
Mackenzie,1999; Land, 1998), accounting for the lack of magnesite and dolomite in Ronda

river waters.

4.7.2 Genesis of Ronda Ca—OH hyperalkaline fluids

4.7.2.1 Origin of hyperalkaline fluids by low-temperature serpentinization

reactions

Ronda hyperalkaline fluids have physicochemical characteristics similar to other continental
serpentinite-hosted Ca—OH hyperalkaline waters worldwide. The prevailing theory for the
genesis of serpentinite-hosted, Ca—OH hyperalkaline fluids is that they form during low
temperature serpentinization reactions driven by reactive percolation of meteoric Mg—HCOs
surface waters in deep serpentinized peridotite aquifers isolated from the atmosphere (Barnes
and O’Neil, 1969; Boschetti and Toscani, 2004; Bruni et al., 2002; Kelemen and Matter, 2008;
Neal and Stanger, 1985; Palandri and Reed, 2004). Among other reactions, the hydration of
olivine and pyroxene (Eq. 4.4) by fresh water in a closed system to atmospheric CO, accounts
for the hyperalkalinity and chemistry of Ca—OH hyperalkaline fluids (Boschetti and Toscani,
2004; Bruni et al., 2002; Neal and Stanger, 1985; Palandri and Reed, 2004; Paukert et al.,
2012):

4 Mg,SiO4 + CaMgSi,06 + 7 H20 = 3 MgsSi.0s(OH)4 + Ca** + 2 OH~ (4.4)
(Olivine) (Pyroxene) (Serpentine)

However, there are still many uncertainties about reaction path mechanism, residence time,
and source of serpentinite-hosted hyperalkaline waters (Bruni et al., 2002; Chavagnac et al.,
2013b; Paukert et al., 2012). Despite their long residence time in deep serpentine aquifers, the
sluggish reaction rate of serpentinization reactions below 100 °C (McCollom et al., 2016) may
call into question that low-temperature serpentinization is the sole origin for Ca—OH

hyperalkaline fluids, but no alternative reactions pathways have yet been proposed.
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The chemical similarity of deep coastal aquifer waters in the nearby Marbella (Malaga,
Spain) area with Ronda Mg—HCOs river waters (Argamasilla et al., 2017) and the old *C age
of the DIC in Ronda hyperalkaline fluids (c. 3 ka; Etiope et al., 2016), suggest that infiltration
of meteoric-derived Mg-HCOs river waters are the potential source of Ronda Ca—OH
hyperalkaline fluids. Alternatively, Ca—HCO3 waters from nearby karst aquifers in western
Alpujarrides limestones (Fig. 4.1b) (Barber_a and Andreo, 2015), may also be a potential

source.

Figure 4.15 shows the chemical trends of Mg, Ca and DIC modelled for non-reactive (this
study; dashed green line in Fig. 4.15; see figure caption for further details) and reactive
peridotite/serpentinite percolation (Paukert et al., 2012; dashed and continuous black line in
Fig. 4.15) of meteoric waters isolated from the atmosphere. The calculated trends for reactive
percolation reproduce accurately the variations of Ca and Mg observed in Ronda river waters
and hyperalkaline fluids, supporting that Ronda waters may form by deep percolation reaction
of meteoric waters isolated from the atmosphere. As in the Oman Ophiolite hyperalkaline
springs, at high pH, the Ca concentration of Ronda hyperalkaline fluids is less than those
predicted in the Paukert et al. (2012) model (Fig. 4.15a). The lower Ca concentration may be
due to precipitation of Ca-bearing carbonates (calcite and dolomite), because they are
supersaturated at high pH as shown in our non-reactive models. Rempfert et al. (2017) reported
higher Ca concentrations (> 3.5 mmol/L) in hyperalkaline fluids collected from deep wells in
the Oman Ophiolite (up to 475m depth) than in the aerial hyperalkaline springs. This could
indicate that Ca shows an upwards decrease due to precipitation of Ca-rich carbonates in the
shallow subsurface due to mixing with DIC-rich shallow groundwater (Neal and Stanger,
1985).

The increase in Mg concentration in the pH range of 7.5 — 8.5 observed in the Ronda and
Oman alkaline springs (Fig. 4.15b) is likely caused by hydration of Mg-silicates in the
peridotites (EqQ. 4.4) (Palandri and Reed, 2004; Paukert et al., 2012). The subsequent decrease
in Mg concentration at increasing pH (Fig. 4.15b) is caused by the formation of Mg-bearing
minerals —serpentine and brucite— during deeper fluid percolation (Palandri and Reed, 2004;
Paukert et al., 2012).

Percolation reaction models greatly overestimated the observed decrease of the DIC from
river waters to hyperalkaline fluids (Fig. 4.15c). The observed decrease in DIC is better
accounted by non-reactive models due to the precipitation of Ca-bearing carbonates that

become oversaturated at hyperalkaline pH (Fig. 4.15c). This process may also explain the
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formation of Mg-rich carbonate (e.g., magnesite) veins in serpentinized peridotites (Andreani
etal., 2009; Brunietal., 2002; Cipolli et al., 2004; Kelemen et al., 2011), as well as the potential
formation of Ca-rich carbonates prior to fluid discharge and interaction with the atmosphere at

the spring sites (Paukert et al., 2012).

] . @ Hyperalkaline fluids @ River waters
Figure 4.15 . Comparative

graphs of non -reactive (this

study) and reactive (Paukert et~ _.--=- ---. Ca-HCO, karst waters (Barbera and Andreo, 2015)
al., 2012 ) models of water

X Rainwater (Oman) ¥ Rainwater (Malaga, Spain)

and Andreo , 2015) and Mg —
HCO ;(green line, this study),
respectively . Dashed black line
indicates model  reaction
progress in an open system .
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reaction progress under a
closed system.
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4.7.2.2 The source of Ca of hyperalkaline fluids

In the low temperature serpentinization hypothesis, the main Ca source of hyperalkaline fluids
comes from the hydrolysis of anhydrous Ca-bearing silicates in the peridotites such as
clinopyroxene, orthopyroxene, and plagioclase (e.g., Palandri and Reed, 2004). These phases
are minor component of peridotites and are almost absent in residual (i.e., recording high extent
of melting) peridotites such as harzburgite in the mantle section of the Oman Opbhiolite.
Subcontinental mantle peridotites, such as the Ronda peridotite, are more fertile (i.e., richer in
Ca and Al) than their ophiolitic counterparts (Bodinier and Godard, 2006). In the Ronda
peridotites, Ca-silicates occur in lherzolites and harzburgites, wehrlite patches in dunites,
pyroxenite layers, and rare intrusive gabbros (Garrido and Bodinier, 1999; Hidas et al., 2013b,
2015; Lenoir et al., 2001; Obata et al., 1980; Tubia, 1994; Varas-Reus et al., 2018).

Figure 4.16 shows the volume of reacted peridotite that accounts for the yearly amount of
Ca discharged in hyperalkaline springs. The mass balance assumes that the total consumption
of Ca by chemical weathering of Ca-bearing minerals in residual (dunite with 0.5 CaO wt%)
to fertile (Iherzolite with 4.0 CaO wt%) peridotite, is 1 mmol/L with a flow rate of 4.73 - 10°
L/y per spring. The mass balance indicates that weathering of 0.21m? of fertile Iherzolite —or
1.68m® of residual dunite— is required to account for the mass of Ca discharged yearly by one
hyperalkaline spring (Fig. 4.16). Assuming a steady-state flow rate, the weathered volume of
peridotite during the 3 ka residence time of these fluids in deep serpentinite aquifer (Etiope et
al., 2016) is 6.3 - 1077 km® of fertile Iherzolite or 5.1 - 10°® km?® of residual dunite (Fig. 4.16).
This volume of peridotite corresponds only to ¢. 1.0 — 7.5 - 1077 % of the total volume of the
Ronda peridotites (c. 675 km?; assuming a constant thickness of 1.5 km along the 450 km? of
exposed peridotites; Fig. 4.1). The volume of water discharged yearly in Ronda hyperalkaline
fluid springs is unknown; assuming a total of 100 alkaline springs with Ca concentration and
flow rates similar to those investigated here, the mass of Ca discharged in Ronda hyperalkaline
springs in 1 Ma requires weathering of 0.003 % or 0.025 % of the total volume of the Ronda
Iherzolite or dunite, respectively. These are upper bound estimates as hyperalkaline fluids
derive from meteoric waters that already contained Ca (Fig. 4.15a & b). The computation
indicates that weathering (i.e., hydrolysis; Eq. 4.4) of Ca-silicates in the Ronda peridotites is a
viable source to account for Ca concentration in hyperalkaline springs. However, it implies a
steady-state dissolution rate of clinopyroxene of 1.6 - 1072 moL/cm?-s (considering an average
clinopyroxene grain size of 100 um; VVauchez and Garrido, 2001) that is about eight order of

magnitude faster than experimental values for steady-state dissolution rates of dissolution of
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Ca-rich pyroxene (c. 1072° — 107%® moL/cm?s in the ranges of 20 — 100 °C and 6 < pH < 7;
Zhang et al., 2013).
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Figure 4.16. Estimation of the reacted volume of peridotite (in m® and km®) as a function of time
under different CaO wt% and flow rates. Dark blue and orange colors correspond to Iherzolite (4
CaO wt%) and dunite (0.5 CaO wt%) rock composition, respectively. Red, green and light blue
colors correspond to intermediate rock compositions between 0.5 and 4 CaO wt%.

De Obeso and Kelemen (2018) have shown that limestones can be an alternative source of
Ca in some Oman Ophiolite hyperalkaline springs. An alternative source of Ca for the Ronda
hyperalkaline fluids could be limestone karst aquifers (Sierra Blanca and Sierra de las Nieves)
surrounding the Ronda peridotite massifs (Fig. 4.1b). Karst aquifers near the Ronda peridotite
spring sites show the highest annual rainfall (> 800 mm), recharge (400 — 700 mm/y) and
infiltration coefficient (40 — 70%) in the Betic Cordillera (Martos-Rosillo et al., 2015). These
karst aquifers host Ca—HCO3 waters that may infiltrate the peridotite along serpentinite-rich

faults and become the source of the Ronda Ca—OH hyperalkaline fluids (Fig. 4.15).
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4.7.2.3 Genesis of methane bubbling in the spring sites

Methane —bubbling in springs, pools, and rivers (Fig. 4.2a)— is the main gas emitted in some
of the Ronda peridotite hyperalkaline spring sites (Etiope et al., 2016). In most continental
peridotites, methane is the dominant gas in serpentinite-hosted hyperalkaline springs (e.g.,
Etiope and Whiticar, 2019; and references therein), but hydrogen can be also dominant in some
sites such as the Oman Opbhiolite hyperalkaline springs. Etiope et al. (2016) analyzed the C and
H stable isotope composition of gases emitted from several Ronda hyperalkaline springs. They
concluded that methane was predominantly abiotic and was genetically unrelated to the water
DIC that has a younger **C age than methane (Etiope et al., 2016). Dating of **C — CHg in
serpentinite hosted hyperalkaline springs systematically shows that methane carbon is several
thousands of years older than the *4C — DIC ages (hundred to thousand years old) recording the
residence time of water in the aquifer (Cipolli et al., 2004; Marques et al., 2008; Etiope et al.,
2016; Etiope and Whiticar, 2019). Hypotheses proposed for the origin of abiotic methane in
serpentinite-hosted hyperalkaline springs include gas-phase CO2 hydrogenation (Sabatier’s
reactions) (Etiope and Sherwood Lollar, 2013; Etiope and Whiticar, 2019; McCollom, 2016;
and references therein), and a deep magmatic or hydrothermal source (De Boer et al., 2007;
Grozeva, 2018).

4.7.3 Mineralization and mineral textures in Ronda hyperalkaline spring

4.7.3.1 Travertine

Like other continental serpentinite-hosted alkaline springs (e.g., Chavagnac et al., 2013a & b;
Neal and Stanger, 1984; Paukert et al., 2012; Stanger, 1987), travertines in the Ronda
peridotites occur around the discharging outlets of hyperalkaline fluids, along their flow paths,
and at the mixing areas of these waters with Mg—HCOs river waters (Fig. 4.2a & d). In the
Ronda peridotites, the different stages and mechanisms of travertine formation are well
illustrated in the BP spring site (Fig. 4.2; Fig. 4.17). Although aragonite and calcite are
supersaturated in the BP hyperalkaline fluids (Fig. 4.9a & b), calcite is the only CaCOs
polymorph present in the travertine at the discharging outlets (Table 4.3; Fig. 4.2b). Aragonite
is occasionally observed in the crystalline crusts that form in the pools near the discharging
outlets (see section 4.6.4.1). Precipitation of calcite upon uptake of atmospheric CO: is
commonplace in hyperalkaline spring fluids with low Mg/Ca ratio (< 0.5) and T <40 °C (Folk,

1994; Jones, 2017a; Pentecost, 2005; and references therein) such as those around the Ronda
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spring discharging outlets (Mg/Ca < 0.2 and avg. T: 19.9 °C) (Fig. 4.17a). The cause of the
preponderance of calcite precipitation in Ca-rich and low Mg/Ca fluids is a matter of some
debate (Jones, 2017a). Experimental studies show that aragonite forms at temperatures > 30
°C, while calcite is more stable at lower temperatures (e.g., Meldrum and Calfen, 2008; Zeller
and Wray, 1956). However, in natural settings, both CaCOs polymorphs precipitate in a wide
range of temperature (Jones, 2017a). Degassing of CO- is the most common cause of travertine
precipitation from CaCOs-supersaturated fluids. Although rapid CO> degassing of CO»-rich
fluids promotes aragonite precipitation irrespective of their temperature and Mg/Ca ratio (e.g.,
Jones and Peng, 2016; Pentecost, 2005), degassing-induced aragonite precipitation is likely
very limited in the Ronda hyperalkaline fluids because of their very low Pco, (Fig. 4.10).

A parallel mechanism for the formation of travertine in the Ronda spring sites is carbonate
precipitation by mixing of Ca—OH-rich hyperalkaline fluids with Mg—HCOs-rich river waters
(Fig. 4.17b & c). Inthe BP site, the aragonite content of travertines gradually increases towards
the riverside pointing to the mixing of Ca—OH-rich hyperalkaline fluids with Mg—HCOz-rich
river waters as the driving force for aragonite precipitation in this spring site (Fig. 4.17b & c).
The phase of CaCOz polymorph that precipitates also depends on Mg content and Mg/Ca ratio
of the fluid; Mg ions suppress the transformation of metastable CaCO3z phases to calcite
(Kitamura, 2001; Reddy andWang,1980) while higher Mg/Ca ratios favor aragonite
precipitation (Burton, 1993; Falini et al., 1994; Lin and Singer, 2009). In the BP site, the
increasing content of aragonite in travertine towards the riverside indicates that the main driver
for aragonite precipitation is likely secular variations in the fluid Mg/Ca ratio likely due to
seasonal flooding of the springs by the Mg—HCOs river waters, and mixing with Ca—OH
hyperalkaline spring fluids (Fig. 4.17b — d).

Textures of CaCOz minerals in the BP travertines support fast supersaturation rates as
expected by sudden changes in the fluid Mg/Ca ratio during secular flooding and water mixing.
Polycrystalline aragonite with spherulitic, needle-like morphologies in BP travertines (Fig.
4.18a) is consistent with experimental and natural crystallization under high supersaturation
states (Fernandez-Diaz et al., 1996; Jones, 2017b). In some instances, aragonite displays non-
classical crystal growth textures that are consistent with growth by oriented aggregation of
nanoparticles (Fig. 4.18b). During this process, CaCO3 particles —probably amorphous— are
self-assembled at the tips of the crystals, leading to a two-dimensional lateral re-organization
on the surface of the previous flattened particle (Beniash et al., 1997; De Yoreo et al., 2015)
(Fig. 4.18b).
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<« Figure 4.17. Conceptual model of carbonate mineral precipitation during fluctuations of the
river water level. (a) Hyperalkaline fluids form calcite-dominated travertine due to atmospheric
CO; uptake upon discharge. (b) Flooding events of river water overflows the —previously—
formed travertine. Aragonite and (Mg-)calcite precipitate as a result of the mixing of the two fluids.
(c) Fast evaporation leads to dolomite formation during travertine lithification process. Water level
retreats, and travertine formation continues to take place along the river bank due to mixing of
hyperalkaline fluids with river waters. (d) Two zones of different precipitation mechanisms can be
observed; i) precipitation due to CO. uptake leading to calcite-dominated travertine around the
discharging outlets of hyperalkaline fluids, and ii) travertine enriched in aragonite due to mixing
of the two water types as the river bank is approached. The straight blue, undulating black and
dashed grey arrows correspond to the hyperalkaline fluid flow paths, CO, uptake and evaporation,
respectively.

Figure 4.18. Textural characteristics of mineral phases in BP site. (a) Polycrystalline aragonite
with spherulitic , needle -like morphology in travertine . (b) Nano-rods of aragonite formed by
aggregation of flat nano-particles with a thinning towards the tip of the crystal. (c) Holes on calcite
surface indicating the presence of gas bubbles . (d) Large , euhedral dolomite crystal in BP5
sediments showing strong crystallographic symmetry.

4.7.3.2 Crystalline crusts and sediment deposits

Precipitation of crystalline crusts upon discharge is common in serpentinite-hosted alkaline
springs (e.g., Oman Ophiolite alkaline springs; Chavagnac et al., 2013a; Paukert et al., 2012).
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In Ronda alkaline springs, crystalline crusts —maostly composed of calcite— only occur in
hyperalkaline pools and discharging fluid outlets (see section 4.6.4) (Fig. 4.11c). Calcite-
dominated travertine in the Ronda hyperalkaline discharging outlets and calcite floating crusts
are formed by the precipitation of calcite upon uptake of atmospheric CO- by the hyperalkaline
fluids. Flat-faced rhombohedral {104} and curved edges in calcite (Fig. 4.11c) indicate,
respectively, events of slow and fast growth due to changes in supersaturation rate (Pope and
Grotzinger, 2000). This variability in calcite morphology likely records spatial and temporal
fluctuations in the supersaturation rate modulated by the supply of atmospheric CO, and the
evaporation rate. The homocentric cavities in calcite surfaces may record that methane gas
bubbles were attached during the growth of calcite clusters (Fig. 4.18c) (Taylor and Chafetz,
2004; Aquilano et al., 2003). Alternatively, they might be due to microbial activity (e.g.,

cyanobacteria) during calcite precipitation (Martinez et al., 2010; Bundeleva et al., 2014).

The BAL, AMAR, and HED sites do not display the natural hydrological features of the
ALF and BP site, and we investigated travertine, crystalline crusts and sediments only at the
discharging outlets. Calcite is the only carbonate phase in AMAR and HED sites, probably
because of the absence of river waters as a Mg source. The BAL spring is aragonite-dominated,
which is in agreement with the elevated Mg content and high Mg/Ca ratio of these fluids
relative to other hyperalkaline springs (Table 4.2). Aragonite crystals in the BAL site show
branching features (Fig. 4.11d) that may be indicative of high supersaturation level and fast
supersaturation rates (Fernandez-Diaz et al., 1996) and may record sudden changes in the Mg

concentration of fluids at this spring site.

4.7.3.3 Formation of dolomite in travertine and sediments

In Ronda, dolomite occurs in the aragonite-bearing travertine at BP site (Table 4.3) formed by
mixing of Ca—OH hyperalkaline fluids with Mg—HCO3 river waters (Fig. 4.17b & c). Several
authors have reported variable amounts of dolomite in lithified travertines associated with
serpentinite-hosted alkaline fluids (Barnes and O’Neil, 1971; Mervine et al., 2014; Renaut and
Jones, 1997), where dolomite forms from trapped pore water with high Mg/Ca during
lithification and early diagenesis (Fischbeck and Muller, 1971; Folk, 1993; Renaut and Jones,
1997).

Dolomite is absent in most of the investigated sediments in alkaline pools (Table 4.3); a
remarkable exception is the sediments from the BP5 pool (Fig. 4.2e) that contain c. 90%

dolomite. The elevated S and P concentrations in BP5 pool may be indicative of microbial
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activity, opening the possibility of dolomite precipitation by bacterial sulfate reduction (e.g.,
Vasconcelos et al., 1995), methanogenesis (e.g., Roberts et al., 2004), or sulfate-driven
anaerobic oxidation of methane (e.g., Boetius et al., 2000; Peckmann and Thiel, 2004). Such
biotic processes may seem inconsistent with the oxidative environment of the BP5 pool, but
biotic dolomite formation under aerobic and hypersaline conditions may take place at the
water—sediment interface (Sanchez-Roman et al., 2009). Biotic crystallization of dolomite is,
however, unlikely because dolomite crystals exhibit classical crystal growth with symmetrical
features (Fig. 4.18d) unlike the typical spherical or dumbbell morphologies of biotic dolomite
crystallization (e.g., Sanchez-Roman et al., 2009; Van Lith et al., 2003; Warthmann et al., 2005;
Zhang et al., 2012).

The abiotic precipitation of large amounts of dolomite is uncommon at atmospheric
conditions even in dolomite supersaturated fluids (e.g., Land, 1998) such as most of the Ronda
alkaline fluids (Fig. 4.9¢). The supersaturation of dolomite in BP5 pool is expected, as this pool
shows the highest Mg and DIC concentrations (Fig. 4.7b & f), as well as elevated Ca
concentrations compared to river waters (Fig. 4.7a). Indeed, BP5 pool displays the highest
supersaturation in dolomite (Fig. 4.9c) compared to river waters and hyperalkaline fluids.
Thermodynamic calculations suggest that despite the very low Mg concentrations (minimum:
2.35 - 10% mmol/L) in hyperalkaline fluids, dolomite reaches supersaturation when Mg/Ca
ratio in the fluids is over 3.6 - 1072 (Fig. 4.19a), and Mg/OH ratio is over 1.1 - 102 (Fig. 4.19b).
Dolomite in pool BP5 sediments points that the fluids are already highly supersaturated in
dolomite before their discharge at the pool (Badiozamani, 1973). In BP5 pool, the values of
pH, Cl-normalized Mg, and DIC fall in between those of hyperalkaline fluids and river waters,
showing characteristics of both water types. Thus, possible subsurface mixing of Ca—OH
hyperalkaline fluids and shallow Mg-HCOs waters might induce dolomite supersaturation

before discharge.

Alternatively, the formation of dolomite could be favored under conditions of high salinity
(Orr Chazen and Ehrlich, 1973; Vasconcelos and McKenzie, 1997) or changing-salinity
environments such as sabkhas (Miiller et al., 1990). The very high conductivity (Fig. 4.4b) and
CI” concentrations (Fig. 4.6) show that BP5 pool underwent high evaporation rates that could
inhibit Mg ion hydration and promote dolomite precipitation under atmospheric conditions (Di
Tommaso and de Leeuw, 2010). Furthermore, high alkalinity and conductivity of BP5 pool
fluids (Fig. 4.4b & c) decrease the low-temperature kinetic barrier for dolomite precipitation

(Sanchez-Roman et al., 2009). Roberts et al. (2013) demonstrated that natural surfaces
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possessing a high density of carboxyl groups might be a mechanism by which abiotic dolomite
nuclei forms. Roberts et al. (2013) suggested that carboxyl group formation is accelerated in
environments of changing or high salinity, meteoric—saline water mixing, or in certain
weathering settings (e.g., presence of clays). The physicochemical and hydrological
characteristics of the BP5 pool seems to meet the conditions for abiotic, low-temperature

dolomite precipitation so long-hypothesized, yet rarely documented in nature.
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Figure 4.19. (a) Mg/Ca and (b) Mg/OH versus dolomite saturation index (SI) of the different water
types in the Ronda spring sites. Vertical dashed black line indicates the equilibrium state (SI =0).
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4.8 Appendix
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Figure A—4.1. PIPER plot showing the relative proportions of major cations and anions.
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5 Crystallization experiments of hydrated
magnesium carbonates at low temperature

5.1 Introduction

The crystallization of carbonate minerals in the MgO-CO>-H,O system from aqueous
solutions has recently attracted increasing research interest in various fields such as
biomineralization and the design of new materials (e.g., Unluer and Taabaa, 2013; Mavromatis
et al., 2012). Although numerous studies regarding Mg-carbonates have been already reported,
the crystallization mechanisms and the role of amorphous magnesium carbonate (AMC) in the

crystallization sequence are poorly understood.

Due to their ability to sequester anthropogenically generated CO: in a stable and long-
lasting form, magnesium carbonates are currently of great interest as a part of the efforts to
counter global warming, where the main goal is to capture and store excess CO3, preventing its
accumulation in the atmosphere and, therefore, slowing down its contribution to climate
change. Magnesium carbonates exist in two main forms: anhydrous and hydrated. Anhydrous
magnesium carbonate naturally exists as the mineral magnesite (MgCO3), and MgCO3 can
form solid solutions to form carbonate minerals such as dolomite [CaMg(CO3)2] and huntite
[MgsCa(COs)4]. The stability of long-term storage of CO: is highly associated with the degree
of carbonation during fluid-rock interaction reactions (e.g., Matter and Kelemen, 2009).
Carbonation is an essential process for capturing CO2, where Mg-, Fe-, and Ca-silicates turn
into carbonates such as calcite (CaCOs), magnesite (MgCOs), dolomite (CaMg(CO3)2), and

siderite (FeCOz) via a series of reactions.

The study of the Mg-bearing anhydrous carbonates is of high significance as they have a
close relation to sites, where CO: is injected in basaltic rocks (Hansen et al., 2005; Matter et
al., 2006) or show great potential for long-term CO> storage (Kelemen and Matter, 2008).
However, numerous studies (e.g. Sayles and Fyfe, 1973; Konigsberger et al., 1999; Urosevic
et al., 2012) have failed to precipitate anhydrous MgCQOs-bearing phases (magnesite and
dolomite) at room temperature (e.g. Land 1998; Ardvison and Mackenzie, 1999; Mackenzie
and Andersson, 2013). This could be attributed to the large dehydration energy associated with
six molecules of H,O comprising the solvation shell of the aqueous Mg?* ions. The smaller
size of Mg?* compared to Ca?* and Fe?", leads to greater charge density around Mg?*, and thus,

water molecules are more firmly bound to the ion. The high-energy barrier of Mg?* solvation
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shell prevents the precipitation of anhydrous magnesium carbonate, but instead, favors the
crystallization of hydrated magnesium carbonates and hydroxy-carbonates (Pokrovsky et al.,
1999; Hanchen et al., 2008; Saldi et al., 2009; Benezeth et al., 2011). Nevertheless, recent
reports on magnesite formation from non-aqueous solutions (Xu et al., 2013) suggest that a
strained accommodation of the COs molecules in the crystal lattice of magnesite inhibits its
nucleation at low temperatures. The most common hydrated MgCQOs-bearing phases in the
literature are: barringtonite [MgCOz-2H20], nesquehonite (MgCOs-3H20), lansfordite
[MgCO3-5H.0], hydromagnesite [Mgs(COz3)4(OH)2-4H-0], dypingite
[Mgs(CO3)4(OH)2:5H20], and artinite [Mg2CO3(OH)2-:3H20]. In order to adequately
investigate CO» sequestration in carbonate minerals, knowledge of the mechanisms and
kinetics of the complex pathway of transformation reactions involving secondary magnesium
carbonates is needed (e.g., Daval et al., 2009; Dufaud et al., 2009).

The vast majority of crystallization experiments in the MgO-CO,—H>O system was
conducted in a closed system or under negligible influence from atmospheric CO., while the
observed phases were identified within few hours after the initiation of the experiments. In
nature, hydrated Mg-carbonates are strongly related to environments characterized by
weathering, evaporating waters and COz-rich conditions (cf. Power et al., 2019, and references
therein). This indicates the tendency of these phases to form under open atmospheric
conditions. A comparative study —which is the case in the present work— of Mg-carbonate
crystallization in closed vs. open system could give information on the effect of atmospheric
conditions on the phase occurrence and textural differentiation.

Although the conditions and parameters controlling the crystallization and transformation
of Mg-carbonates are well studied (e.g. Ballirano et al., 2013; Bénézeth et al., 2011; Hanchen
et al., 2008; Harrison et al., 2019; Hopkinson et al., 2008, 2012; Konigsberger et al., 1999,
among others), this research involves an in-depth examination of phases and textures, under a
wide range of variable solution compositions and pH values. This study allows documenting
different crystallization sequences and related morphologies of the synthesized Mg-carbonates

both in the closed and open systems.
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5.2 Materials and Methods

5.2.1 Crystallization setup - solution mixing at closed and open system

For the closed system experiments, the reagents used for the synthesis of the hydrated
magnesium (hydroxy-) carbonates at room temperature were MgCIl..6H2O (SIGMA-
ALDRICH, Lot: 100M0075V) and HNaCOz (SIGMA-ALDRICH, Lot: 069k0084). The
concentrations of the initial MgCl,.6H20 and Na>COs solutions were 0.01 M, 0.02 M, 0.05 M,
0.1M,0.2M,0.5M, 1M, and 2 M for each solution used, respectively. MilliQ water was used
for the preparation of the solutions, which were vigorously stirred (800 rpm) at 25 °C for 60
minutes. After stirring, all the solutions were transferred into a nitrogen glovebox —where the
mixing and monitoring experimental procedures took place— to avoid any interaction with the

atmosphere.

One millimeter (1 mL) of MgCl2.6H20 and 1 mL of NaCOs were mixed in a 16 mm
diameter Linbro plate wells under varying concentrations, generating a grid of mixed solutions
(each solution had a final volume of 2 mL) with variable reactant concentrations (Fig. 5.1).
Multiple Linbro plates were made to monitor the pH evolution, identify the phases and

characterize their textural aspects, and observe the crystallization sequence.
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The pH values for the initial MgCl2.6H.0 solutions ranged from 6.1 to 6.7 and for Na.CO3
from 10.6 to 11.3 (Table A-5.1). The pH was monitored every 30 min for the first 12 h of the
experiment, and every 24 h for the next 1000 h. Figures A-5.1 to A-5.3 contain the pH values
of each initial solution (pHo) (Fig. A-5.1), as well as the measured values at 6 different times
(tz =3 h (Fig. A-5.1), t2 = 12 h (Fig. A-5.2), t3 = 36 h (Fig. A-5.2), t4 = 240 h (Fig. A-5.3), ts
=720 h (Fig. A-5.3), ts = 1000 h (Fig. A-5.3) during monitoring for the next 1000 h. This
allowed determining the time needed for hydrated magnesium carbonates to nucleate at a
specific pH value. The solutions of the wells that demonstrated instant precipitation upon
mixing were collected via filtering (filter diameter) and analyzed with XRD and Raman without
drying in order to avoid any potential transformation to occur during the drying process. The
same procedure was followed with the samples dried at 32 °C for 24 hours. All the samples
sent for textural characterization in with SEM were dried.

For the open system experiments, the reagents preparation and Linbro plate mixing grid
construction (Fig 5.1) were the same as in the closed system experiments. The Linbro plates
were left uncovered and in contact with the atmosphere, which triggered the evaporation of the
mixed solutions. The pH was monitored at three steps: i) instantly upon the mixing of the
solutions, ii) after 3 h, and iii) after 120 h. Figure A-5.4 contains the measurements of the pH
values in the evaporating wells. At 3 h and 72 h, the precipitated material in the wells was
collected, dried at 32 °C for 24 hours, and sent for phase identification and textural

characterization.

5.2.2 Solid phase characterization

The synthesized phases were identified by powder X-ray diffraction (XRD), using a
PANalytical MPD diffractometer with a Bragg-Brentano parafocusing geometry and Cu Ka
radiation (operating at 40 mA and 45 kV). Instrument configuration included programmable
divergence slits in the incident and diffracted beams, placement of a 0.25° fix anti-scatter slit
in the incident path and a PSD detector P1Xel. Data processing was conducted by using the
software HighScore Plus from PANalytical X’Pert PRO (mineral database: Pdf2HSP/PAN-
ICSD). The identification of the synthesized phases was complemented by a field emission
scanning electron microscope (FE-SEM) Zeiss Supra 40Vp connected to a Renishaw In Via
Raman spectrometer fitted with a Nd:YAG 532 nm laser and a near-infrared diode 785 nm
laser, with maximum powers of 500 mW and 100 mW, respectively. The SEMs were equipped

with Energy Dispersive X-ray Spectrometers (EDS).
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Textural and morphological characterization of the phases was carried out at the Instituto
Andaluz de Ciencias de la Tierra (IACT) and Centro de Instrumentacién Cientifica (CIC) of
the University of Granada (Granada, Spain). Complementary Fourier Transform Infrared
spectroscopy (FT—-IR) was applied using a JASCO 6200 spectrometer at CIC. Crystallization
sequence and transformation processes were initially observed using a NIKON AZ100 optical
microscope coupled to JENOPTIK ProgRes CT3 camera. Further textural characterization and
semi-quantitative chemical analysis of the solid samples were carried out using a Field
Emission Scanning Electron Microscope (FE-SEM) ZEISS AURIGA (In- Lens mode at 3 kV)
and an Environmental SEM (ESEM) FEI Quanta 400 (SE mode at 5 kV and BSE mode at 12
kV).

5.2.3 lonic concentration product and PHREEQC calculations

Because of missing information (e.g., solute activities and solution ionic strength) for the
calculation of the ionic activity product (IAP), the ionic concentration product (ICP) was used
instead to determine the saturation (S) of MgCOz in the mixed solutions and —at least
approximately— evaluate the role of saturation in the precipitation of MgCOs-bearing
minerals. The theoretical Saturation Index (SI), defined as the logarithm of the ratio between
IAP and solubility product of the relevant mineral phases in the sampled waters was calculated
using the PHREEQC-2 code (Parkhurst and Appelo, 2005) and the wateg4f.dat database (Ball
and Nordstrom, 1991). The use of PHREEQC in this study was to compare the theoretical
saturation index with the saturation values calculated by the solubility products from the
literature and the concentration of initial solutions used for the experiments (Table A-5.2).
Negative Sl indicates that the final solutions are undersaturated with respect to a given phase
and its dissolution is thermodynamically favored over precipitation; positive Sl indicates that
the solution is supersaturated and precipitation is favored, and Sl of zero shows that the mineral

phase is in equilibrium with the solution.

5.3 Results and Discussion
5.3.1 Crystallization experiments in closed system

5.3.1.1 Crystallization sequence of MgCOz-bearing phases

Upon the mixing of the initial solutions, some wells showed no precipitation, whereas in others

the precipitation of a transparent or white (cloudy) colloidal phase of various density was
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instantly triggered (Fig. 5.2). The higher the concentration and when Mg/COs ratios are ~1 or
1, then the colloidal material gets denser. No instant crystallization —at least under observance
with the optical microscope— was observed in any of the mixed solutions derived from all
mixing combinations of MgCl..6H20 and Na>COs solutions with concentrations 0.01 and 0.02
M (Fig. 5.2).

Na,CO,(M) Low density colloidal material

Tt
.0.01 0.02/0.05( 0.1|0.2(05| 1 | 2

oo1jchb|CcD|CcD|CD|CD|CD|CD|CD

0.02(CcD|(cCD|(CD|CD|CD|CD|CD|CD

0.05(CD|(CD|CD|CD|CD|CD|CD|CD

0.1|CD|CD[CDJIP |IP|IP|IP|IP High density colloidal material

02|CD|CD|CDJIP |IP |IP |IP | IP

MgCl, * 6H,0 (M)

05(CD|CD(CDJIP (IP|IP [IP|IP

1 (CD|CD|(CDQJIP |(IP|IP|[IP|IP

2 [CD|CD|(CDjIP [(IP|IP[IP|IP

CD: Clear drop
IP: Instant precipitation

Figure 5.2. Grid of crystallization cells of mixed solutions that presented either clear drops (empty)
or instant precipitation of a colloidal material of different density.

The precipitated colloidal material from the wells with instant precipitation showed
three different compositional profiles (Fig. 5.3): i) AMC, ii) AMC + nesquehonite, and iii)
AMC + nesquehonite + dypingite. AMC is the only phase at Mg/CO3 = 1 and ICP = 10" and
4 x 102 and S between 2.3 and 3, and at Mg/CO3 # 1 and ICP between 2 x 10 and 102. The
co-existence of AMC + nesquehonite was observed at Mg/COs # 1 and ICP > 2 x 102, AMC
+ nesquehonite + dypingite were identified at both Mg/CO3 = 1 and Mg/COs # 1, and overall
ICP > 10, at high MgCOs saturation values between 3.3 and 4.9. The calculated ICP for each
crystallization well and the respective saturation value are given in Table 5.1 and Table 5.2,
respectively. Although magnesite (MgCO:s) is the anhydrous product of the reaction between
Mg?* and CO3?, the solubility product of —the hydrated MgCOs— nesquehonite (Ksp"4 = 10"
506 gt 25 °C; from Harrison et al., 2019) was preferred, as it is readily fomred at room

temperatures compared to magnesite.
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Composition of instantly precipitatedcolloidal material
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Figure 5.3. Mixing grid including the composition of colloidal material that
precipitated instantly upon solution mixing.

The majority of the XRD diffractograms showed ranges of broad peaks that could indicate an
amorphous phase (i.e., between 16 and 48 20°) (Yang, 2018), as well as characteristic peaks of
nesquehonite and dypingite (Fig. A-5.5a & b). In few instances, the precipitated colloidal
material was exclusively made of AMC showing no apparent peaks, with exception of the
characteristic AMC curve peaking at 28 20° (Fig. A-5.5¢) (Yang, 2018). Complementary
analyses by FTIR displayed characteristic bands of water and carbonate confirming that the
amorphous phase was a hydrated carbonate (Fig. A-5.6) (White et al., 2014).

AMC seems to form in a wide range of saturation values but is the first phase to
precipitate at intermediate saturation (2.6 — 3.9; Table 5.2) states of MgCQOs, indicating
possible high supersaturation rates upon mixing of the solutions. AMC could present multiple
water contents and is likely to have different structural and morphological characteristics
among various studies (e.g., White et al, 2014). Nesquehonite forms readily after the solution
mixing under numerous mixing combinations, which was already observed in many
experimental studies in the MgO—CO>—H->0 system at low temperature (e.g., Hanchen et al.,

2008; Ferrini et al., 2009). The co-existence of amorphous and crystalline phases is common
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to other similar systems such as CaCOs crystallization, where concomitant precipitation of
amorphous calcium carbonate with crystalline phases is observed both in experimental studies
(Kellermeier et al., 2013) and in nature (Jones 2017a, b). However, in serpentinization-related

environments, hydrated Ca-carbonates are absent or rare, compared to hydrated Mg-carbonate

minerals that characterize such environments.

Table 5.1. Table of ionic concentration product of MgCOs in each crystallization cell.

001
0.2
005
S| o1
:
‘5 | 02
=
05
1
2

lonic Concentration Product (ICP) of MgCOjs in each crystallization well

CO;* [M]

0.01 0.02 0.05 0.1 0.2 0.5 1 2

10*  2x10* 5x10* 10°  2x10° 5x10° 10°  2x10°
2x10*  4x10® 10°  2x10° 4x10° 102 2x10%  4x10?
5x10™ 10°  25x10° 5x10° 102 25x10° 5x107? 10"

10°  2x10° 5x10° 102 2x10% 5x10? 10t 2x10t
2x10°  4x10° 102 2x10%  4x10? 10t 2x10"  4x10?
5x10° 102 25x10% 5x107? 10t 25x10" 5x107 1

102 2x10? 5x10? 10t 2x10' 5x107 1 2
2x10%  4x107 100 2x10"  4x10™ 1 2 4

Table 5.2. Table of calculated saturation of MgCOs from ICP and nesquehonite solubility in
each crystallization cell.

Saturation value of MgCO;

Na,CO; [M]

0.01 0.02 0.05 0.1 0.2 05 1 2

0.01 0.3 0.6 1.0 1.3 1.6 2.0 2.3 2.6
_| 002 0.6 0.9 1.3 1.6 1.9 2.3 2.6 2.9
2 | 005 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3
% 0.1 1.3 1.6 2.0 2.3 2.6 3.0 3.3 3.6
s | 02 1.6 1.9 2.3 2.6 2.9 3.3 3.6 3.9
o | 05 2.0 2.3 2.7 3.0 3.3 3.7 4.0 4.3
S| 1 2.3 2.6 3.0 3.3 3.6 4.0 4.3 4.6
2 2.6 2.9 3.3 3.6 3.9 4.3 4.6 4.9

Although the occurrence of AMC was supported by complementation of various
techniques, its initial —most likely nano-scale— nucleation and its role as a possible precursor
for crystalline Mg-carbonates remains unclear. Implementation of ultrahigh-resolution
analyses and in situ observation of mixed solutions could be useful for the confirmation and

description of transformation processes between AMC and crystalline Mg-carbonate phases.
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The ratio of Mg/CO3 seems to play a critical role in which phase will crystallize; wells
with theoretically high ICP, and thus saturation values, are characterized by Mg/CO3 ratios <<
or >> than 1, show no precipitation or less amount of synthesized phases. On the contrary,
wells with Mg/CO3z ~ 1 or 1, they tend to show more crystalline phases. The quantitative
analysis could provide useful insights into the relationship between ICP (and IAP) and Mg/COs

and how it affects Mg-carbonate crystallization.

5.3.1.2 Relation of pH evolution and MgCOs-bearing phases
The coupling of pH and phase monitoring with time allowed to explain the pH evolution based
on the phase (trans) formation sequence. Out of many mixing combinations, we will follow the
pH evolution and crystallization sequence of three mixing combinations with Mg/COz = 1: i)
low saturation (S = 0.9) and ICP values (4 x 10 (Fig. 5.4), ii) intermediate saturation (S =
2.9) and ICP (4 x 10°?) (Fig. 5.5), and iii) high saturation (S = 4.9) and ICP (4) (Fig. 5.6).
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Figure 5.4. Graph showing the pH evolution at low saturation in closed system.
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Figure 5.5. Graph showing the pH evolution at intermediate saturation in closed system.
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Figure 5.6. Graph showing the pH evolution at high saturation in closed system.

The initial colloid material can be composed of different phase assemblages based on the
initial reactant concentration and pH (Fig. 5.7a), and afterward, it can transform into crystalline
phases due to the Oswald ripening law. Under high OH™ concentration, brucite could be
expected to form, yet the minimum pH for brucite supersaturation in natural alkaline waters
was estimated to be 10.5 (e.g., Chavagnac et al., 2013). In most cases, our mixed solutions
showed pH values < 10.5 and this could explain why no brucite was found in our experiments.
In addition, Harrison et al. (2019) reported that brucite is constantly undersaturated during Mg-

carbonate crystallization experiments.

At a low saturation state, the pH remained stable for c. 300 h, when it decreased from 10.1
to 9.8. Despite the slight pH decrease and the fact that the saturation value of MgCOs3 is close
to 1, no precipitation occurred during the 1000 h of monitoring in this well. At intermediate
saturation, the transformation into nesquehonite was observed when measured pHo of initial
AMC formation was around 9.6 but gradually decreased slightly towards 9.5 in the next 50
min. After that, AMC began to dissolve with increasing pH reaching 10.3. At the same time,
well-defined needles of nesquehonite crystals of several tens micrometers (1 um — 50 mm)
formed in the next 3 h (Fig. 5.7b). The nesquehonite growth continued for the next 190 h
reaching crystal sizes up to 200 um, followed by its transformation into dypingite that is in
agreement with many experimental studies (e.g., Harrison et al., 2019). AMC was co-existed
with the nesquehonite crystals, suggesting that the transformation probably was enhanced by a
solvent-mediated mechanism. Nesquehonite initially forms with the rise of pH that may be
caused by the dissolution of the initially formed AMC that consumes H* via the following
reaction: MgCO3.2H,0 (AMC) + H* = Mg?* + HCO3™ + 2H0.
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After 36 h, the formation reaction of nesquehonite became predominant, and the pH
dropped to 10 (Fig. 5.5). After 66 h of pH drop, solution pH was stable at around 10, indicating
that nesquehonite was in quasi-equilibrium with the solution. The pH started decreasing again
at 240 h, indicating that another phase started precipitating, following the dissolution of
nesquehonite. Nesquehonite crystals were shortened and they showed dissolution at their
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edges, where new globular particles started to form (Fig. 5.9a). This result indicates the
solvent-mediated transformation from nesquehonite to another phase occurred. From XRD

pattern and Raman spectra, the newly occurring phase was dypingite.

10.5 -
10.3
10.1 + \ \
9.9 +
AMC P Nesq Nesq » Dyp
9.7 +
E 95
9.3 +
9.1 4
39 . pH evolution at intermediate saturation
’ between 0 and 36 h
8.7 4
8-5 L] L] L] 1
0 10 20 30 40
time (h)

Figure 5.8. Graph showing the pH evolution at intermediate saturation in closed system, zoomed
at the first 40 h. Initially, the pH rises due to AMC dissolution and transformation into nesquehonite.
Later, the pH decreases due to dypingite formation over dissolution of nesquehonite.

Dypingite globules were polycrystalline particles with low crystallinity that eventually
reorganized into the well-developed flakes (c. 50 — 100 um) (Fig. 5.9b). The solution under
decreasing pH conditions would be saturated with respect to nesquehonite, but supersaturated
with dypingite. At the example of high supersaturation, the colloidal material was made of
AMC + nesquehonite + dypingite. As in intermediate saturation, pH increased to 10.1 from the
pHo = 9.3 in the next 12 h, probably due to AMC dissolution, and started decreasing after 36 h
(pH =9.8) to reach its lowest value (pH = 8.8) = and stabilize after 1000h.

Figure 5.9. (a) nesquehonite dissolution and dypingite precipitation at the dissolved surfaces after 240
h, and (b) well-defined flaky crystals of dypingite after 720 h after the initiation of the experiment.
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5.3.1.3 Morphologies and textures of MgCOz-bearing phases

The morphology of nesquehonite is monotonous throughout the experiments and exbibit
prismatic crystals, often with twinning, of variable sizes (Fig. 5.10a & b). Dypingite exhibits
spherical morphologies that are mostly composed of interlocking flakes that grow from small
dypingite spheres (Fig. 5.10 ¢ & d). The crystal or amorphous material sizes varying according

to the initial reactant concentrations.

Figure 5.10. (a) Nesquehonite crystals growing at low saturation and ICP values in the first 3 h of
the experiment (b) Nesquehonite size and number of crystals is increased at intermediate saturation
and Mg/CO; = 1 (c) Dypingite spheres of variable sizes (d) Growth of dypingite clusters through
aggregation that hinders the growth of one sphere and initiates a new nucleation for another sphere.

At intermediate supersaturation (and Mg/CO3z = 1), the crystal number increases
compared to mixing combinations with the same ICP, but ratios # 1. On the contrary, crystal
sizes and crystal quality increase at solutions with Mg/COs # 1 and ICP < 10, At high
supersaturation and ICP > 1, nesquehonite forms acicular morphologies made of prismatic or
needle-like crystals with numerous dypingite spheres attached on its crystal surface. This
observation could imply that nesquehonite could be forming before dypingite, though the
amount of crystals is insufficient to confirm or discard this interpretation with a sufficient

empirical basis.
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5.3.2 Crystallization experiments in an open system

5.3.2.1 Crystallization sequence of MgCOs-bearing phases
The second part of the crystallization experiments was conducted in an open system under
present CO-rich conditions. The solutions were in contact with the atmosphere, and they were
affected by CO. diffusion in the water and evaporation. These processes caused different
crystallization sequences and morphologies compared to closed system experiments. Figure
5.11 includes the phases observed after 3 h (Fig. 5.11a) and 72 h (Fig. 5.11b), The initial cloudy
colloidal material is considered to have the same composition as in the closed system
experiments. However, no AMC was identified in the evaporating wells, suggesting that the

supply of CO- and an increase in saturation favors the formation of crystalline phases.

In open system experiments, evaporation and atmospheric CO> diffusion in the solution
triggered different crystallization sequences and morphologies compared to the closed system
experiments. Evaporation caused an increase in the values and rates of supersaturation, leading
eventually to precipitation in all crystallization wells. Unlike closed system experiments,
crystallization in clear drop wells started between 3 and 48 h after the initial mixing. The
differentiation in the phases and textures is triggered after 3 h, where crystallization in the open
system took place under increased values and rates of supersaturation in comparison to the
closed system experiments. Under open-system conditions, crystallization was eventually
triggered in every well due to the evaporation of the water that increased the solute
concentration and led to supersaturation. In contrast, experiments in the closed system show
no crystallization at initial concentrations of both reactants < 0.02 M. The pH showed a
decrease with time in every well, similar to low and high saturation pH evolution in closed
system experiments (Fig. A-5.4). However, in this case, the atmospheric CO> diffusion in the
solution is also contributing to the pH decline apart from carbonate precipitation.

As demonstrated in the previous section, the nesquehonite-dypingite transformation
was initiated between 190 and 240 h in the closed system experiments. Unlike closed system
experiments, nesquehonite did not transform into dypingite, as the solution was entirely
evaporated after 120 h. This solvent-mediated process cannot take place due to the evaporation
of the water. This could explain the persistence of nesquehonite in evaporative natural
environments (Power et al., 2008). Moreover, this can support the assumption of Giampouras
et al. (2020) that the observed pseudomorphs of dypingite replacing prismatic nesquehonite in
Oman alkaline springs is due to occasional alkaline water influxes into pools that hosted

evaporation-mediated nesquehonite.
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Figure 5.11. Grid of identified phases after i) 3 h, and iii) after 72 h in open system. Variable amounts
of nesquehonite, dypingite and artinite form eventually in every mixing well until the total evaporation
of the water.

At low supersaturation, dypingite is the predominant phase, with nesquehonite forming
at initial [Mg] > 0.2 M (Fig. 5.11) This implies the importance of Mg concentration in order
nucleation of nesquehonite to be triggered, while dypingite precipitates independently of the
initial Mg concentration of the evaporating solutions. As Mgand COs concentration increases
during evaporation and constant CO> supply from the atmosphere, the excess in carbonic
species due to CO- diffusion favors dypingite formation over nesquehonite. This could explain
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the tendency of dypingite to form at equilibrium with the atmosphere, and its absence at low
and intermediate saturation in the closed system experiments (Harrison et al., 2019). Ballirano
et al. (2010) reported that nesquehonite releases CO, molecules during its transformation into
dypingite, suggesting that CO»-rich conditions can favor dypingite formation. At a low
saturation state of MgCO3 (S < 1), Mg concentration does not exceed 0.16 M for 120 L of the
solution during evaporation. This observation is in agreement with our closed system
experiments that demonstrated no nesquehonite precipitation under such conditions. At high
supersaturation, artinite was identified co-precipitating with nesquehonite. This confirms the
findings from some natural environments, where nesquehonite and artinite co-exist in
evaporating environments (Klopporge et al., 2003). Similar to dypingite, the CO3-rich
environment and the evaporation rates could play a key role in artinite formation as it was not

observed in the closed system crystallization experiments.

Figure 5.12. Textures of the occurring phases in open system crystallization experiments: (@)
Nesquehonite crystals growing along with dypingite globules at high initial Mg concentrations (b)
Needles of artinite forming double fan morphologies at high initial reactan concentrations (high
initial ICP and S) (c) Dypingite clusters made of variable size spheres in wells with intermediate
initial S values (d) Cluster of dypingite spheres at wells with low initial Mg concentration.

- 132 -



6. RESULTS: CRYSTALLIZATION EXPERIMENTS IN THE MgO-CO>-H.0 SYSTEM

compact
dypingite
substrate

# ¥

L
b |

: 4

Figure 5.13. Textures of dypingites in open system crystallization experiments: (a) Dypingite forming
long chain-like structures (b) Aggregation of dypingite in a circular orientation generates perfect ring
structures (c) SEM image of the chain like dypingite. The exterior part of the chain is made of
interlocking flakes that grow vertical on a compact dypingite substrate (d) The interior part of chain-
like dypingite that is composed of compacted flakes and acts as substrate for the flaky dypingite exterior
part.

5.3.2.1 Morphologies and textures of the occurring MgCOs-bearing phases

The morphologies of nesquehonite crystals are similar to those from the closed system
experiments (Fig. 5.12a); however, the crystals demonstrate poorer quality than those in closed
system experiments. Where present, artinite occurs as acicular, double fan morphologies made
of needles along with nesquehonite (Fig 5.12b). Unlike nesquehonite, dypingite exhibits a wide
range of morphologies compared to those produced in the closed system experiments. In most
cases, multiple growth stages can be observed at spherical crystals of dypingite (Fig. 5.12¢ &
d) that indicate different nucleation events during evaporation.

Moreover, many peculiar morphologies of dypingite occur due to crystal aggregation,
including chain-like structures, rings, and clusters (Fig. 5.13a & b). The chain-like dypingite

has a hemispherical structure that exhibits the common interlocking flakes of dypingite at the
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exterior part (Fig 5. 13c), and a compact dypingite substrate in the interior part (Fig 5.13d).
This interior part is most likely formed around initial Mg-COz-bearing nuclei, while the well-
defined dypingite flakes of the exterior part grow at a later stage due to evaporation. The chain-
like morphologies form after aggregation of dypingite hemispheres triggered by continuous
supersaturation due to the evaporation of the solution. The rings exhibit similar to chain-like
structures; the difference is on the crystal aggregation process that followed a circular growth

orientation that led to the ring-like shape.
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5.4 Appendix
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Figure A-5.1. Grid of pH values of mixed solutions at the time of mixing (pHo) and after 3
h of the initiation of closed system crystallization experiments.
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Figure A-5.2. Grid of pH values of mixed solutions after 12 and 36 h of the initiation of
closed system crystallization experiments.
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Figure A-5.3. Grid of pH values of mixed solutions after 240, 720, and 1000 h of the
initiation of closed system crystallization experiments.

- 137 -



PART Il

Na,CO,
M
N 007[ 002 005| 0.1 [ 02 05] 1 | 2
0.01| 10.2| 10.2| 10.2 | 10.3| 10.3| 10.6 | 10.6 | 10.6
0.02| 10 | 10.1|10.2|10.3| 10.3| 10.3| 10.5| 10.5
oll005( 98 | 10 | 10.1] 101 10.2( 10.3| 10.4| 10.3
=
w
Al 01) 97| 99| 99| 98| 9.8 |10.2|10.3| 103 pH, Instant
S
=) 02)|93|97]| 99|97 96| 99101102
05| 91| 95| 98| 95| 95| 96| 10 |10.1
1| 9 | 92| 92|93| 94| 94|05]| 96
2 | 89| 9| 9 |91]|92|92]|092]|93
Na,CO,
™
N 001[002[005] 01 [ 02 05| 1 | 2

001 98 [ 10 [ 9.9 | 10 | 9.9 | 10.2] 10.2] 10.3

0.02) 98|99 | 9.9 |10.2(10.2( 10.3| 10.4| 10.4

0.05| 96 | 9.8]|9.8 | 10.1( 10.2( 10.3| 10.4| 10.3

o«
&
- 01|96 | 97| 10 | 96 | 9.8 | 10.2( 10.3| 10.3 After 3 h
Q
o
=)l 02|92 |93 98| 97| 98] 103 105|105

05|91 |94 97| 95| 98| 9.7 | 10.2| 105

1 9 [91 | 92| 9 | 97| 98] 97|99

2 8.9 9 9 86| 93| 94| 94|95

Na,CO,

(M

m 0.01]/0.02(0.05| 01 | 02| 05| 1 2

0.01| 96 [ 99 | 10 | 9.9 [10.1]|10.3]|10.4] 10.3

0.02| 96 |99 | 10 | 10 | 9.9 | 10 [10.2] 10
o|[005| 95| 99| 98| 10 | 10 | 10 [104 | 10.2
T
[7=]
Al 01 94|95 10 | 9.1 | 9.8 |10.2|103|10.3| After 120 h
S
=

029195 98|97 89| 94| 95| 95

05|88 (92| 97|95 89| 84| 92|95

Figure A-5.4. Grid of pH values of mixed solutions at the time of mixing (pHo) and after 3
and 120 h of the initiation of closed system crystallization experiments.
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Figure A-5.5. XRD patterns showing phases different phases in the instantly precipitated
colloidal material: (a) AMC + nesquehonite (nesq), (b) AMC + nesquehonite +dypingite
(dyp), and (c) AMC. The broad peaks in the diffractograms could be indicative of an
amorphous phase.
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Figure A-5.5. Fourier transform infrared (FTIR) spectra for AMC from the instantly
precipitated colloidal material.
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Table A-5.1. pH values of each initial solution used for the experiments.

pH of initial solutions

[M] MgClL,.6H,0  Na,COs4
0.01 6.1 10.6
0.02 6.1 10.7
0.05 6.2 10.9
0.1 6.3 11

0.2 6.2 11.1
05 6.5 11.1

1 6.5 11.3

2 6.7 11.2

Table A-5.2. lonic concentration product, saturation of MgCOs, Ks, of nesquehonite (from Harrison et
al., 2019), and Sl value of nesquehonite form PHREEQC for all isotonic mixing combinations.

Mg [M] CO5* [M] ICP Ko™ S=ICP/Ky™ SI™. PHREEQC

0.01 0.01 10 10506 0.30 -0.05
0.02 0.02 4x10™ 10508 0.90 0.33
0.05 0.05 25x10° 107508 1.70 0.79

0.1 0.1 107 10708 2.30 1.13

0.2 0.2 4x10? 107> 2.90 1.47

0.5 0.5 25x 10" 100 3.70 1.91

1 1 1 10596 4.30 2.28

2 2 4 1096 4.90 2.68
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6 Conclusions and Perspectives

6.1 Conclusions

This thesis provides new insights into the derived from the study of natural systems and
laboratory experiments of carbonation of peridotites in forearc settings and the fate of
serpentinite-hosted carbon during high-pressure metamorphism based on natural examples
from ophiolites and metamorphic terranes and improves our understanding of the role of
hydrated peridotites for deep carbon cycling in subduction zones.

Through the detailed study of the chemical profiles of alkaline waters and the mineralogy
and textures of the occurring precipitates, the present research provides new information on i)
how water composition, mixing, and mineral precipitation and textures co-evolve in
serpentinization-driven alkaline springs in the Oman Ophiolite, and ii) the geochemical
processes in alkaline spring sites in subcontinental mantle peridotites, and associated
mineralizations formed by the interaction between hyperalkaline fluids and river waters in
Ronda peridotite massifs. Furthermore, the results from crystallization experiments provide
new constraints on the nucleation, growth, and transformation processes regarding the

formation of hydrated Mg-carbonates.

Interaction between meteoric water and ultramafic rocks in the Oman Ophiolite generates
waters of variable physicochemical characteristics. The discharge of these waters forms
complex hydrological networks of streams and pools where waters mix, undergo evaporation,
and take up atmospheric CO3, leading to the generation of a broad diversity of mineral phases
and textures. Coupling of textural and mineralogical studies with chemical analysis of waters
allowed the estimation of the saturation state of a wide range of minerals and correlate them to
the different water and precipitate types of the Oman spring sites. The systematic
downstream—sampling of numerous pools in individual spring sites, and the detailed
documentation of mineral assemblages and crystal morphologies, enabled to investigate the
impact of water geochemistry and hydrodynamics on mineral precipitation and textures. Three
types of waters were classified in the spring sites: Mg-type (mildly alkaline, 7.9 < pH < 9.5;
Mg?*—HCOj3 -rich waters), Ca-type (hyperalkaline, pH > 11.6; Ca?>*~OH -rich waters), and
Mix-type waters (alkaline to hyperalkaline, 9.6 < pH < 11.5; with intermediate chemical

composition) formed by mixing of Mg-type and Ca-type.
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The mineralogy and textures of different types of solid precipitates and deposits mostly
record the local physicochemical characteristics of water, the hydrodynamic regime, and the
evaporation rate of the spring sites. The identification of hydrated magnesium (hydroxy-)
carbonates (e.g., nesquehonite and dypingite) in Oman Mg-type waters confirms the
occurrence of weathering-related carbon mineralization observed in other environments (e.g.,
hydromagnesite playas and serpentinite mine tailings). Nesquehonite forms via evaporation
and transforms into dypingite and hydromagnesite under local CO»-rich conditions. In Ca-type
waters, coupled atmospheric CO» uptake and evaporation trigger the formation of calcitic
crystalline crusts at the air-water interface, while the instantaneous mixing of Mg-type and Ca-
type waters into a single Mix-water pool leads to the formation of aragonite-dominated and
brucite-bearing crystalline crusts. In this type of Mix-water pools, acicular aragonite acts as a
substrate for the subsequent growth of brucite and calcite crystals. Throughout the spring sites,
the Mix-type water pools also host massive aragonite-dominated deposits because the high
Mg/Ca of these waters favors the formation of aragonite over calcite. The hydrodynamics of
water mixing controls the occurrence of brucite, which is commonly restricted to mixing zones
with a steady mixing rate and slow water flow. These low energy environments provide a
constant supply of Mg?* and OH~ for brucite formation and prevent the mobilization and

dissolution of brucite.

Crystal morphologies record the effect on the values of supersaturation and supersaturation
rates in the pools due to mixing processes, evaporation, and CO; uptake. In Ca-type waters,
CO- uptake and evaporation dictate the supersaturation rate in the waters, and thus, the textural
characteristics of calcite in crystalline crusts and rock coatings, where it mainly exhibits large
euhedral crystals of high-quality. Textural evolution of aragonite in a single sample, from initial
crystalline sheaves to spheroidal shapes in flocculent material, highlights the different
supersaturation rates of calcium carbonate crystallization in Mix-type waters. Moreover, the
spindle aragonite crystals in mud-like dam formations could be attributed to self-assembly
processes via aggregation of nano-rod subunits. Mixing models between Mg-type and Ca-type
waters reveal the evolution of mineral Sls under various mixing proportions and their relation
to the observed mineral assemblages and chemistry of waters. Calcium carbonate is
supersaturated in all water types, while brucite and hydrated Mg-carbonates display variations
during water mixing. The range of mixing ratios of Mg-type and Ca-type waters that brucite
shows the highest supersaturation values coincides with the calculated mixing ratios

characterizing the natural Mix-type waters where brucite was found. Nesquehonite is
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persistently undersaturated in all water types, underlining the importance of evaporation in its
precipitation. Therefore, hydrology, geochemistry and local hydrodynamics characterizing the
spring sites control the mineral assemblages, textures, and precipitation rate of the different

types of solid precipitates occurring in the Oman alkaline spring systems.

Waters in the Ronda peridotite spring sites can be classified into hyperalkaline fluids and
river waters that are, respectively, similar to the Ca—OH-type (i.e., Ca**~OH -rich) and Mg-
HCOs-type (i.e., Mg?*—HCOs -rich) water types described in ophiolite-hosted alkaline springs
elsewhere. Like the majority of other known alkaline spring sites worldwide, Ronda alkaline
spring systems do not exhibit the complexity of the ophiolite-hosted spring sites of Oman,
where pools of mixed waters are predominant, and the distinction of a third type of waters (i.e.,
Mix-type) is possible. Ronda hyperalkaline fluids are characterized by high pH (10.9 — 12),
low Mg, and high Na, K, Ca, and CI~ concentrations and occur in the spring outlets and in
natural ponds formed along the flow path of discharging fluids. River waters are enriched in
Mg and DIC compared to Na, K, Ca and CI, and are mildly alkaline (8.5 < pH < 8.9). As
suggested for other serpentinite-hosted (sub-) surface waters, the chemistry of Ronda Mg—
HCOs river waters is due to the hydrolysis of ferromagnesian peridotite minerals by infiltrated
meteoric waters and shallow groundwater that are in equilibrium with the atmosphere. The
physicochemical composition of the Ronda Ca—OH hyperalkaline fluids was derived via low-
temperature serpentinization reactions from Mg—HCO3 river waters or Ca—HCO3z waters from
near karst aquifers that infiltrate the peridotites with brecciated serpentinite along brittle faults.
Mass balance calculations indicate that weathering of Ca-bearing peridotite is a feasible source
of Ca in Ronda Ca—OH hyperalkaline fluids, but it would require relatively high steady-state
dissolution rates. Assuming a total of 100 alkaline springs with Ca concentration and flow rates
similar to those investigated here, the mass of Ca discharged in Ronda hyperalkaline springs in
1 Ma requires the weathering of 0.003 % or 0.025 % of the total volume of the Ronda lherzolite

or dunite, respectively.

Travertine, crystalline crusts, and sediment deposits are the main precipitate types found
in the Ronda hyperalkaline spring sites. Calcite and aragonite, minor dolomite and Mg-Al-rich
clays are the main minerals identified in the spring sites. As illustrated in the Banos del Puerto
spring (BP) site, (i) calcite-dominated precipitation occurs at atmospheric CO,-driven uptake
of hyperalkaline fluids at their discharging outlet, and (ii) aragonite-dominated precipitation
occurs by mixing of Ca—OH hyperalkaline fluids with Mg—HCOs river waters. Aragonite and

dolomite contents increase away from the springs and toward the river waters. The main factors
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driving the precipitation of aragonite over calcite are the Mg concentration, Mg/Ca ratio, and
carbonic species abundance in the fluids. Textures of calcium carbonates indicate fast
supersaturation rates in lithified travertine, and variations in supersaturation rate at calcitic
crystalline crusts floating on the surface of the hyperalkaline springs. Variability in aragonite
textures reflects fast supersaturation rates as evidenced by crystal branching. Dolomite most
likely forms during lithification processes of travertines, and sporadic flooding of river water
combined with subsequent evaporation. Despite the abiotic precipitation of large amounts of
dolomite is uncommon at atmospheric conditions, specific alkaline pools of high salinity seem
to meet the conditions for abiotic, low-temperature dolomite precipitation so long-
hypothesized, yet rarely documented in nature.

The crystallization sequence and morphologies of hydrated magnesium carbonates were
investigated in an open and closed system at room temperature. Mixing of MgCl2.6H>O and
Na2COs solutions resulted either in no precipitation (clear drops) or instant precipitation of a
cloudy colloidal material of micro- to nano-particles. Instantly precipitated, colloidal material
was either amorphous magnesium carbonate (AMC), or AMC-nesquehonite, or AMC-

nesquehonite—dypingite, with increasing supersaturation.

In closed system experiments, the transformation of the initial colloidal material took place
in three steps: i) dissolution of AMC with increasing pH, followed by the formation of well-
defined needles of nesquehonite prismatic crystals (1 um — 50 um), ii) nesquehonite growth
(up to 200 um crystal sizes) with slight rise of pH due to the dissolution AMC, and iii) solvent-

mediated transformation of nesquehonite into dypingite particles (< 1 to 5 um crystal sizes).

Open system experiments were affected by atmospheric CO; uptake and diffusion in water,
and evaporation, which caused different crystallization sequences and morphologies compared
to the closed system experiments. Evaporation caused an increase in the values and rates of
supersaturation, leading to precipitation in all crystallization wells. Unlike closed system
experiments, crystallization in clear drop wells started between 3 and 48 h after the initial
mixing. Nesquehonite did not transform into dypingite, as the solution entirely evaporated
between 90 and 120 h after initial mixing. This solvent-mediated process cannot take place due
to the evaporation of the water, explaining the persistence of nesquehonite in evaporation-
affected natural environments. Dypingite exhibits a wide range of morphologies including
chain-like structures, rings, and clusters. The chain-like dypingite has a hemispherical structure
that exhibits interlocking flakes of dypingite at the exterior part, and a compact dypingite

substrate in the interior part. This interior part is most likely formed around initial Mg-COs-
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bearing nuclei, while the well-defined dypingite flakes of the exterior part grow at a later stage
due to evaporation. The chain-like morphologies form after aggregation of dypingite
hemispheres triggered by continuous supersaturation due to the evaporation of the solution.

6.2 Perspectives

The results of the present Ph.D. thesis complemented the existing knowledge on the ophiolite-
hosted alkaline springs in Oman and described for the first time key processes regarding the
geochemistry and mineralogy of Ronda alkaline springs in subcontinental mantle peridotites.
Moreover, the results of crystallization experiments in the MgO—CO>—H>0 system contribute
to the further understanding of the factor and mechanisms controlling the formation of hydrated

Mg-carbonates low temperature.

However, both natural and experimental studies in this thesis addressed open questions
that require further investigation. In particular, the concept of “active serpentinization” is still
unclear, with the processes leading to Ca—OH-type hyperalkaline waters remaining subjects to
future investigations. The source of Ca in the Ca-OH waters is still a subject of debate that
could possibly be resolved by isotopic studies. In addition, the role of redox reactions in the
generation of alkalinity is a topic of interest, not only for water-rock reactions but also for the

development of microbial communities in deep aquifers.

Although it is challenging to crystallize anhydrous magnesium carbonate at low
temperatures, isotopic studies on extensive Mg-carbonate occurrences (e.g., magnesite veins)
in Oman have shown that these minerals have been formed at c. 60 °C. The detailed study of
the formation conditions of hydrated Mg-carbonates in the Mg—HCOzs-type alkaline springs
coupled to subsurface carbonation of circulating fluids could advance our knowledge on low-
temperature Mg-carbonate formation. Similarly, occurrences of abiotic dolomite in Ronda
springs is an exciting finding in order to investigate Mg-carbonate precipitation under low-
temperature and high salinity conditions further. In alkaline spring systems, active precipitation
of mineral phases such as brucite seems to form randomly in the spring sites, despite its
supersaturation. Experimental studies and improvements in modeling could be proven useful
for a better understanding of this issue. Generally, studying mineral phases and textures in
natural systems is a complicated, and sometimes chaotic, task compared to the “perfect”
conditions of the laboratory. However, mineral textures and morphologies can be utilized to

define the prevailing environmental conditions during precipitation. Experimental studies

— 149 -



PART IlI

could provide useful insights into the conditions characterizing any precipitation environment

through comparison with natural examples.

Nucleation and crystallization are by nature probabilistic phenomena that prove difficult
to control and observe. Novel techniques that incorporate in-situ observations of nucleation at
the nano-scale could set boundaries on the controlling factors of hydrated Mg-carbonate
crystallization sequence, and the role of precursor phases. Detailed studies on the relationship
of supersaturation state and rate and textures could give insights into the mechanisms behind

the morphogenesis of Mg-carbonates.
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In continental settings, the interaction between meteoric water and
ultramafic rocks generates waters of variable physicochemical
characteristics due to serpentinization and weathering. The
discharge of these waters forms aerial alkaline to hyperalkaline
spring systems where waters mix, undergo evaporation, and take
up atmospheric CO, leading to the precipitation of carbonate
minerals. The understanding of natural carbonation in these
serpentinite-hosted alkaline environmentsis critical, among
others, for assessin}g1 the role of this process in the global carbon
cycle throughout the Earth’s history, and the viability of CO,
sequestration techniques for permanent carbon storage.

The main objective of the present Ph.D. thesis is to advance in
our understancﬂing of serpentinization-related alkaline spring
systems and the precipitation of calcium carbonate minerals in
these alkaline environments. To attain this goal, this thesis
investigates the factors controlling carbon mineralization in two
natural case studies of active alkaline spring systems hosted in
serpentinized Feridotites in oceanic (Samail Ophiolite, Oman) and
subcontinental mantle (Ronda peridotites, Spain) tectonically
emplaced in continental orogens. The detailed study of the
chemical composition of alkaline waters, along with the
mineralogy and textures of precipitates, allows to unveil the
geochemical and mineralogical characteristics of these alkaline
springs and evaluate how the interaction of hyperalkaline fluids
with meteoric waters and the atmosphere affects carbonate
precipitation. Furthermore, the thesis presents new results of
crystallization experiments aimed at constraining the nucleation,
c?/stal growth, and transformation conditions and the mechanisms
of formation of hydrated Mg-carbonates in alkaline environments.
By combining the study of active alkaline spring systems and
experimental work, the present Ph.D. thesis contributes to filling
gaps in our current knowledge on the mechanisms and conditions
of carbonate precipitation in alkaline environments.
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