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RESUMEN

En la presente nota técnica se presentan los documentos de discusion desarrollados en el marco
de las actividades del plan de gestion del conocimiento del proyecto ATN_RF-18951-RG
T3937_1D401. El objetivo es incrementar el conocimiento en la reduccién del cadmio extraido por
la planta de cacao. La metodologia serd la presentacion de trabajos a congresos, presentacion de
publicaciones cientificas en revistas indexadas, presentacién del proyecto en jornadas, dictado de
cursos y charlas magistrales, y la inclusion de la tematica en tesis de grado y post grado. Los paises
involucrados son Ecuador, Argentina y Espafia, las instituciones son Universidad Técnica de
Manabi, Laboratorio Bioambiental ICES CNEA UTN FRSR; Laboratorio de Microbiologia del suelo
FCEN UBA IBBEA CONICET, Departamento de Microbiologia del Suelo y Sistemas Simbidticos
Estacion Experimental del Zaidin, CSIC. En forma cuantitativa podemos decir que Fontagro esta
participando fehacientemente en 12 documentos de gestion del conocimiento desglosados en: 1
tesis doctoral defendida, 1 tesis doctoral en progreso, 1 paper publicado en revista cientifica
indexada (Q2), 1 tesis de grado, 1 paper en evaluacidn, 7 presentaciones a
Congreso/Encuentros/Jornadas.

ABSTRACT

This technical note presents the discussion documents developed within the framework of the
activities of the knowledge management plan of ATN_RF-18951-RG T3937_ID401 project. The
objective is to increase knowledge about the reduction of cadmium extracted by cocoa plants.
The methodology includes the presentation of works at congress, publishing scientific papers in
indexed journals, presenting the project at conferences, teaching courses and dissertations, and
incorporating the subject into undergraduate and postgraduate theses. The countries involved
are Ecuador, Argentina and Spain, and the institutions are Universidad Técnica de Manabi,
Laboratorio Bioambiental ICES CNEA UTN FRSR; Laboratorio de Microbiologia del suelo FCEN UBA
IBBEA CONICET, Departamento de Microbiologia del Suelo y Sistemas Simbidticos Estacion
Experimental del Zaidin, CSIC. Quantitatively, we can mention that Fontagro is reliably
participating in 12 knowledge management documents, including: 1 defended doctoral thesis, 1
doctoral thesis in progress, 1 paper published in an indexed scientific journal (Q2), 1 degree thesis,
1 paper under review, and 7 presentations to Congress/Meetings/Conferences.



RESUMEN EJECUTIVO

En la presente nota técnica se presentan los documentos de discusién desarrollados en el marco
de las actividades del plan de gestion del conocimiento del proyecto ATN_RF-18951-RG
T3937_1D401. El objetivo es incrementar el conocimiento en la reduccién del cadmio extraido por
la planta de cacao. La metodologia fue la presentacidn de trabajos a congresos, presentacion de
publicaciones cientificas en revistas indexadas, presentacion del proyecto en jornadas,
presentacion de tesis doctorales y de grado. Los paises involucrados son Ecuador, Argentina y
Espafia, las instituciones son Universidad Técnica de Manabi, Laboratorio Bioambiental ICES CNEA
UTN FRSR; Laboratorio de Microbiologia del suelo FCEN UBA IBBEA CONICET, Departamento de
Microbiologia del Suelo y Sistemas Simbidticos Estacion Experimental del Zaidin, CSIC. En el
primer afo del proyecto se presentaron 7 trabajos a Congreso/Encuentros/Jornadas (E-ICES
17a,E-ICES 17b, Cuyania, E-ICES 18, y Foro Tecnolégico, Jornadas Abiertas de Biologia del Suelo,
FCEN-UBA y Jornadas IBBEA) vinculados al aislamiento de micorrizas, comportamiento de la
simbiosis micorricica frente a exclusién vs captacién de metales pesados y al funcionamiento y
calibracion de los biorreactores (BR) construidos para el producto 4, los cuales son herramientas
tecnoldgicas de laboratorio que simulan porciones de humedales artificiales subsuperficiales, en
los cuales se estudia la particidon de un elemento quimico entre las diversas matrices incluyendo
lixiviacién. Estos resultados se publicaron en Mineral Journal, 2023 (Q2 2075163X IF 2.818), en
este trabajo se utilizan los biorreactores para el estudio de diversas especies nativas creciendo en
un suelo contaminado con cadmio, e inoculadas con hongos micorrizicos aislados de zonas
mineras ricas en Zn y Cd, entre otros metales. En dicho paper se mencioné el financiamiento de
Fontagro. Se defendid una tesis doctoral titulada: Seleccion de consorcios nativos: plantas —
microorganismos, que aceleran la rizorremediacion de suelos contaminados con metales pesados.
(direccion Dra. Godeas). En esta tesis se describe el comportamiento de cepas micorricicas en
simbiosis con Senecio bonariensis capaces de tener diversos comportamientos, entre ellos la
exclusion de metales pesados. Se preparé un paper relacionado con este trabajo el cual se
encuentra en revision, en este paper se hace referencia al financiamiento de Fontagro. Se
organizaron las Jornadas Abiertas de Biologia del Suelo y Jornadas de IBBEA donde se habld y
presentd el proyecto Fontagro. Se presentd a congreso E-ICES 18 una solucidén tecnoldgica
alternativa para la disminucién de Cd en las almendras de cacao. Se encuentran en desarrollo 1
tesis de doctorado y 1 tesis de grado con participacién de Fontagro. Se presentd un video de la
tesista de doctorado de ICES CNEA (direccién Dra. Scotti) en el marco del XVIII Taller de
Seguimiento Técnico Anual de Proyectos. En forma cuantitativa podemos decir que Fontagro estd
participando fehacientemente en 12 documentos de gestidn del conocimiento desglosados en: 1
tesis doctoral defendida, 1 tesis doctoral en progreso, 1 tesis de grado, 1 paper publicado en
revista cientifica indexada (Q2), 1 paper en evaluacion, 7 presentaciones a
Congreso/Encuentros/Jornadas.
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PRESENTACION DEL MATERIAL

1- Presentacién de trabajos vinculados al proyecto Fontagro a Congresos/Encuentros/
Foros/Jornadas

Se mencionan los trabajos y en anexo se adjuntan los resimenes, caratulas, flyers y posters.

Adalgisa Scotti, Ana Rosa Castafio Gafidn, Vanesa Silvani, Andrea Juarez, Gabriela Coria,
Inmaculada Garcia Romera, Alicia Godeas, Maria Luisa lzaguirre. (2023). Fitorremediacion asistida
por micorrizas como solucion tecnoldgica en la disminucién de cadmio rizosférico. E-ICES 18, 21
al 24 de Noviembre 2023, Malargue, Mendoza, Argentina

Cerioni Sol, Juarez Andrea, Silvani Vanesa, Godeas Alicia, Cerioni Juan, Mengarelli Martin, Garcia
Agustina, Coria Gabriela, Visciglia Mauricio, Osisnaldi Gustavo, Scotti Adalgisa, Vilches Roberto.
Determinacion de constantes hidraulicas utilizando el escalamiento de Biorreactores a Mddulos
de Depuracion Vegetal. E-ICES 17 - 1 al 4 de noviembre de 2022.
https://www.uncuyo.edu.ar/ices/e-ices-17

Martin Mengarelli, Sol Cerioni, Agustina Garcia, Juan Cerioni, Mauricio Visciglia, Andrea Juarez,
Coria Gabriela, Adalgisa Scotti, Roberto Vilches. Determinacién de las contantes hidraulicas en
Biorreactores y MDV- IX Foro Tecnoldégico, 20- 21 de Octubre de 2022
http://www.frsr.utn.edu.ar> uploads » 2022/10

Utge Sofia, Colombo Roxana, Scotti Adalgisa, Aguilar Mariano, Lenzano Luis, Leguizamdn Roxana,
Gonzalez Florencia, Babay Paola, Silvani Vanesa. Diversidad y estado de vegetacion y hongos
asociados a suelos contaminados en la mina Paramillos de Uspallata. E-ICES 17 — 1 al 4 de
noviembre de 2022. https://www.uncuyo.edu.ar/ices/e-ices-17

Martin Mengarelli, Sol Cerioni, Agustina Garcia, Andrea Juarez, Coria Gabriela, Juan Cerioni,
Mauricio Visciglia, Adalgisa Scotti, Roberto Vilches (2022) Determinaciéon de las contantes
hidraulicas en biorreactores y MDV. XlIl Reunién Anual Cuyania- 19 de diciembre de 2022

Se present6 el proyecto Fontagro en las Jornadas IBBEA CONICET UBA, se adjunta el material
difundido y en las Jornadas Abiertas de Biologia del Suelo, se adjunta flyer.

2- Tesis defendidas y en progreso, doctorales y de grado

2.1- Se defendid la tesis titulada: Seleccion de consorcios nativos (planta-
microorganismos) que facilitan la rizorremediacion de suelos contaminados con
metales pesados.

En esta tesis se identifican cepas micorricicas excluyentes de diversos metales pesados cuando
estan en simbiosis con Senecio bonariensis proveniente de una zona impactada con metales
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https://www.uncuyo.edu.ar/ices/e-ices-17
https://www.uncuyo.edu.ar/ices/e-ices-17

pesados (se adjunta caratula). El doctorando Matias Benavidez defendid su trabajo obteniendo
una calificacién de sobresaliente.

2.2-  La tesista doctoral Ing. Forestal Ana Rosa Castaiio Ganan presentd trabajos al E-
ICES 17 y E-ICES 18 vinculados al proyecto Fontagro. Ademas, publicé como
primera autora un trabajo en Minerals Journal (2023), en donde utiliza los
biorreactores para probar diversas especies nativas provenientes de zonas
impactadas con cadmio entre otros metales en simbiosis con una micorriza
proveniente de la mina Paramillos de Uspallata (impactada con Zn y Cd). Se
menciona el financiamiento de Fontagro. Se adjunta el paper.

Se cita el trabajo presentado en E-ICES 17 enmarcado en la tesis:

Castafio Gaflan Ana Rosa, Scotti Adalgisa, Pla Rita, Silvani Vanesa. Estado de avance: Senna
aphylla, Bacharis salicifolia y Senecio subulatus asociadas a hongos micorricicos arbusculares. E-
ICES 17 — 1 al 4 de noviembre de 2022. https://www.uncuyo.edu.ar/ices/e-ices-17

2.3- Latesista de grado Sofia Utge termind su tesis y publicé trabajos vinculados en el
E-ICES 17, se menciona al Fontagro. Trabajé con aislamientos micorricicos de la
mina Paramillos de Uspallata

3- Publicacién en revista cientifica de alto impacto con expresa mencién del proyecto
Fontagro

Castafio, A.R.; Scotti, A.; Silvani, V.A.; Ubaldini, S.; Trapasso, F.; Tempesta, E.; Pl3, R.R.; Giuffré,
M.; Juarez, N.A.; Guglietta, D. (2023). Remote Sensing and Mycorrhizal-Assisted
Phytoremediation for the Management of Mining Waste: Opportunities and Challenges to Raw
Materials Supply. Minerals, 13, 765. https://doi.org/10.3390/min13060765

Colombo, Roxana; Scotti, Adalgisa; Benavidez, Matias; Silvani, Vanesa; Godeas, Alicia. (2022)
Arbuscular Mycorrhizal fungal strains modulate different mechanisms of metal stabilization with
Senecio bonariensis Hook & ARN. At pilot scale test. Journal of Environmental Quality (under
review).

CONCLUSIONES

Se cumplieron las expectativas proyectadas para el primer afio, las cuales indicaban que el
producto 9 estaria compuesto por 7 documentos de discusion desarrollados, desglosados en 1
publicacidn en revista cientifica, 4 presentaciones a congresos con la tematica de reduccion de
cadmio rizosférico, 1 tesis doctoral y 1 tesis de grado.


https://www.uncuyo.edu.ar/ices/e-ices-17
https://doi.org/10.3390/min13060765

Presentamos una mayor produccion cientifica que la proyectada (7 proyectados, 12 presentados)
encontramos una solucion tecnolégica alternativa, estamos encaminados en la investigacidon de
microorganismos aislados de suelo ecuatoriano y de raices de cacao, contamos con los
biorreactores preparados para la puesta en estudio de estos nuevos esquemas de investigacién
con los microorganismos aislados, hemos puesto a punto las variables de calibracién necesarias.
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FlTORREMEDIACl(')Iﬂ ASISTIDA POR MICORRIZAS
COMO SOLUCION TECNOLOGICA EN LA
DISMINUCION DE CADMIO RIZOSFERICO

Adalgisa Scotti*¥, Ana Rosa Castafio Gafiin®, Vanesa Silvani‘, Andrea Juarez*,
Gabriela Coria®, Inmaculada Garcia-Romera® , Alicia Godeas®, Maria Luisa Izaguirre®

“Laboratorio Biambiental ICES CNEA - FRSR UTN. Mendoza, ARGENTINA
*ICES-CNEA, Regional Malargiie. Mtllda:ﬂ. ARGENTINA
© Laboratorio de Microbiologia del Suelo, Instituto de Biodiversidad y Biologia Expe !
v Aplicada, UBA-CONICET, Facultad de Ciencias Exactas y Naturales, Umwrsmd de
Buenos Aires. Buenos Aires, ARGENTINA
*Departamento de Microbiologia del Suela y Sistemas Simbioticos
Estacion Experimental del Zaidin, CSIC- ESPANA
“Facultad de Ingenieria Agricola, Universidad Técnica de Manabi, ECUADOR
!Istituto di Geologia Ambientale e Geoingegneria- CNR- Roma- Cagliari- ITALIA
* Facultad de Ciencias Exactas y Naturales UNCUYO Mendoza ARGENTINA

e-mail: scottil@enea gov.ar

RESUMEN

El do lati i de cacao nacional fino de aroma se ha visto limitado por
los altos contenidos de cadmio (Cd) en las almendras, este proviene de los
constituyentes del suelo y se acrecienta por el uso de fertilizantes, sobre todo los
fosforados que contienen Cd. A partir del 2019, la Unién Europea (UE) redujo el limite
permitido de Cd a 0,8 mg kg en las almendras del cacao. En el marco del proyecto
Fontagro titulad “Bl P d de la solubilidad de cadnuo rizosférico™

como 16 logica el manejo de mi fict del
suelo. En este contexto s realizd un ensayo de mico-fil torremediacion asistida en
bmmmores a TRL 4 mhbmdos por su constante de permeabilidad (Ks), utilizando un

de do por Helianthus annuus, Baccharis
mlqualla (Bs) y Senecio subulatus y hongos micorricicos arbusculares aislados de la
mina l’aram:llos de Uspallata (con altos idos de Zn y Cd). Se realizé un disefio

I factorial con suelo inado y suelo control con y sin inoculacién
mlcornclca de las plantas. Los el didos en bi y suelo fueron Cd, Cu,
Zn, Ni, Sr y P. Los resultad ) diferenci signiﬁcmivns en los coeficientes de
bioacumulacion aérea (CBA) y radicular, y en los fi de locacion en plantas
inoculadas. Ademas, se observaron diferencias significativas en los valores de Ks de los
suelos inados con plantas micorrizadas al final del experimento. En particular,

paraelCdseenoonquueplanmsdeBsmmomzadnsnwsmronelvalorrmisnltode

CBA (70). Estos resultados relevantes pueden ser una soluci 1

para la reduocnén del Cd en suelo, en In que se utilizarian especies nativas de Bs de
de cacao i con ladas de zonas con alto

conlemdodeCdyZm

Palabras Clave: Fitoremediacion asistida por micorri Cacao E 1 Cadmio
nizosférico, Fontagro
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E-ICES

INTERNACIONAL DE CIENCIAS DE LA TIERRA

'EL ESCALAMIENTO DE BIORREACTORES A MODULOS DE

DEPURACION VEGETAL

Sal Cerioni®*, Andrea Juarez®, Vanesa Silvani, Alicia Godeas, Juan Cerioni “#, Martin Mengarelli “%, Agusting
Garcia “®, Gabricla Coria”, Mauricio Visciglia®, Gustavo Osisnaldi®, Adalgisa Scotti®, Roberto Vilches®,

*Laboratorio BioAmbilental para Escalambonto Ingenieril- FRSR UTN-ICES-CNEA.
*Facultad Regional San Rafacl-Universidud Nacione! Tecnologica:

Hnatitwto de Biodiversidad v Biologia Experimental y Aplicada, IBBEA (UBACCONICET), Focultad de Ciencias Fxacras y Notarales, Universidod
de Buenoy Abres, Buenos Alres, Argenting.

Sintesis: Se plantea la transferencia de tecnologia aplicable desde los blorreactores (TRL 4) a los médulos de depuracion tecnologica (TRL 6)
ubicados en =l centro Tecnoldgico de Desarrollo Regional, Los Reyunos, respetando escals, pendiente, sustratos, components del sistema

biarremediador, tipo de riego, entre otras varlables de interés

Palobros Clave: Biorreactor, Modulo de Depuracion Vegetal, Escatamiento, Bicambiental, Fitorremediador.

Ley de Darcy

Donde,

¢ Ku = conatante hdrdubcs (LAm2/dia).
* O =caudal medio al que ontra y saie [L/dias)
v AC = irea peependioular o caudal (m2)

* 4= pendenta (m/m)

Caferia de Camarn

-

Tangmw
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DETERMINACION DE CONSTANTES HIDRAULICAS
UTILIZANDO EL ESCALAMIENTO DE
BIORREACTORES A MODULOS DE DEPURACION
VEGETAL.

Sol Cerioni®®, Andrea Juarez®, Vanesa Silvani, Alicia Godeas®, Juan Cerioni **,
Martin Mengarelli**, Agustina Garcia*, Gabriela Coria®, Mauricio Visciglia®,
Gustavo Osisnaldi®, Adalgisa Scotti“. Roberto Vilches".

“Lab: io BioAmbiental para Escalamiento Ingenieril- FRSR UTN- ICES-CNEA.
*Universidad Tecnologica Nacional - Facultad Regional San Rafael.
“Instituto de Biodiversidad y Biologia Experimental y Aplicada, IBBEA (UBA-CONICET),
Facultad de Ciencias Exactas y Nawrales, Universidad de Buenos Aires, Buenos Aires,
Argentina.

e-mail: solcerioni@gmail com

RESUMEN

El Lab 10 Bioambiental de Escalami Ingenieril se utilizara para el escalamiento
de ensayos de laboratorio. EIl mismo esta situado en el Centro Tecnoldgico de Desarrollo
Regional Los Reyunos (San Rafael. Mendoza) donde se los modulos de
dcpmclbnvegeml(MDV’)nmhm6yenlnFnculdeeg|omlSmRaﬁel~
i | donde se los b (BR) & escala
TRL 3-4. Nuslro traba)o se basa en la hiptesis de que no habra diferencias en el
i de la particion de metales entre las matrices suelo, lixiviado y biomasa

cuando se 1 las variables hidriuli legidas en el cambio de escala de BR a
MDV. La segunda hipdtesis es que el sistema de humedal artificial subsuperficial
modificado sigue la LeydeDalcy utilizindose caudales de flujo laminar. Para poner a
prueba hy diarin las variables hidrdulicas a ser utilizadas en el
escalamiento, Iascunlesmnnempode 16n hidrauli hidréulica y caudal
de ingreso, el cual se definird como un mgmmchcmdeﬁpmr mudal mumhdo yse
medird caudal de salida hacia la cémara col das serin
determinadas en una primera etapa para e el filtro de pleth. luego con la adicion del
sustrato y finalmente con el sistema mi diador, utilizando Helianthus annuus
como especie acumuladora tanto en BR como en MDV. El elemento utilizado para
analizar los coeficientes de particion serd el cobre ya que se pudo determinar que el

ul de ion del ek en el MDV es en flores de 1870 4 211 ppm, en raices
1473 + 882 ppm y en hojas 2102 + 470 ppm, utilizando como sustrato, suelo de la mina
“Los Céndores”. Los ltados del trabajo permitirdn definir 1abl
hidréuli que permitirin  la aduracid logt del 7 de
fitomicoremediacion.
Palabras Clave: Bi Médulo de Depuracion Vegetal. Escalami Bioambiental
Fitorremediador.
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Ix Foro IX Foro dela Nacional
Tecnologico Focultod Regional San Rafoel 2022

Ciudad de San Rofael - Mendoza, Argentina

Determinacién de las constantes hidréulicas en Biorreactores y MDV.

Martin Mengarelli*, Sol Cerlonl®, Agustina Garcia®, Juan Cerioni®, Mauricio Visciglia®, Andrea Juarez?,
Coria Gabriela®, Adalgisa Scotti’, Roberto Vilches®.

k! para — FRSR UTN — ICES - CNEA.
e-mail: mengarellimartinl @gmail.com
Resumen Extendido
Enel trabajo se el L 0 Bi i de Ingenieril para

el correcto escalamiento de ensayos de laboratorio hasta TRL 6, esto se aplica al proyecto
financiado por FONTAGRO titulado: Bioproceso reductor de la solubilidad de cadmio rizosférico.

En las i iaciones de la L dad Tecnoldgi i - Facultad Regional San Rafael se
encuentran los Biorreactores (BR) a escala TRL 3 - 4, y en el Centro Tecnologico de Desarrolio

i Los (San Rafael, ) se encuentran los médulos de depuracion vegetal
(MDV) a escala TRL6.

Los BR son a una escala menor que los MDV a TRL 6, ya que, los mismos se encuentran a una
escala de 1:10 en corte longitudinal, y una relacién 1:1 en corte transversal. Actualmente los BR
poseen un sistema hidraulico para el riego del suelo de los plantines, comandado de forma
manual que se encuentra en el proceso de mejora. El proceso mencionado hace referencia a la
aplicacion de una PCB con microcontrolador Arduino, especificamente un Arduino Mega que
por medio de un desarrolio de p 30 duna alvula para lograr un riego
automatico a un horario establecido y que dure un cierto tiempo, higrémetros logrando la
exacta medicion de la humedad del suelo y que en un futuro se le podra agregar un display para
isualizar los datos idos y de

El trabajo a i i6n estd en que no habrd diferencias en el
comportamiento de los BR cuando se extrapolen distintas variables a los MDV, ya sean
hidraulicas (caudales de ingreso y egreso, tipo de flujo, tiempo de retencién hidrdulica y

dulica), biologicas (especie vegetal, cantidad de esporas presentes en suelo y el
porcentaje de colonizacién radicular micorricica), fisicas (potencial redox a distintas
profi del suelo), quimicas (pH, idad de materia orgdnica presente en el sistema).

Las distintas variables se analizan antes de la siembra del MAP (fitoextraccién asistida por
micorrizas) y a la finalizacién del proceso extractivo, para de esta forma obtener el protocolo de
aplicacion y realizar un estudio casto-beneficio del sistema.

Ademads, el sistema analizado se comporta como un humedal artificial subsuperficial modificado
siguiendo la Ley de Darcy, por utilizar caudales de flujo laminar. Por lo que a continuacién se

lizard una de las variables hi icas a aplicar en BR para luego verificar en MDV el correcto
escalamiento de las mismas. La variable analizada es la constante hidraulica, cuyo célculo se
especifica a continuacién:

14



Ix Foro 1 Foro defa Naclonal
Tecnoldgico Facultod Regional San Rafoel 2022

Ciudod de San Rofoel - Mendoza, Argentina

Ks = Q/ (Ac*s)
Donde:

. Ke= dréulica (m3/m3/dia)
. Q = caudal medio al que entra y sale (m3/dias)
. Ac = rea perpendicular al caudal (m2)

s = pendiente (m/m)

Para modelar el flujo hidraulico se tuvo en cuenta fa entrada y salida cuando se alcanzé la

capacidad de campo, luego se estimd Ks antes de la siembra del MAP, cabe destacar que el

volumen de efluente obtenido en la cdmara colectora no fue significativo. Para el modelado

mencionado se realizé un riego mediante flujo vertical.

También se midié el tiempo de retencion hidrdulica (th) registrando el tiempo que tardaba el
i en las dife capas y salir a cdmara colectora después de que una pelicula

de 2 cm de agua cubriera la capa superficial de piedra del biorreactor.

Con un caudal (Q) de 7,3 m3/dia y un th de 10 minutos. Aplicando la ley de Darcy se obtuvo el
valor de la constante hidraulica, siendo el mismo de 811,11 m3/m3/dia.

En un futuro se planea llevar a cabo la misma prueba en los MDV, para verificar la extrapolacién
de las variables obtenidas en los BR.

Palabras Clave: i =MDV - bi - hidraulica ~ tiempo de retencién
hidraulica.
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ESTADO ACTUAL DE LA VEGETACION Y
MICROORGANISMOS ASOCIADOS EN LA ANTIGUA
MINA “PARAMILLOS DE USPALLATA”

Utge Perri 8., Colombo R.P.%, Scotti A, Aguilar M., Lenzano Andia L.%, Godeas
A2 Silvani V.A

“Lab. Microbiologia del Suelo. DBBE, FCEN, Universidad de Buenos Aires, ARGENTINA
* Lab. Microbiologia del Suelo. IBBEA, UBA-CONICET, FCEN, ARGENTINA
“ICES, CNEA, Regional Cuyo, ARGENTINA
*Universidad Nacional de Cuyo, ARGENTINA

e-mail: sofiautgela gmail com

RESUMEN

anmeria puede generar lmpactossobmhsmp:edadsddmlo,hscomumdndw
y sus icular, las minas Paramillos de
Uspallam, dentro del flanco occndmmldelasS-msdeUspallam (Mendoza). son las
minas mas antiguas del pais. Su expl desde mediados del
siglo XVII hnsmlndécadadelw oonunc:sedehacuv:daddem afos. Durante este
penodoln getacion ha 1 el sitio disturbado, adaptindose a las
d . Muchas de esas especi puedenformnrsnmhwstsconloshongos
micorricicos arbuscul (HMA), qui brnndan mayor tol ia frente a
enu:ouosbeneﬁclos Ademﬁs IosHMAacumuhnommovnlxzan meulcs pesados en
do a la bi 16n de sitios En este
tmhajoseamhzbelsmdo icorricico de la 16n y la diversidad de HMA, dentro

de la mina y en un frea no disturbada. Se d I las propiedad. delmelo
y cuantificaron 1 dos. En total se anali; 54 individy di

14 especies vegetales en 12 sitios, de los cuales 12 de 15 (80%) y 23 de 39 mdmduos
(59%) lenian HMA cnsus rdm fuera ¥ dentro de la mina respectivamente; observando
una d en d diversidad de plantas, y en la colonizacion mmorric:ca
en sitios mas afectados. Los propégulos de los HMA (esporas) con ciertas

funcionales se distribuyeron de manera desigual en las dreas, encontrando una correlacion
significativa entre una especie de HMA con la conductividad eléctrica del suelo. Dado
que se hallaron escasas especies de plantas endémicas y amenazadas que forman

micorrizas arbusculares en sitios muy degradados, y una disminucion en la densidad de
pmpdgulosdeHMAenelsuelo, la introduccion de esas especies i ladas con HMA
nativos deberi enp de ion. La 10 logica y
biorremediacién de las minas en desuso es una i ia de de 11

P &

sostenible del pais y la regién.

Polnh
I

clave: Mineria, Hongos Micorricicos Arbusculares, Plantas metaléfitas,
Resiliencia, Restauracion.
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Determinacién de las contantes hidraulicas en biorreactores y MDV.

Martin Mengarelll*, Sof Cerloni®, Agustina Garcia*, Andrea Juarez®, Corla Gabriela* , Juan Cerioni*,
Mauricio Visciglia®, Adalgisa Scottl®, Roberto Vikches®
“@ B para —FRSR UTN - ICES — CNEA
e-mall: scotti@cnea.gov.ar

*Presentacién comunicacién oral.

Resumen

En las delal id: ogi - Facultad | San Rafael se

encuentran los Biorreactores (BR) a escala TRL 3 - 4, y en el Centro Tecnolégico de Desarrollo

Regional Los Reyunos (San Rafael, ) se los médulos de ion vegetal

(MDV) a escala TRL 6. Estos modelos tecnoldgicos se aplican a diversos proyectos de
de i se estdn para el proy FONTAGRO

itulado: Bil di de la solubilidad de cadmio rizosféri

Los BR son una escala menor que los MDV, los mismos se encuentran a una escala del 1:10 en
corte longitudinal, y una relacion 1:1 en corte transversal. Actualmente los BR poseen un sistema

riego del suelo manual para los en proceso de

i6 il un mic Arduino Mega, que por medio de un desarrollo

de ién ¢ dard una el alvula para lograr un riego automdtico que serd
ido por de d, que an la sefial para que dé inicio y fin de riego.

El trabajo a i ion estd en que no habrd diferencias en el

comportamiento de los BR cuando se extrapolen distintas variables a los MDV, ya sean
hidrdulicas (caudales de ingreso y egreso, tipo de flujo, tiempo de retencién hidraulica y

ividad hidraulica), biologi ie vegetal, cantidad de esporas presentes en sueloy
el je de izaci i micorricica), fisicas (potencial redox a distintas
profundidades del suelo), quimicas (pH, cantidad de materia organi en el si ).

Las distintas variables se analizan antes de la siembra del MAP (fitoextraccion asistida por
micorrizas) y a la finalizacion del proceso extractivo, para de esta forma obtener el protocolo de
aplicacién y realizar un estudio costo-beneficio del sistema.

Ademas, el sistema i e compy comounh dal artificial sub rficial modificado
siguiendo la Ley de Darcy, por utilizar caudales de fiujo laminar. Por lo que a continuacion se
li una de las variables hidréulicas a aplicar en BR para luego verificar en MDV el correcto

escalamiento de las mismas. La férmula estd dada por= Ks= Qf (Ac*s), dénde: Ks: constante
hidrdutica (m?/m*/dia); Q: caudal medio al que entra y sale (m*/dias); Ac: drea perpendicular al
caudal {m?); s: pendiente (m/m).

Para modelar el flujo hidrdulico se tuvo en cuenta la entrada y salida cuando se alcanzd la
capacidad de campo, luego se estimd Ks antes de |a siembra del MAP, cabe destacar que el
volumen de efluente obtenido en la cdmara colectora no fue significativo. Para el modelado
mencionado se realizé un riego mediante flujo vertical.

También se midié el tiempo de retencidn hidraulica (th) registrando el tiempo que tardaba el
afluente en atravesar las diferentes capas y salir a cAmara colectora después de que una pelicula
de 2 cm de agua cubriera la capa superficial de piedra del biorreactor.

Con un caudal (Q) de 7,3 m*/dia y un th de 10 minutos. Aplicando la ley de Darcy se obtuvo el
valor de la constante hidrdulica, siendo el mismo de 811,11 m*/m*/dia.

En un futuro inmediato se llevaran cabo las mismas pruebas en los MDV, para verificar la
extrapolacion de las variables obtenidas en los BR.

Palabras Clave: Escalamiento ~ MDV - biorreactor ~ conductividad - tiempo de retencidn
hidraulica
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Informacion del proyecto

* Bioproceso reductor de la solubilidad del Cadmio
rizosférico

* Ejecutor: UTM - Universidad Técnica de Manabi.
Ecuador.

* Co-ejecutores: IBBEA-(UBA — CONICET), UTN -
Universidad Tecnoldgica Nacional, CSIC - Consejo
Superior de Investigaciones Cientificas.

* Organizaciones asociadas: CFV - Corporacion
Fortaleza del Valle, TD - Turba DELTANA, Gobierno
Auténomo Descentralizado

Quienes participamos

21



LIS

Co-equipers

28

Maria Luisa lzaguirre

: : Inmaculada Garcia ici
ﬁ:dEaS‘gc';aEicom Remera Universidad Técnica g;;?%d; Aa-s
: . ———
ARGENTINA CSIC. ESPANA gsuada orab' CONICET

COORDINADORA

Cooperativas cacaoteras de Ecuador y
Venezuela

o8 Cacao organico
De la amazonia
§ ecuatoriana

Galpones de acopio

22



El mercado del cacao

1 3% INDONESIA

4% ecurpor

5% camerin

Principales productores de granos de cacao en
2016, por valor en la produccion (miles de
dolares)

302,732.08

Repiiblica Dominicana [JJ] 84.373.00
Colombia [ 58.324.80
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Principales productores de cacao (2018) (toneladas)
Costa de Marfil 1.963.949

Ghana 947.632
Indonesia 593.832
Nigeria 332.927
Camerun 307.867
Brasil 239.387
Ecuador 235.182
Peru 134.676
Dominicana 85.139
Colombia 52.743

Sierra Leona 50.150
Papuia Nueva Guinea 44.757

Togo 41.235
México 28.399
Uganda 27.789
Venezuela 25.137

Guinea 20.700
India 17.333
Haiti 13.347
Guatemala 12.042

* http://voutube.com/watch?v=7Vfbv6hNeng
* The dark side of chocolate
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Theobroma cacao L

Familia Malvaceae

El cacao crece de manera silvestre en la cuenca del
Amazonas

Arbol perennifolio, de 4 a 7 m de altura (20 m).

Hojas grandes, alternas, colgantes, elipticas u oblongas, de
punta larga, ligeramente gruesas, margen liso

El tronco generalmente es recto
Las flores aparecen insertadas sobre el tronco en racimos.

El fruto es una baya grande de color amarilla o purpurea, de
15 a 30 cm de largo con 30-40 semillas.

Un arbol comienza a rendir cuando tiene cuatro o cinco
anos. (20 bayas cada uno)

Se realizan dos cosechas.
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Por que Ecuador?

* Ecuador es el primer productor de cacao fino
de aroma organico que se exporta a los
mercados mas exigentes de todo el mundo.

* Y se cultiva en suelos acidos de origen
volcanico.
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El problema

El cadmio (Cd) se ha convertido en uno de los metales
pesados contaminantes mas preocupantes en la
cadena de valor del cultivo de cacao.

El cadmio esta presente en los granos de cacao y pasa
a los productos elaborados causando un riesgo para la
salud humana.

La contaminacion con cadmio puede originarse por la
mineralizacion de la roca parental, agua contaminada y
utilizada para riego, ecosistemas costeros, fertilizantes
(organicos y/o quimicos), manejos agronémicos
inadecuados, procesos de pos cosecha, entre otros.

Solucion hasta el momento

* Por medio de la aplicacion de enmiendas de
suelo se busca disponer de alternativas para la
reduccion de Cd en plantaciones cacaoteras.

* Cambiando el pH del suelo
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Cd /pH

50

/\-\,
40 - o

30 -

20 A

Amount adsorbed (mg/g)

10 A

Niveles maximos
de Cadmio en
Cacao Santandereano

4 -7 mglkg
Nivel maximo admisible

0,1 mg/kg

i70 veces la
concentracion
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Concentracion de cadmio en muestras
de cacao en polvo provenientes de
latinoamerica

Origen N°de Minimo Méximo Promedio
Regi6n Pais muestras (mg/Kg) (mg/Kg) (mg/Kg)
Brasil 18 0,038 0,45 0,2
Colombia 1 3,15
América Ecuador 7 0,7 3,64 2,25
Lﬂé‘::b?' México 1 0,98
Perd 9 0,92 1,29 1,2
e ou

Nuestra propuesta

Generar un bioproceso con base en

un consorcio de hongos que reduce

la cantidad de cadmio presente en
las almendras de cacao.
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Que hongos?

LBGIV g s

Penicillium
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Nuestra experiencia

Cepas capaces de retener en sus estructuras
cationes de metales pesado que reducen la
translocacion aumentando la fitoestabilizacion.
Aumento de la produccidn de sustancias
quelantes en las raices de las plantas
Produccion de glomalina

Biorreactores que permiten modificar particiéon
entre biomasa, suelo y lixiviacion

Laboratorio de escalamiento a TRL 6

Cepas capaces de disminuir la translocacion a flor
y fruto

Translocation Factor

35

15

05

in Cr u Ni
WTFPromC MTFPromGC3 MITFProm G38

31

L




GB8

P K Ca Fe —— Mycelium
10000 A ) Fe |~ Spore
Ti Mn
C3 Cr
Ti
= 1000 - C|
@
=
2
o 00 Zn
< A Cu
uZn
10 4 h |
la
1 = . = - r . . A
2 3 4 5 3 7 8 9 10
Energy (keV)

Distribucion de diferentes metales en
esporas y micelio

32

Wy3

satods




En el Fe

~-50 um 977026P0:Fe Ka (CNEA) — 977034P0:Fe Ka (CNEA)

El bioproceso implicara:

(a) el aislamiento de un consorcio de hongos
nativos de suelos en plantaciones de cacao,
capaces de disminuir el coeficiente de
bioacumulacion radicular y aéreo (CBr,a );
(b) la validacidn del bioproceso en
biorreactoresy

el escalamiento a Niveles de Maduracién
Tecnolégica (TRL) 6y 7 a fincas de cacao de
agricultores familiares (AF).
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Como se hara?

* Mediante la Cooperacion Técnica (CT) entre
cientificos, agricultores familiares (AF) y el sector
empresarial; asi como gubernamental en:

* Ecuador, Argentina, Espafa y Venezuela.

* El conocimiento generado sera gestionado y
transferido a través de publicaciones y
capacitaciones estimandose un total de 3.130
beneficiarios directos y 3.000 indirectos
involucrados en la cadena de valor del cacao.

QUE SON LOS Niveles de maduracién tecnoldgica

Los TRLs en uso en Europa son:

TRL 1 - Principios basicos observados

TRL 2 — Concepto de tecnologia formulado
TRL 3 — Prueba experimental de concepto
TRL 4 - Tecnologia validada en laboratorio

TRL 5 — Tecnologia validada en un entorno relevante (entorno
industrialmente relevante en el caso de tecnologias habilitadoras
clave)

TRL 6 — Tecnologia demostrada en un entorno relevante (entorno
industrialmente relevante en el caso de tecnologias habilitadoras
clave)

TRL 7 — Demostracion del prototipo del sistema en un entorno
operativo

TRL 8 - Sistema completo y calificado

TRL 9 — Sistema real probado en el entorno operativo (fabricacion
competitiva en el caso de tecnologias habilitadoras clave; o en el
espacio)
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El impacto de este proyecto es disminuir la concentracion de
cadmio en las almendras de cacao a valores menores a 0,8 mg kg
-1 de materia seca, en las plantaciones en las cuales se
implementara la biotecnologia propuesta.

En las zonas de Calceta, Ecuador y en la Peninsula de Paria
Venezuela, se brindara asistencia técnica a 3000 agricultores
familiares y capacitara a 150 emprendedores para transferir la
biotecnologia propuesta.

Todo esto permitira mejorar las condiciones de vida de la region,
incrementando los ingresos de los beneficiarios, poniendo
énfasis en la promocion de las mujeres involucradas (rurales,
técnicas, profesionales y emprendedoras).

La presencia en el medio se manifestara en dos redes formadas,
13 documentos cientificos publicados y 3 tesis presentadas.

BENEFICIARIOS POTENCIALES

Se beneficiaran directamente de los resultados
2.880 personas provenientes de 720 fincas familiares de Ecuador,

100 personas provenientes de 25 fincas familiares en Venezuela y
150 emprendedores capacitados en metodologias innovadoras.
Los beneficiarios indirectos se cuantifican en 3.000 personas y
comprenden a todos los eslabones que involucra a la actividad
del cacao sin tener en cuenta a productores.

Mediante buenas practicas de gestion del conocimiento, con la
participacion del Gobierno auténomo descentralizado de Manabi
(GAD), la Corporacién Fortaleza del Valle (FdV) y Empresa Turba
Deltana (ETB) se puede alcanzar al 5% del sector abarcando a
toda la cadena de valor de la actividad lo cual equivale a 150.000
personas a nivel regional.
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JORNADA ABIERTA DE BIOLOGIA
DEL SUELO
Dra Maria Luisa lzaguirre. Impacto de
los sistemas agricolas tradicionales
sobre el microbioma del suelo. UTM.

Ecuador.
Dra Inmaculada Garcia Romera.

Biorremedicion por organismos de la
rizosfera. EEZaidin. Espana.

Dra Adalgisa Scotti. Biotecnologia
ambiental en un contexto de
economia circular. CNEA. Argentina.

JUEVES 18 NOVIEMBRE 13- 16.30 hs (hora Argentina)

Inscripcion: alumnosmicrodelsuelo@gmail.com
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Titulo

i6n de ios nativos (planta. i ) que facilitan la rizorremediacién de
suelos contaminados con metales pesados

Resumen

La cuenca baja del Riachuelo socio- i estaes

la cuenca hidrografica mas grande de la regién metropolitana y es de gran importancia su
recuperacion y saneamiento. En este sentido, el presente trabajo detalla los resultados obtenidos
luego de realizar una prospeccion del drea de estudio, caracterizar el suelo, revisar 1a vegetacion
espontanea y seleccionar una especie vegetal para los ensayos de rizorremediacion. Ademds, se
logré, caracterizar la comunidad de HFMA con tecnicas morfologicas y moleculares y las
i i i das a estos ultimos dando como resultado el aislamiento de un hongo
micorrizico arbuscular (HFMA) y 37 i fi i al micelio y esporas. Se
obtuvieron los mapas de distribucion espacial algunos de los metales pesados en los diferentes
tejidos de cada érgano de la planta seleccionada, como asi también en las diferentes estructuras

fungicas de los HFMA utilizados en los ensayos. Senecio b iensis fue la planta seleccionada y se
la propone como tols y ladora de MP. Apli en en un suelo contaminado
el sistema ri diador conf do por S. b it la cepa de HFMA GB8 y la bacteria 2 son
p como i para la fi ilizacién de Cr, Cu, Niy Zn.
Titulo (inglés)

“Selection of native ¢ iums (plant-mi isms) that facilitate the rhi diation of

soils contaminated with heavy metals™

Resumen (inglés)
The lower basin of Riachuelo p important soci p , this is the
largest hy phic basin in the region and its recovery and sanitation is of great

importance. In this sense, the present work details the results obtained after conducting a survey of
the study area, characterize the soil, review the spontaneous vegetation and select a plant species
for it was ble to ize the AMF ity and the
o ic rhizob i d with the latter, ing in the isol of an arb: 1’
mycorrhizal fungus (AMF) and 37 endophytic rhizobacteria associated with mycelium and spores.
The maps of spatial distribution of heavy metals in the different tissues of each organ of the selected
plant were obtained, as well as in the different fungal structures of the AMF used in the tests.
Senecio bonariensis was the selected plant and is proposed as tolerant and accumulator of MP.

tests. In

Applied ina i soil, the rhi: di system formed by S. bonariensis, the
AMF GBS strain and the bacterium 2 are as id; for the phy of Cr, Cu,
Niand Zn.
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d land: ion (e, slockpﬂed waste rock and tailings, subsidence
bas\m,opmpus,mdmmvalelovamm mdmpsoil)ll] After the Aznalcollar
(Spain, 1998) and Baia Borsa/Baia Mare (R ia, 2000) involving mining activi-

ties (the latest in a long list), in 2006 the European Commission (EC) adopted the Mining
Waste Directive an the management of waste from extractive industries [2].

Although European countries have a long mining history, they produce only 3% of
lhewarld‘sme,bu!commneﬁ%—!ﬂ%o‘ﬂnwoﬂdsmem [3]. Over the last decades,
duetoi costs, iti Ianduse andmsoumedepleuon,

'P

EU countries’ RMsunportrsbhas‘ ically i 15 one of the key
hallenges for the EU hy loaddmlhlsmprd\nllenp in 2008, the
EC adopted the European RMs In [4] and, in 2011, a strategy document [5] based
onﬂuwepﬂhmmmmmlmpmeumwmformm (l)u\mrmgt.heﬁuand
sustainable supply of RMs from i | markets; (2) f 8 inable supply
within the EU; and (3) b il £fi and p i \g. In 2011, the
Ecmmdwblshmgmelmsnicmmlkawmmu(cm;)deﬁmdasmmm;

il eg) p Ihe [5-5). CRMs are
|dennﬁedmlhaEU % to two main d and supply

ﬂsk—ﬁmdungewernmemdlhuslhehsﬂssub;ealoreguhrnv&wsandupdme[%
the latest dating back to 2020 (hitps:/ / rmis jre.ec.europa.eu/, accessed on 15 March 2023).
CunmlEUgoalsareux(i)reducelmpoﬂdepmdencyb) impmv'lngacceasloRMs
wuhmdewmbomomersoum(u)r.
and substi and (iii) to red 'andmalunpacls[%lnﬂ\smtexl,
mmmgwasbplnysama;onoleasmsehugedzposmnpmem,allhesamenme.
soaalandenvhu\nmulmaswelln POR F
through ay andi ive § in H
Ioa:hw\-e!hal.lns ,Iolcnnw infi i abomwmbemuse,nnhe
time of opening mining activity, the waste chemical and mineralogical composition was
lgnomd orﬂisnma-hl was considered below I.hecul-oﬂgudellol In the present, the
gress and d ¥ of i P permit the application
of a circular ec h to the 5 and exploitation of mining waste
mlhlspeclmh.lmmlwallhmdenwmnml sothalsocletydungxsitshmdanm\ully
negative perception of the mining sector [10]. During the pandemic situation linked to
COVID-19 and the Ukraine war, the concern has transformed into a major problem creating
ashhuoldependmonemn—mwpplyfmEumpennddsksolmrkeldismmm‘l’o
hes are bel t id
ko sy de st e adin:;ssmmbl;-md responsibly
for the green recovery and for building a fair and climate-neutral economy.
To this end, in the last few decades, a remote sensing approach has been increasingly
usedingeologiul appuunnm (sudusmmenl explora!ion)byexplmungmesp«l&
Is with in three
neginnnvisb!emnearin!rued(VNlR—fmmlmnmnlmonm),shnnwavemﬁamd(SWlR
from lwﬂnmloEM),and!hemtalmhamd(Tl'R from 7600 nm to 14,000 nm) [11,12].
Thanks to the diagy P plions, unique for each material, the remote sensing
a key tool to indivi and map the mining waste in a valuable, fast, low-cost,
andsustamableway.and at the same time, to manage wastes rich in RMs as resources for
the future | 11-13]. In particular, Sentinel-2, the European optical imaging satellite launched
in 2015 as part of the European Space Agency’s Copernicus Program, is used in studies to
the management of mining waste [14], to improve mineral estimation by band
ratio [15], to map mining residues rich in RMs [16], exploiting the spatial resolution of
10-20 m, and to revisit the frequencies of 10 days and spectral resolution ranging from
490 nm to 2190 nm.
The use of biclogical methods to improve the quality of the environment, degraded
because of anthropo-pressure, is a priority at this time [17, lB] Mmysmdlsuckleﬂmchnk
lenge to recover RMs from mining waste by using my ted phy
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(MAP) [19]. The MAP is composed of a h lating plant species iated to an
ArhscuhrMymnhml(AM)ﬁmgusinilsmmandmmmdmauymﬂcmhdm
placed in an environment constituted by volcanic ashes and soil (methodology according to
the granted patent) [20]. There are many hyperaccumulating species of heavy metal(loids)

(HMs) din the li mlhinhhmﬂuAﬂtmmaneindBmssm,
andmlollhem lish iosis with AM fungi (Gl Phylum).
AMfungimupablenlupuldngmmmxsandHMslmmsuﬂmduansloam\gﬂmm
to the host plant. They also these ek in the i di or

immobilize them in external mycelium and spores in soil [21]. Some mycorrhized plant
species show high bioaccumulation of HM in their roots, and others display high transloca-
tion and bioaccumulation in the aerial parts, with exclusion of HM from the reproductive
and fruiting parts [19]. ﬂwﬁebehthshlghlydependmlheplmlspeaes the nature
and concentration of the HM, the envi such
as the presence of other metals, andeAndB\valmmsoiI/suhuule The substances
invnlved in lhepmoeeues, some ol lhem bdng desa-ibed as the results of mycorrhizal

are fi lved in HM chelation and making them

Y lly ph

more bioavailable for entry into cell ioneins (that favor the entry of certain HM
into cells), andynnmln(glycqamwmseaerdbym fungi thalseqush!rHM in soils).
Other transporting substances are still being studied [19,22,23].

The MAP system to be applied to the territory must go through different technology
maturation stages called Technology Readiness Levels (TRLs). The TRL for pilot tests or
pmuxypes !hal involve environmental engineering has nine levels, from the verification of

heses to the repl in territory [22,24,25]. Scotti et al. [24] proposed
a \kgenhleDepuraﬂomModule(VDM)forsalmguplheMAPilTRLs The VDM
falls under the definition of etland, but with the diffe that

it is modified in its solid matrix and in its slope with an outlet to a collecting chamber.
These modifications allow us to know the partition of HMs and the possibility of recycling
the filtered solution by setting other modules in series or parallel order with a change in
calibration parameters [22,25].

In this work, we acquired a Sentinel-2A image to analyze a simultaneous image with
the same time campaigns and we built a bioreactor (BR) that simulates the VDM at a
smaller scale (TRL 4). The BR is ten times smaller than the VDM longitudinally but with the
same characteristics of height, slope, and fill contents. The calibration of physical-chemical-
blolopalvamblesm!kpemu&swwexmpolawandbven!yrenulswlheV'DM(TRLs).
Additi any variabl be adjusted for the change in scale, and a protocol emerges
lobeapphedinhemrylo!heexwu mqmedbythepmpclengmnngll? "IJ_SI The
extraction potential of the system is related to the p
'lhe hydrauhc variables are mhted to irrigation, mﬂow, outflow, slope, type oi vertical or

flow, hy nme,nnd of those

ditions can p the el or bi ion in plant bi [26].
Themmnldhwmsohmmdmdﬂuh&hbﬁmnmpmmu&lmﬁnhewmm
are essential for the recovery of secondary raw materials (SRMs) and CRMs, this is why the
scaling in VDM to TRLS is proposed.

The aims of this study were to determine the potential of Sentinel-2 for the classi-
ﬁmlbnandmnppmgofmmlngwste,xdmnfy{ngﬂmmlnlhemmewnlhthesune

and spectral ch. istics, and then to apply the MAP system
2) ‘hylhe‘,‘ llurgy technique to extract HMs of importance, in order to trans-
form mining waste from a problem to a resource, together with the possible opportunities
and challenges of exploiting wastes.

2. Materials and Methods
2.1. Study Aren and Sampling Sites

The Sierra Pintada Uranium mine, with an area of 2007 Ha, is located approximately
12 km to the Southwest of Villa 25 de Mayo in Mendoza province (Figure 1). It was dis-
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covered in 1968 lhmubh aenal radiometric prospecting, identifying a series of anomalies
with sub of Uranium p within the area. The area belongs to
the so-called San Rafael Block, for the Sierra Pintada area. It is constituted by the base-
ment of ancient lands (Devonian and Carboniferous), affected by intense tectonism and
a profuse volcanic activity developed in the Lower Permian that led to the accumulation
ofan nmpnnant sequence of volcanic clastic rocks {27]. The large volumes of intermediate
and acid igp as of pe ic volcanism, generated favorable
cnndmons for the mncenu'auun of Uramum deposits [25]. From 1975, the Sierra Pintada
Manufacturing Mining Complex (SPMMC) was put into operation for obtaining Ammo-
nium Diuranate as a final product, thus mnverlinb it as the largest Argentine uranium
deposit to date. However, in 1997, the mining cnmplex was forced to stop its activities due
to the drop in the i ional price of

Figure 1. Study area and sampling sites in Sierra Pintada Uranium mine (Mendoza, Argentina).

In situ sampling campaigns have been carried out in December 2018 to collect samples
of soil and plants of Senecio subulatus, (D.Don ex Hook. & Am.), Baccharis salicifolia (Ruiz
& Pav. Pers.), and Senna aphylla ((Cav.) HS. Irwin & Barneby) (Asteraceae family) from
13 different sites within the mine area (Figure 1). Aboul 1Kg of soil sample was collected

fnr further mineralogical and chemical ch; ion. Plant ial was chemicall
ined to di ine potential hyperac i plant species. The gmbraphwal
coordinates, pictures, and a brief description of each sampling site were regi

2.2, Chemical and Mineralogical Analysis of Mining Waste
In the Soil Laboratory of the Uranium Mining Environmental Remediation Program

(PRAMU) of the Nuclear Chemistry Dep: (CNEA), soil subsamples (about 50 g)
were used for the determination of pH (1:3) wnh a l’ocket Hanna Combo digital pHmeter,
and the heavy 1(loids) (HMs) Activation Anal! (NAA).

Previously, the samples were dried in an oven fnr 24 h and packed in quanz ampoules
for irradiation together with the certified reference materials (NIST SRM 1633b Coal Fly
Ash and Chinese Soil GBW (7405). Subsequently, the samples and the reference materials
were irradiated for 4.5 h in the RA-3 reactor. Two measurements were carried out with
decay times of approximately 7 and 30 days, and the following HMs were determined:
As, Ce, Co, Cr, Cs, Eu, Fe, Hf, La, Nd, Rb, Sb, Sc, Sm, Sr, Th, and U. The Ortec GeHP
detectors (30% efficiency, 1.9 keV resolution for the 60Co 1332.5 keV peak), the Ortec 919E
multichannel buffer module and Gamma Vision data acquisition software was used. The
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values of were esti d through p developed in the lab
Demminniens wmpedonmd usingneunmaavanmmlysxs(NAA)by lheNudenr
A y (TAN, CNEA).

The mlnemlogy delennkmhm was carried out by the Institute of Environmental
Geology and Geoengi Council, Montelibretti, Italy). For that,
pulverized mining wastes wen analyzed with the X-Ray Powder Diffraction
(XRPD) by using a Bruker D2 Phaser XRD, equipped with Lynxeye detector, Cu-Ka ra-
diation and working at 30 kV and 10 mA, a fast instrument for determining the phase
content of pdycryshlluw material. Each sample exhibited a distinctive XRPD pattern
and i phase was obtained by using Ci llography Open
Database of the DIFFRAC.EVA software.

2.3. Chemical Analysis of Plant Samples

Root samples and aerial parts of individual plants of Senecio subulatus, Bacharis salicifolia,
and Sena aphylla were collected in each sampling site and the content of HMs was determined
through NAA as previously described. Firstly, plammmplswmgmndmgaayw
nu!landlyup)uhmdl’oruh.m they were pelleti kaged for irradiati

d. Two mmadewihdaaynnuolnmmﬂmnoﬂy7

aMSOda)sbnhedeMnmﬂmol As, Ce, Co, Cr, Cs, Eu, Fe, HI, La, Rb, Sc, Sm, Sr, Th, U,
and Zn.

2.4. Analysis of Sentinel-2A Intage in the Sierma Pintada Mine Area
The spatial, spectral, and temporal resolution of satellite data together with data
availability, data storage, and data handling limitations, have prevu\hd the use of remote
sensing in many y To try and these li the ¥
Space Agenq (EA. Pans, l-‘ran:e)and Eurog Ci ission have devel d a series
Earth Ob: i called Sentinels, for land, ooean. and
amnsphencmaumﬂng,me&:hSmm\el mission is based on a constellation of satellites
to provide accurate, umdy,am free datasets. In this study, the multispectral Sentinel-2A
was d from the ESA Ci icus Open Access hub and acquired in the
Sierra Pintada mine area on 12 December 2018. The spatial resolution of the Sentinel-2A
image is of 10 m in the visible and near- infrared range and 20 m in the short-wave infrared
range, with spectral resolunonraxgingﬁum#l)nmmnmm The ISgeorefemd
samples, collected during the in situ sampling were overlaid on the satellite
image and, Iuead\sampk,dwspecualsnsmm wnsacq\nmd. Then, all the spectral
slgnanues and numralogtcal data were used ns lnpul ‘or «cluster analysis to obtain groups of
P y and gically s Inp l.htaveng: linkage between
groups criterion (UPGMA algorith and" lid i y index have been used.
Afterwards, the supervised pixel-based classification was applkd using the Spectral Angle
Mapper (SAM) algorithm (see Guglietta et al. (2020) [14]).

2.5. Potential Phytoremediation of Autochthonous Plants

Plants of Senecio subulatus, Bacharis salicifolia, and Sena aphylla species were found in
all sampling sites. These plant species are autochthonous from the study area, and they
are characterized by their rapid growth and their great capacity to colonize disturbed
areas by mining activity. Furthermore, considering the impact level and the possibility
of quantifying the concentration of some HMs in plant biomass of these species, it was
decided to use them as the MAP system.

The bioconcentration factor (BCF) and translocation factor (TF) were used to evaluate
the potential phytoremediation of plants. The BCF is the concentration of HMs in total
biomass (ppm)/concentration HMs in soil {(ppm); TF is the concentration HMs in aerial
part (ppm)/concentration HMs in roots (ppm). A BCF value higher than 1 indicated that a
plant was an TF value ines plant efficiency in HMs translocation from
the root to the shoot. A plant was considered efficient in metal translocation from root to
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shoot when TF was higher than 1 due to an efficient metal transport system. TF values
less than 1 indicated ineffective metal transfer and suggested that these plants accumulate
muhmthenxxsandrhuomesnmﬂmnmshootsorleavs.T‘heBCFandTFwem
ined for the vegetation that lly grew in the SPMMC and the BCF of plant
hlomassln!heﬂkqassaywasalmdmemm\ed

26 izal-Assisted Pity iation (MAF) in Bi (BR} and Vegetable Depuration
Module (VOM)

For the MAP system, the following plant species. d: Senecio sulby and
Bacharis salicifolia plamspedes.‘l‘heywemhmﬂawd with a mixed inoculum of mycelium,
spores, and d root fr posed by several AM fungi, previously isolated
from Paramillos de Uspall, ‘mine (Mend A ina). The AM fungal inoculum was
obtained from a trap culture using Mmgosamw(l_)th(phm isolated and propagated
by Banco de Glomerontycota in vitro (FCEN UBA, hitps:/ /bgiv.com ar /, accessed on 12 May
2010) as described in [29).

Four BRs, placed in the Bicenvi Lab, y (CNEA-FRSR, Mend, were
made with polycarbonate containers (30 em x 60 cm and 80 cm in height and with 10 cm
for the collector chamber to measure the volume/flow of the leachate generated by the
substrate irrigation (Figure 2a)). Each BR was filled with three layers of stones of different

granulometry. The first deeper layer (thickness of 10 cm) is represented by coarse gravel
(average diameter = 10 cm); the second one (thickness of 15 cm) by medium gravel {average
diameter =5 cm); the third layer (thickness of 20 cm) by fine gravel (average diameter = 1 cm);
and the upper layer (thickness of 15 cm) by mine soil samples, volcanic ashes (1:1, /), and
350 ppm ZnSO, (contaminated soil, CS) ('anule 2a). The control maa!menl was palormed
with commerdial soil (BS). The BR and test chamber were dtoa
(10cm x 30 cm and 80 cm deep) to collect percolated water. These BR had a relation of
1:10 with the vegetable depuration module (VDM, TRL 6), and conserved the dimensions,
slope, filter layers, physicochemical (pH, Eh), and hydraulic parameters (hydraulic constant,
hydraulic retention time, and vertical income flow) [19]. The depth and slope of the VDM
and the BR are 8 cm and 6%, respectively. The VDM is located at the Bicenvironmental
Laboratory (CNEA-FRSR, Mendoza) and a description of its perfc is detailed in Scotti
etal. [19] (Figure 2c). TheﬂmofVDMBSmmwﬂ!handSmmlenglhmmacoﬂmﬂm
chamber of 3 m in width and 1 m in length (Figure 2b). According to Scotti et al. [25], the fill is
made up of layers of coarse gravel, fine gravel, pellets, and the substrate to be bioremediated.

Figure 2. Overview of Bi placed in Bioenvi | Laboratory (a), VDM with vertical
flow (b}, and overview of VOM (c).
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2.6.1. Hydraulic Parameters in BR and VDM
To model the hydraulic flow in the BR and the VDM, Darcy’s law was used. This law
considers the inlet and outlet flow when field capacity is reached by this Equation (1):

Q
KS-W_'S)' (8]

where

Ks: hydraulic constant (m/days);

Q: average flow rate at which it enters and which it exits (m*/days);

Ac. perpendicular area to the flow (m?) =03 m x 05m;

st slope (m/m) = 003m/05m.

Furth the ion time (th) was measured by registering the time it
!wkﬂ!ﬂﬂwbaussdownd!dﬁfemhymandmexnmwndshmﬂecmtgchﬂmbw

Additionally, the water-holding capacity (WHC) of the BR was determined by Equation (2)

MWHC =Mt — Ms 2

where
MWHC: mass of the water in grams;
Mt: total mass of the container and wet soil in grams;
Ms: total mass of the container and dry soil in grams.

2.62. Experimental Design and Measurement of Parameters

Four BR were performed, as described above, under two treatments: control soil
(BS) and d mine soil (CS), each one inoculated by AM fungi and
uninoculated. In each BR, five plants of Senecio subulatus and eight plants of Bacharis
salicifolia were grown. One of the BR was inoculated with the AM fungal inocula and the
other one was not inoculated. After 4 months, plants were harvested from each BR. The
shoots were separated into leaves and flowers, and the roots were carefully rinsed with
distilled water to eliminate substrate particles. Fresh weights of leaves, flowers, and roots
wmngxsm¢lhmdnedhmomalw°chfnhmcbnlndrybmnuss.

The BCF and TF were d d as pn ibed for the foll g heavy
metal(loids): Cr, Zn, P, Ni, Rb, S, Cu, and Mn [17]. Punhermme,unmnl’otmml Extraction
(BPBR/VDM (g)) of the system, defined as the HMs concentration in total biomass (ppm) *
density of biomass plants in Br and VDM (g), was calculated.

3. Results and Discussions
3.1. Map of Characterized Mining Waste

The dendrogram of cluster analysis has identified three main groups (Cluster 1, Cluster 2,
and Cluster 3) of mining waste and three samples (S3P2, S5P1, and S5P2) that do not belong to
any duster with different spectral characteristics and mineralogical phases (Figures 3 and 4).
Each cluster represents a distinct class with the samples used, respectively, as training set to
classify the Sentinel-2A image and as ground control point to validate the results of SAM
(Figure 5). In particular, the results of accuracy include the user’s accuracy (84.13%), producer’s
accuracy (89.6%), overall accuracy (90.73%), and kappa coefficient (0.74).
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Figure 3. Cluster analysis results obtained using spectral signatures by Sentinel-2A and main
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Figure 5. Map of mining waste of Sierr Pintada mine (a) with the description of dlasses and for
each dass the main minerals (b): Class A—mining waste from processing activities; Class B—samples

collected in the natural area; Class C- waste recolonized by native iom; S3P2—waste

P "

from extraction process; S5P1 and S5P2—waste from processing activity accumulated over time.

The results of SAM classification have been used to create a map of mining waste that
highlights the location of the classes in the Sierra Pintada mine with the major mineralogical
phases (Figure 5). Class A is represented by samples from Cluster 1 (S4P1, S4P2, and S6P2)
with 32.89% of andesine, 39.15% of quartz, 9.89% of muscovite, 3.96 % calcite, and 2.47%
chlorite. In particular, the sample S4P1 belonging to this class derives from the processing
activities of the mine, a stand with more than 20 years, with the natural native vegetation
that is growing all around and the wind and water erosion processes that are accumulating
material above the processing mine waste. Class B is characterized by samples from Cluster
2 (S2P3, 52P2, and S1P2) with 62% of andesine, 24.56% of quartz, 6.47% of muscovite,
and 5.65% of hornblende, and this class includes the samples collected in the natural
area along the Tigre River. The class C is characterized by samples from Cluster 3 (S3P1,
S6P1, S2P1, and S1P1) with natural recolonization of the area by native vegetation. The
main minerals are represented by quartz (70.24%), chlorite (11.97%), muscovite (10%),
dolomite (4.29%), and calcite (3.52%). Furthermore, S3P2, S5P1, and S5P2, not belonging to
the other three clusters, are thus di dlasses ch ized by ineralogical

position. S3P2 contains waste from th ion process with 77.48% of quartz, 10.74%
of chlorite, and 12.79% of muscovite. S5P1 and S5P2 have been collected in the mine area
with waste from the processing mine activity accumulated over the time and with different
main mineralogical phases: S5P1 with exclusively of 100% gypsum and S5P2 with quartz
(84.14%) and albite (8.72%).

The map has been used to identify the different kinds of waste that are selected for
further phytoremediation analysis: 54P1 from Class A (in yellow), S1P2 from Class B (in
red), S2P1, S3P1, and S6P1 from Class C (in green), S5P1 (in cyan), and S5P2 (in magenta).

3.2. Potential Natural Phytoremediation

The results in Tables | and 2 represent the BCF and TF values for sampled vegetation
grown under natural conditions at each site from the SPMMC. A value of BCF higher than
1orclose to 1 (in bold) indicates that the plant accumulated HMs in their biomass. These
results support previous reports about members of the Asteracens family being capable of
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ing and lating large of HMs and radionuclides in their tissues, and
usually establishing the AM symbiosis in their roots [30].

Table I Total Bioconcetration Factoe (BCF) of different plant species (Serecio subulatics (Ssub),
Bacharis salicifolia (Ssal), and Senna aphulis (Saph)) sampled from the mining sites. BCF > 1 ug/g
are in bold; na: not available values.

Bioconcemtration Facter in Plant Bicsass

PlaniSpeciesandSite  As  Ce  Cu  Ce €+ Ea  F  Hi  la Kb & Sm S Th U Zn
SeukS12 QS 08 0016 00% 0014 007 006 O OO 0058 OO 0009 029 0005 007 na
SupbSIP2 m one OOR 0 pa 000 02 ne  OMQ 003E 0001 0A02 036  ne e na
TaulSIP2 aoi5 0M6 (DT 0071 002  me OB e Q2 0I5 000 0004 023 0003 ne na
SaphS2P1 Q004 0005 (2 0G7 0013 000 000 ne OB 007 0000 ROIT Q60 QT 025 na
BealS2I'L 004 0005 (DM 0043 002 0001 OB G0A  ne (06 OXD  BO0N 0359 QW2 LI ne
Seuk3P] O0E  ne QD10 0059 OHZ 0Q07 O3 00 O0C 010 OXO 0003 637 0m3 002 ne
BealSAF1 ~ e 05 009 023 s 008 ne ISI 0088 002 002 Q3 02 e ne
SeutS4T'] Q917 OM5 Q10 0101 0056 0007 0004 me  ONG (026 00 0005 022 ne  0DE  SILNS
BealS4P'1 Q0W0 06 000 0454 003 e 0006 na 0751 002 0003 0006 Q316 QM2 0011 47547
SaghAT'] ne QM2 000 00 00Y 008 008 ne 0001 (IF7  OMZ D000 0415 na Q001 M4
Seuk5P1 Q019 OM5 0017 0384 00T OK6 O OO 0011 0S8 OO 0406 Q17 003 00 11366
SapbSSP1 QoN 01 A0 077 00S) 002 Q02 QM3 AMC 0073 002 0001 Q703 0006 000l 11984
SaphSSP2 Q010 O 0% 008 0041 OQ08  ONS 003 ONE 0072 OO 0007 s 004 00 me
SeubS6P] Q00 06 0011 0274 0031 ae 0005 ONIS  OO6 0065 OO0 0004 OGBS Q07 0003 34104
Saghis6T'] 006 004 DT 014 00 005 ONS a3 000 (06 OMG 000 1351 ne  na 140067

Table 2 Translocation factor of HMs in the different plant species (Semecio subulatis (Ssub),
Bacharss salicifolin (Ssal), and Senra aphiylla (Saph)) from the mining sites. TF > 1 is in bold; na: not
available values.

Teamslocation Factor in Flant Biamass.

Plast Species and Site As Co Cu Ce Cs Eu Fe Hi La R Se Sen. Se Th v Zn
SeukS1P2 Q44 056 074 0204 0TW e QN2 O] O3 09 03N 025 L9 ne ona LIS
SaghSIP2 e ne 077 029  ma 1367 093 e LO% 153 1873 2186 L1 s na L0
BualS1P2 na  ne I35 1463 2460 ne  ATHR e na LTSS AT 4650 1AM ANI a1
SephS2Fl o oma MM 35% LM LM 055 e DY 070 AN 4N 061 e one  OX9
HealS2 o LW DA 032 0463  ee  OA2  me U7 AL O7H 0775 400w  OKE QETe
Seub3P1 a1 A 0911 0512 05 098 05N LIS2 05 0465 L6 e na 2067
BealS3I m  ne  ORS  0M2 0L s O3 ne 04 0681 07 0352 1138 ae  na A0
SeukS4r'l 0676  2M1 4352 1864 2349 385 AN e 1O LOS0 AT ATE6 4T na  LSW AST
BaalS4P w0551 2067 06 26% s 3 ns 07N 1842 5400 sw 2848 na 04N 30N
SughiSAPl m o QN0 076 055% G4 138 ne LS LI LM 058 e ona  LOTE
SeubéSSI'] QS5 0676 338 0313 3085 1403 1254 2648 07S) 3300 2916 0401 1861 2SW  03% 209
SaghiSStl Q77 na (25 02% 2286 0350 0491 e 02 2387 028 027 QSM  OBS5  ne A0S
SaphSSi2 Wi 066 (0w 039 130 0 070 108 048 3367 06 0M2 7w 052 0341 400
SeakS6P] Qs3] OB5 105 0TS K023 e O7H L194 0765 1056 O7H O 113 1363 na  LOIT
SaghaP] o 05 (411 0215 28N 042 D36 M0 (33 X153 03B DM 1T DN me S

A high fon p and bi lation of Zn in the biomass of the sam-
pled plants of Bacharis salicifolia (BCF Zn = 47.547) from the S4P1 site (Class A); and of
Sena aphylla (BCF Zn = 140.067) from the S6P1 site (Class C), were detected. The Sena aphylla
plants from S6P1 (Class C) had the highest value of BFC of Sr (1.3).

Regarding the TF, the results in Table 2 indicate that the HMs passed from the roots
to the aerial part when the value of TF is greater than 1, whilst a TF < 1 indicates low
translocation to the aerial part, and possibly the stabilization of HMs in the roots or soil.
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The highest value of TF for Co, Eu, and Sr were found in the biomass of Senecio subulatus
grown at the S4P1 site (Class A) with 14.35, 3.78, and 4.28, respectively. The TF values for
Bacharis salicifolia plants found at S1P2 site (Class B) were 3.78 for Fe and 4.05 for Sm.

With regards to the ability of Sena aplylia to translocate HMs from roots to aerial parts
(Table 2), it was observed that the highest values of TF were obtained for La (12.27), Sm
(47.14), Cr (3.5), Eu (1.74), and Sr (1.17) in plants grown at the S2P1 and S6P1 sites {Class C),
Zn (4.0) from S5P2, and Fe (1.25) from the S4P1 (Class A) sites. For the rest of the elements,
low values of TF were obtained.

In Sena aphyla plants from the S5P1 site, the TF values for As and Th were close to
1, and these could be idered as in Sena aphylla. HMs with very
low values of TF, such as U and Th (S5P2 site), Co (S5P1 site), and Zn (S2P1 site), could be
stabilized in the root tissues or soil. Although the TF indicates translocation to the aerial
part of Sena aphylia for some elements, the low BCF values indicated a weak translocation
of these elements from the soil to roots, or probably a strong sequestration of HMs into
the soil matrix. The efficiency of Sena apiylla to uptake the elements could depend on root
exudates, soil pH, texture, and content of organic matter. Otherwise, soilmlcmovgamsms

and AM fungi could greatly infl the seqs ion and /or F
Sena aphylla plants [17].
A positive lation b the ions of HMs in soil with the concentra-

tions in roots and aerial parts was detected in Sena aphylla plants grown at the S5P1, S5P2,
MSIMS}B(GMZ)(FIM}M') In the remaining sites, there was a positive
the of the el in the root and in the aerial part.

The HMs concentrations in the roots of Sena aphylla were higher than the values in the
aerial parts for Zn, Cs, La, Sc, Rb, Co, Cr, Eu, Fe, Sr, and Sm, which are transferred from the
root o the aerial part while others {such as U, Th, and Co) did not, and this depended on the
low value of TF (TF < 1). The results indicate that these elements are probably stabilized in
the oot system. Senecio subulatus and Bacharis salicifolia plants were able to translocate St from
roots to the aerial part. This is of great i given that Sr is dered as an RM.

Amdh\gmmTolnlBCFmbleA)dﬂlesnd)edvegeunmdevdopedundummml
conditions in the SPMMC, Senecio subulatus, Sena aphylla, and Bacharis salicifolia had the
capacity to accumulate great amounts of Zn and Sr. Figure 6 shows that the presence of Zn
is only for the S4P1 (Class A), S5P1, S5P2, and S6P1 (Class C) sites. In particular, the BCF
for Zn reached 47.5 in Bacharis salicifolia plants at the S4P1 site (Class A), and the lowest
value in Senecio subulatus at the S5P1 site (BCF = 11.3), while Sena aphylla at S6P1 (Class C)
resulted in the highest value (BCF = 140).

2 tetal Boconcentration fectir

Sutektn  Eelgee  SanE fadeue SaaWE SahE  Sutwns  Sawe

v w1 o w01 s o - st
- v g
Figure 6. Total Bi ion factor for Zn (exp inug/g) in plant species found in mine sites

with high Zn concentration in sail, soil pH values, and organic matter content (O.M, expressed in %).
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Itis noteworthy that the 54P1 (Class A) and S6P1 (Class C) sites with plants with high
total BCF values of Zn (47.5 and 140, respectively), had slightly alkaline soil pH values
(7.84 and 7.79) and organic matter (O.M) percentages of 0.3 and 0.8, respectively.

Figure 7 showed the total BCF for Sr in plant biomass of the three sampled plant
species. It is important to note that the value of the total BCF for Sr in Sena aplylla biomass
was higher than the other plant species. In particular, the BCF (1.35) at the S6P1 site (Class
€) was higher compared to the other plant species within the same site, and the other mine
sites. Furthermore, the BCF values of Sr at the S4P1 site (Class A) were equal to 041 in Sena
aphylla, 031 in Bacharis salicifolia, and 0.29 in Senecio subulatus. At the S1P2 site (Class B),
they were similar to the previous class (Class A), even if the samples were from different
sites within the mining area. Class A represents mining waste from processing activities
but with accumulating materials (i.e., natural rocks) on its surface by erosion processes,
while Class B is characterized by samples from natural areas. The lowest values of BCF
(<0.22) for Sr were highli in Senecio subulatus and Bacharis salicifolia plants grown at
the S1P2 (Class B), S5P1, and S6P1 (Class C) mine sites.

S Toral Blocancentration Factor

S Rabele & 0 5 A Smeh 5 Soabwe Sano 5 Smne
bt sabnfete b sbeabe —hrie et

2o 2y an v e San San 50 =i asey e Ses
»OMe msr—pH

Figure 7. Total Biocancentration Factor of Sr in biomass of plants species from different sites where
it was possible to determine the value of Sr in soil with respect to pH and organic matter (OM,
expressed in ).

The O.M percentages were lower at S4P1 (Class A) site (OM = 0.3%) and higher at the
S5P1 site (OM = 1.5%). In particular, the S4P1 (ChssA) and S5P1 represent areas impacted
by mining activity but with diff B F due to site and
topographic conditions. The S4P1 site is ch ized by a flat topography withahlgh
evaporation rate, while the S5P1 is a terrain that is more uneven, with a high accumulation
of soil The natural conditions of the other sites showed the typical percentages of
OM of these semi-arid zones [27].

The cluster analysis of the total BCF of HMs, the pH values, and OM contents in
soil determined clusters according to the degree of disturbance or activity related to the
substrate, buulsommeprsawennhedm‘ermkphmspemu(l:lgm §). Dspine!he
S4P1 site being characterized by a high level of di
the S5P1, S5P2, and S6P1 sites, they were group ‘byl.heHMs i ln
Sena aphylla and Senecio swbulatus plants. Similar results were found with Sawnasubul.uus
and Sena aphylla in the S5P1 site, although there was a distance between S. aphylla in
comparison to Senecio subulatus in the S6P1 site (low level of disturbance). Furthermore,
B. salicifolia in the S4P1 site was distant compared to in the SIP2, S2P1, and S3P1 sites (low
level of disturbance). These results could be explained by the typical ecological behaviors
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of the colonizing plant species since they usually depend on adapted mechanisms (such as
competition) to establish in areas with few resources.

HH?HHHHI
‘—LI.IE‘—‘

Figure 8. Cluster analysis results obtained using UPGMA algorithm and Euclidean simikarity index
from the total bioconcentration factor of heavy metals in the vegetation with respect to the substrate,
considering the pH values and contents of onganic matter (o) in each site.

3.3. Scale Lip from TRL 4 to TRL 6

MAP Appli in BR and Estimati oﬂheBl ction Potential (BP) in VDM
Backerts salirifolia and Seneeio subul Mhun(—'
mmwverSnndZnﬁunphmbiomM..-‘ Its obtained in the BR were projected

in the VDM. Sena aphyila could not be scaled in BR since it did not survive the nursery stage,
even though the percentage of germinated seeds was good (300 seeds 90% germination).
er'umlidfalhami&udnwhhﬂmwmplmedhﬂeﬂmhﬁnhgmhhgwmm

the S4P1 (Class A) site d seil, CS andmeoﬂm'planblnBRmﬂllhe
control soil (blank soil, BS), under the p | previ ibed. Additi plants
wmmnmlahdwhhAMhmp(Mﬂmdoﬂmphmswmmtmﬂaud(M —). After
4 months, Bacharis salicifolia and S Joped well under BS treatment,

but only Bacharis salicifolin grew well m\detGmnnmL‘l'hersullsdplmbinmnssln
the BR experiment are shown in Table 3. The inoculated plants of Bacharis salicifolia had the
highest aerial biomass.
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Table 3. Biomass of Hacchars salicifolic and Senecio sulmlatus in aerial and roots parts, in contaminated
soil (C5) and blank soil (BS) with inoculation (M+) and without inoculation (M—), of AM fungi in the
BR {na: not available data; - not survived).

Treatment Plant Species Aerial Tissue (Mean = SD) Root Tissue (Mean £ SD)

CSMy Bacharis salicifolia 5267 £3353 678 = 591
Senecio subulatus ™ 100+ 038

CSM- Bacharis salicifolia 3767 =283 Q00721
Senecio subulatus na na

BSM- Bacharis salicifolia 000 =272 550+ 4.20
Senecio subulatus 4850 = 1485 800 = 0.00

BSM. Bacharis salicifolia 3575 = 2406 725+ 287
Senecie subuiotus K200 = 5798 1800 = 1273

Biok@calpmmemwdnsﬂu!ypeoﬁungalhmﬂumMA,mephmbw and
the p land h such as (lCh),waler
holdmgapmly(WHC),mlellbw,pH Eh, and ic cof: are img
canyﬂngmnscnlmgmmeVDMmdinmrlevhgim\sdmml such as RMs. lns

y to the i of the MAP system in the BR to later
scahllmVDM.mmhsaue,ﬁ!pMoml to be applied was: inflow every 2 days at Beld
capacity, with no outlet to the collecti vertical flow, mycorrhizal tension in
impadedareaolﬂuPmmmosmme,anddensnyol?plamsperﬂk.'l’l\enwaluewns
165 + 36 m*/d/m? (mean = SD), and the WHC resulted in 5.4 kg. These results will be
considered for scaling-up in the VDM.

Inp ved that the mentioned phy ical-biol
vanahlswemmlzvmlbpredid,.w )l b HMs at the b
kvelhnlmuldnmdnfyﬂ!palmolmryolelm or the presence of fungal-bacterial
consortia that could exude chemical substances that alter the solubility of the different
HMSs present in soils [17-19]. To verify the statistical significance of the biomass obtained
from the plant species in the BRs, a Tukey Test was performed (Table S1). The post hoc
range test identified homogeneous subsets of means that did not differ from each other.
No significant differences in the root biomass of B. salicifolia in the BS and inoculated
(M+) and CS treatments were observed. On the contrary, Iheaerinlpamoll!n planls

inoculated with AM fungi (M+) of the BS and CS more
the non-inoculated one. On the other hand, the inoculated phnls(M&)o!S.subldalus hada
higher biomass than the uninoculated plants of the BS whilst, in

soil, the plants did not survive under these conditions in the BRs. On the other hand,
S. aphylla did not survive in the BRs.
Mbmenmuhmno{&aManlhesmdndphmspeosmshawnmSuppl&

mental Table S1; Sena aphylla was a good d by Bacharis salicifolia, and
finally Senecio subulatus for Sr, whlklsadmsulm/nhnwummhwmulawfum
The bioextraction potential (BP) of the i lated Bacharis

alyzed under BR conditions, was scaled to the VDM with the lnllawing parameters.
12 plants per 0.15 m?, 2m” of substrate (soil: volcanic ash) at field capacity conditions. The
projection of BP in the VDM are shown in Table 4.

Table 4. Total bicaccumulation of Zn and Se (in ppm) in Senecio subudatus, Bacharis salicifolia, and
Serna aphylla plant species. In parenthesis, the sampling site.

Plant Species i ion St (ppm) i ion Zn (ppm)
Senecio subulatus 1255 (54P1) 62.63 (S4P1)
Racharis salicifolia 221 (52P1) 951 (S4P1)

Sena apinila 7003 (S60'1) 68.26 ($4P1)

Although the three plant species resulted in a high BCF for Zn and Sr elements, only

piay 1! P

55



for scaling-up in the ssisted diation. Sr is idered a CRM by
umﬁnhhdmmlamtmwloﬂhem and Zn, even if not considered critical, is
important for the EU ecanomy [1].

The MAP system was established with native plant and AM fungal species, both
adapted to mine areas 1o efficiently extract HMs, including RMs. The results showed that
the studied native species were much more efficient than non-native species associated
with AM fungi from non-impacted areas. InTable§ n\eBl’\nlusolZnandSlnbuixmj
in this experiment (678 g and 1576 g, resp ) far exceed th b
report (159 g and 30.2 g, respectively) [31]. Thselesullsmybedmmlhenpphunon
of the AM fungal inoculum adapted to grow in metalliferous or contaminated soils that
possibly show specific mechanisms for the uptake and tolerance of toxic elements [32].
Several authors have confirmed that the momlannn with AM fungi adapted to these
soils i

Ihe ffici of bi di Ihmughgmlerihorplmnby
the external my and locati tol.heplam, iding better p ion against
stress [32,33). ThsresullmnﬁmlslhelmpauncedAMhmgAIstninsmpledmlheae

diti for their sub d soils.

Table 5. Bioextraction Potential (BF) of Zn and Srin the BR and the VOM for Badhurss saliciflia species.

Plant Species Higher Total Biomass in BR z_'"""‘& ;:hvnug
Bachars saliciblie 73104 678 1576 75 1576
3.4. Application of Hydrometallurgical Process
There is an increasing need to develop i i luati to impl
lallysushmblepntmml!tmmvadeRMsdele and to
on plant biomass by apy of p iques [19,31). Hyd: llurgical

pumssshaveawldermgedtﬁdtﬂapplnmmhminmgmdmmmmmm
for the remediation of polluted sites, for the recovery and purification of SRMs and CRMs
hunwasla,amlaﬂwkmmmerdalmuasvahmblemk[w,u-%q]

The results achieved in this i the
recwveryofSRMsandCRMsbyhydmmelal]uxglml wtmq\u w\!.hﬁnal pur[ﬁcatiun

by selecti 1l hmdlyandmst—e{fu:nveop
unn heyal!uwmhgspaﬂﬁc’ i gents and the appli of el

ques, the y of p melals at high degree of purity.
Theref, 1 this i igati aﬁmphmbyhbonmryexpeﬁmtswdlbe

mrdedonmasmmhgmh!egnhedpmcesdmmms&ingdah&d\mgph&edmumw
lated and concentrated SRMs and CRMs, and sub

methods. ﬂlemmanno!lhelemhingphaa-wmbemmad\a mvuydﬁ%ofpunﬁed
memb,mnmlnedandmmunhdmphmhiomsssﬂ:asdemummdhmbus

studies [19,31,37,35]. Regarding the p ion phase by el ical methods, the
smpewmbemmld\apumylzvelmerm[&—%]lhalwtllpemulmNusuialm.nseol
SRMs and CRMs in the context of a circular ch. In a sub step, an

lnle-gratedﬂowsheelmﬂbednmumlhhumdomhnhgaﬁmlsab-upollhepmcess
for industrial application.

l.Conclulm

Considering the actual worldwid ic and geopolitical si the technol
caladvancsinmeﬁeldofmotesendng&duﬂques(l.e,newaemmswnhmg\spaw
and spectral ion) and § ity to map the

pownuﬂdepodbdRMs,ax\dnmlosupplyﬂ'aevalmblsmmﬁcmmmmgwaste
in a direct, cost-effective, and rapid way.

In this study, we have i 2 |.he, tial of Senti "‘widenﬂfymddmfy
the different types of mining waste 1 similar mi I phases and spectral
ggnamms,andﬁmmmUenmapmmgnuewbjemduusraﬁmherphymm&
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References

diation and extraction of RMs from mine wastes. In previous works, we applied this
methodology on mining wastes of an open mine, obtaining encouraging results. In this
smdy,weapphedﬁnismeﬁmdologytolhe&emPinladauune,aswndwnlhmomdun
20 years, with logical and spectral ch in parison with
mines of previous case studies.

mn:nnhﬂono{phmsmthmhmgalspeﬂs.lsohbd(wmlheParamﬂ.losde
Uspalk proved the efficiency of the phytoextraction and bicaccu-
muhnmollulod\ﬂumousplxnupedm.TheAMfunglwmfoundinsoﬂswlml'ngh
content of Zn and Sr within the Paramillos de Uspallata mine, thus this could be related
to a positive effect on these RMs by improving their biy ion in the bi of
mycorrhizal autochthonous plant species. Three autochthonous plant species capable of
accumulating RMs under natural conditions were chosen to optimxze the bloe'xlmction
potential in the BR, through the adj of physicalch, 1 and biols P
prior to scaling-up to the VDM for obtaining an abund. ctive bioi of Sr and
ZrLOrdyMoplanlsspedes(Bﬂcdun’ssall?cy'du and Senecio subulatus) were tolerant of
ulecmmmmﬂmmndinmo{mm“dmrvivtd,bmmdyﬁmssdnfdumda

of bi with high ion of RMs el For further studies,

:m\dmnsmunnkwﬂlbeopumhedsoumaﬂphnlspmcmbew

Finally, the remote sensing technique will be applied by multitemporal analysis from
different sensors (ie., Landsat, Sentinel-2), to highlight the process of recolonization by native
vegetation in the mine and to identify the mining area for the phytoremediation process.

The followi ion can be d d at: hitps:
//u“wmdpm»m/muwmnwnunlmmw,-1  Table S1. Biomass af Racclaris salicifolia and
aerial and 4 30il (SC) and blank soil (BS) with inocuk

of AM fungi (M+) and without inoculation (M- ) in the BR. Tukey HSD Test-Homogeneous group
*—Ss: Senecto subulatus; Bs Baccharis salicifolia, M Mychorrized, A: aerial part, R: roots. B: blank—C:
contaminated soil.
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