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PROFESOR GUIA Daniel Moncada

SIMULACION NUMERICA DE FLUIDOS CON APLICACION A SISTEMAS
GEOTERMALES ACTIVOS Y FOSILES

Los depositos epitermales son considerados el analogo f6sil de los sistemas geotermales activos,
sin embargo, no todos los sistemas geotermales forman depdsitos epitermales, una combinacion
particular de factores en el tiempo es necesaria para que un sistema geotermal forme una
acumulacion econémica de recursos minerales. En este trabajo, las condiciones de formacion del
deposito epitermal de Zn-Pb-Ag Patricia ubicado en el norte de Chile, son estudiadas por medio de
un modelo de transporte reactivo implementado con el codigo TOUGHREACT.

El depésito Patricia es un deposito epitermal de sulfuracion baja a intermedia, su mineralizacion
presenta un marcado control estructural, y se encuentra en vetas de cuarzo, esfalerita y galena.
Estudios previos, de mineralogia e inclusiones fluidas, han establecido que el depdsito tiene tres
estadios paragéneticos distintivos que evidencian cambios en la composicion de los fluidos
hidrotermales de este deposito, la ausencia de evidencias de ebullicion de fluidos durante estos tres
estadios es una caracteristica particular de este deposito.

Estudios de solubilidad de metales base indican que para las temperaturas estimadas de formacion
de Patricia los fluidos mineralizadores transportaron los metales en complejos clorurados y
tuvieron bajas concentraciones de azufre reducido. Siendo necesaria para la formacién de la
mineralizacion de sulfuros, un aporte de azufre, se propone la mezcla de fluidos de distinta
composicion como el mecanismo més probable de formacion de mineralizacion en este deposito
Eventos sucesivos de circulaciéon de fluidos pobres en metales y de fluidos ricos en metales
formaron la alteracion y mineralizacion del deposito.

Para un periodo de 10,000 afios de actividad geotermal y considerando valores conservadores de
permeabilidad, tasas de flujo de fluidos y carga metalica en solucion, se ha evaluado un modelo de
transporte reactivo, que replica la paragénesis, la mineralizacion de sulfuros y la cantidad estimada
de recursos minerales de Patricia, estimandose la duracion total del evento mineralizador en 5,000
afnos. Aproximadamente 1,000 simulaciones distintas fueron realizadas para calibrar y refinar este
modelo. Sin embargo, esta estimacion para el evento de mineralizacion no es Unica, se ha
determinado que existe mas bien una amplia combinacion de variables con el potencial de replicar
la formacion del deposito epitermal de Patricia, la mas critica y necesaria es la circulacion de
fluidos que aportaran metales al sistema. La distribucion de la permeabilidad de la roca de caja, y
la presencia de contrastes de permeabilidad entre rocas intactas y fracturadas ejercieron un control
de primer orden en la distribucion y concentracion de esta mineralizacion en fracturas.

Finalmente, los factores que permitieron la formacién del deposito de Zn-Pb-Ag Patricia, fueron
primero una distribucion de permeabilidad favorable para la formacion de un sistema geotermal,
luego la presencia de estructuras, capaces de canalizar los fluidos hidrotermales ascendentes y
formar una zona de mezcla eficiente de fluidos, estas condiciones no hubieran sido suficientes para
formar el deposito sin el ingreso de un fluido enriquecido en metales al sistema, este fluido fue en
definitiva el factor critico para la formacion del depdsito de Patricia.
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“Palabra fiel y digna de ser recibida por todos:
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1 INTRODUCCION
1.1 Estructura de la Tesis

El presente trabajo estudia la formacion y evolucion del depdsito de Zn-Pb-Ag Patricia ubicado en
el norte de Chile, por medio de un modelo numérico de transporte reactivo.

En el Capitulo 1 se presenta una breve introduccion al tema, los antecedentes y la motivacion del
estudio. Una sintesis de la metodologia empleada cierra este capitulo.

En el Capitulo 2, se presentan los resultados del estudio propiamente tal. Este capitulo, en inglés,
consiste en el manuscrito "Numerical Simulation of a Fossil Geothermal System in Chile". Este
capitulo es auto-contenido, con la salvedad no tener incorporadas sus propias referencias
(contenidas como un item independiente de esta tesis).

En el Capitulo 3 se discute de manera mas especifica los alcances de los resultados presentados en
el Capitulo 2 para el estudio de Patricia y algunas implicancias de interés para el estudio de la
formacion de depositos en condiciones epitermales. Finalmente, en el Capitulo 4 se presentan las
principales conclusiones de este trabajo.

1.2 Introduccion y Antecedentes del estudio
1.2.1 Sistemas Geotermales y Depositos Epitermales

Los sistemas geotermales son un ambiente geologico asociado a la actividad magmatica
caracterizados por la circulacion de fluidos producto de los gradientes termales causados por el
enfriamiento de cuerpos magmaticos (Henley y Ellis 1983, Hedenquist y Lowenstern 1994). Estos
sistemas estan distribuidos en areas cercanas y escalas de tiempo similares a las de los sistemas y
procesos magmaticos.

Dada la extensa escala y la variabilidad inherente de los procesos magmaticos en la corteza
terrestre, los depdsitos hidrotermales exhiben también una amplia gama de diversidad en sus
expresiones y caracteristicas (White y Hedenquist 1990). Esta diversidad ha sido agrupada en un
continuo de depositos minerales denominada el ambiente Porfirico-Epitermal los cuales tienen una
comun asociacion a procesos magmaticos y a actividad hidrotermal (Einaudi et al 2003). En este
ambiente, la categoria de los depoésitos epitermales constituye el analogo fosil de los sistemas
geotermales activos en el tiempo presente.

Los depdsitos epitermales constituyen importantes reservas de metales preciosos y de metales base,
siendo explotados mayoritariamente por su contenido en metales preciosos, por esta razon el
estudio de la mineralizaciéon de metales preciosos en depdsitos epitermales presenta un mayor
grado de desarrollo comparado al estudio de los procesos y causas de formacion de mineralizacion
de metales base en el mismo ambiente.

En este trabajo, se estudia la formacion de mineralizaciéon de metales base en condiciones
epitermales tomando como caso de estudio el deposito de Zn-Pb-Ag Patricia, ubicado en el norte
de Chile (Chinchilla et al. 2016a, Chinchilla et al. 2016b y Chinchilla 2017).



1.2.2 Modelos de Transporte Reactivo y Sistemas Magmaticos e Hidrotermales

No solo los sistemas geotermales y los depdsitos epitermales exhiben una gran diversidad de
caracteristicas y manifestaciones, sino que ademas en estos sistemas se produce una compleja
interaccion de procesos fisicos de transporte de masa y calor, y reacciones de interaccion fluido-
roca en distintas escalas espaciales y temporales (Ingebritsen et al. 2010, Ingebritsen and Appold
2012). Esta inherente complejidad incrementa la dificultad para entender estos sistemas, y plantea
la necesidad de una metodologia integral que cuantifique la evolucion e interaccion de estos
procesos, ahora esta problematica no es exclusiva de los sistemas magmaticos e hidrotermales, sino
que es caracteristica de multiples problemas en Ciencias de la Tierra (Steefel et al. 2005), los
modelos de transporte reactivo surgen como respuesta a esta demanda por una metodologia integral
para abordar problemas en los cuales varios procesos interactuan dindmicamente en diferentes
escalas espaciales y temporales (Steefel et al. 2005).

Inicialmente los modelos numéricos aplicados a problemas relacionados con los sistemas
magmaticos-hidrotermales, abordaron los procesos de transporte y de interaccion entre minerales
y fluidos por separado. A continuacion, se mencionaran algunos de los trabajos mas relevantes por
sus aportes para el desarrollo de modelos de transporte reactivo aplicados a sistemas magmaticos
¢ hidrotermales y en particular por su relevancia para este trabajo.

En lo concerniente a procesos de transporte de masa y calor, los primeros estudios en modelacion
numérica de circulacion de fluidos en la vecindad de cuerpos magmaticos fueron realizados por
(Cathles 1977, Norton y Knight 1977), a pesar de contar con escasos recursos computacionales, y
por necesidad emplear multiples simplificaciones, estos trabajos establecieron rigurosamente el rol
de la permeabilidad como control de primer orden en la ocurrencia de procesos de adveccion de
fluidos y calor en ambientes magmaticos-hidrotermales (Norton y Knight 1977) y en la tasa de
enfriamiento de un cuerpo magmatico producto de la circulacidon de fluidos (Cathles 1977), ademas
estos trabajos plantearon que un sistema hidrotermal podia tener un periodo de actividad
significativamente menor al de un sistema magmatico. Posteriormente, la duracion de un sistema
geotermal sostenido por un solo evento intrusivo, fue modelada y acotada en funcién de la
distribucion de permeabilidad de la roca en la vecindad de una intrusion a un periodo inferior a 1
Ma, los sistemas hidrotermales con periodos de actividad mds extensos requeririan de multiples
intrusiones para mantenerse activos (Cathles et al. 1997). La formulacién tedrica necesaria para
modelar el transporte de calor y masa y la importancia del rol de la permeabilidad en la formacién
de depdsitos minerales de origen hidrotermal ha sido confirmada cuantitativamente por Ingebritsen
y Appold (2012) y de manera atin mas detallada para depositos en el ambiente porfirico-epitermal
por Weis (2015), quien considerando una distribucion dindmica de permeabilidad y fluidos salinos
logro modelar cuantitativamente el sistema hidrologico planteado de manera conceptual por
Hedenquist y Lowenstern (1994) para depositos en el ambiente porfirico-epitermal.

Pionero en la integracion de modelos de transporte con la descripcion de las reacciones que
describen la interaccion entre fluidos y roca, es el trabajo de Steefel y Lasaga (1994), quienes
presentaron un modelo teérico y numérico que simultaneamente integraba el transporte de masa y
calor con la descripcion de las reacciones quimicas entre agua, roca y fracturas de un sistema
hidrotermal. Este trabajo planteo la base teodrica para la formulacion de la primera version del
modelo de transporte reactivo conocido como TOUGREACT (Xu y Pruess 2001, Xu et al. 2011b),
este modelo ha sido aplicado a varios estudios en condiciones hidrotermales (Dobson et al. 2004,
Todaka et al. 2004, Xu et al. 2006, Wanner et al. 2014). Especialmente relevante para esta tesis son
los resultados de Wanner et al. (2014), al integrar permeabilidad, tasas de flujo de fluidos y
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reacciones minerales en un modelo numérico y calibrar este modelo con datos del campo geotermal
Dixie Valley, Nevada, USA.

Todos estos avances aportan el marco teorico y conceptual y los métodos para aplicar un modelo
de transporte reactivo al estudio de un deposito mineral con condiciones similares a las de los
sistemas hidrotermales activos previamente estudiados.

1.2.3 El depdsito epitermal de Zn-Pb-Ag Patricia

Patricia forma parte un antiguo distrito minero explotado alrededor de 1880, actualmente pertenece
al proyecto minero Paguanta, propiedad de la compania minera “Golden Rim Resources”.
Campaiias de exploracion, con ~ 40,000 m. de sondajes han caracterizado el yacimiento y estimado
recursos de 2.4Mt con leyes de 5.0% Zn, 1.4% Pb, 88g/t Ag y 0.3g/t Au (Golden Rim Resources
2017).

Patricia ha sido clasificado como un depdsito epitermal de metales base y sulfuracion baja a
intermedia, y considerado un hallazgo peculiar (Chinchilla et al. 2016b) al encontrarse ubicado en
el extremo norte de la franja metalogénica de edad Eoceno superior — Oligoceno, conocida por
depositos de porfidos de cobre de clase mundial como Chuquicamata, La Escondida o Quebrada
Blanca.

El depdsito se encuentra emplazado en una sucesion de rocas volcéanicas de composicion andesitica
afectadas por intensa alteracion propilitica, la mineralizacion presenta un claro control estructural
y se encuentra en vetas y stockworks (Chinchilla 2017). La asociacion mineral se formd en tres
estadios principales, el estadio 1 previo a la mineralizacion, el estadio 2 al cual se asocia la
precipitacion de la mineralizacion consistente en sulfuros de metales base y sulfosales de Ag y el
estadio 3 posterior a la mineralizacion (Chinchilla et al. 2016b).

Estudios de inclusiones fluidas han determinado las temperaturas y salinidad caracteristicas de los
fluidos de cada uno de estos tres estadios, y han establecido que estos fluidos no experimentaron
ebullicion (Chinchilla et al 201b, Chinchilla 2017)

A partir de todos los antecedentes disponibles, se ha propuesto que la formacion de la
mineralizacion de sulfuros fue a consecuencia del enfriamiento progresivo de un fluido de salinidad
moderada-baja (10 -1 % eq. NaCl), que transportaba los metales mayoritariamente como complejos
sulfurados (Chinchilla et al. 2016b, Chinchilla 2017).

La detallada caracterizacién de la mineralogia e inclusiones fluidas de Patricia, la ausencia de
evidencias de ebullicion de fluidos en los tres estadios de mineralizaciéon, y un modelo
relativamente simple de formacién de esta mineralizacion de metales base, hacen factible la
posibilidad de realizar un modelo de transporte reactivo que replique la formacion de este depdsito
epitermal.



1.3 Motivacion
Las siguientes preguntas resumen la motivacion del este trabajo:

(Cuales son las condiciones y procesos favorables para la formacion de mineralizacion de metales
base en los depositos epitermales similares al deposito Patricia?

(Cuanto tiempo seria necesario para la formacion de un deposito epitermal de estas caracteristicas?

Para responder a estas preguntas se ha propuesto un modelo numérico de transporte reactivo
implementado con TOUGHREACT (Xu and Pruess 2001, Xu et al. 2011b), con el fin de tener otra
perspectiva de la formacidon de mineralizacion de metales base en el caso del depdsito Patricia.

1.4 Hipotesis de estudio

En los sistemas geotermales fosiles la mineralogia y estructura del sistema es producto de la
interaccion fluido-roca durante el periodo de actividad geotermal del sistema. La evolucion y los
procesos que concluyeron en el estado final del sistema activo pueden ser replicados mediante un
modelo de transporte reactivo que acople el transporte de masa y calor con las interacciones entre
el fluido hidrotermal y los minerales de roca del sistema geotermal durante su periodo de actividad.

1.5 Objetivos
1.5.1 Objetivo General

Estudiar el proceso de formacion del deposito epitermal Patricia utilizando un modelo de transporte
reactivo.

1.5.2 Objetivos Especificos

1. Proponer un modelo conceptual para la formacion de la mineralizacion de metales base en el
caso del depdsito Patricia que defina las condiciones geoquimicas de los fluidos y de transporte del
sistema geotermal.

2. Elaborar un modelo de transporte reactivo con TOUGHREACT, calibrado con la informacion
disponible del caso de estudio.

3. Determinar los factores mas relevantes para la formacion de mineralizacion de metales base a
partir de dicho modelo.

4. Estimar la duracidn del evento de mineralizacion.



1.6 Metodologia
1.6.1 Etapa Conceptual y Consideraciones Generales

A continuacion, se presenta el disefio y desarrollo de la metodologia usada para elaborar el modelo
de transporte reactivo cuyos resultados son presentados en el Capitulo 2.

Los modelos de transporte reactivo son una metodologia en la cual se acopla el aspecto
concerniente al transporte de masa y energia de un sistema, con el aspecto enfocado en describir
las interacciones quimicas que ocurren en este sistema (Steefel et al. 2005, Ingebritsen et al. 2010).

En este estudio el problema a estudiar es la formacion de mineralizacion de sulfuros de metales
base en un sistema geotermal. Es de interés establecer los procesos y parametros mas relevantes
para la formacion del depodsito Patricia, y eventualmente la escala temporal de estos procesos. Para
esto es necesario simular las condiciones de transporte durante la actividad del sistema geotermal
fosil que formo esta mineralizacion. Y simultdneamente establecer y acoplar a este modelo de
transporte, el sistema quimico que describe la interaccion y las reacciones entre los fluidos
hidrotermales y la roca de caja del sistema geotermal.

El modelo conceptual del depdsito Patricia considerado en primera instancia fue el mismo
propuesto por Chinchilla et al. (2015) y Chinchilla (2017), presentado en la Figura 1, el cual
corresponde a una modificacion al modelo para depdsitos epitermales de sulfuracion intermedia de
Hedenquist y Lowenstern (1994). En este modelo se plantea que la mineralizacion se formo
producto del enfriamiento gradual de un Unico fluido el cual transportd los metales base como
complejos bisulfurados durante el estadio principal de mineralizacion del depdsito. Aunque existen
evidencias de mezcla de fluidos en las etapas previa y posterior a la mineralizacion (Chichilla
2017), se estim6 que la mezcla de fluidos no fue relevante para la formacion de la mineralizacion
de Patricia. Este modelo conceptual fue usado para construir un modelo de transporte reactivo
(Figura 2) usando el cédigo TOUGHREACT. Con este modelo no se obtuvieron los resultados
esperados. Este modelo, asumiendo un solo fluido, y el enfriamiento gradual del fluido
mineralizador durante su ascenso como mecanismo de formacion de la mineralizacioén no replica
el horizonte vertical de mineralizacion de metales base, reportado en el mapeo geologico del
depdsito (Golden Rim Resources 2017) y descrito por el modelo clasico de depositos epitermales
de metales base (Buchanan 1981).

Para plantear un modelo conceptual alternativo, primero se analiz6 la solubilidad de los complejos
acuosos de metales base (Zn y Pb) en condiciones epitermales (<350°C) por medio de “batch
models” para distintas soluciones en un amplio rango de temperatura y salinidad. Se concluyo6 que
a diferencia de lo planteado en estudios anteriores (Chinchilla et al. 2015, Chinchilla 2017) los
metales fueron transportados en complejos clorurados, en fluidos con bajas concentraciones de
azufre. Estas soluciones son incapaces de transportar simultdneamente metales base y azufre en
solucion para las condiciones de Patricia.

En este trabajo se propone entonces un modelo de formacion alternativo, en el cual se plantea que
la mineralizacion fue el resultado de un proceso de mezcla de fluidos, entre un fluido mineralizador
que transporto metales base en solucién como complejos clorurados y otro fluido que aporto el
azufre necesario para formar la mineralizacion de sulfuros.
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Figure 1. Modelo Conceptual del depdsito epitermal de Zn-Pb-Ag Patricia, modificado de
Chinchilla (2017) y Albinson et al. (2001) y concepto principal del modelo de transporte reactivo a
implementar con TOUGHREACT: si la mineralizacion se form6 en un volumen limitado del
sistema geotermal, es razonable modelar los procesos e interacciones que tuvieron lugar en este
volumen, evitando asi tener que modelar la circulacion de fluidos de todo el sistema geotermal.
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El modelo numérico formulado con el coédigo TOUGHREACT, es muy demandante en recursos
computacionales, por lo cual fue necesario simplificar lo mas posible la geometria del modelo y
también la malla de celdas empleada para representar esa geometria. Considerando que la
mineralizacion se encuentra controlada por estructuras, y ubicada preferentemente en la vecindad
de un sistema de fallas (Figure 6) se decidié modelar un volumen representativo de esas fallas y de
sus vecindades. Este volumen corresponde a una columna vertical de roca, en la cual tienen lugar
simultdneamente, los procesos de transporte y las interacciones entre fluidos y roca. A
continuacion, se indican los criterios considerados para elegir los parametros requeridos por el
codigo TOUGHREACT para modelar los procesos de transporte y las reacciones quimicas.
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Figure 2. Esquema conceptual del primer modelo de transporte reactivo usado para estudiar la
formacion del deposito Patricia. En este modelo se consider6 el enfriamiento gradual de un solo
fluido, sin considerar procesos de mezcla de fluidos. Distintas configuraciones de transporte y
diferentes composiciones quimicas fueron evaluadas, sin lograr reproducir la distribucion vertical
de la mineralizacion de Patricia.
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Figure 3. Esquema conceptual del segundo modelo de transporte reactivo usado para evaluar la
formacion del deposito Patricia. En este modelo, se plantea que la mineralizacion es causada por
un proceso de mezcla de fluidos, entre un fluido rico en metales de origen profundo, que asciende



hacia la superficie y que se mezcla en su ascenso con fluidos aportados por corrientes laterales los
cuales contienen el azufre necesario para formar sulfuros de metales base.

1.6.2 Parametros para modelar condiciones de transporte
L. Propiedades de Roca y Permeabilidad

Para modelar el transporte de masa y de calor en un medio poroso, TOUGHREACT, requiere varias
propiedades del medio, en este caso, de la roca de caja en la cual se emplazo el sistema geotermal,
como densidad, conductividad térmica, porosidad, permeabilidad y grado de fracturamiento de la
roca de caja del sistema. Para la eleccion de estos parametros se consideraron los valores usados
por Todaka et al (2004) y Wanner et al. (2014) para modelar sistemas geotermales con rocas
intactas y fracturadas de composicion andesitica.

Para la eleccion de la permeabilidad de la roca de caja no fracturada, se consideraron especialmente
los resultados de los analisis de pardmetros hidrogeoldgicos en sistemas geotermales y en depositos
magmatico-hidrotermales realizados por Ingebritsen et al. (2010) y Ingebritsen y Appold (2012).
Para la eleccion de la permeabilidad de roca fracturada se consideraron las compilaciones de datos
de permeabilidad de corteza continental tectonicamente perturbada, recopilados por Ingebritsen y
Manning (2010). Los valores de permeabilidad escogidos han sido usados en otros estudios de
modelacion numérica de formacion de sistemas geotermales y depodsitos magmaticos hidrotermales
(Cathles et al. 1997, Hayba y Ingebritsen 1997, Weis 2015).

1L Ecuaciones de Estado

TOUGHREACT requiere escoger las ecuaciones de estado de los fluidos a modelar, en la
simulaciones, se considerd el modulo de ecuaciones de estado EOS1 de TOUGHREACT, el cual
describe el flujo de un fluido en una sola fase, en condiciones saturadas y para temperaturas no
constantes. Al considerar un fluido en una sola fase, el modelo no puede describir ebullicién de
fluidos. Sin embargo, para simular la formacion de Patricia, esto no es un problema, considerando
la ausencia de evidencias de ebullicion en este deposito (Chinchilla et al. 2015).

I11. Escala Espacial del Modelo

Para estimar el volumen representativo del sistema, se consider6 el area ligada a la mineralizacion
de acuerdo con el mapeo geoldgico de Patricia y la profundidad estimada de la mineralizacion a
partir de los datos de sondajes del depdsito. Del mapa geoldgico (Figure 6) se estimo que esa area
corresponde aproximadamente a 90,000 m?. La extension vertical de la mineralizacion ha sido
estimada en 600 m. (Golden Rim Resources 2017), para efectos del modelo numérico se asumié
una extension vertical de 700 m para la columna de roca a modelar. La representacion espacial del
sistema fue simplificada a la representacion mas simple y eficiente posible en uso de recursos
computacionales.

IV.  Tasas de flujo y duracién de la actividad geotermal

Las tasas de flujo y la duracion de la actividad geotermal son dos de los factores en torno a los
cuales hay mayor incertidumbre para depositos de origen hidrotermal. Considerando la literatura
existente en el tema se escogid una tasa de flujo de 100 kg/segundo, el principal argumento para



esta eleccion es que esta magnitud es considerada moderada para sistemas geotermales activos con
el potencial de formar un deposito epitermal (Wilkinson et al. 2013, Simmons et al. 2016a).

Para la duracion de la actividad geotermal se consideraron los resultados de los estudios numéricos
de Hayba y Ingebritsen (1997) para sistemas geotermales y de Weis (2015) para sistemas
geotermales en el ambiente epitermal. Estos estudios estiman la duracion de la actividad geotermal
en funcidn de la permeabilidad del sistema, en un rango de 10,000-100,000 afios. Por razones de
recursos computacionales, especificamente la memoria necesaria para una larga simulacion y el
tiempo de célculo necesario para ejecutar dicha simulacion, se escogid el limite inferior de estas
estimaciones.

1.6.3 Parametros para describir el sistema geoquimico y las interacciones fluido-minerales
L. Mineralogia

Las rocas primarias asociadas al depdsito Patricia en las cuales se encuentra la mineralizacion, son
rocas volcanicas de composicion andesitica sometidas a intensa alteracion hidrotermal propilitica
(Chinchilla 2017).Para las fases minerales primarias, previas al inicio de la alteracion hidrotermal,
se ha considerado la mineralogia de una andesita con bajo grado de alteracion descrita para la
Formacion Cerro Empexa (Valenzuela et al. 2014) la cual ha sido correlacionada tentativamente
con las rocas volcanicas andesiticas del deposito de Patricia (Chinchilla 2017).

La mineralogia de alteracion, los sulfuros de metales base y los minerales de plata del depdsito
Patricia, han sido descritos detalladamente, para el sistema quimico a simular se consideraron los
minerales de mayor relevancia para la paragénesis del depdsito con la excepcion de los minerales
de plata.

IL Descripcion de la interaccion entre fluidos y minerales

TOUGHREACT usa la formulacién planteada por Lasaga (1984) para describir reacciones de
precipitacion y disolucion producto de la interaccion de fluidos y minerales en condiciones
cinéticas. Los parametros cinéticos requeridos por dicha formulacidon se hayan detallados en el
Capitulo 2.

Para la descripcion de las interacciones geoquimicas se siguieron las practicas y métodos utilizados
en estudios previos realizados con TOUGHREACT, aplicados a sistemas geotermales activos, se
considerd especialmente la metodologia usada por Xu y Pruess (2001) para modelar alteracion
mineral y flujo de fluidos en sistemas hidrotermales. Para la estimacion de superficies de reaccion
mineral, se consideraron los resultados de las simulaciones calibradas y validadas en un sistema
geotermal activo realizadas por Wanner et al. (2014) usando TOUGHREACT.

III.  Estimacion de la composicion de las soluciones hidrotermales

En principio, al contar con datos de LA-ICP-MS para las inclusiones fluidas de los 3 estadios
paragéneticos de Patricia, y asumiendo que las inclusiones son representativas de los fluidos de
dichos estadios, se consideraron esos valores para las composiciones de los fluidos. Sin embargo,
los analisis de LA-ICP-MS disponibles no proporcionan informacion valida para las
concentraciones de metales en solucion del estadio de mineralizacion. Para estimar la composicion
de dichas soluciones, se consideraron los datos de temperatura y salinidad estimados por medio de
las inclusiones fluidas y se realizaron “batch models” asumiendo condiciones de equilibrio entre el
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fluido mineralizador y la asociacién mineraldgica descrita para el estadio de mineralizacion, de
esta manera fue posible estimar la composicion del fluido.
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2.1 ABSTRACT

Fossil and active geothermal systems are products of a series of complex processes that are related
to the amount of ore fluid that flows through the system, depositional efficiency, concentration of
metal in the ore fluid, and the duration of the ore-forming process. Of all these factors, the duration
of the mineralizing event is one of the least understood aspects of ore genesis.

We used fluid inclusion data, chemical compositions of base metal sulfides, and fluid flow rates to
constrain a numerical model of a fossil geothermal system, as the Patricia Zn-Pb-Ag deposit located
in northern Chile. The Patricia deposit consists of quartz and base metal sulfide veins of
hydrothermal origin with structural control, hosted in a volcanic succession with intense propylitic
alteration. The fluid inclusion data indicates that the hydrothermal fluids were liquid-rich and had
circulation temperatures that range from 215 to 140°C, and salinities between 22 to 1 wt.% NaCl,
with no evidence of boiling in the system. Sulfide mineralogy indicates low to intermediate
sulfidation conditions.

Hundreds of models were evaluated using the reactive-transport code TOUGHREACT to identify
the most relevant geochemical and transport parameters controlling the formation of this fossil
geothermal system. The paragenesis of the deposit is mimicked by a model of successive stages of
fluid circulation consistent with the observed mineral assemblage distribution, the fluid inclusion
data and the estimated resources in the deposit.

First, the entire geothermal activity of the system was modeled considering 10,000 years of fluid-
rock interaction. In this model, periods of circulation of metal- barren fluids are followed by metal-
rich fluids driving the ore formation. Base metal solubility with predominant chloride complexing
suggests that the most efficient ore-forming mechanism for the Patricia deposit was the result of
the interaction of two different fluids, one fluid transporting metals and another fluid transporting
reduced sulfur mixing in a rock volume of high permeability. Mass balance estimations with this
model give a period of 3,500 to 5,000 years for the ore stage duration in which all the ore resources
of the Patricia deposit could have been precipitated by fluid mixing.

In a second model, the previous estimates for the duration of the main ore stage were used to
simulate the fluid-rock interaction during the ore stage for a period of 3,500 years, the second
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model's results highlights: First, the importance of the permeability of the host rock enhanced by
fractures to concentrate the volume of the mineralization. And second, the role of the hydrothermal
alteration assemblage in controlling the circulating fluid acidity. A higher efficiency in the
formation of sulfide minerals appears to coincide with pH values in a range from 5.1 to 5.3.

The results of both models are validated by replicating the system evolution, reproducing the same
mineral alteration assemblage, the expected base metal resource distribution and similar amounts
of ore resources to those of the Patricia deposit.

Even with simplifications, reactive-transport modeling is able to reproduce the main features of the
Patricia deposit, and provide insights into the formation process of this epithermal deposit,
supporting the importance of the mixing of fluids as a relevant process in the formation of sulfide
base metal mineralization in the epithermal environment.

2.2 INTRODUCTION

Geothermal systems are a geologic environment, related to magmatic activity (magmatic-
geothermal), with characteristic fluid circulation driven by the cooling of magmatic bodies (Henley
and Ellis 1983, Hedenquist and Lowenstern 1994). This fluid flow transports mass and heat across
large extents of the Earth crust, allowing interaction between the fluid and crustal rocks, this
interaction has the potential to transport and concentrate metals forming hydrothermal ore deposits
classified as epithermal deposits (Hedenquist and Lowenstern 1994).

The magmatic systems have a variety of expressions across different tectonic settings and since
geothermal systems are spatially close to magmatic systems, the hydrothermal ore deposits, the
fossil counterpart of the active geothermal systems, also display a wide degree of variability (White
and Hedenquist 1990). This variability has been grouped in a continuum of ore deposits related to
magmatic and hydrothermal activity known as the Epithermal-Porphyry environment (Einaudi et
al 2003).

The epithermal deposits are relatively more distal to the magmatic bodies than the porphyry
deposits and are classified by their mineralization in precious metals (Au-Ag) deposits and base
metals (Zn-Pb-Ag) deposits. The formation of base metals epithermal deposits is comparatively
less studied and less understood than the formation of precious metal mineralization.

In this paper we studied the mechanisms and formation of the Zn-Pb-Ag Patricia deposit, from
northern Chile (Chinchilla et al. 2016a, Chinchilla et al. 2016b). We used a reactive transport model
implemented with TOUGHREACT (Xu and Pruess 2001, Xu et al. 2011b) to understand the ore-
forming process for the base metal mineralization in this deposit.

Most of our observations, assumptions and boundary conditions for our model come from field and
fluid inclusion data from the Patricia deposit. These observations are supplemented by data from
the physical and geochemical processes observed in active geothermal systems assuming that
present processes were the same involved in the formation of fossil geothermal environments
(Henley 1985). Thus, from the knowledge of active systems, we get the geochemical framework
to construct a reactive transport model consistent with the available data from the Patricia deposit
that provides insight into the ore-forming process of this base metal deposit.
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2.2.1 Relationship between continental geothermal systems and epithermal precious metal
deposits

Terrestrial hydrothermal systems are analogues of fossil epithermal systems based on similar
tectonic and spatial setting, alike physical conditions and processes, alteration mineral assemblages
and related fluid chemistry (White 1955, Henley and Ellis 1983, Henley 1985, Simmons et al.
2005a). Hydrothermal systems in volcanic arcs and rifts form by deep convective circulation of
fluids driven by shallow intrusions of magma at < 5 km depth (White and Hedenquist 1990).
Thermal and pressure gradient is controlled by the boiling point curve (Haas 1971).

Active hydrothermal systems are classified in geothermal systems and magmatic-hydrothermal
systems, each type reflecting the pH of the hydrothermal solutions (Giggenbach 1984, Giggenbach
1997a, Einaudi et al. 2003, Simmons et al 2005).

Geothermal systems have reduced and near neutral pH fluids that are close to equilibrium with the
altered host rock (Giggenbach 1992b). The compositions of the fluids are dominated by meteoric
waters with small magmatic contributions and isotopic data shows that Cl, Pb and S are of
magmatic origin (Giggenbach 1995). The circulating fluids in the geothermal systems might
contain 10s to 100s ppm of H2S (Simmons et al. 2005b). This fluid interacts with the country rock
to form a propylitic alteration assemblage (Giggenbach 1997a). Active geothermal systems have a
sulfidation state ranging from low to intermediate (Einaudi et al. 2003).

Magmatic hydrothermal systems are proximal to volcanic centers, with fluids that are far from
equilibrium with the host rock (Einaudi et al. 2003). The fluids are oxidized and highly acidic
owing a direct contribution of condensed magmatic volatiles (Simmons et al. 2005b). The
hydrothermal fluids have a direct magmatic source and show little degree of rock-fluid interaction.
Isotope data confirms a magmatic signature (Giggenbach 1997a). Product of the fluid circulation
the magmatic hydrothermal systems display a characteristic advanced argillic alteration containing
alunite and kaolinite (Giggenbach 1992a, Sillitoe and Hedenquist 2003). Magmatic hydrothermal
systems have an overall sulfidation state ranging from intermediate to high and might show wide
variations (Einaudi et al. 2003).

For the fluids in active hydrothermal systems their temperatures of circulation, pressure and
chemical compositions are known, much of the current understanding of the epithermal deposits
come from direct observation of these systems and from the comparison between the mineralogy
and fluids in the active hydrothermal environment with trapped fluids in the crystals of minerals
(fluid inclusions) from the fossil epithermal deposits.

However, despite all the similarities between active hydrothermal systems and epithermal deposits,
there is considerable uncertainty about the nature and amount of magmatic contributions in the ore
forming process. The vast majority of the active hydrothermal systems do not show significant ore
formation, and even with important amounts of fluid circulation, significant economic enrichment
in base or precious metals is rare in active systems (Simmons et al. 2016a). This observations
suggests that the formation of epithermal ore deposits might be either episodic, requiring small
periods of time for the fluid mineralized or rather a continuous process taking a long time in
forming and requiring long periods of sustained hydrothermal fluid flow (Moncada et al. 2019).

One important question related to our case of study is the mechanism by which base metals are
transported and deposited in the epithermal/hydrothermal environment. Base metal mineralization
in epithermal deposits is associated with 23-7 wt. % NaCl equiv salinities but volcanic hosted
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hydrothermal systems have salinities limited to < 7 wt. % NaCl equiv (Albinson and Rubio 2001,
Bodnar et al. 2014). Furthermore, there is no known active system that is a counterpart of
epithermal systems with fluids salinities >5 % NaCl equiv and similar to those salinities ranges
characteristic of base metal epithermal deposits (Simmons et al. 2005b), and also there are no
reports of active geothermal systems in arc settings with fluids transporting base metal
concentrations > 10 ppm. We address these questions that remains uncertain through the
observation of active hydrothermal systems through a reactive transport model of the Patricia
deposit.

2.2.2 Characteristics of the Epithermal Base Metal Deposits

The physical conditions of formation of the epithermal deposits are given by temperatures of
formation between 150-300 °C, at depths from 50 to 2000 m below the water table (Buchanan
1981, Albinson et al. 2001, Bodnar et al. 2014). The epithermal environment is under hydrostatic
pressure conditions, where the pressure-temperature gradient is controlled by the boiling point
curve (Haas 1971). Epithermal deposits are source of precious and base metals and the
mineralization reflect the orebodies within a vertical interval of a few then to hundreds of meters.

The epithermal deposits are very diverse and highly variable in characteristics, owing this variety
to a combination of physical and chemical factors therefore epithermal deposits have multiple
classifications, however the more general schemes are based on alteration and gangue mineralogy
(Simmons et al. 2005a), and sulfidation and oxidation states of the sulfide assemblage mineralogy
(Hedenquist et al. 2000).

Two distinct end members are distinguished: The first, the low sulfidation epithermal deposits
associated with quartz + calcite + adularia + illite contain Au-Ag, Ag-Au, or Ag-Pb-Zn ores zones
(Hedenquist et al. 2000). The ore mineralization is mostly in veins and stockworks, with colloform
quartz, bladed calcite or bladed calcite preplaced by quartz and evidence of Fluid Inclusions
Assemblages (FIAs) consisting of coexisting liquid-rich and vapor-rich inclusions are indicative
of boiling conditions and FIAs containing only vapor-rich inclusions indicate flashing of the system
(Bodnar et al. 1985, Moncada et al. 2012). Fluid inclusion studies indicate ore deposition from
dilute to moderately saline solutions a temperatures between 150 C to 300 °C (Bodnar et al.
2014).The hydrothermal alteration is zoned and comprises a regional propylitic alteration, with
quartz, adularia, illite and pyrite forming proximal alteration zones enveloping the ore bodies
indicating fluids of neutral pH. Fluid inclusion data indicate salinities < 5 wt. % NaCl for Au-Ag
deposits and <10 to >20 wt. % NaCl for Ag-Pb-Zn deposits. Stable isotope data indicate that
hydrothermal solutions were composed mostly of deeply circulating meteoric water, with a variable
component of magmatic fluid (Albinson et al. 2001, Bodnar et al. 2014). In these deposits sulfide
mineral fluid inclusions Na/Ar ratios indicates a magmatic source for the mineralizing fluid
(Albinson et al. 2001) Gangue minerals from barren zones, have Ny/Ar ratios near air-saturated
water signature indicating meteoric fluid contribution (Albinson et al. 2001).

The second end member are the high sulfidation epithermal deposits associated with quartz +
alunite + pyrophillite + dickite + kaolinite assemblages containing Au = Ag + Cu ores (Simmons
et al 2005). The characteristics of this type shows a vuggy zone and massive quartz alteration,
which host ore, indicating circulation of acidic fluids. The external part of the system shows zones
of quartz and phylosillicate minerals that are surrounded by regional propylitic alteration (Simmons
et al 2005). The ore distribution is controlled by structures and lithology, the sulfide assemblage
ranges from intermediate to high (Hedenquist et al 2000, Sillitoe and Hedenquist 2005).
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Fluid inclusion data indicate salinities between <7 to 12 wt. % NaCl and high salinities ranging
between 21 to > 23 wt.% NaCl (Bodnar et al. 2014).

Fluid inclusion and oxygen and hydrogen isotope data indicate that the altering fluids are composed
of magmatic fluids (vapor rich) with a minor to moderate component of meteoric water (Casadevall
and Ohmoto 1977, Heald-Wetlaufer et al. 1983, Albinson et al. 2001).

At the higher depth in the system, the difference is caused by contrasting fluids, oxidized and acid
fluids versus reduced and near neutral pH solutions, controlled by differences in the proportion of
magmatic and meteoric components and the amount of water-rock interaction during the ascent of
the fluid from the magmatic to the epithermal environment (White and Hedenquist 1990,
Giggenbach 1997a, Simmons et al 2005). Higher distances from the magmatic source allows a
higher degree of fluid rock interaction.

In the intermediate and main potion of the epithermal systems, it may be possible the development
of boiling and/ or mixing conditions which creates abrupt physical and chemical gradients that
could produce precious and base metal precipitation (Giggenbach and Steward 1982). Near the
surface, on the shallow portion of the system, the position of the water table controls the hydrostatic
pressure-temperature gradients at the depth where the epithermal mineralization forms (Henley
1985, Simmons et al. 2005).

Boiling is the main mechanism of precipitation for precious metals deposits, by changing the
solubility of gold and silver (Kamilli and Ohmoto 1977, Buchanan 1981). Mixing of fluids of
different composition, like hydrothermal brines and overlying groundwaters has been proposed as
another mechanism able to produce base metal precipitation (Loucks et al. 1988, Hayba 1997).

2.2.3 Duration of mineralization events on hydrothermal deposits in the epithermal
environment

During the last century many studies have improved our understanding on how much time is
required to form an epithermal precious and base metal ore deposit. In this paper, we use
observations of active and fossil geothermal systems, and numerical modeling to estimate the time
required to form the Zn-Pb-Ag Patricia deposit.

Since the formative environments of epithermal deposits are related with those of active
hydrothermal systems, it has been argued that the duration of the epithermal mineralization could
be estimated from the lifetime of hydrothermal systems. We reviewed a continuation some of the
studies on geothermal system’s activity lifetime and on the duration and time scales of the ore
formation stages in epithermal deposits, to the end of setting constrains to the time scale of our
model of the Patricia deposit.

2.2.4 Previous studies to estimate the duration of Ore-Forming processes from active
geothermal systems

Numerous studies have estimated the duration of the ore- forming event from active geothermal
systems through mass flow balance, estimations of lifetime activity and estimates of metal budgets
carried in solution by the hydrothermal fluids (Helgeson and Garrels 1968, Seward 1989, Simmons
and Brown 2006, Moncada et al. 2019). Ore formation estimates through these methods have
reported intervals between of 10,000 to 100,000 years.
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Brown (1986) estimated that up to 4.7 kg/year of gold are transported through the Broadlands
geothermal system, New Zealand, at minimum concentration of 1.5 ppb Au for an average up-flow
rate of 100 kg/s, so, with this metal flux a deposit of 100 tonnes of gold could have been formed in
a period < 25,000 years.

Hedenquist et al. (1993) estimated from measured metal fluxes, for the White Island volcanic
hydrothermal system, New Zealand, the availability of 106 t of Cu, and 45 t Au over 10,000 years
of hydrothermal activity.

Simmons and Brown (2006), considered a flux rate of 50 kg/s and measured concentrations of
0.05-0.2 ppb Au to calculate a total gold flow of 24 kg/year and estimated a total period of 55,000
years to account for all the gold (1,300 tons) in the Ladolam deposit, Papua New Guinea.

Heinrich (2007), considered the same flow conditions that Simmons et al. (2006) for the Ladolam
deposit. However, the gold concentrations measured by Simmons and Brown (2006) are 100 to
1,000 times lower than measured gold concentrations in fluid inclusions in ore deposits with similar
characteristics. A fluid with higher concentrations of sulfide and gold, similar to those of fluid
inclusions, could form the Ladolam deposit under the same flow regime in an even shorter period
of time < 1,000 years.

The Reykjanes geothermal system, Iceland, deep liquid fluids contain 14-17 ppm Cu, 5-27 ppm Zn
and 9-140 ppm Fe. With a flux rate of 100 kg/s estimated from a heat flow of 130 MW and average
metal concentrations, the metal flux for year is up to 47 t of Cu and Zn each, assuming a constant
mass flux and metal concentrations, in 10,000 years of activity almost 0.5 Mt of Cu and Zn would
have precipitated in the Reykjanes geothermal system (Hardardéttir et al. 2009).

The Rotokawa geothermal system, New Zealand, has an estimated flux rate of 150 kg/s with a flux
of gold (37-109 kg/yr) and silver (5,200-11,400 kg/yr) higher than the estimated flux for the
Ladolam geothermal system. Under constant metal and flow rates a world class precious metal
deposit could be formed in < 20,000 years (Simmons and Brown 2007).

Simmons et al. (2016a) estimated fluid flux rates between 50-300 kg/s for individual systems, and
890-1,070 kg/s for the entire Taupo Volcanic Zone, with a total metal flux of 34-120 kg/y Au, and
37,900-107,600 kg/y Cu.

Therefore, active geothermal systems that could sustain similar fluid flow rates and metal fluxes
for 10,000 to 100,000 years have significant ore forming potential.

2.2.5 Previous studies to estimate the duration of Ore-Forming processes from fossil
epithermal systems

Various estimations for the duration of the ore stage in epithermal deposits have been made using
measured metal concentrations from fluid inclusions and flow rates. The estimates of metal budgets
and measured metal contents from an ore solution extracted from fluid inclusions from the ore of
the Cerro Proafio Ag-Pb-Zn epithermal deposit, Fresnillo district in Mexico, suggests that ore
formation could be even faster than the estimates obtained from active hydrothermal systems. LA-
ICP-MS analysis of fluid inclusions of this epithermal deposit have reported Ag, Pb and Zn
concentrations around 10’s ppm, with an average of 14 ppm of silver and a maximum of 27 ppm,
and maximum values around 40-60 ppm for Pb and Zn (Wilkinson et al. 2013). These
concentrations are one order of magnitude higher than the measured in active hydrothermal
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systems. Given an up-flow rate of 100 kg/s, a moderate up-flow rate relative to active hydrothermal
systems, the required time to deposit all the silver produced in the Fresnillo district would be
approximately 500 y (Wilkinson et al. 2013).

The temporal distribution of these fluids in the paragenetic sequence of this deposit suggest also
an episodic occurrence of mineralization, through intermittent injection of Ag-rich brines of
magmatic origin into an otherwise barren hydrothermal system (Wilkinson et al. 2013).

For the Ag-Pb-Zn Creed deposit, Colorado, the reconstruction of the formation of iron gradients in
banded sphalerite by thermal diffusion, have given estimates between 1,000-10,000 years for the
duration of mineralization event in this deposit (Campbell and Barton 2005).

A common conclusion from these studies on fossil epithermal systems, is that the ore stage period
in a hydrothermal deposit represents only a fraction of the overall formation and lifespan of the
hydrothermal system (Wilkinson et al. 2013, Moncada et al. 2019)

2.2.6 Previous studies to estimate the duration of Ore-Forming processes from permeability
and numerical simulations

Numerous studies have been made to estimate the lifetime of hydrothermal systems and constraint
the duration of the mineralization stage on hydrothermal deposits using numerical models. The
range of lifetime estimates obtained through this approach range from 10* to <10° years (Cathles
1977, Norton and Knight 1977, Cathles et al. 1997, Hayba and Ingebritsen 1997, Moncada et al.
2019) and the range for the mineralization stage is from 10° to 10° years (Kostova et al. 2004, Weis
2015, Zou et al. 2017, Hu et al. 2020).

This studies have explored the physical processes related to a single hydrothermal system in the
vicinity of a magmatic intrusion (Weis 2015). After evaluation of multiple variables controlling
the life-time activity of a hydrothermal system related to a single magmatic intrusion, a major
conclusion is that the permeability distribution of any system coupled with the heat supply from a
magmatic source exerts the main control over the hydrothermal system evolution (Cathles 1977,
Hayba and Ingebritsen 1997, Driesner and Geiger 2007).

The relevance of the intrinsic permeability distribution of a hydrothermal system cannot be
overestimated: permeability determines how fast ground water can flow through a porous rock,
therefore constraining the fluid circulation regimen of the hydrothermal system and controlling the
fluid flow, the thermal balance and the transport of mass within the system (Ingebritsen et al. 2010,
Ingebritsen and Appold 2012).

Permeability determines the system’s cooling rate and the occurrence of processes such as fluid
advection (Cathles 1977, Norton and Knight 1977) and boiling (Hayba and Ingebritsen 1997,
Driesner and Geiger 2007, Weis 2015) and also provides a physical constraint in the duration of
these processes and on the lifetime of an active geothermal system.

Permeability in the geologic media has an ample range over all the different rocks in the crust.

However, three values have critical importance: 102° m?, 10'® m?, and 10"° m?, (Ingebritsen and
Appold 2012) in the behavior of any given system (Figure 4).
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Figure 4. Range of permeabilities observed in geological media. Showing characteristic process-
limiting values. Geothermal systems are hosted in rocks with high permeability than unfractured
rocks but lower that typical aquifers values. Sustained fluid and heat circulation through advection
requires permeability higher than 1071 m? for an active geothermal system. For commercially viable
geothermal reservoirs the minimum permeability is ~107'° m?. After Ingebritsen and Appold (2012)

An intrinsic permeability of 102° m? allows advective mass transport, but heat transport occurs by
conduction (Ingebritsen and Appold 2012). A permeability of 102° m? is considered very low for
a hydrothermal system (Driesner and Geiger 2007).

The permeability value of 1071 m? allows the occurrence of free heat and solute advection on a
hydrothermal system (Norton and Knight 1977), for reference most viable geothermal reservoirs
have permeabilities ~10"'"> m? (Ingebritsen and Appold 2012). Numerical models have also
corroborated that the optimal value for generating a hot and potentially vapor-rich geothermal
reservoir is 10> m? (Hayba and Ingebritsen 1997, Ingebritsen and Appold 2012).

Systems with permeabilities of 10'® m? or less, are conduction dominated and they can sustain
elevated temperatures near the magmatic intrusion for more than 50,000 years but with modest
increases of the near surface temperature (Cathles 1977, Hayba and Ingebritsen 1997).

At permeabilities of ~10"'> m?, boiling conditions persist for thousands of years, boiling being
possible for up to 20,000 years (Hayba and Ingebritsen 1997). The highest lifetime of a modeled
hydrothermal system with a mean permeability of 10> m? has been estimated to be 800,000 years,
s0, in systems with longer periods of activity, the occurrence of multiple intrusions is suggested
(Cathles et al. 1997).

Systems with permeabilities > 10"'> m* have decreasing temperatures and life spans: a system with
a permeability of 10'* m? last for ~5,000 years with limited boiling and a more permeable system
(10713 m?) last for < 3,500 years without evidence of boiling (Hayba and Ingebritsen 1997). These
results constrain the duration of the thermal event associated to the ore stage formation in
epithermal environments as a function of the overall permeability of the system (Driesner and
Geiger 2007).
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Porphyry and epithermal ore deposits share a common relationship to magmatic intrusions
(Hedenquist and Lowenstern 1994), but they also have clear differences: porphyry deposits are
nearer to magmatic intrusions than epithermal deposits, this feature causes important differences
in the conditions of each deposit type specially in their physical characteristics:

Porphyry systems fluid temperatures favorable to ore precipitation are in the 450-350 °C range
(Landtwing et al. 2005, Bodnar et al. 2014) higher than for epithermal systems <300°C (Bodnar et
al. 2014). Porphyry systems have also lower permeabilities (< 107'® m?) than epithermal systems
(>107'° m?) and therefore longer periods of cooling and hydrothermal activity (Weis 2015).

Weis (2015) realized numerical simulations of the hydrology of porphyry copper and epithermal
gold systems, considering multiphase fluid flow of H>O-NaCl fluids and a dynamic permeability
model describing the transition from brittle to ductile rock behavior and hydraulic fracturing. His
simulations highlight the importance of the permeability, salinity and topography in the
development of the porphyry-epithermal environment. According to his results, the entire ore-
forming event in the porphyry-epithermal environment is predicted to last between 50,000 and
100,000 years for permeabilities in the range of 107!* to 10"'* m?.

Hu et al. (2019), obtained similar results from numerical simulations of the Chatin Cu-Au porphyry
deposit, China, combining predicted chemical reaction rates of chalcopyrite with known grades of
Cu within the deposit, to estimate an ore-forming period of 9,600 — 75,000 yr for the Chatin deposit.

Epithermal systems have higher permeabilities distributions that porphyry systems, and near-
hydrostatic pressure conditions. Under these conditions the life-time period of the associated
hydrothermal system is between 10° to 10* yr (Cathles 1977, Hayba and Ingebritsen 1997).

Kostova et al. (2004), coupled the numerical simulations of Hayba and Ingebritsen (1997) with
fluid inclusion spatial and thermal data of the Yuzhna Petrovitsa, Pb-Zn ore deposit of Madan,
Bulgaria. They observed that the characteristic temperatures of each stage of the paragenetic
sequence of the deposit were related to the thermal profile inferred by numerical modeling for a
hydrothermal system with a permeability of 10> m?. In their numerical model the thermal event
with similar temperatures ranges as the ore stage of the ore deposit lasted for up to 2,500 years
(Driesner and Geiger 2007).

Zhou et al. (2017) for the Hutouya Pb-Zn skarn deposit, China, using numerical simulations to
calculate reaction rates of sulfide minerals and considering known grades of Pb and Zn for the
deposit, estimated the duration of the mineralizing process of galena and sphalerite to 10,000 to
60,000 years and 30,000 to 100,000 years respectively.

According to numerical models then, the formation and lifespan of a hydrothermal system depends
mainly on the permeability structure of the host rock to the intrusion. Numerical models provides
also further insight into the relationship between hydrothermal systems, geologic structures and
ore mineralization, since the permeability structure of a system can be enhanced by the presence
of geologic structures in a tectonic active crust (Ingebritsen et al. 2010, Weis 2015). Numerical
models have shown how structures enhanced permeability and allow focused fluid circulation with
increasing the potential of a hydrothermal system to produce mineralization rapidly (Cathles et al.
1997, Hayba and Ingebritsen 1997, Ingebritsen and Appold 2012).
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2.3 GEOLOGICAL BACKGROUND OF THE PATRICIA DEPOSIT

The Patricia Zn-Pb-Ag deposit is an epithermal deposit of intermediate sulfidation. Patricia is
located in the north of Chile, in the I Tarapaca Region (19° 51” S, 69° 6’ W) in the northern end of

the Late Eocene-Oligocene metallogenic belt in Chile (Figure 5).
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Figure 5. Ubication of the Patricia Zn-Pb-Ag ore deposit. Patricia is an unusual deposit in the
Eocene-Oligocene metallogenic belt of northern Chile known for hosting porphyry copper deposits
such as Chuquicamata and La Escondida. Modified from Chinchilla et al. (2016b).

The deposit is hosted in andesitic and sedimentary clastic rocks with an age of 75+2 Ma (U/Pb)
(Chinchilla et al. 2016b, Chinchilla 2017).

The deposit outcrops in an area of 2 km? and is divided in two blocks, by a set of NW-SE inverse
faults (Figure 6). The western block represents a shallower part of the system with occurrence of
cherts, amorphous silica and jasperoids, interpreted as thermal springs exposures (Chinchilla et al.
2016b). The eastern block represents a deeper portion of the system, with shallower levels not
observed, this portion is the most studied of the Patricia deposit.
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Figure 6. Geological map of the Patricia deposit showing main lithological units, and the main
mineralized veins Campamento and Caterdral. Patricia is divided in two blocks, the western and
eastern block, the latter being more exposed. The deposit is exposed within an area of 2 km? of
extension, but most of the mineralization is related to the fault structures confined to a smaller area
(in red) of ~90,000 m?. Modified from Chinchilla et al. (2016b).

The ore body consists of a system of subvertical veins of E-W orientation forming internally a
stockwork of veinlets from 1 to 10 cm wide. The structural and textural features of the deposit
indicate that the tectonic activity was an important factor in the formation of the deposit. The
estimated mineral resources of the Patricia deposit are 2.4 Mt, grading 5.0% Zn, 1.4% Pb and 88g/t
Ag, with an estimated model resource with a depth of 600 m, the deepest hole reported the higher
grades intercepts leaving the resource open at depth (Golden Rim Resources 2017).

2.3.1 Mineralogy

The host rocks of Patricia are subaerial volcanic rocks: breccias and tuffs of andesitic composition.
Host rocks are affected by intense propylitic hydrothermal alteration, with primary textures being
poorly preserved. The propylitic alteration is overprinted by chloritization and sericitization.
Chlorite and illite also occur associated with the mineralization in the veins (Chinchilla et al.
2016b).

The most abundant ore minerals in the Patricia deposit are pyrite, sphalerite, galena and

arsenopyrite with minor amounts of chalcopyrite, pyrrhotite and Ag-bearing minerals (Chinchilla
et al. 2016b).
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2.3.2 Textures and Paragenesis

Veinlets present open-space filling textures, symmetric and asymmetric banding and comb
textures, and show evidence of opening of the earlier veinlets followed by the development of new
ones. The ore mineralization is in symmetric, asymmetric and massive veins, and also disseminated
in the host and in brecciated sulfides cemented with quartz (Figure 7). These textures indicate
hydrostatic pressure conditions during the formation of the veins. According to the different veins
and their textural relationships observed, three stages of mineralization have been defined (Figure

8). These are: the pre-ore stage, the base-metal and silver main stage and the post-ore stage
(Chinchilla et al. 2016b)

; Base Metal Stage
Minerals Stage 1 A 2Bg Stage 3
Quartz ----+-----—
Pyrite -— = mdmmmmm k=== -
Sphalerite
Galena
Fluid Inclusion | 205-336 [ 172-248 | 138-182 175-215
Salinity (wt, %Nach) | 6-22 1-9 2-10 4-8

Figure 7. Simplified paragenesis of the Patricia deposit. Three paragenetic stages are defined: The
pre-ore stage (1) with precipitation of early quartz and pyrite. The main ore stage (2) which has two
substages: 2A with precipitation of sphalerite only; and 2B with precipitation of both sphalerite and
galena. The post-ore stage (3) has precipitation of mainly late quartz. After Chinchilla et al. (2016a).
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Figure 8. Sulfides mineralization in a symmetric vein of the Patricia deposit. In (1), (2) and (3) is
possible to appreciate the paragenetic sequence from the pre-ore stage up to the end of the ore stage.
(1) Pre-ore stage mineralization with quartz and pyrite in the rim of the vein. (2) Substage 2A, with
just sphalerite filling reopened veinlets of the pre-ore stage. (3) Substage 2B, mineralization of
sphalerite and galena. (4) Brecciated sulfides of the second substage filled with late quartz in the
post-ore stage. Modified from Chinchilla et al. (2016a), (Chinchilla et al. 2016b).

The pre-ore stage is represented by quartz, pyrite and arsenopyrite in veins, some of them later
filled with sphalerite and galena during the main stage of mineralization.

The base-metal and silver stage are divided in two substages (2A and 2B). The substage 2A has
sphalerite and minor amounts of chalcopyrite and pyrrhotite. During substage 2A chlorite in the
mineralized veinlets outlines sphalerite bands, forming rhythmic banding with sphalerite and is
intergrowth with sphalerite and quartz. Chlorite formed during substage 2A is coeval to sphalerite
and has been classified as chamosite (Fe-chlorite) (Chinchilla et al. 2016a).

The substage 2B is characterized by precipitation of sphalerite and galena, with minor chalcopyrite,
pyrrhotite and Ag-bearing minerals in close textural relationship with galena, the most abundant of
these Ag mineral phases is freibergite. During substage 2B, chlorite is not observed in paragenesis
with the sulfide minerals in the veins (Chinchilla et al. 2016a).

The post-ore stage is characterized by brecciation of the sulfides of the second stage, the
precipitation of late quartz, and minor sulfides cementing the brecciated sulfides of the second
stage, and filling small veinlets.

2.3.3 Fluid Inclusions and Fluid Evolution path for the Patricia deposit

An evolution path for the fluids in the Patricia deposit has been proposed from the fluid inclusion
data (Figure 9). Fluid inclusions from the pre-ore stage, have homogenization temperatures ranging
from 236 to 205 °C, and salinities from 22 to 6 wt.% NaCl, some primary fluid inclusions have
trapped illite crystals. In the base-metal and silver stage, for the substage 2A homogenization
temperatures range between 248 to 172 °C, and salinities from 9 to 1 wt.% NaCl. The presence of
chlorite within mineralized veins of substage 2A, allowed the use of chlorite as geothermometer to
provide another temperature estimate for this mineralization, different methods were applied to
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samples of chlorites from substage 2A, a maximum estimated temperature of 308° was obtained,
with most of the estimated temperatures values being below 300°C, with a mean value of 260°C
(Chinchilla et al, 2016a).

The late substage 2B, homogenization temperatures range 182 to 138 °C, with salinities between
10 to 2 wt.% NaCl. The temperatures estimated from fluid inclusions are in agreement with
estimates using freibergite as a geothermometer. According to the freibergite geothermometer,
most of the Ag mineralization from substage 2B took place in the interval between 230°C to
<170°C, with most of the temperature estimates being <170°C (Chinchilla et al, 2016b).

Finally, fluid inclusions in the post-ore stage have homogenization temperatures between 232 to
150 °C and salinities between 8 to 2 wt. % NaCl, quartz inclusions from this stage also have trapped
illite crystals.

150 180 200 220 250
Homogenization temperature, (°C)

Figure 9. A possible fluid evolution path for the Patricia deposit showing mean homogenization
temperatures and salinities for each stage from fluid inclusion data by Chinchilla et al. (2016b): (1)
Pre-ore stage, with a mean temperature of ~220 °C and ~10 wt.% NaCl. The second stage is the
Main ore stage, divided in two substages The first substage 2A has mean values of ~200 °C and ~5
wt. % NaCl and the second substage of ~180 °C and ~7 wt. % NaCl. Finally, the last stage is the
post-ore stage with mean temperatures and salinities of ~200 °C and ~2.5 wt. % NaCl. For each
stage, the temperatures are minimum estimates from fluid inclusion data.

No evidence of boiling was observed for the Patricia deposit (Chinchilla et al. 2016b). The
evolution across each stage of temperature, salinity and absence of boiling, indicate that the
mineralizing conditions changed over time and suggests that progressive cooling was the most
likely process of mineral precipitation (Chinchilla et al. 2016b, Chinchilla 2017) (Figure 6).

The proposed model for the formation of the Patricia deposit states the following:
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For the pre-ore stage, the observed salinity variation suggests a process of mixing between a brine
and a more diluted fluid, the presence of illite within fluid inclusions of quartz grains of this stage,
indicates that mineralization at this stage was under slightly acidic conditions, since illite is formed
at pH from 5.8 to 6.3 (Romberger 1991).

For the main ore stage, the decrease of temperature from 250°C to 140°C with cooling at constant
salinity (10-2 wt.% NaCl) suggests that cooling was the most important process for the main stage
of ore precipitation (Chinchilla et al. 2016b).

A magmatic source of sulfur, evidenced by isotopic analysis (Chinchilla 2017) with a single fluid
going under cooling are the main features of this stage. Under these conditions the ore metals were
mainly transported as bisulfide complexes that became destabilized by cooling of the fluid resulting
the precipitation of the base metal sulfides (Chinchilla 2017).

It has been discussed as a possibility the occurrence of dilution from stage 1 to stage 2, after isotopic
analysis of oxygen sampled from the chlorites formed in substage 2A suggests the occurrence of
mixing between fluids of meteoric and magmatic composition.

However, the progressive cooling of an ore fluid transporting base metals as sulfide complexes has
been proposed to be the main ore forming mechanism for the Patricia deposit (Chinchilla 2017).

Finally, for the post-ore stage, the increased temperature of the fluids of this stage, suggests the
introduction of a new pulse of hot fluids into the system.

2.3.4 Fluid Metal Content in Fluid Inclusions from the Patricia deposit

Elemental concentrations of inclusion fluids were measured using an Agilent 7500ce quadrupole
ICP-MS coupled to a GeolasPro Excimer 193-nm ArF laser ablation system housed in the
Department of Geosciences Fluids Research Laboratory at the Virginia Polytechnic Institute and
State University. The instrument was calibrated to the NIST 610 glass standard. Samples were
ablated in a 1.5 cm? ablation cell using a laser output energy of 150 mJ and adjusting beam diameter
to ensure ablation of the entire fluid inclusion. The ablated material was transported from the
ablation cell by He gas flowing at a rate of 0.7 mL/min. The analyte was then mixed with 1.03
L/min Ar gas before introduction into the plasma. The ICPMS was operated at an RF power value
of 1,500 W with a dwell time per isotope of 10 ms only for silver 3 ms. Reduction of the LA-ICP-
MS fluid inclusion data was carried out using the AMS 6.1.1 software (Mutchler et al., 2008).
Calculation of absolute elemental concentrations in fluid inclusions was accomplished using Na as
an internal standard. An independent determination of Na concentration in the fluid inclusions was
obtained from the last ice-melting temperature, which was converted to wt %NaCl using the
equation of state of Bodnar (1993).

For the pre-ore stage, fluid inclusions in quartz have <1 ppm Zn, <2 ppm Pb, and 7 ppm Fe. For
the main ore stage, fluid inclusions in sphalerite from Substage 2A, average 8 ppm Cu, and 0.1
ppm Pb. Fluid inclusion data from substage 2B, has average contents of 2 ppm Cu, and 10 to 35
ppm Pb in sphalerite crystals (Chinchilla 2017). For the post-orestage, fluid inclusions in quartz
have average contents of 1 ppm Zn and 0.4 ppm Pb (Chinchilla 2017).
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2.4 CONCEPTUAL MODEL FOR THE FORMATION OF THE PATRICIA DEPOSIT

At first a conceptual model with a single fluid undergoing cooling carrying both base metals and
sulfur together in solution was considered, as proposed by previous research on the Patricia deposit.
A numerical model was made with the data of the Patricia deposit using TOUGHREACT.
However, after numerous variations in the model configuration it was found not possible to form
an extended vertical horizon of base metal mineralization, in our models the base metal
mineralization was exclusively formed at the deepest level of our model, and base metals could not
be carried by the fluid through the upper levels of the system.

Following this unexpected results, batch models with the fluid data were made with
TOUGHREACT to understand the behavior of the potential ore fluids of the Patricia deposit. Our
first important result was that for a fluid with temperatures of 300°C or less, with salinities between
15 to 1 wt.% NaCl, base metal transport is dominated by chloride complexes, sulfide complexing
being of minor relevance for the temperature and salinity ranges of the Patricia deposit (Fig 11
(C)). Upon further review of the literature, it was found that for temperatures <400°C, Cu, Zn and
Pb transport is dominated by chloride complexes over sulfide complexes (Zhong et al. 2015). Even
if bisulfide base metal complexes were dominant for temperatures <300°C, simple cooling is not
effective to form base metal sulfides given the stability of bisulfide complexes at temperatures
<300°C as seen in Fig 11(C) (Bouncier and Barnes 1987).

Through batch modeling with ToughReact we could not found a fluid which could transport both
reduced sulfur and metals for temperatures ranging 300 to 140°C, and salinities ranging 10 to 1wt.%
NaCl and which could also precipitate base metal sulfides by simple cooling along an extended
vertical horizon.

After these results, an alternative conceptual model (Figure 10) that accounted for the features of
the Patricia deposit, was proposed with the assumption that the ore forming solution transported
base metals through chloride complexing, looking to further constrain the composition of the ore
forming solutions and understand the formation of base-metal sulfide minerals in this ore
environment.

This model for the Patricia deposit has the same general features than the classic model for the
porphyry-epithermal environment (Hedenquist and Lowenstern 1994), with a deep magmatic
source of heat and fluids and permeability conditions that allow fluid convection and is also based
on the model for the formation of the Patricia deposit proposed by Chinchilla (2017).

The fluid flow and hydrothermal circulation is described by the combination of an up-flow stream,
where the hydrothermal solution rises from the depth to shallower levels; coupled together with a
lateral flow stream that may provide a different fluid of meteoric composition (Hedenquist and
Lowenstern 1994, Weis 2015). Given the structural control over the mineralization, we assumed
that the structures of the Patricia deposit controlled the fluid flow during the active period of the
system, and that the hydrothermal fluid flow was focused through these structures. For this reason,
we considered for the area of our model only the surface area of the deposit related to the structures,
our analysis will also look to describe the evolution of the fractures that became the ore veins.
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Figure 10. Conceptual model of the Patricia ore deposit, this model is built upon the model for the
Patricia deposit proposed by Chinchilla (2017): In the vicinity of the volcanic rock formation
hosting Patricia, of high enough permeability to allow sustained fluid convection, a magmatic
intrusion at a unknown location formed and sustained a convective cell of hydrothermal fluids
forming the geothermal system that gave origin to the Patricia deposit. The fluid-rock interaction
formed the extended propylitic alteration in the rocks with lower permeability, and in the zones of
higher permeability fractured by the activity of the tectonic structures, focused flow of episodic

Magmatic
Intrusion

pulses of metal bearing fluids from a deep magmatic brine and mixing with meteoric fluids
incorporated by lateral flow forms the Zn-Pb-Ag mineralization. The only difference between this
model and the one previously proposed for Patrica is that fluid mixing is an active process for all
the system’s lifetime, including the main ore stage. The rectangle shows the system’s section
considered for the model (Modified after Albinson et al. 2001, Chinchilla 2017).
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Figure 11. Classification of epithermal deposits based on physical conditions and depth of
formation: Epithermal deposits have been classified in shallow boiling systems formed at < 500 m.
depth; deep boiling systems formed between 500-1,500 m. depth; and deep non-boiling systems,
formed at >1,000 m. depth. The Patricia Zn-Pb-Ag deposit features suggests conditions similar to
those of deep no-boiling systems, with temperatures between 150°C- 250°C and depths below 1,000
m. The lithostatic curve and the curve of shallow to deep boiling system with 0 to 5 wt. % NaCl are
depicted for reference. Modified from Albinson et al. (2001).
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The most peculiar feature of the Patricia deposit is the absence of boiling evidence (Chinchilla et
al 2016 b), for this reason we assume similar features as those characteristic of the deep base metals
and non-boiling epithermal deposits (~ 2,000 m) under hydrostatic pressure conditions, as in Figure
11 (Albinson et al. 2001). Assuming therefore that during the hydrothermal system lifetime fluid
was present in one phase liquid only. The temperature and salinity of this fluid through all the
paragenetic stages of the deposit is constrained by fluid inclusion data from each stage.

In the absence of boiling, and after evidence supporting metal transport by chloride complexing,
the proposed mechanism of ore formation is fluid mixing between the solution transported by the
up-flow stream and the fluids from the lateral flow stream lowering the solubility of the base metal
chloride complexes. One of the objectives of the model is to provide insight into the chemistry of
these two solutions. To further estimate the ore solution composition, we assumed that the ore
solution was in equilibrium with sphalerite and galena during the ore stage.

Figure 7 resumes the principal features considered in the numerical model of Patricia hydrothermal
system. The heat from a magmatic source sustains convective cells and maintain the hydrothermal
activity. A supply of metals, aqueous chloride and sulfur is necessary for the hydrothermal transport
of metals and for precipitation of sulfide minerals; this supply is provided and controlled in most
hydrothermal systems by a deeper source of magmatic fluid (Giggenbach 1995), further evidence
of a magmatic origin of sulfur and lead was provided by isotopic analysis (Chinchilla 2017). A
permeability distribution allowing fluid convection is also a critical factor for the existence of an
active geothermal system, in particular, for the formation of an epithermal ore deposit, tectonic
structures enhancing the rock permeability favor the occurrence of focused fluid flow in the system.

To account for the observed geologic features of the Patricia deposit, we consider an initial
andesitic mineralogy for the host rock of the geothermal system. For the initial conditions of the
system a near surface water table close to the surface is considered, with the host rock fully
saturated. For the spatial scale of the model, given that the mineralization of the Patricia deposit is
under structural control, and since we consider only the fluid flow around the area nearby to the
fault structure, estimation from the geologic map (Figure 3), gave an area of 90,000 m? for the area
affected by faulting.

Data from active geothermal systems in New Zealand provide a first order estimate for the
magnitude of the hydrothermal mass flux. Estimate mass flow fluxes for the systems from the
Taupo Volcanic Zone; provide a mean value of 100 kg/s (Simmons et al. 2016a). We consider 100
kg/s for the up-flow stream and a total lateral flow stream's contribution up to a ~15% of the mass
flow from the up-flow stream.

For the system's permeability distribution, we followed the results of previous numerical model
studies. Hydrothermal activity requires fluid and heat convection which is possible only if
permeability is >107'® m (Ingebritsen et al. 2010). We considered a mean permeability of 107> m?
for intact rock (non-fractured) allowing sustained hydrothermal fluid convection (Ingebritsen and
Appold 2012) and a permeability of 10'* m? for fractured rock in continental crust under tectonic
perturbations (Ingebritsen and Manning 2010). A mean system's rock permeability of 101 m? is a
conservative permeability range for geothermal systems with a dominant liquid phase and high
permeability (Weis 2015). The lifetime of a geothermal system with this permeability is
constrained to a period between 10,000-20,000 years (Weis 2015).
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2.5 NUMERICAL MODEL

For the reactive transport model the ToughReact 2.0 code was used, a numerical code coupling
reactive chemistry with the multiphase fluid and heat flow model from the Tough2 V2 code (Pruess
1999). Full details on governing equations and numerical methods used by TOUGHREACT are
given in (Xu et al. 2011a). The TOUGHREACT code has been previously applied to model fluid-
rock interaction in porous media at hydrothermal conditions(Dobson et al. 2004, Todaka et al.
2004, Xu et al. 2006, Wanner et al. 2014).

For all the simulations, the EOS1 equation of state module for pure water was used. The EOS1
module considers multiphase (water-steam) non-isothermal water flow. However, the pressure-
temperature conditions in our model would not lead to boiling thus, boiling is not considered, which
is consistent with the non-boiling conditions observed in the Patricia deposit.

2.5.1 Reaction Rates

TOUGHREACT can model mineral precipitation and dissolution under equilibrium and/or kinetic
conditions. In the simulations, all mineral reactions were treated under kinetic conditions. For
kinetic-controlled mineral dissolution and precipitation, we used the following rate law (Eq. 1)
proposed by Steefel and Lasaga (1994):

n

= st [ )"0

Where m is the mineral index, 7;, is the dissolution/prepitation rate (positive values indicating
dissolution and negative values precipitation), 4,, is the specific reactive surface area per kg of
H>O, k,, is the rate constant (in moles per unit mineral surface area and unit time) which is
temperature dependent, K,,, is the equilibrium constant for the mineral-water reaction written for
the destruction of one mole of mineral m, Q,, is the ion activity product, exponents u and n are
two positive numbers determined experimentally they are taken as one (1).

The temperature dependence of the reaction rate constant is expressed by the following Arrhenius
equation (Eq. 2) described by Steefel and Lasaga (1994):

ke = kas exp[ ( 298. 15)] [2]

where E, is the activation energy, k,s is the rate constant at 25 °C, R is the gas constant (8.314 J
mol! K and T is the absolute temperature.

For many minerals the kinetic rate law is the sum of multiple mechanisms (Lasaga et al. 1994,
Palandri and Kharaka 2004) and the rate law could be expressed as follows in (Eq. 3):

k= k25nu exp [Eanu ( 29;.15)] + ko5 exp [EaH (l 29;15)] aj’ +
kas™" exp [EaOH (_ 29;.15)] a3’ + Tikas' exp [ L( 298, 15)] [ ajj’

Where superscripts nu, H and OH indicate neutral, acid and base mechanisms respectively,
superscript i is an additional mechanism and ; is the additional aqueous species involved. Parameter
a indicates the activity of the involved aqueous species.

30



2.5.2 Kinetics of mineral dissolution and precipitation

Equilibrium constants of aqueous species and minerals were obtained from the SOLTHERM
database (Reed and Palandri 2006). Mineral dissolution and precipitation are considered to be
kinetically controlled for all minerals, with the reaction kinetics described by equation [1]. Multiple
mechanisms (neutral, acid or base) according to equation [3] could also be involved in a given
mineral phase.

Kinetic data and mechanisms for most silicate minerals are taken from the compilation by Palandri
and Kharaka (2004). For sphalerite and galena the kinetic data from (Acero et al. 2007a) is
considered. The rate constant at 25°C (k»s), activation energy (Ea), and the involved aqueous
species and power term for additional mechanisms for each mineral considered in the model are
listed in Table 1. At any pH, the total reaction rate of a given mineral is the sum of each mechanism
according to equation [3].

Table 1. Parameters for calculating kinetic rate constants for minerals using the rate law described
in Equations (2), (3) and (4), kas is the kinetic constant at 25° C, E, is the activation energy,
additional mechanisms for some minerals are detailed with the species involved and the exponents
of each specie according to equation (3) . All rate constants are listed for dissolution (Palandri and
Kharaka 2004, Xu et al. 2006, Acero et al. 2007a, Acero et al. 2007b, Zhang et al. 2011).

Mineral reactive surface area values are taken from previous research with TOUGHREACT (Xu
et al. 2006, Zerai et al. 2006, Zhang et al. 2011), the reactive surface areas considered here are 1 to
3 order of magnitude less than the minerals equivalent geometric area. The details of this estimate
of the mineral reactive surface area could be reviewed in the work of Sonnenthal et al. (2005) and
Zerai et al. (2006). These estimates of mineral reactive surfaces areas has been used successfully
to calibrate geothermometry estimations using numerical modeling with ToughReact by Wanner
et al. (2014). The reactive surface values for each of the minerals considered in the model are given
in Table 2.

2.5.3 Changes of Porosity and Permeability

Temporal changes of porosity and permeability due to mineral dissolution and precipitation can
modify fluid flow. This feedback between flow and chemistry is considered in our model. The
changes in porosity are calculated from changes in mineral volume fractions. Porosity (¢) is
calculated (Eq. 4)

p=1 Z;Lnrilfrm fru [4]

Where nm is the number of minerals, fr, is the volume fraction of mineral m in the rock
(Vmineral/ Vmedium) and f#,, 1s the volume of non-reactive rock. Porosity is recalculated after each
change of the mineral’s volume fraction.

A cubic law model (Steefel and Lasaga, 1994) is used to calculate changes in permeability (), as
a function of changes in porosity:

k=k(2) 15)

4

Where ki and ¢; are the initial permeability and porosity respectively.
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Table 1. Parameters for calculating kinetic rate constants for minerals using the rate law described
in Equations (2), (3) and (4), kos is the kinetic constant at 25° C, E, is the activation energy,
additional mechanisms for some minerals are detailed with the species involved and the exponents
of each specie according to equation (3) . All rate constants are listed for dissolution (Palandri and
Kharaka 2004, Xu et al. 2006, Acero et al. 2007a, Acero et al. 2007b, Zhang et al. 2011).

Mineral o EakJmol' Species1 Exponent Species2 Exponent Reference
(mol m?s™)
Plagioclase  6.91 * 10! 65 H* 0.457 - - Palandri and Kharaka (2004)
Albite 2.75 %1071 69.8 - - - -
2.51 %101 71 H* -0.572 - -
Diopside 4.36 * 107 96.1 H* 0.71 - - Palandri and Kharaka (2004)
7.76 * 10712 40.6 - - - -
Quartz 1.023 * 1014 87.7 - - - - Palandri and Kharaka (2004)
Hematite  4.07 * 107° 66.2 H* 1 - - Palandri and Kharaka (2004)
2.51 %1010 66.2 - - - -
Magnetite  2.57 * 10 18.6 H' 0.279 - - Palandri and Kharaka (2004)
1.66 * 1071 18.6 - - - -
Illite 4.36 * 1012 62.8 H* 0.17 - - Xu et al. (2006)
1.00 * 1073 62.8 - - - -
Epidote 2.51 %10 71.1 H' 0.338 - - Palandri and Kharaka (2004)
1.02 * 10712 70.7 - - - -
Clinochlore  3.02 * 10° 88 0 - - - Palandri and Kharaka (2004)
7.76 * 1071 88 H* 0.5 - - Zhang et al. (2011)
Calcite 5.01 * 10! 14.4 H* 0.5 - - Palandri and Kharaka (2004)
1.54 %10 23.5 - - - -
Pyrite 3.02 *10°%® 56.9 H* -5 Fe* 0.5 Palandri and Kharaka (2004)
2.81 *10° 56.9 O2(aq) 0.5 - -
Galena 1.99 *10° 23 H* 0.43 - - Acero et al. (2007 b)
3.16 * 10° 15 H* -0.78 O2(aq) 0.3
Sphalerite 3.23 * 107 14.3 H* 0.54 - - Acero et al. (2007 a)
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2.6 GEOCHEMICAL SYSTEM
2.6.1 Rock Mineralogy

The host rock is an intense altered volcanic rock with the primary mineralogy and textures poorly
preserved, on some samples plagioclase, quartz and minor amounts of pyroxenes were reported as
primary mineralogy. Primary minerals and possible secondary minerals were taken from field
observations by (Chinchilla et al. 2016b, Chinchilla 2017). The initial primary mineral fraction of
the host rock considered for the model is assumed similar to an andesitic assemblage typical of a
volcanic formation of similar age (74-66 Ma) present in the same region (Valenzuela et al. 2014) .
Initial mineral volume fractions and secondary mineral phases are shown in Table 2. To describe
chlorite, a mineral with a solid solution between an Mg- and Fe- extremes, two different mineral
phases were considered clinochlore (Mg) and daphnite (Fe-chamosite).

Table 2. Simplified mineralogy considered for the geochemical system based on the mineralogy
observed at the Patricia deposit, primary mineral phases and abundances are from an unaltered
andesite (Chinchilla 2016a and Chinchilla 2017, Valenzuela et al. 2014). Reactive mineral surfaces
for each mineral are from BET estimations (Zhong et al. 2011).

Mineral Initial Volume Fraction Reactive Surface Area A [cm?/g] References for Surface Area

Primary Mineral Phases

Plagioclase 0.68 9.8 Zhang et al. (2011)
Diopside 0.15 9.8 Zhang et al. (2011)
Quartz 0.05 9.8 Zhang et al. (2011)
Hematite 0 12.9 Zhang et al. (2011)
Magnetite 0.06 9.8 Zhang et al. (2011)

Secondary Mineral Phases

Illite 0 151.6 Zhang et al. (2011)
Epidote 0 9.8 Zhang et al. (2011)
Clinochlore 0 9.8 Zhang et al. (2011)
Daphnite 0 9.8 Zhang et al. (2011)
Calcite 0 9.8 Zhang et al. (2011)
Pyrite 0 12.9 Zhang et al. (2011)
Galena 0 12.9 Zhang et al. (2011)
Sphalerite 0 12.9 Zhang et al. (2011)
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2.6.2 Rock Properties for the model

Rock properties for a typical andesite rock were considered for the system’s host rock. Models for
a single homogeneous porous media and for a dual continuum representation of both fractures and
non-fractured matrix were made. For the hydrogeological parameters of each single media and dual
media, conservative values for active geothermal system estimated from numerical modeling
literature were considered (Ingebritsen et al. 2010). For the fractures-matrix representation, a
permeability of 10713 for fractures and 1071 for the matrix host rock was considered. An initial
porosity of 10% was considered for the unaltered andesite rock, and a porosity of 50% for the
fractured rock. fractured rock was considered as 10% fraction of the system’s volume, and the non-
fractured matrix rock as 90% of the system’s volume. All the rock's media thermal and
hydrogeological parameters values are in Table 3.

Table 3. Rock properties and fluid flow parameters used in the single porous and double porous
media models

Rock Properties and Fluid Flow Parameters

One Media Dual Continuum
Parameters Andesite Rock Rock Matrix Fracture
Rock grain density [kg/m?] 2700 2700 2700
Thermal conductivity [W m K] 2,5 2,5 2,5
Volume fraction 100% 90% 10%
Porosity 0,1 0,1 0,5
Permeability Horizontal [m?] 10713 10713 1013
Permeability Vertical [m?] 10713 10713 1013
Fracture spacing [m] - - 0,1

2.6.3 Spatial Scale and geometry of the model

The mineralization of the Patricia deposit is mainly in fractures which represent only a fraction of
the total district area (Figure 3). The surface area in which is located the mineralization has an
estimated area of 90,000 m?. Since the current model of estimated resources of the Patricia deposit
has 600 m depth (Golden Rim Resources 2017), the fluid-rock interaction was modelled
considering a control volume with a square base of 300 m and a vertical depth of 700 m. This
control volume has an area of 90,000 m? equivalent to the estimated exposed area of the fractures.

The water-rock interaction was modelled using a vertical column of fully saturated rock. A model
with a 1-D vertical geometry was used. The model consists in 14 cubic grid blocks with constant
vertical spacing of 50 m, with an injection block in the bottom.

From the bottom to the top a constant lateral injection of fluid is maintained during all the period
of system activity, corresponding to the lateral geothermal flow into the system, for each block the
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lateral injected mass is of 1 kg/sec with a total mass lateral flow of 13 kg/sec. The up-flow stream
flow mass is set at 100 kg/sec and is injected at the bottom block.

Two different models were made (Figure 12), one considering only a single porous media, with a
vertical permeability of [10"'* m?] and horizontal permeability of [10"'° m?], and another with two
distinct porous media: intact rock and fractured rock implemented using the double porosity variant
of the Multiple Interacting Continua approach employed by TOUGHREACT, this second model
allows separate fluid-rock interaction for the matrix and fractured rock

Non-Fractures Fractured Rock and
Rock Intact Rock

T PR

o

700 m
15 bloques

[1] [2] [3]

Figure 12. Model grid constructed to simulate fluid-rock interaction. [1] Model grid of 14 blocks
of 50x 300 x 300 m. Pressure gradient is under hydrostatic conditions, temperature at surface is 100
°C. [2] Single porous media model, with homogeneous rock properties. [3] Dual porosity model,
with 2 different porous media, matrix and fractures.

35



2.6.4 Fluid Geochemical Conditions and Model Stages.

Since the mineralogy of the Patricia deposit has four defined paragenetic stages the fluid—rock
interaction model in Patricia is a approached by a sequential model of four successive stages. For
each stage a fluid, with its composition and temperature constrained by the mineral assemblages
and the fluid inclusion data of each respective stage circulate through the host rock of the system.
Table 4 contains the fluids compositions used for each stage in the models in the results section.
Figure 9 shows the sequence used to estimate the fluid compositions for each stage of the system,
the fluid composition of the ore stage was estimated by batch modelling.

Fluid composition estimates were made for each paragenetic stage, under the following conditions
and assumptions: The temperature, salinity, and cations of each stage are constrained by fluid
inclusion data measured of the respective stage. The initial system condition is fully saturated by a
liquid fluid, this initial fluid has low salinity, neutral pH, and is a dilute solution typical of
groundwaters in this zone of the North of Chile (Rissmann et al. 2015).

The following specific assumptions were made for each stage:

For the stage 1 (pre-ore stage), Iron concentration measured in fluid inclusions in quartz is assumed
at equilibrium with pyrite this assumption constrains the acidity and the aqueous sulfur content
[HS] of the fluid.

For the Main-ore stage or stage 2, Zinc, Lead and Iron solubilities were estimated as a function of
temperature and salinity (Figure 14) and pH and sulfur concentration (Figure 15) using batch
models made with TOUGHREACT, assuming that Zn, Pb and Fe solubilities are constrained by
equilibrium with sphalerite, galena and pyrite.

For the substage 2A (Sphalerite-only ore stage), the Zinc concentration range was assumed similar
to Zinc concentrations for ore bearing solutions at 200°C (Yardley 2005), with a given
concentration of aqueous zinc in solution the reduced sulfur [HS'] concentration in the ore fluid
and the fluid’s pH were determined by calculating the fluid mineral equilibrium with sphalerite.
According to batch modeling a fluid with a pH of 4.5 could transport ~10 ppm of Zinc with [HS]
=10 mol/kg at 200°C.

In the substage 2B (Sphalerite and Galena Ore stage), a fluid carrying ~12 ppm of Zinc and ~6 ppm
of Lead was chosen as the potential ore solution.

Finally, for stage 3 (post-ore stage), base metals concentrations were obtained from fluid inclusion
data from quartz from the post-ore stage. If the fluid is considered at equilibrium with the propylitic
mineral assemblage, the fluid’s pH is 6.0, a value consistent with the trapped illite crystals in quartz
fluid inclusions of this stage, and the small concentrations of metals in solution.
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Ore Solution

Estimation Approach
Data Available Batch Modeling Results
(Toughreact)
Ore mineralogy Mass Balance
Fluid Inclusions
Fluid Salinity and Temperature .
Available for Assuming Time of
all 3 stages Fluid-Mineral Equilibrium Ore Stage
Between Ore Fluid and
Pre-Ore Stage (1) —» | Sulfide Minerals and Quartz —>
: .\ . Validation
Fluid composition Available Metal Concentrations Resource Estimate
Main-Ore Stage (2) Calculated for:
Estimated by Batch Modeling pH: [3 to 7];
[HS-]: [3¢107 to 5¢10°° mol/kg]
Post-Ore Stage (1) 1,000 models
Fluid composition Available

Figure 13. Methodology used to estimate the model’s ore solution: The data available from previous work from (Chinchilla et al. 2016a and
2016b) provide the mineral and fluid inclusion data to allow estimates for the fluids of both the pre-ore and post-ore stages. But for the main
ore stage, batch modelling was performed with TOUGHREACT, assuming fluid-mineral equilibrium, to estimate a range of potential ore
fluid compositions for the conditions of the ore stage. From the resulting array of possible ore solutions, further constrains were imposed on
account of flow rate and time considerations. The results of the reactive transport models were used to retroactively calibrate these estimates,

through comparison with the resource estimates available for the Patricia deposit. More than 1,000 models were made to constrain the
conditions of the models presented.
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For all fluid compositions through the paragenetic stages of the system evolution, the silica
concentration in each fluid was assumed to be at equilibrium with quartz.

The configuration used to replicate the Patricia paragenetic sequence is as follows:

The sequential model starts with an andesitic unaltered mineralogy, saturated in a neutral meteoric
liquid fluid, as the system initial condition, for the pre-ore stage, the fluid characteristic of the pre-
ore stage is injected at 220°C for 3,000 years at a constant 100 kg/s.

After a total of 3,000 years of hydrothermal fluid circulation, the fluid of substage 2A start flowing
through the previously altered host rock of the pre-ore stage, for 2,000 years.

After a total of 5,000 years of hydrothermal fluid circulation, the fluid of substage 2B flows through
the now mineralized rock after substage 2A, for 3,000 years.

After a total of 8,000 years of hydrothermal fluid circulation, the fluid of the post ore-stage flows
through the mineralized rock after substage 2B, for 2,000 years for a total of 10,000 years of
hydrothermal activity.

Along all the period of hydrothermal activity, a solution transporting reduced sulfur, flows into the
system through lateral flow, this solution corresponds to a dilute fluid with similar composition to
those reported for active geothermal systems from New Zealand (Simmons et al. 2016a) its
compositions correspond to the "Lateral fluid" of Table 4.
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Table 4. Aqueous chemical compositions for each fluid considered in the simulations, concentration units are in [mol/kg].

Fluid Initial Stage 1 Sub-stage 2A Sub-stage 2B Stage 3 Lateral Fluid
Temperature  100°C 220°C 220°C 180°C 200°C 100°C
pH 7.3 5.5 4.5 4.5 6.0 6.0

HCO3- 3.84E-06 1.91E-06 1.89E-06 1.89E-06 9.95E-10 1.89E-06
Ca+2 3.17E-03 1.63E-03 1.48E-04 7.65E-05 2.16E-04 1.64E-03
Mg+2 2.51E-03 1.23E-03 1.23E-08 1.23E-08 1.21E-04 1.23E-03
K+ 5.24E-04 3.08E-04 9.30E-05 7.25E-05 9.02E-05 3.83E-04
Al+3 1.19E-07 6.13E-08 5.80E-08 5.80E-08 2.39E-03 5.80E-08
Na+ 1.23E-02 2.29E+00 9.07E-01 1.20E+00 4.20E-01 1.23E-02
Cl- 8.04E-03 2.29E+00 9.07E-01 1.20E+00 4.20E-01 8.04E-03
SiO2(aq) 8.49E-04 4.36E-03 3.44E-03 2.67E-03 3.40E-03 7.65E-04
HS- 1.00E-10 4.74E-05 3.86E-05 1.30E-05 8.07E-06 3.00E-03
S04-2 5.06E-4 8.92E-09 1.90E-10 2.61E-04 2.39E-05 1.00E-10
Pb+2 1.00E-10 9.41E-06 5.97E-07 2.90E-05 2.09E-06 4.05E-09
Zn+2 6.73E-08 1.18E-05 1.53E-04 1.92E-04 1.37E-05 5.64E-08
Fet+2 5.01E-07 1.25E-04 6.99E-04 3.41E-04 1.79E-05 4.90E-11
02(aq) 1.00E-11 3.45E-11 8.45E-12 9.90E-12 2.57E-11 1.00E-11
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2.7 RESULTS
2.7.1 Base Metal Solubility and Batch Models Results

The temperature range determined by the fluid inclusion data for the main ore stage of the Patricia
deposit is 220-180 °C, this interval indicates minimum temperatures of fluid circulation for the ore
stage. For substage 2A, different chlorite geothermometers estimated temperatures from 300° to
260°C (Chinchilla et al, 2016a), and the freibergite geothermometer estimated 230° to <170°C for
substage 2B (Chinchilla et al, 2016b). Considering that for hydrothermal fluids at temperatures
<400°C, recent research has established that base metal transport is dominated by chloride
complexing over sulfide complexing (Zhong et al., 2015), it follows that the role of chloride
complexing on the formation of the Patricia deposit must be considered.

For chloride complexing of base metals, the solubility of a sulfide mineral is described by the
following reaction in equation (6) (Reed and Paladri 2006)

PbS(s) + H'(ag) +Clag) = PbClag) + HS ag)  [6]

The equation [6] shows that a decrease in H' activity (pH increase), drives sulfide mineral
precipitation, similarly an increase in the activity of aqueous reduced sulfur (HS") is favorable for
the precipitation of sulfide minerals. For reduced hydrothermal fluids transporting both metal
chloride complexes and sulfur together, the solubility of Cu, Zn and Pb increases with temperature,
salinity and acidity (lower pH) (Huston, 1998, Yardley, 2005, Heinrich and Candela, 2014, Zhong
et al., 2015).

For the Patricia deposit, both the temperature and salinity conditions of equation [6] are constrained
by fluid inclusion data. But no data on the base metal concentrations on the ore fluid are available
since the laser ablation analysis of fluid inclusions of the main ore stage were performed in
sphalerite crystals. To address this issue batch models were made obtaining different metal
solubilities as a function of both acidity and available sulfur complexes in solution (Figure 15),
from these batch models, two solutions with moderate concentrations of zinc and lead were chosen
as potential ore solutions for substages 2A and 2B.

These solutions have metal concentrations in the same order of magnitude as estimates for base
metal concentrations in crustal ore fluids at the 200°-180°C range (~10 ppm Zn, 6 ppm Pb) (Yardley
2005).

The results of the batch modelling with TOUGHREACT used to estimate the fluid’s compositions
at the ore stage are displayed in Figure 14 and Figure 15.

For the conditions of the Patricia deposit, the activity of the chloride and bisulfide complexes of
Zn and Pb, was compared for the interval from 300°C-140°C, chloride complexing of Zn and Pb
is most stable and dominant in those conditions, Figure 14 [C].

Our results for the solubility of Zinc relative to salinity and temperature are described by Figure
14: Zinc solubility decreases with temperature at constant salinity, this indicates that cooling
effectively decreases base metal solubility (Fig 14 [A]); Zinc solubility also decreases as salinity
decreases at constant temperature indicating that dilution also decreases base metal solubility (Fig
14 B). For thermodynamical conditions similar to those of the Patricia deposit, 200°C, with a fluid
in liquid phase and salinity ~10 wt.% NaCl, chloride complexing is dominant for Zinc, sulfide
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complexes having lower activities and being more stable under cooling than Zn-chloride complexs
for temperatures <300°C (Fig 14 [C])

Base metal solubility as a function of sulfur concentration and pH is described by Figure 15. At
constant acid pH: 4.0, base metal solubility decreases as aqueous reduced sulfur concentrations
increases in the fluid.

With low aqueous sulfur concentrations (1+10™* mol/kg [HS-]), base metal solubility increases for
lower pH values and decreases for higher pH values (Fig 15 [C] and [D]).

Base metal solubilities are highest at low pH values and low contents of reduced sulfur in solution:
At 200°C, and pH 4.0, if the aqueous reduced sulfur concentrations are > 10 mol/kg, the
hydrothermal fluid is unable to transport even the base metals concentrations reported from the
fluid inclusions on quartz from the barren pre-ore and post-ore stages (~ 1 ppm of Zn and Pb in
solution). Furthermore, for a fluid with pH >5.0, the fluid will transport lower base metals
concentrations (~ 1 ppm), with this amount of base metals this fluid will be able to precipitate the
total metal budget of the Patricia deposit after at least 100,000 years of constant fluid circulation,
a period longer than the assumed potential lifetime of the now fossil geothermal system.

41



Zn Solubility, 10 wt.% NaCl

10,000 £
[

1,000 ¥
E‘ °
e
2 °
R S
=
& ° ® Zn Solubility
=
@ -
S 10 o
S
o °
=
N 1 3

°
0 - - - ,
270 220 170 120

Temperature [°C]

Figure 14. Zinc solubility calculated through TOUGHREACT, for all calculations pH set to 4.0 and aqueous sulfur concentration as HS set to
1103 mol/kg. (A) Zinc solubility at constant 10 wt. % NaCl for temperatures between 300°C to 140 °C, solubility decreases with lower
temperatures. (B) Base metal concentration as a function of fluid salinity at constant temperature, for a range of 20 to 2.5 wt% NaCl. (C)
Activity of chloride and sulfide complexes of Zinc between 300°C to 140°C at constant 10 wt.% NaCl, Zn-chloride complexes are more active
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Figure 15. Zn and Pb solubility response to changes in pH and reduced sulfur (HS") in fluid.
Solubility calculated for 200 °C and 5 % wt. NaCl. (A) and (B) base metal concentration (ppm) as
a function of aqueous sulfur at constant pH= 4.0. Zn and Pb solubility decreases as aqueous sulfur
concentration increases. (C) and (D) base metal concentration as a function of fluid acidity, at
constant aqueous sulfur concentration (1+10* mol/kg of HS"; ~3 ppm). Acid pH favors a higher
solubility of both Zn and Pb.
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2.7.2 Formation of Base Metal Sulfides, mixing as ore forming mechanism
There are two modes of sulfide mineral precipitation (Reed and Palandri 2006):

In the first mode metal and sulfur are transported in the same fluid, precipitating sulphide minerals
after a change in the chemical or physical conditions of the fluid, this mechanism requires fluid
temperatures > 300°C (Reed and Palandri 2006). More recent research on Cu-Zn-Pb solubility had
established that for temperatures >400°C, base metals could be transported as bisulfide complexes,
with precipitation being drive by fluid cooling (Zhong et. al, 2015).

In the second mode, sulphide precipitation takes place after mixing of a metal-bearing fluid with
another sulfur bearing fluid, this mode is compatible with temperatures <250°C (Reed and Palandri
2006) and involves chloride complexing, which is dominant in metal transport and temperatures
<400°C (Zhong et. al, 2015), ore precipitation is triggered when the ore fluid encounters reduced
sulfur by fluid mixing or by sulfate reduction.

In the case of the Patricia deposit, the maximum fluid temperatures reported by fluid inclusions are
< 300°C, even considering for substage 2A temperature data from chlorite geothermometry which
range from 152°-305°C (Chinchilla et al, 2016a) and for substage 2B temperatures ranging from
<170°-230°C estimated from freibergite geothermometry (Chinchilla et al, 2016b), these
temperatures are too low for the first mode of sulphide precipitation

Previously the precipitation of sulfides minerals through fluid mixing has been considered as a
process with the potential to precipitate base metals in the epithermal environment (Hayba 1997,
Huston 1998). It has been proposed that an initially H>S poor, metal rich fluid, could deposit metal
sulfides though mixing with H,>S-rich fluids providing reduced sulfur (Huston 1998, Paradis et al.
2007). For the Creed district, Colorado, isotopic evidence and geochemical modeling indicates that
mixing was the depositional mechanism for sphalerite (Hayba 1997). In the case of this epithermal
deposit, cooler groundwater mixing with the metal-bearing hydrothermal brine within the open
fractures caused sphalerite deposition (Hayba 1997, Campbell and Barton 2005).

At first for the Patricia deposit we considered the first mode of sulfide formation, and we found
that a single fluid with both base metals and sulfur in solution at temperatures <300°C precipitated
with high efficiency most of its metal charge (transported as chloride complexes) as sulfide
minerals before the fluid reach a temperature of 200°C, becoming a fluid almost barren in base
metals at 180°C. This single fluid saturated for sphalerite and galena at the ore stage temperatures
will be able to form sulfide minerals through cooling by destabilizing chloride base metals
complexes at higher temperatures (280°C-240°C) that those reported by fluid inclusion data for
substages 2A and 2B (Chinchilla et al. 2016a, Chinchilla 2016b). However, this mechanism did
not bring positive results for lower temperatures, and was unable to form an extended vertical
horizon of sulfide mineralization.

After this results we propose as a possible alternative that a fluid mixing process could account for
the Patricia deposit ore formation at the lower temperatures reported for the main ore stage.

Mixing requires sustained interaction between fluids of different compositions and/or temperatures
to produce ore precipitation (Hayba 1997, Paradis et al. 2007). Fluid mixing causes metal
deposition by changing the sulfidation state of the metal bearing solution, lowering metal solubility
and producing metal precipitation (Reed and Palandri 2006, Zhong et al. 2015). In the case of the

44



Patricia deposits we propose that fluid mixing could lower the metal solubility of the ore fluid and
drive sphalerite and galena precipitation of the main ore stage.

In the conceptual model (Figure. 7), base metal sulfide precipitation occurs when the fluid
transporting metals in chloride complexes coming from a magmatic source and carried by the up-
flow stream, mixes with a fluid containing reduced sulfur, sourced by the lateral flow into the
fractures, lowering the metal solubility and precipitating base metal sulfides along the fluid path.

2.7.3 Estimation of the Ore Stage duration

The ore stage in epithermal environment has been described as an episodic and transient process
happening in a larger period of hydrothermal activity with fluids barren of metals (Simmons et al.
2005a, Simmons et al. 2016b). For the Patricia deposit model, a minimum estimate has been made
for the ore stage duration as a function of the ore fluid metal content, the fluid flow rate and the
efficiency of the precipitation mechanism. For a preliminary estimate we used a mass balance
approach, considering a fluid flow rate of 100 kg/sec, and assuming at first 100% precipitation
efficiency. Considering as a first approximation metal concentrations of 25 ppm of Zinc and Lead
in the ore could have lasted < 2,500 years. We made adjustments to these preliminary estimates by
testing the sensibility of the metal-bearing potential of the fluids of the ore stage.

Considering a total period of 10,000 years for the hydrothermal activity, we assumed for the pre-
ore and post-ore stages a period of 3,000 years each. This period is consistent with previous
numerical modelling (Hayba and Ingebritsen 1997, Kostova et al. 2004, Driesner and Geiger 2007)
that constrain to 3,000 years the period over which a geothermal system with mean permeabilities
< 10" m? could maintain a certain fluid temperature before undergoing sustained cooling without
a further magmatic intrusion into the igneous body supplying heat for the system.

2.7.4 Results of Reactive Transport Models of the Patricia deposit

Before achieving the present results almost 1,000 models were made to calibrate and analyse the
sensibility of the parameters involved in the proposed conceptual model. The following results are
the end-result build on those previous models and represent also the simplest model possible with
the available data from the Patricia deposit.

We present the results of three reactive transport models, each model, after the first, building on
the results of the previous model:
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Figure 16. Model configurations implemented with TOUGHREACT: (1) Batch models were made
to estimate fluid composition through fluid-mineral equilibrium (2) Reactive transport models with
a single porous media model, with homogeneous rock properties to estimate the duration of the ore
stage. (3) Reactive transport models with a dual porosity model, were made to study the differences
of fluid-rock interaction between matrix and fractures, the fractured volume was assumed a 10% of
the total modelled volume. All reactive transport models have dimensions of 700 m of vertical
depth, and a square base of 300 m.

Distinctive features of each models are in Table 5.

Table 5. List of models, characteristic features of each one indicated according to minerals
considered, porous media representation and simulated period.

Mineralogy Representation . Duration of Total
Model Considered of Porous Media Period Modeled Ore Stage  Duration
1 All minerals Single homogeneous rock  System activity 5,000 y 10,000 y
2 All minerals Fracture and Matrix Ore Stage 5,000 y 5,000 y
3 Only vein assemblage Fracture and Matrix Ore Stage 5,000 y 5,000 y
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1. Model 1, a comprehensive model of the Patricia hydrothermal system activity to estimate and
calibrate the ore stage conditions and characterize the overall evolution of the system over 10,000
years of continuous geothermal activity. In this model we considered the host rock as a single
homogeneous porous media (Figure 16, [2]). The estimated fluid conditions and the duration of the
ore stage are used as feedback of Model 2.

2. Model 2, uses the estimated conditions from Model 1 for the Patricia deposit main ore stage, to
study the interaction between the hydrothermal fluid, and both fractures and matrix in the host rock,
using a dual continuum representation of the porous media, and the results of the fluid-rock
interaction in the ore resources distribution in the system. This model only considers the ore stage
for a total period of 5,000 years: 2000 years for the ore stage 2A and for stage 2B another 3,000
years for 2B (Figure 16, [3]). The results of the interaction of the ore fluid with both fractured rock
and matrix rock indicated that the fracture mineralogy is relevant in the conditions of ore formation
and 1n the lifetime permeability behavior of the geothermal system.

3. Model 3, considering the previous results of Model 2. In this model we explored the significance
of the mineral assemblage of the fractures in both the evolution of the permeability and the
distribution of the sulfide ore minerals in the system for an ore stage lasting 5,000 years (Figure 16

[3D.
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2.7.4.1 Model 1 Results

In Model 1, the system activity is considered for 10,000 years through the start of the pre-ore stage
to the end of the post-ore stage. We present the results of the fluid-rock interaction and the
hydrological system, reporting the physical and mineralogical responses after each paragenetic
stage of the Patricia deposit.

1. Porosity and Permeability

Figure 17 shows the changes of porosity and vertical permeability for Model 1, mineral dissolution
is dominant along most of the system up to the upper levels where permeability and porosity have
a marked decrease caused by mineral precipitation. With respect to the initial conditions,
permeability and porosity increases along most of the vertical profile up to the upper 200 m, with
porosity being reduced by more than 50% and permeability in more than one order of magnitude.
After 10,000 years of hydrothermal activity permeability never decreases below 107'5 m? allowing
constant advective fluid and heat flow.
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Figure 17. Changes of porosity and vertical permeability for Model 1. Each curve is traced at the
end of a paragenetic stage. (A) Porosity increases by dissolution of the primary mineralogy below
300 m depth, but from 300 m upwards porosity decreases down to < 5%. (B) Permeability follow
a similar trend, decreasing from ~300 m depth upwards from ~10"* to <10'* m?. (C) Vertical
permeability initial/final ratio along the vertical profile highlights the increase in permeability at
depth followed by a significant decrease upwards.

II. Temperature and Pressure

The temperature and pressure profiles are shown in Figure 18. The temperature profile is almost
isothermal up to 200 m depth, above 200 m depth the temperature follows closely the boiling curve,
but the fluid never boils, the fluid is at all stages of the model a one phase liquid fluid.

At early stages of the system the modelled pressure profile is similar to the hydrostatic pressure
profile, but at the end of post-ore stage pressure increases along the vertical profile. Pressure has a
minor increase from the pre-ore stage to the end of the ore stage, and in the post-ore stage the
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pressure increases above the hydrostatic pressure profile up to 80 bar at 700 m of depth and 40 bar
at >100 m depth, respectively.
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Figure 18. Temperature and pressure conditions of Model 1. (A) The temperature profile for pre-
ore stage, ore stage A and, B, and post-ore stage looks isothermal up to ~250 m depth. (B) The
pressure profile follows the hydrostatic pressure profile, over time pressure increases gradually all
along the system.

III. Hydrothermal Alteration

The fluid-rock interaction causes the alteration of the initial andesite rock, with plagioclase +
diopside as the primary rock minerals into an altered rock with a propylitic assemblage of quartz +
chlorite + epidote + daphnite (Figure 19). The diopside is completely altered and disappears from
the rock’s mineral assemblage by the end of the pre-ore stage. Plagioclase suffer a significant
decrease in abundance in the pre-ore stage but in later stages maintained constant volume
abundance in the system up to the end of the modeled system’s activity.

At the deepest portion, epidote is absent from the alteration assemblage being replaced by daphnite.
The abundance of daphnite increases over time at the deeper boundary of the model and decrease
along the vertical profile. By the end of the post-ore stage, minor amounts of illite are observed.
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Figure 19. Changes over time in the alteration mineral assemblage for Model 1. The relative
abundance of each alteration mineral is displayed along the vertical profile of the model at the end
of each paragenetic stage. From the initial stage with andesite mineralogy, the silicate mineralogy
develops into an assemblage of plagioclase + epidote + chlorite + daphnite + quartz, typical of the
propylitic alteration.

IV. Fluid composition and Fluid-rock interaction

The Figure 20 shows the geochemical parameters relevant to base metal sulfide formation: acidity,
reduced sulfur and base metal concentrations at different times, over lifetime of the system of
Model 1.

From the pre-ore stage, during the ore and post-ore stages, acidity goes from pH 5.0 at the bottom
of the system boundary and increases up to a pH 5.5.

Low reduced sulfur concentrations decrease from ~10* mol/kg (~ 3 ppm of HS") and the beginning
of the ore stage down to 10 mol/kg by the end of the ore stage. Reduced sulfur has higher
concentrations during the pre-ore and post-ore stages and sulfur concentration is at a minimum
during the ore stage, in the section of the vertical profile where base metal sulfide precipitates.

In the substage 2A, base metal concentration decreases gradually from the bottom up to 200 m
depth. Reduced sulfur concentration increases from depth up to the top, when there are practically
no metals in solution to be precipitated.

In substage 2B, base metal concentration decreases from the bottom boundary up to 200 m in depth.
The reduced sulfur concentration increases after the amount of base metals carried in solution
decreases. In the substage 2A, base metal concentration (aqueous Zn) decrease gradually from the
bottom boundary up to 200 m depth. In substage 2B, the initial concentration of Zn and Pb
decreases gradually from a maximum at the bottom boundary up to 200 m depth.
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Figure 20. Changes in pH, reduced sulfur concentration [HS'], Zn*? and Pb*? for all the modeled
lifetime of Model 1. (A) Vertical pH profile for all stages, (B) Reduced sulfur concentration, (C)
Total Zn*?, (D) Total Pb*2. Fluid acidity is buffered by the rock mineral assemblage up to pH~5.5.
Initial Zn*? concentration during the ore stage is 10 ppm, and initial Pb*? concentration during
substage 2B is 6ppm.

V. Sulfides, Paragenesis, Base-Metals Resources

The sulfide paragenesis is replicated by changing the fluid compositions over time, the system
lifetime is modelled as a sequential succession of consecutive stages of circulation of fluids, each
with a different composition interacting with the host rock of the system. Using this approach,
Model 1 paragenesis follows the same ore mineral sequence observed at Patricia deposit.
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Figure 21 shows the development of a vertical horizon of base metal mineralization. Since Model
1 considers a single homogeneous porous media, the base metals sulfides precipitate homogenously
in the system’s volume, corresponding to a disseminated mineralization style.

In this model, the resources are disseminated in the host rock, and during substage 2A, most of the
Zn ~90% of total Zinc precipitated, precipitates below 300 m depth, whereas in substage 2B, the
mineralization has a more wider vertical extension, being present from the bottom boundary at 700
m depth up to 200 m depth in the system. At the end of the post-ore stage, a total of 68,901 tons of
lead and 192,477 tons of zinc have been precipitated from hydrothermal fluids.
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Figure 21. Vertical profile of base metals resources precipitated after each paragenetic stage for
Model 1. Most of the base metals precipitated below 200 m depth, base metals are more abundant
at depth and gradually decrease in abundance up to the surface. (A) Lead precipitated as galena (B)
Zinc precipitated as sphalerite.

2.7.4.2 Model 2

In Model 2, the relevance of a zone with enhanced permeability in the distribution of the
mineralization is explored using a representation of the host rock with two different medias. One
representing a matrix with low permeability (10°'°> m?) and another of a fractured zone with higher
permeability (107'* m?). This model reproduces the fluid rock interaction during the ore stage for
2A of 2,000 years and for ore stage 2B of 3,000 years for a total of 5,000 years. The initial
distribution for the gangue mineral assemblage is taken from the mineral assemblage distribution
at the end of the pre-ore stage in Model 1; ore fluid compositions for each substage are the same
as for Model 1.
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1. Porosity and Permeability

Figure 22 shows the permeability and porosity for the fractures (Figure 22 [A], [B], [C]) and for
the matrix (Figure 22 [D], [E], [F]) of Model 2. The fractures and matrix of the model have a similar
behavior for most of the vertical profile, with mineral dissolution dominating along most of the
system up to the upper levels where the permeability and porosity decrease. However, at the bottom
boundary, permeability decrease for the fractures up to 107> m? and increases for the matrix.
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Figure 22. Changes of porosity and vertical permeability at different times for fractures and matrix
media in Model 2. For fractures, porosity and permeability increased from 600 to 200 m depth, but
decreased at the system’s boundaries, especially at the system’s bottom boundary: (A) Changes of
porosity in the fractures. (B) Vertical permeability in m? in the fractures. (C) Vertical permeability
initial/final ratio in the fractures. For the rock matrix, porosity and permeability showed significant
increase below 600 m depth: (D) Changes of porosity in the rock matrix. (E) Vertical permeability
in m? in the rock matrix. (F) Vertical permeability initial/final ratio in the rock matrix.
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II. Temperature and Pressure

The modeled temperature profile in the fractures for this profile is almost isothermal up to 200 m
depth (Figure 23 [A]). Above 200 m depth the profile follows closely the boiling curve, but the
fluid never boils, as the fluid is at all stages of the model a one phase liquid fluid.

The modeled pressure profile (figure 23 [B]) is at first to the hydrostatic pressure profile but by the
end of the ore-stage, in response to a significant decrease in the permeability of the fractures at the
bottom boundary of the system, pressure also increases (> 100 bar at 700 m depth).
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Figure 23. Temperature and pressure profile at different times for Model 2. (A) The temperature
profile followed an isothermal trend up to 200 m depth, and then the boiling point curve upwards
200 m depth (B) The pressure profile followed the hydrostatic curve for most of the simulation, but
by the end of the simulation increased below 600 m depth.

I1II. Hydrothermal Alteration

The alteration mineralogy distribution during the ore stage in both fractures and matrix of Model
2 is displayed along the vertical profile of the model in figure 20. The initial propylitic assemblage
is a result of the pre-ore stage of the previous Model 1 consisting of plagioclase + epidote + chlorite
+ daphnite + quarz, in Model 2 this mineral assemblage developed in a similar fashion as the
alteration during the ore stage of Model 1 (Figure 19).

For the fractures (Figure 24 [A]), epidote and chlorite are replaced by daphnite at depth, where the
alteration assemblage becomes plagioclase + quartz + chlorite + daphnite with minor amounts of
illite. By the end of the ore stage, daphnite is the most abundant mineral at the bottom boundary of
the model and epidote is not present below 300 m depth at 5,000 years.
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In the matrix (Figure 24 [B]), epidote also decrease in abundance from the bottom of the model,
but it did at a slower rate and was not completely replaced. In the matrix, the mineral alteration
assemblage is plagioclase + epidote + chlorite + daphnite + quarz and is similar to the pre-ore stage
assemblage at 5,000 years.
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Figure 24. Changes in the alteration mineral assemblage of Model 2. Changes in relative abundance
of each mineral, at different times for fractured and matrix media. (A) Alteration mineral
assemblage of the fractures, in the fractures epidote is replaced by chlorite, Fe-chlorite (daphnite)
is most abundant at the system’s bottom boundary. (B) In the matrix, the alteration minerals had
only slight changes in relative abundance, remaining almost constant through time.

IV. Fluid composition and fluid-rock interaction

Model 2 simulate the conditions of the system during the ore stage. In the case of Model 2, the
precipitation of sulfide minerals occured only at the fractures of the system, and the most important
changes in the fluid chemistry took place in the fractures. Figure 25 shows changes in pH, aqueous
reduced sulfur and Zn*? and Pb*? concentrations at different times during the simulation.

First during substage 2A, at the system’s bottom boundary the fluid acidity is ~pH 4.8, and in the
section above 600 m depth, the fluid gets buffered up to a pH 5.8-6.0. The concentration of aqueous
reduced sulfur in the fluid increased as the concentration of aqueous Zinc decreased by
precipitation of sphalerite in the fractures of the system. From 400 m depth upwards, the amount
of Zn in the fluid is too low to precipitate base metal sulfides and the concentration of reduced
sulfur becomes higher.

Later for substage 2B, the fluid acidity at the bottom of the system boundary is ~pH 4.4, becoming
gradually buffered from 600-400 m depth to a fluid with pH~5.2, and from 400 to the surface
boundary to a fluid with pH ~5.7-5.8. The concentration of aqueous Zinc and Lead decrease
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gradually from bottom boundary up to 200 m depth. As base metals concentrations decreased from
the bottom boundary to the top, reduced sulfur concentration (HS") increases and the pH is buffered
from acid to neutral (Figure 21).
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Figure 25. Changes of pH, reduced sulfur concentration [HS], Zn*? and Pb*? for Model 2. Model
2 simulated Patricia’s ore stage, the first 2,000 years simulated sub-stage 2A, the following 3,000
years simulated sub-stage 2B. (A) pH profile at different times, for the first 2,000 years the fluid’s
acidity is buffered ~ pH 6.0 of 2,000 years, after 3,000 acidity increased below 300 m depth to ~pH
5.0 (B) Reduced sulfur concentration (C) Total Zn*? (D) Total Pb*2. Base metals concentrations are
maximum at bottom and decrease up to 300 m. depth. Initial Zn*? is 10 ppm at all times, from 3,000
years initial Pb*? is 6 ppm.

V. Sulfides, Paragenesis, Base-Metals Resources

Using the same sequential approach as previous Model 1 and the same ore fluid compositions,
Model 2 also replicates successfully the ore mineral sequence observed at the Patricia deposit. The
base metal mineralization horizon (Figure 26) extends from ~ 600 m depth to 200 m depth; base
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metals are more abundant at the deeper section of the system. In Model 2, sulfide ore minerals
precipitated only in the fractured continuum, the mineralization concentrates in the fractures, being
analogous to a vein mineralization style.

In substage 2A, minor amounts of lead precipitates as galena in the system, and ~95% of the zinc
precipitates as sphalerite below 400 m depth (Figure 26 [B]). During substage 2B, galena
precipitates in the bottom boundary, but sphalerite does not precipitate in the same region, and the
sphalerite that precipitated in the previous 2A stage is not observed at the bottom boundary, being
replaced most likely by galena. Base metal precipitation decreases gradually from the bottom
boundary up to 200 m depth, with ~ 60% of the total base metal precipitated below 400 m depth.
At the end of the ore stage in Model 2, after 5,000 years of fluid circulation, a total of 56,610 tons
of lead and 156,030 tons of zinc had been precipitated as galena and sphalerite respectively by
hydrothermal fluids.
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Figure 26. Vertical profile of base metals abundance at different times during ore substages 2A and
2B for Model 2. Most of the base-metal ore resources precipitated at fractures below 300 m depth,
sulfide minerals did not precipitate in the matrix. (A) Lead precipitated as galena in fractures. (B)
Zinc precipitated as sphalerite in fractures.

2.7.4.3 Model 3

Model 3 explored the role of the mineral alteration assemblage of the fractures in the formation of
the base metal mineralization. For Model 3, the same representation of the host rock with two
different medias of Model 2 was used, with a matrix with low permeability (10> m?) and a
fractured zone with higher permeability (10713 m?). This model reproduces the fluid rock interaction
during the ore stage for a period of 5,000 years. The initial conditions for the gangue mineral
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assemblage are the same as those from the assemblage obtained at the end of the pre-ore stage in
Model 1. The ore fluid compositions are the same as Model 1 and Model 2. The main difference
with Model 2, is that for substage 2B, mineral precipitation in the fractures is restrained to quartz,
pyrite, galena and illite, and no other mineral phases are allowed to precipitate in the fractures. No
further changes were made for the matrix mineralogy.

1. Porosity and Permeability

Figure 27 shows the permeability and porosity profile for both the fracture and matrix continuum
of Model 3. In the fractures, permeability and porosity remained almost constant for most of the
system with the exception of the upper 200 m, where permeability and porosity have a significant
decrease.

The permeability and porosity of the rock’s matrix have similar behavior as the fractures. Mineral
dissolution dominates most of the system up to the upper levels where the permeability and porosity
decrease. Along most of the vertical system’s profile permeability and porosity have a minor
increase compared with the previous models (less than 1.5 the initial permeability)
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Figure 27. Changes in the porosity and vertical permeability distribution at different times for
fractures and matrix media in Model 3. In Model 3, permeability and porosity changes at both
fractures and matrix media were similar, with a decrease above 200 m. depth. (A) Changes of
porosity in the fractures. (B) Vertical permeability in m? in the fractures. (C) Vertical permeability
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initial/final ratio of the fractures. (D) Changes of porosity in the rock matrix. (E) Vertical
permeability in m? in the rock. (F) Vertical permeability initial/final in the rock matrix.

II. Temperature and Pressure

The modeled temperature profile is shown in Figure 28 [A], this profile is almost isothermal up to
200 m depth. The profile closely follows the boiling curve, but the fluid never boils, at all stages
of the model the fluid is a one phase liquid fluid.

The modeled pressure profile is shown in Figure 28 [B] and remained similar to the hydrostatic
pressure profile through all the modeled period.

Temperature Profile [°C] Pressure Profile [bar]
100 140 180 200 0 20 40 60 80

-100. ]
'='-300
g | |
a,
)
A 500 _

-700

Figure 28. Temperature and pressure profile at different times for Model 3. (A) The temperature
profile was isothermal below 200 m. depth, and followed the boiling point curve upwards. (B)
Pressure profile, the pressure profile followed the hydrostatic curve during this simulation.

III. Hydrothermal Alteration

The veins at Patricia deposit have a mineral assemblage of quartz + sphalerite + galena + pyrite +
daphnite. For this reason in Model 3 the mineralogy of the fractures was limited to quartz and base
metal sulfides with a restriction on the precipitation of other mineral phases. Since most alteration
minerals were not allowed to precipitate, the alteration assemblage of the fractures remained almost
constant over time during the ore stage (Figure 29), with the only change being an increase in the
abundance of quartz in the upper 200 m of the model.

For Model 3, the alteration assemblage of the matrix is the same as the resulting in previous Model
2 (as in Figure 24 [B]) with minor changes in the relative abundance of the mineral phases.
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Figure 29. Changes at different times of the alteration mineral assemblage of the fractured media
of Model 3. In this model, both fractures and matrix’s responses to the fluid-rock interaction were
similar, the alteration assemblage remained constant over time.

IV. Fluid composition and fluid-rock interaction

Figure 26 shows changes in pH, aqueous reduced sulfur, Zn"? and Pb*? concentrations at different
times for the main ore stage period for the Patricia deposit simulated in Model 3.

During substage 2A, at the system’s bottom boundary the fluid acidity is ~pH 4.8, and in the section
from 600 m depth, the fluid gets gradually buffered up to pH 5.5 -6.0. As the concentration of
aqueous Zinc decreases by precipitation of sphalerite in the fractures of the system, the
concentration of aqueous reduced sulfur in the fluid increases. From 400 m depth upwards, the
amount of Zn in the fluid is too low to precipitate base metal sulfides and the concentration of
reduced sulfur becomes higher.

For substage 2B, the fluid acidity at the system’s bottom boundary is ~pH 5.0, becoming gradually
buffered up to 300 m depth to pH 5.3, and from 300 m to the surface boundary to a fluid has with
pH ~5.7-5.8. Aqueous Zinc and Lead concentrations decrease gradually from the bottom boundary
up to 300 m depth (Figure 30 [C], [D]).

As seen in the previous models’ results, as the fluid ascends and base metals sulfides precipitated,

base metals concentrations decreased, and reduced sulfur concentration increased while pH gets
buffered from acid to neutral.
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Figure 30. Changes of pH, reduced sulfur concentration [HS], Zn*? and Pb*? for Model 3. Model
3 simulated Patricia’s ore stage, the first 2,000 years simulated sub-stage 2A, the following 3,000
years simulated sub-stage 2B. (A) pH profile at different times, fluid acidity changes from substage
2A to substage 2B, pH decreases over time. (B) Reduced sulfur concentration (C) Total Zn*? (D)
Total Pb*2. Base metals concentrations were maximum at bottom and decreased up to 300 m. depth.
Initial Zn™ is 10 ppm at all times, from 3,000 years initial Pb*? is 6 ppm.

V. Sulfides, Paragenesis, Base Metals Resources

In Model 3, the base metal horizon extends from ~ 700 m depth to 200 m depth; base metals being
more abundant at the deeper section of the system (Figure 31). Sulfide ore minerals precipitate only
in the fractured continuum of the system, the mineralization concentrates in the fractures, being
analogous to a vein mineralization style.

In substage 2A, scarce amounts of galena precipitate in the system, and ~95% of the zinc
precipitates as sphalerite below 300 m depth (Figure 31 [B]). During substage 2B, lead and zinc
precipitated as galena and sphalerite in the bottom boundary. Base metal precipitation decreased
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gradually from the bottom boundary up to 200 m depth, with ~ 60% of the total base metals
precipitated below 400 m depth. At the end of the ore stage, after 5,000 years of fluid circulation,
atotal of 52,602 tons of lead and 157,731 tons of zinc had been precipitated by hydrothermal fluids.
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Figure 31. Vertical profile of base metals abundance at different times during ore stages 2A and
2B for Model 3. Most of the base-metal ore resources precipitated at fractures below 300 m depth,
sulfide minerals did not precipitate in the matrix. (A) Lead precipitated as galena in the fractures.
(B) Zinc precipitated as sphalerite in the fractures.
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2.8 DISCUSSION
2.8.1 Conceptual Model

The model implemented with TOUGHREACT explains the formation of the Patricia deposit as the
result of the interaction of the system’s host rock mineralogy with hydrothermal fluids with variable
compositions over time coupled with the occurrence of fluid mixing during the geothermal system
active period.

TOUGHREACT made possible to model the system’s geothermal activity, and emulates the fossil
system’s geologic features. The model is consistent with the Patricia deposit’s features from field,
mineralogy and fluid inclusion data.

Large periods of fluid circulation containing low metal budgets followed by shorter periods of
circulation of fluids with ore forming metal budgets account for the formation of the Patricia ore
deposit. This variability of the fluid composition over time explains the change of the system in
response to the fluid-rock interaction resulting in the formation of sulfide mineralization and the
related alteration assemblage. Given the thermodynamic and related metal solubility conditions of
the ore stage fluids, the circulation and cooling of metal bearing fluids is not enough to produce an
extended vertical horizon of base metal mineralization. In the absence of boiling, mixing of metal
bearing fluids along the vertical fluid pathway with fluids carrying reduced sulfur is the
mechanism, according to our model, able to precipitate sulfide minerals in the system.

Mixing of base metal chloride rich fluids poor in reduced sulfur with reduced sulfur bearing fluids
has been proposed as an ore forming mechanism in sediment hosted Zn-Pb deposits SEDEX,
Mississippi Valley-type and Irish types (Wilkinson et al. 2005, Paradis et al. 2007, Stoftell et al.
2008). For other epithermal deposits as the Creed base metal epithermal deposit, ore formation also
has been interpreted as produced by fluid mixing (Hayba 1997).

The proposed period of 10,000 years for the total duration of the system's activity was considered
taking in consideration previous numerical studies that constrain the activity of a geothermal
system to periods ~ 10,000-20,000 years on the basis of the system’s host rock initial permeability
distribution. This estimation of the ore stage duration was based on the measured metal
concentrations from fluid inclusion data and mass balance estimates accounting for moderate up-
flow rates (100 kg/sec). The modeled ore stage duration was 5,000 years, this estimated period of
time for the ore stage is consistent with the thermal stability of a geothermal system estimated from
numerical models as a function of the initial permeability distribution. Similar periods are obtained
also by estimates on the rate of metal diffusion on sulfides from the Creede ore deposit (Campbell
and Barton 2005).

For Models 1, 2 and 3, the mass balance of the system is consistent with the estimated resources of
the Patricia deposit and prove that fluid mixing could be an efficient mechanism to form base metal
mineralization. The modeled alteration assemblage and mineral paragenesis resulting from these
models is consistent with the geologic features of Patricia deposit.

2.8.2 Modelling approach: Single porous media and double porosity media models

Two different modeling approaches were made considering two different representations for the
rock media involved in the hydrothermal interaction.
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Model 1, considers one single porous media, to calibrate a first estimate of the duration of the ore
stage and the fluid composition applying mass balance constrains on the ore formation process.

This approach describes the distribution of the ore minerals following a disseminated
mineralization style. The principal results from Model 1 shows that the ore fluid was acidic, with
low reduced sulfur concentrations, and base metal concentrations of ~10 ppm. Considering an up-
flow rate of 100 kg/s for system, the ore stage would have lasted a total period of ~ 5,000 years.
Under this conditions fluid mixing has the potential to form all the ore resources estimated for the
Patricia deposit disseminated through the host rock.

For Model 1 porosity and permeability have a general increase along most of the system’s vertical
profile. Permeability increase more than 2 times the initial value for the host rock. Finally, the
permeability and porosity had a notorious decrease at the upper system’s boundary, where the
thermal gradient is sharpest.

Since the single media approach does not describe the formation of base metal mineralization in a
vein style, we used a porous media representation implemented with TOUGHREACT to monitor
the fluid-rock interaction in both fractures and rock matrix. Matrix refers to an intact and non-
fractured rock media of lower porosity and permeability than the fracture media, of higher
permeability and porosity.

Since reactive transport is very taxing on computational resources, a simple multiple interacting
continua representation was used, a dual porosity representation of fractures and rock media.

Models 2 and 3 consider only a period of 5,000 years for the ore stage of the Patricia deposit. The
focus of these models are the differences between the fluid-rock interaction in fractures and matrix.
In both model’s results the sulfide minerals precipitate only in the fractures which corresponds to
the 10% of the total system’s volume, effectively concentrating the ore mineralization.

i.  Permeability of models with a double porosity media description

Most models of geothermal activity do not consider the feedback over the initial permeability by
the effects of both mineral precipitation and dissolution, in this model we also considered the
feedback of mineral precipitation and dissolution on the permeability distribution of the system.

In Models 2 and 3, the same development is observed in the upper boundary of both models
(Figures 18 and 23), in the fracture media and in the matrix media both porosity and permeability
decrease in the upper 200 m of these models as the temperature decreases and pH increases, an
increase in the precipitation rate of some minerals, especially quartz is observed, causing the
decrease in permeability.

From the intermediate section of Models 2 and 3, between 200 m depth down to 600 m depth, both
the rock matrix's permeability and porosity increase in both models. This increase it is more
pronounced near the bottom boundary, around 700 m depth for the matrix of Model 2, and, although
less pronounced, is also observed in Model 3.

A similar trend is observed for the fractures of Model 2 and 3, with a higher increase in permeability
of the fractures of Model 2, by dissolution of the alteration minerals, specially epidote. In Model
3, where the alteration minerals are not considered in the fractures, permeability has a minor
decrease caused by the precipitation of quartz and base metal sulfides.
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At the bottom boundary of the fractures of Model 2 (figure 18 A, B, C), permeability decreases
more than one order of magnitude. This is produced by the replacement of the alteration minerals
in the fracture for daphnite, which became the most abundant mineral at the bottom boundary. This
abrupt change in permeability is not observed in the fractures of Model 3 (figure 23 A, B, C) where
daphnite is not allowed to precipitate.

The observed decreasing trend of the model's permeability at the upper and lower boundaries of
the system highlights the necessity of a mechanism able to compete with the mineral changes that
could decrease the permeability in a geothermal system, and enhancing the system’s overall
permeability. The majority of the studies on permeability control over the duration of geothermal
activity considers a constant permeability distribution and assume a system’s life activity controlled
by the influence of a nearby magmatic body, providing the heat necessary to maintain fluid
circulation. However, it has been found that a static permeability is not a realistic assumption, and
the concept of “perturbed crust” is currently being considered to argument that permeability is not
a static but a dynamic geological variable, depending among other factors on the tectonic control
over geologic structures and the response of the rock media to the mineral precipitation/dissolution
produced by fluid-rock interaction (Ingebritsen and Gleeson 2015).

Our models consider that apart from mineral feedback on permeability, there is no other mechanism
controlling permeability, this is likely a major simplification. The Patricia deposit is located close
to a structural system that represents a high permeability zone, along which hydrothermal fluids
could have been circulating over a long period of time, and where a high permeability distribution
could have been renewed in a periodic rate by the structural activity. The potential effects of this
mechanism in the permeability of the system are not explored by our model.

ii. Temperature and pressure response to changes in permeability

Both temperature and pressure experience changes in direct response to the permeability change of
the system. In Model 1, permeability decreases at the upper boundary causing changes in the
temperature profile. The curve of the pre-ore stage is more similar to the boiling-point curve,
meanwhile the temperature profile of the ore stage and the post-ore stage it is different for the
boiling-point curve (figure 14 A). However, the fluid does not boil, because the pressure is also
increased over the hydrostatic pressure profile (figure 14 B).

In Models 2 and 3, the temperature profile during the ore stage is similar to the boiling-point curve,
and the pressure profile to the hydrostatic pressure profile. However, in Model 2, after a strong
decrease of the permeability in the lower boundary of the model, pressure increases over the
hydrostatic pressure curve.

2.8.3 Fluid-rock interaction along the vertical up flow pathway.

We discuss the interaction of the fluid-rock interaction considering together the changes in fluid
composition and mineralogy. The fluid acidity is closely related to the alteration mineral
assemblage, meanwhile whenever the fluid carries base metals in solution, metal concentrations
are controlled by the fluid mixing mechanism that precipitates base metal sulfides. In all models
pH increases from initial acid values into neutral range as a consequence of the buffering of the
alteration minerals. In all models, along most of the vertical extension of the system, pH is
controlled by the rock buffer. Low reduced sulfur concentrations (< 10 mol/kg) are necessary to
maintain the transport of base metals in the ore fluid along the fluid’s path, the addition of small
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amounts of reduced sulfur allow efficient precipitation of base metals into sulfides along the
vertical fractures.

During the pre-ore stage, the injected fluid has a pH of 5.5 and the fluid maintains a pH > 5.5
through the system. The andesite primary mineralogy is altered into a propylitic assemblage. The
diopside is completely replaced and disappears from the mineral assemblage, and there is partial
replacement of plagioclase by epidote, chlorite and daphnite by the end of the ore stage.

Despite changes in the hydrothermal fluid acidity during the ore stage (pH 4.5) and during the post-
ore stage (pH 6.0), pH remains near ~ 5.5 buffered by the mineral rock assemblage, pH is lower at
the bottom boundary where epidote is replaced by daphnite, interestingly at the bottom boundary
where pH<5.0, base metal sulfides do not precipitate.

During the hydrothermal active period, there i1s dissolution of the silicate minerals along the fluid
flow path, increasing the permeability of the host rock, this is a consequence of the composition of
the injected hydrothermal fluid which is saturated in silica, but undersatured in all the other silicate
phases. Over time, daphnite replaces epidote as the most abundant mineral phase in the mineral
assemblage. This replacement is most notorious at the bottom boundary of Model 1.

In Model 2 and Model 3, the results consider the fluid compositional changes in the fractures, the
greater degree of fluid-rock interaction in these models takes place at the system’s fractures. The
fluid composition at the matrix continuum remains mostly unchanged.

Model 2 considers that all the alteration minerals are interacting with the fluid at the fractures.
During substage 2A, the initially acid fluid gets buffered from 4.8 to pH 6. The increase in the fluid
acidity is correlated to the decrease in epidote abundance at the deeper portion of the system, in the
sections where epidote is present in the alteration assemblage, pH remains neutral.

During substage 2 B, epidote dissolves from the bottom up to the upper part of the system. If
epidote and chlorite are completely replaced by daphnite pH decreases down to < 5.0, where
epidote is absent but there is chlorite, pH is buffered up to ~ 5.1, and in the upper 300 m, where
epidote and chlorite are present, the fluid pH is 5.7. Daphnite precipitates mainly at the bottom
boundary of Model 2 and is far less abundant upwards.

The precipitation of Fe-chlorite (daphnite) could be a consequence of the reactive rate law and
reactive surface area considered in the model allowing faster precipitation rates than in natural
conditions. Perhaps, it could be caused by the fact that we did not consider another alteration
mineral competing for the aqueous iron in the fluid.

In Model 2 base metals concentrations are also controlled by the fluid mixing and show an inverse
correlation with the reduced sulfur content of the fluid.

Model 3, considers for the fracture the presence of only the minerals observed in the veins of the
Patricia deposit. The minerals observed are quartz + base metal sulfides (pyrite + galena +
sphalerite). The aim of this model was to describe the influence over the fluid geochemistry of the
of the mineral assemblage present in the fractures.

During substage 2A, the initially acid fluid gets buffered from 4.8 to pH 5.4 and to pH 6.0 from
400 m upwards. This pH change is correlated with the upper limit of the precipitation of sphalerite.
During substage 2 B, the profile of the fluid’s acidity is much smother starting at the bottom
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boundary at pH 5.0, and gradually going up to pH 5.6-5.8 at depths < 300 m. The pH increase is
correlated with the upper limit of the base metal mineralization horizon.

2.8.4 Sulfide distribution and fluid chemistry

All models showed a vertical horizon of base metal mineralization extending for hundreds of
meters. This result indicate that fluid mixing is a viable ore forming mechanism for the conditions
of the Patricia deposit. Both Model 2 and 3 results suggests that sphalerite precipitation is favoured
by a fluid acidity ~ pH 5.0-5.3. Galena precipitation has the same trend. In Model 2, it appears that,
during Stage 2 B, galena replaces the sphalerite precipitated in the bottom boundary during Stage
2 A. This suggest that galena could leach reduced sulfur from the sphalerite at pH < 5.0.

2.8.5 Pyrite Formation

The objective of the model is to replicate the formation of base metal sulfides in the epithermal
environment however a major issue remained unaddressed in our models which is the formation of
pyrite in the system. In our models pyrite only forms in the shallow upper boundary of the system
where the temperature gradient is sharpest whereas it would have been expected a more
conspicuous presence along the system. The reason for this could be a simplification of the
behavior of aqueous iron in the hydrothermal fluid. In our geochemical framework either iron
behaved as a non-reactive component of the fluid, or was consumed by daphnite formation in the
deeper parts of the system. We did not consider the incorporation of iron into sphalerite, which
could account for a different behavior of the solubility of aqueous iron in the hydrothermal solution.
Another possible reason could be an unappropriated rate law for the precipitation of pyrite in this
conditions. These inconsistencies suggests that the ore forming process of base metal
mineralization is a lot more complex.

It is possible another mechanism able to form base metal sulfides without fluid mixing? In
exploratory models, the initial pyrite formed in the pre-ore stage was dissolved and completely
replaced in the ore stage, becoming a source of reduced sulfur for both galena and sphalerite. In
that scenario, base metal sulfides could precipitate from a metal bearing fluid without mixing being
a required condition. However, without fluid mixing, an extended pyrite vertical horizon could not
be formed in our models and neither a vertical horizon of galena and sphalerite.

Similarly, sphalerite precipitated in the first ore substage could become a source of sulfur for the
precipitation of galena if the fluid pH is <5.0. The following sequence of base metal sulfides
dissolution and formation was observed: pyrite> sphalerite> galena, in which pre-existent sulfide
minerals become precursor of another sulfides: pyrite is a precursor of sphalerite and sphalerite a
precursor of galena, being potential sources of reduced sulfur for the formation of latter sulfides.

However, in the samples of sulfide minerals from the Patricia deposit, there is no evidence of this
sulfide replacement sequence.

2.8.6 Limitations

The inherent complexity of the geochemistry of fluid-rock interactions in the epithermal
environment made necessary simplifications and assumptions regarding the aqueous chemistry and
the minerals considered. Chlorite and epidote are both minerals with solid solutions,
thermodynamic and kinetic data for these minerals is available only for some solution end-
members, and also in the case of epidote its kinetics also depends on whether the crystals are well
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developed or amorphous. For the models here discussed the thermodynamic data for daphnite and
crystalline epidote from the SOLTHERM database was considered, disregarding the diversity of
these minerals.

Another important simplification is the assumption of a reducing environment. A reaction
controlling the redox state of the system was not considered, given that the deposit mineral
assemblage, suggests a single redox state accounting for all the mineralogy. Under this assumption
all the thermodynamic data for the model was calculated for the Fe*? iron species.

Reactive transport models of sulfide formation in epithermal deposit are scarce. To our knowledge
there are no studies to compare the kinetic results of our model specially to compare the effect and
relevance of the reaction rates used for the sulfide minerals. Usually, the these rates are measured
for dissolution under < 100 °C, although the same approach is used to model silicate minerals,
whereas sulfide minerals kinetics are considered more complex and difficult to understand (Acero
et al. 2007a, Acero et al. 2007b). Although the kinetic approach applied with TOUGHREACT has
been used previously in other studies, it remains considerable uncertainty remains about the kinetic
rate laws, the precipitation mechanism and the values of mineral reactive surface areas in natural
conditions.

To account for this, we tested the sensibility of our model's behavior to the following parameters:
flow rates, permeability, metal and sulfur aqueous concentration, the mineral assemblage, the
mineral's reactive surface and the mineral's kinetic rates. Our current results are the end-product of
this previous analysis. One interesting consideration from our initial exploratory models using
reactive transport to describe the behavior of the fluid-rock interaction in a geothermal system is
that although the life-time scale of the system is ~ 1,000-10,000 years, the system could not be
described by fluid-mineral reactions at equilibrium, even for periods of this magnitude and with
the system being close to equilibrium, the kinetic approach became a necessity to describe the fluid-
rock interaction and replicate the observed mineral distribution.

By calibrating reactive modeling with TOUGHREACT with solute geothermometry the results
from Wanner et al. (2014), agree with the magnitude and range of reactive surface, fluid flow, and
kinetic rates used in our model

Apart from the general agreement with the alteration assemblage, the sulfide distribution and the
total resources precipitated, there is no more features available to us to validate or refine our model.
The Patricia deposit is only studied up to an exploratory stage therefore more data from the deposit
is also not available.

Overall our model supports the idea of sulfide mineralization formed by fluid mixing at
temperatures < 300°C and highlights the importance of pH buffers and high permeabilities in the
formation of base metal mineralization. It could be of interest to use reactive transport models to
understand and calibrate the degree in which mineral reactions control the permeability distribution
in a well characterized active geothermal system.
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2.9 CONCLUSIONS

A reactive transport model of the Patricia deposit was implemented with TOUGHREACT. Two
different approaches to model the fluid-rock interaction were applied. First a model, with the host
rock modeled as a homogeneous porous media to understand the process of sulfide mineralization
formation in an epithermal environment with temperatures <300°C. And in second place, a model
with the host rock modeled as two different medias: matrix and fractures, to explore the relevance
of media with different permeabilities in the ore formation process.

The model with a single porous media considers the geothermal system’s evolution for a period of
10,000 years and its results provide both insights into the ore forming process and estimates for the
fluid geochemical conditions and the ore stage duration: For the inferred system’s conditions for
the Patricia deposit, and without the occurrence of boiling, the most efficient mechanism to form
sulfide minerals in this system is fluid mixing between an acid fluid carrying base metals with little
amounts of reduced sulfur <10 mol/kg; and another fluid providing reduced sulfur. These fluids
are provided from the system’s up-flow stream and from a lateral flow stream, respectively. Under
fluid mixing conditions this model is able to precipitate a similar amount resources to the estimated
of base metal resources for the Patricia deposit and also replicates the propylitic mineral
assemblage of the deposit. The base metal mineralization distributes itself in an extended vertical
horizon of hundreds of meters. Mass balance considerations provided an estimate for the ore stage
duration of 5,000 years. In this single porous media model, sulfide minerals precipitate
homogenously in the system’s volume in similar way to a disseminated mineralization style.

A dual porosity model representing the host rock as two different medias: matrix and fractures was
made to explore the differences in the fluid interaction with the intact rock and the fractured rock
media. This model results were also consistent with the deposit estimated resources, the sulfide
minerals vertical distribution and the alteration mineral assemblage of the Patricia deposit.

In this second model, the permeability’s control over the mineralization distribution was clearly
observed, as sulfide minerals precipitated mainly in the system’s fractures in a similar fashion to a
vein-controlled mineralization style.

Permeability decreased at the upper model’s boundary in the zone of sharpest temperature contrast
but not up to the point to seal the system forming a rock cap.

The results of both models are validated by replicating the system evolution, reproducing the same
mineral alteration assemblage, the expected base metal resource distribution and similar amounts
of ore resources to those of the Patricia deposit.

From the reactive transport model, an interesting result was obtained on the control of the fluid’s
acidity in the formation of base metal sulfides. The fluid’s acidity is controlled by the rock mineral
assemblage, by buffering the fluid acidity. Galena and sphalerite precipitation is enhanced at 5.0-
5.3 pH values, coinciding in the modeled mineral assemblage with the dissolution of epidote in the
system’s fractures and the formation of Fe-chlorite.

The models are limited by the simplifications considered and the absence of more specific data
from the Patricia deposit, like a detailed characterization of the permeability and fracture
distribution of the deposit, and a more detailed resource distribution. The model conforms to the
general geologic features of the Patricia deposit and provides insight into the ore forming process
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and the conditions favorable for the ore stage in a specific set of epithermal conditions but cannot
be used to make more specific predictions.

Uncertainty also comes from the reactive modeling approach, a very simplified approach to the
kinetic process of mineral dissolution and precipitation was considered. In this approach the degree
of uncertainty over the magnitude of the mineral reactive surfaces is significant and is no less
important the fact that the rate laws and kinetic mechanisms considered for the sulfide minerals are
at best first order estimates for the conditions of the epithermal environment. The last limitation of
the current model comes from numerical difficulties to achieve a more detailed and realistic
representation of the system permeability’s evolution as a response to mineral precipitation and
dissolution. More kinetic studies on mineral precipitation and dissolution in the hydrothermal
environment conditions are needed to understand the relevance of the alteration minerals in the
evolution of the permeability of active geothermal systems.

Finally, our reactive transport model with TOUGHREACT supports fluid mixing as an efficient
mechanism to form base metal mineralization in an extended vertical horizon in the epithermal
environment without occurrence of boiling. This requires an acid fluid carrying the metals mixing
with a different fluid carrying reduced sulfur. Permeability distribution exerts a major control on
the distribution of the mineralization into the system: according to our results a porous media with
contrasting permeabilities favors the concentration of the ore in the media with higher permeability.
Fluid rock interaction provides a pH range favorable for the formation of sulfide minerals through
dissolution of different minerals according to their buffer potential. Estimates from fluid inclusion
data and mass balance were made of the potential duration of the ore stage giving a period of 5,000
years for a total geothermal activity of 10,000 years.
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3 DISCUSION

La evolucion del sistema geotermal que formo el depdsito de Zn-Pb-Ag Patricia fue replicada por
medio de un modelo de transporte reactivo. El modelo reprodujo satisfactoriamente la paragenesis,
la distribucion de la mineralizacién y el tonelaje de recursos estimados para el deposito. A
continuacion, se discutiran los aportes del modelo planteado para el estudio de las condiciones de
formacion de Patricia. Ademas, se discutira los supuestos considerados para acotar la
permeabilidad, las duraciones del periodo de actividad geotermal y de la etapa de mineralizacion,
y las tasas de flujo de fluidos y concentraciones de metales.

3.1 Revision del Modelo de Formacion del depdsito de Zn-Pb-Ag Patricia

En las primeras etapas de este estudio, uno de los supuestos iniciales fue la validez del modelo de
formacion de mineralizacion de metales base propuesto previamente para Patricia (Chinchilla et
al. 2015, Chinchilla 2017). Este modelo planteaba el enfriamiento gradual de los fluidos
mineralizadores como el mecanismo principal de mineralizacién, un tnico fluido transportod
juntamente metales y azufre en solucidn, siendo los metales base transportados como complejos
acuosos bisulfurados; el mecanismo de desestabilizacion de esos complejos y de formacion de
sulfuros de metales base habria sido el enfriamiento de este fluido durante el estadio de
mineralizacion. De esta manera el fluido habria precipitado gradualmente en su ascenso sulfuros
de metales base al enfriarse, formandose asi un perfil vertical de mineralizacion de sulfuros de
metales base. En esta primera aproximacion se descartaba el potencial rol de la mezcla de fluidos
en la formacion de la mineralizacion.

Los modelos de transporte reactivo, realizados teniendo en cuenta esta hipotesis, mostraron que, si
bien es posible con un solo fluido replicar la paragénesis y el tonelaje de recursos estimados para
el deposito, no es posible replicar el tipico perfil vertical de distribucion de mineralizacién de Zn-
Pb en depositos epitermales de metales base (Buchanan 1991, Albinson et al. 2001), observado
también en terreno en el mismo depoésito de Patricia (Chinchilla 2017, Golden Rim Resources
2017). La dificultad planteada por los resultados de estos modelos se mantuvo bajo distintas
configuraciones y variaciones en las condiciones iniciales de los pardmetros de transporte y la
composicion del fluido en las simulaciones. Un tnico fluido resultd incapaz de transportar metales
y azufre, en complejos bisulfurados de manera simultdnea. En todos los modelos evaluados, los
metales bases precipitaron inmediatamente al entrar el fluido mineralizador en el sistema,
acumulandose en el nivel mas profundo, y el fluido restante reducido a una soluciéon estéril e
incapaz de transportar metales a niveles mas someros continio ascendiendo sin formarse el
esperado perfil vertical de mineralizacion de sulfuros.

Esto hizo necesario la revision del primer modelo conceptual de formacion del deposito Patricia,
planteado por Chinchilla (2017). En primer lugar, se hicieron estudios de solubilidad de metales,
presentados en el Capitulo 2. Y de manera simultdnea se revisaron referencias concernientes a la
solubilidad de metales en el ambiente epitermal, la mas relevante fue el estudio realizado por Zhong
et al. (2015). En dicho estudio se plantean dos modos distintos de transporte de metales en funcion
de la temperatura, en el ambiente Porfirico-Epitermal. El primer modo, dominado por complejos
clorurados, para temperaturas < 400°C, donde procesos de ebullicion, cambios en las condiciones
de oxidacion-reduccion del fluido, o mezcla de fluidos son los causantes de la mineralizacion. Y el
segundo modo, dominado por complejos bisulfurados para temperaturas > 400°C, donde el
principal factor de mineralizacion es el enfriamiento.
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De acuerdo a la evidencia disponible las condiciones de formaciéon de Patricia, indican
temperaturas < 400°C (Chinchilla et al. 2015a, Chinchilla et al. 2015b y Chinchilla 2017) para
todas las asociaciones minerales observadas en el deposito. Es improbable entonces, dadas estas
temperaturas que los metales hayan sido transportados como complejos bisulfurados, lo cual fue
corroborado por las simulaciones realizadas considerando un transporte simultaneo de azufre y
metales.

Al revisar los antecedentes geologicos disponibles y las consideraciones del mismo modelo previo
(Chinchilla 2017), es interesante mencionar que para el estadio 1, previo a la mineralizacion y para
el estadio 3, posterior a la mineralizacion, la mezcla de fluidos si fue considerada como un proceso
relevante para la evolucion de los fluidos del sistema. Estudios de isotopos de oxigeno por
Chinchilla (2017) en cloritas del estadio 2A y cuarzo de los estadios 1 y 3, reportan evidencias de
mezcla de fluidos magmaticos y metedricos, aunque de menor relevancia, la gradual disminucion
de salinidad en las inclusiones desde el estadio 1 al estadio 3 sugiere un cierto grado de dilucion,
que podria haber sido causado también por mezcla de fluidos.

Con estos antecedentes, se modificod el modelo conceptual de formacion usado en las simulaciones,
y dada la incertidumbre respecto a la posible magnitud de la mezcla de fluidos, se escogioé una
razén de 10:1, en la cual los fluidos presentes en mayor proporcion serian aquellos con una marcada
componente magmatica, con mayor salinidad y contenido metalico, y los presentes en menor
proporcion serian de origen meteodrico con una cantidad moderada de azufre reducido en solucion
y bajas salinidades. Esta configuracion mostrada esquematicamente en la Figura 3, dio resultados
satisfactorios, replicando la alteracidn, la paragénesis, mineral, la cantidad de recursos estimados
en la exploracion del deposito y la distribucion vertical de metales base.

3.2 Mezcla de Fluidos en la formacion de Depositos Epitermales

La circulacion de fluidos es un proceso intrinseco a la actividad de los sistemas geotermales, la
circulacion de fluidos causado por celdas de conveccidn es un proceso de ocurrencia generalizada
(White y Hedenquist 1990, Hedenquist y Lowenstern 1994, Arnorsson et al. 2007). Dada una
distribucion de permeabilidad que permita conveccion de fluidos, una anomalia termal generada
por una intrusion haré circular las aguas subterrdneas en su vecindad, formando un sistema que
permite la interaccion de fluidos de diferentes origenes, en el cual la mezcla de fluidos es un
proceso comun (Arnorsson et al. 2007).

La geoquimica de los fluidos que circulan en sistemas geotermales proporciona evidencias de
ocurrencia generalizada estos procesos de mezcla de fluidos, entre fluidos metedricos y fluidos con
signatura magmatica (Giggenbach 1997b, Arnorsson et al. 2007). En general en los sistemas
geotermales activos, los fluidos dominantes son de signatura meteorica, llegando a representar mas
del 90% de los fluidos circulantes (Hedenquist y Lowenstern 1994).

Los mismos procesos que se observan en sistemas geotermales activos, son esperables en sistemas
geotermales fosiles, y la relevancia de algunos de estos procesos en la formacion de mineralizacion
en depositos epitermales, se encuentra bien documentada. En particular ebullicion, enfriamiento
gradual, enfriamiento por conduccion o por conveccion, interaccion agua-roca y mezcla de fluidos
son todos procesos descritos en sistemas geotermales activos que ocurrieron en sistemas
geotermales fosiles, y que formaron mineralizacion en los depdsitos epitermales (Simmons et al.
2005, Heinrich 2007).
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Ahora en depositos epitermales de metales preciosos, la ebullicion de fluidos es uno de los procesos
mas importantes para la formacion de la mineralizacion. ;Pero tiene la mezcla de fluidos la misma
relevancia en la formacion de mineralizacion en depdsitos epitermales? Como mecanismo
alternativo en algunos depdsitos epitermales de Au la respuesta es afirmativa, la mezcla de fluidos
si tendria un rol significativo en la formacion de mineralizacion de Au en sistemas epitermales de
baja sulfidacion (Leach y Corbett 2008, Corbett 2012).

En la misma linea, la caracterizacién de depositos epitermales de baja sulfidacion de metales
preciosos y metales base en México, realizada por Albinson et al. (2001) con datos de analisis de
gases y datos de isotopos de oxigeno e hidrogeno en inclusiones fluidas, proporciona evidencias
de interaccion de fluidos de distintos origenes en estos depositos, con composiciones que no pueden
ser explicadas exclusivamente por ebullicion de fluidos e interaccion fluido-roca, en estos
depositos la mezcla de fluidos también habria tenido un rol significativo en la formacion de la
mineralizacion

En el caso particular del deposito polimetalico epitermal, Cerro de Pasco en Perti, donde la
mineralizacion habria sido formada por mezcla de fluidos de salinidades bajas y moderadas, este
proceso de mezcla fue estudiado en cristales de cuarzo con inclusiones fluidas, andlisis de
elementos traza con LA-ICP-Ms y andlisis in situ de isotopos de oxigeno SIMS, mostrando que,
durante la formacion de un cristal, las condiciones de mezcla de fluidos no fueron continuas, sino
que experimentaron variaciones abruptas, con la ocurrencia episddica de multiples pulsos de
fluidos de origen magmatico interactuando con fluidos meteoricos durante la formacioén del mismo
cristal, revelandose asi un proceso complejo y dinamico (Rottier et al. 2021).

La mezcla de fluidos seria un proceso favorecido por el control estructural del deposito, al haber
proveido permeabilidades favorables y canales de mezcla para los fluidos hidrotermales (Corbett
2012). La mezcla de fluidos es también un proceso complejo y dinamico (Lester et al. 2012), no
necesariamente constante en el tiempo, sino mas bien de caracter episddico, entre fluidos de
composiciones también variables.

3.3 El modelo de Mezcla de Fluidos implementado para el depdsito Patricia

En el caso de estudio, la presencia de tres estadios paragéneticos diferentes, ha sido interpretada
como el resultado de la interaccidn entre la roca y fluidos circulantes a diferentes temperaturas y
distintas composiciones quimicas. Cada estadio es el resultado de la circulacion e interaccion
sostenida de un fluido distinto a través de la roca de caja del sistema.

El modelo planteado asume que estos estadios fueron estables por periodos extensos con respecto
a la duracion total de la actividad geotermal, durante estos estadios las condiciones de mezcla de
fluidos se asumieron constantes. Sin embargo, si se considera la evidencia de inclusiones fluidas y
la presencia de ciertas caracteristicas mineraldogicas como bandeados composicionales en cristales
de esfalerita, es evidente que los fluidos experimentan variaciones durante los estadios
paragéneticos de Patricia y no tuvieron ni composiciones ni temperaturas de circulacion constantes,
las transiciones entre un estadio y otro pudieron haber sido causadas por cambios graduales en los
fluidos y las condiciones de los procesos de mezcla, pudieron haber sido mucho mas complejas de
lo considerado.

En el modelo aqui presentado, a pesar de simplificar totalmente esas variaciones se replica una

condicion similar al estado final del sistema. Pero estas observaciones plantean preguntas: ;Cual
es la relevancia de estos cambios dentro de una misma etapa paragenética? ;Qué explica los
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cambios entre un estadio estéril y el estadio de mineralizacion principal? ;En qué momento y por
cudl causa ingresaron fluidos ricos en metales al sistema geotermal? Estas preguntas van mas alla
del alcance de este estudio.

3.4 Elrol dela Permeabilidad
3.4.1 Distribucion de la Permeabilidad del Sistema

El parametro de mayor relevancia para las condiciones de transporte del sistema es la distribucion
de permeabilidad asignada al sistema geotermal f6sil modelado. Asumiendo la existencia de una
intrusidon magmatica que introduzca un gradiente termal, es el pardmetro mds critico para el
desarrollo de un sistema geotermal es una distribuciéon de permeabilidad apropiada en las
formaciones rocosas en la vecindad de la intrusion (Cathles 1977, Hayba e Ingebritsen 1997).
En los sistemas geotermales, la permeabilidad est4 acotada al rango de 107'¢ -10"'2 m? (Figure 4).
En el contexto de los sistemas geotermales, sistemas con permeabilidades intrinsecas <10"'*m? son
considerados de baja permeabilidad, sistemas de permeabilidad intermedia tienen permeabilidades
~107"% m?y sistemas de alta permeabilidad tienen permeabilidades > 107> m* (Scott et al. 2016).

El valor minimo de permeabilidad para la vialidad comercial de un reservorio geotermal es ~1071°
m? (Ingebritsen y Appold 2012), este es el valor 6ptimo de permeabilidad para mantener por
periodos extensos altas temperaturas y condiciones de ebullicion en un sistema geotermal (Hayba
e Ingebritsen 1997), permeabilidades >10""° m? enfriardin mas rapidamente el sistema y
permeabilidades < 10> m? atenuaran la circulacion de fluidos en el sistema, enfridndolo maés
lentamente (Hayba e Ingebritsen 1997).

En el caso de Patricia, la distribucién inicial de permeabilidad durante la actividad geotermal es
desconocida, por lo cual se considero inicialmente una permeabilidad de 10°'° m? para la roca de
caja del sistema, mismo valor considerado para simular la actividad del sistema geotermal Tolhuaca
(Sanchez-Alfaro et al. 2016). El marcado control estructural observado en el depdsito incrementa
esta permeabilidad por la presencia de estructuras, se asigndé pues a las rocas fracturadas una
permeabilidad de 10°'* m?, este valor es apropiado para rocas fracturadas a profundidades < 2 km
(Ingebritsen y Manning 2010, Achtziger-Zupancic et al. 2017).

3.4.2 Permeabilidad y Duracion de la Actividad del Sistema

La distribucién de permeabilidad asignada al sistema limita también la duracion de la actividad de
un sistema geotermal al controlar la tasa de enfriamiento del sistema, con altas permeabilidades un
sistema se enfriard mas rapido y tendrd un menor periodo de actividad que un sistema con bajas
permeabilidades (Hayba e Ingebritsen 1997, Weis 2015, Scott et al. 2016).

Para una permeabilidad media de ~10"'° m?, el tiempo de vida estimado de un sistema geotermal
mantenido por un solo evento magmatico puede ser superior a 20,000 afios (Hayba e Ingebritsen
1997, Weis 2015). Si la distribucion de permeabilidad de un sistema geotermal se encuentra entre
1071*-10"'* m?, el sistema sustentaria actividad geotermal por periodos < 10,000 afios, durante gran
parte de ese periodo los fluidos se encontrarian en una sola fase, y el desarrollo de condiciones de
ebullicion seria muy limitado comparado a lo estimado para un sistema de permeabilidad
intermedia (Hayba e Ingebritsen 1997, Scott et al. 2016). Condiciones similares a las observadas
en Patricia, donde la ausencia de evidencias de ebullicion, hace razonable suponer que las
permeabilidades del sistema durante su etapa activa fueron mas bien altas, lo cual implicaria un
periodo relativamente breve de actividad geotermal.
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Al tener también limitaciones computacionales para modelar periodos extensos (>10,000 afios), se
limit6 la duracion de la actividad a 10,000 afios, un periodo minimo para modelar la actividad del
sistema geotermal pero que se considera suficiente para estudiar las condiciones de la etapa de
mineralizacion, de mayor interés para los objetivos de este estudio que la etapa estéril del sistema.

3.4.3 Permeabilidad y Duracion de la Etapa de Mineralizacion

La solubilidad de metales transportados como complejos clorurados es particularmente sensible a
la temperatura (Figure 14), luego el tiempo que el sistema pueda mantener los rangos de
temperaturas estimados para el estadio de mineralizacion es una limitante para la duracion de la
etapa de mineralizacion.

Es relevante entonces considerar también el control de la distribucion de permeabilidad en la
estabilidad termal del sistema, esto es, el tiempo durante el cual el sistema puede mantener fluidos
circulando a una temperatura determinada. Para permeabilidades intermedias (~107'> m?) un
sistema geotermal puede mantener temperaturas elevadas y condiciones de ebullicion por 7,000 a
10,000 afios. Si las permeabilidades son mas altas (10" -10"'* m?) la ocurrencia de ebullicion sera
limitada, y el sistema tiene la capacidad de mantener temperaturas >200°C solamente por periodos
de 2,500-5,000 afios antes de comenzar a enfriarse (Hayba e Ingebritsen 1997, Scott et al. 2016).

3.5 Consideraciones de Balance de Masas y Duracion de la Etapa de Mineralizacion

Es posible obtener otra estimacion para la duracion del periodo de mineralizacion por medio de un
balance de masas, entre el tonelaje estimado del deposito, y el tiempo necesario para acumular
dicho tonelaje en funcion de la tasa de flujo de fluidos y de la concentracion de metales en solucion
en dichos fluidos.

Se aplicod un planteamiento similar al usado por Moncada et al. (2019) para estimar la cantidad de
fluidos necesaria para depositar cierta cantidad de recursos minerales en un tiempo determinado.

Primero se calculd la cantidad de recursos depositados en un afio para una tasa de flujo y una
concentracion de metales dadas usando la siguiente ecuacion:

Recursos por afio = 3.15 X 107 [seg] Tasa de flujo L%;] Concentracion [E—:]

Donde el coeficiente 3.15 X 107 segundos corresponde a 1 afio convertido a segundos.

Luego se dividi6 el tonelaje de recursos estimados de Zinc y Plomo para Patricia por la cantidad
de recursos transportados en un afo (convertidos a toneladas), para distintas combinaciones de
tasas de flujo y concentraciones de Zinc y Plomo en solucion. Algunos de los resultados obtenidos
se presentan en las Figuras 32 y 33.
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Time necessary to transport Estimated Resources of Zinc
at given flow rates and metal concetrations
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Figure 32. Tiempo necesario para depositar los recursos estimados de Zinc para Patricia, con
diferentes tasas de fluidos, para distintas concentraciones de Zinc (~10, 30 y 60 ppm). El eje vertical
representa el tiempo transcurrido y se encuentra en escala logaritmica. Para una tasa constante de
100 kg/segundo y 10 ppm de Zn en solucidn, son necesarios ~5,300 afios para depositar el total de
las reservas estimadas de Zinc. Sin embargo, para una tasa de 60 kg/segundo, con 30 ppm este
periodo disminuye a ~3,000 afios, y a la mitad de esto (~1,500 afios) para una concentracion de 60
ppm de Zn en solucion.
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Time necessary to transport Estimated Resources of Lead
at given flow rates and metal concetrations
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Figure 33. Tiempo necesario para depositar los recursos estimados de Plomo para Patricia, con
diferentes tasas de fluidos, para distintas concentraciones de Pb en soluciéon (~6, 30 y 60 ppm). El
eje vertical se encuentra en escala logaritmica. Para una tasa constante de 100 kg/segundo y ~6 ppm
de Pb en solucidn, son necesarios ~3,100 afios para depositar el total de las reservas estimadas de
Plomo. Sin embargo, para una tasa de 60 kg/segundo, con 30 ppm este periodo disminuye a ~1,000
afos, y a la mitad de esto (~500 afios) para una concentracién de 60 ppm de Pb en solucion.

De estas figuras se observa que la concentracion de metales en solucion tiene mayor incidencia en
el tiempo necesario para acumular una cantidad determinada de recursos que las tasas de flujo. Los
resultados presentados en el Capitulo 2, consideraron una tasa constante de 100 kg/segundo y
concentraciones de 10 ppm de Zn y 6 ppm de Pb. A continuacion, se discute la eleccion de estos
valores.

3.5.1 Tasas de Flujo

Durante la revision preliminar de referencias concernientes a la estimacion de la duracion de la
etapa de mineralizacion en depositos epitermales, se halld la reiterada mencion del valor de 100
kg/segundo, como valor promedio para tasas de flujo en sistemas hidrotermales (Wilkinson et al.
2013, Simmons et al. 2016a), este valor corresponde al promedio de la tasa de flujo estimada para
un sistema geotermal en Nueva Zelanda. Por esta razon ese valor fue considerado en todas las
simulaciones realizadas, sin embargo, es necesario indicar que las tasas de flujo pudieron haber
sido al menos un orden de magnitud menores de acuerdo a la compilacion de tasas de flujo en
sistemas geotermales activos y fuentes termales realizada por Moncada et al. (2019). Es factible
entonces, que la tasa de flujo de 100 kg/segundo, usada en las simulaciones esté sobreestimada.
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3.5.2 Concentraciones de Metales en Solucion

Por otro lado, la concentracion de metales base en solucion usada en las simulaciones (~10 ppm de
Zn y ~6 ppm de Pb) corresponden a una estimacion minima, obtenida al calcular las
concentraciones de metales en solucion para condiciones de equilibrio con la asociacion
mineralogica del estadio de mineralizaciéon usando “batch models”. Comparadas con las
concentraciones de metales medidas en inclusiones fluidas de los estadios 1 y 3 de Patricia, las
concentraciones estimadas para el estadio de mineralizacion son ~ 5 veces mayores.

Es posible obtener otra estimacion para las concentraciones de los fluidos mineralizadores de
Patricia, en funcidn de la temperatura y salinidad, usando las estimaciones empiricas propuestas a
partir de la compilacion de concentraciones de metales en fluidos corticales por Yardley (2005).
En el caso de Patricia, para salinidades similares a las del sub-estadio 2A (~5% NaCl), las
concentraciones estimadas para una solucioén a 200°C varian entre 0.4 -46 ppm de Zn en solucion
y entre 0.6-68 ppm de Pb en solucion. Si se mantiene constante la salinidad, pero se recalculan los
posibles rangos de solubilidad para una solucion a 260°C, se obtienen concentraciones de 3.4-300
ppm de Zn y de 4-400 ppm de Pb. En relacion a estas estimaciones, las concentraciones usadas en
las simulaciones, son menores, y sugieren que se puede estar subestimando la carga metalica de los
fluidos mineralizadores.

Wilkinson et al. (2009) plantea que, durante la etapa de mineralizacién, las soluciones
mineralizadoras serian soluciones super-saturadas en metales, si esto fuera una ocurrencia
generalizada, entonces en las simulaciones realizadas, las concentraciones de metales asumidas
para el estadio 2 de mineralizacion estarian subestimadas. Y dejarian planteada la posibilidad de
que el periodo de mineralizacion en el deposito de Patricia, fue mas breve de lo estimado en las
simulaciones, incluso con menores tasas de flujo.

3.6 (Si la mezcla de fluidos es un proceso tan extendido, porque no hay mas recursos
minerales en sistemas geotermales activos?

Las condiciones de transporte favorables para la formacion de un depdsito epitermal son comunes
en los sistemas geotermales activos, y también lo son procesos tales como ebullicion, enfriamiento,
interaccion agua-roca y mezcla de fluidos, sin embargo, no todos los sistemas geotermales
representan acumulaciones econdmicas de recursos minerales (Simmons et al. 2016a y 2016b). En
el caso de Patricia, las condiciones de permeabilidad y presencia de estructuras, fueron favorables
para la formacion de un sistema geotermal, y para canalizar fluidos hidrotermales a una zona de
mezcla, pero estas condiciones no hubieran sido suficientes para formar un depodsito epitermal, sin
el ingreso de un fluido enriquecido en metales al sistema, este fluido fue el factor critico para formar
el deposito.

Ahora es interesante mencionar que, desde un principio, la idea de que el proceso de mineralizacion
es por naturaleza de caracter episddico fue parte integral del modelo conceptual de este estudio,
luego esta idea inevitablemente sesgé la toma de decisiones al decidir las condiciones de borde de
las simulaciones. Dado el grado de incertidumbre en factores como la permeabilidad y la tasa de
flujo, es muy tentador construir un modelo que no plantee ningin cuestionamiento a la hipdtesis
inicial, en el caso de este estudio, la metodologia de transporte reactivo, fue lo suficientemente
robusta para desafiar y refutar el modelo de formacion previo de Patricia, y afiadir revisiones
significativas a dicho modelo. En la cuestién acerca del cardcter de la mineralizacién depositos
formados en el ambiente epitermal, entre un modo episddico o continuo de mineralizacion, y entre
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un proceso excepcional y muy breve relativo a la escala temporal de procesos geologicos o un
proceso de caracter continuo y que requiere principalmente condiciones estables de transporte, este
estudio se inclina a favor de procesos de caracter episddico y excepcional, pero el sesgo conceptual
mencionado es una influencia que no debe ser ignorada al evaluar criticamente los resultados
presentados.
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4 CONCLUSIONES

Se realizO un modelo de transporte reactivo del deposito Patricia usando el codigo
TOUGHREACT. A partir de las condiciones dadas por la mineralogia, los datos de inclusiones
fluidas y la ausencia de evidencias de ebullicién en el depdsito Patricia, se propone como un
mecanismo eficiente para formar sulfuros en este sistema la mezcla de fluidos, entre un fluido acido
con metales en solucion como complejos clorurados, y bajas concentraciones de azufre reducido
<10 mol/kg; y otro fluido mas rico en azufre reducido. Estos fluidos habrian sido aportados por
flujos ascendentes y laterales durante la actividad geotermal del sistema. De acuerdo a los
resultados obtenidos la distribucion de la permeabilidad en el sistema habria ejercido un control de
primer orden la distribucion de la mineralizacion en el depdsito. Un medio poroso con contrastes
de permeabilidad, favorece la acumulacion de mineralizacion preferencial en espacios de mayor
permeabilidad donde tiene lugar un mayor desarrollo de la interaccion fluido-roca, esta interaccion
mantiene un rango de pH favorable para la formacion de sulfuros en las fracturas del sistema. A
partir de datos de las inclusiones fluidas, estimaciones conservadoras de solubilidad de metales
base en los fluidos mineralizadores y balance de masas, asumiendo 10,000 afios de actividad
geotermal, el evento mineralizador habria tenido una duracién de 5,000 afios.

Para describir la interaccion fluido-roca en el sistema se utilizaron dos aproximaciones diferentes:
Primero, con un solo medio poroso para estudiar las condiciones de formacion de mineralizacion
de sulfuros de metales base en este ambiente epitermal. Luego se implement6 un modelo con dos
medios de distinta permeabilidad para explorar el efecto de fracturas de mayor permeabilidad en
la distribucion de la mineralizacién.

Considerando un solo medio poroso se simuld un periodo total de actividad geotermal de 10,000
afos, los resultados de este modelo permitieron dilucidar el proceso de formacion del deposito,
acotar las condiciones geoquimicas de los fluidos mineralizadores y estimar el periodo de
mineralizacion. Este modelo replicé la asociacion mineral propilitica y precipitdé una cantidad
similar de metales base a los recursos estimados para el deposito Patricia, estos metales se
acumularon en un horizonte vertical siguiendo la distribucion tipica de los depdsitos epitermales
de metales base. Consideraciones de balance de masas permiten estimar en 5,000 afios la duracion
del periodo de mineralizacion. En esta aproximacion, los fluidos hidrotermales interactiian con un
unico medio poroso homogéneo, y los sulfuros precipitan de manera similar a un estilo de
mineralizacion diseminada en todo el volumen del sistema. Este modelo no proporciona una
perspectiva mas amplia en el rol de medios con distintas permeabilidades en la mineralizacion,
como son una matriz rocosa y los espacios abiertos en rocas fracturadas.

Para explorar este aspecto, se realizd6 un modelo de doble porosidad que examind las diferencias
en el desarrollo de la interaccion fluido-roca en un medio andlogo a una roca intacta y en otro
medio similar a una roca fracturada. Los resultados de este modelo también replicaron la alteracion
mineral, la distribucion vertical de sulfuros y los recursos estimados del deposito Patricia. En los
resultados del modelo de doble porosidad, el control de la permeabilidad en la distribucion de la
mineralizacion es observado claramente, los sulfuros precipitan mayoritariamente en las fracturas
del sistema, de manera similar a un estilo de mineralizacion en vetas. La mineralizacion se
concentra en las zonas de mayor permeabilidad del sistema.

Una observacion comun a ambos modelos, es la disminucion de la permeabilidad en la cercania

del limite superior del volumen modelado, asociada a un marcado contraste de temperatura, esta
disminucion no llega a sellar el sistema.
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Para la descripcion de las condiciones de transporte y duracion de la actividad del sistema, la mayor
limitacion del modelo esta dada por la ausencia de un mayor nivel de detalle en la caracterizacion
disponible de la distribucion de permeabilidad, y las fracturas del sistema. En tanto para la
estimacion de la duracion del evento de mineralizacion, dado que esta depende de la carga metalica
y de las tasas de flujo de los fluidos hidrotermales; y como los antecedentes disponibles a partir del
mismo deposito para acotar estos pardmetros tienen un alto grado de incertidumbre, es posible que
varias combinaciones de tasas de flujo y de carga metalica pudieran haber formado este deposito,
e incluso que hayan fluctuado simultdneamente durante el mismo estadio mineralizador. Una
posible direccién de interés en el estudio de los depdsitos de origen hidrotermal, seria la
exploracion de la relacion existente entre la geologia del deposito y la paleo-hidrologia del sistema
f6sil buscando acotar estas condiciones de transporte en el sistema.

Pese a las simplificaciones empleadas, fue posible con la informacion disponible reproducir los
rasgos geologicos generales del depdsito Patricia con un modelo de transporte reactivo y obtener
una perspectiva mas amplia del proceso y de las condiciones favorables para la formacion de
mineralizacion de metales base en el ambiente epitermal. Estos resultados fueron validados al
replicarse por un lado la evolucion paragenética y la asociacion mineral del depdsito, y por otro la
distribucion y tonelaje estimado de recursos minerales del depdsito Patricia.

Finalmente, los factores que permitieron la formacion del deposito de Zn-Pb-Ag Patricia, fueron
primero una distribucion de permeabilidad favorable para la formacion de un sistema geotermal,
luego la presencia de estructuras, capaces de canalizar los fluidos hidrotermales ascendentes y
formar una zona de mezcla eficiente de fluidos, pero estas condiciones no hubieran sido suficientes
para formar el deposito, sin el ingreso de un fluido enriquecido en metales al sistema, este fluido
fue el factor critico para formar el deposito de Patricia.
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