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Resumen	en	castellano	
 1. Antecedentes 

El estudio de la contaminación del suelo es un tema complejo que 

engloba el análisis de fenómenos interdependientes como el transporte y la 

sorción de elementos contaminantes y la evaluación de estrategias de 

recuperación de suelos contaminados.  

La mayor parte de los estudios de investigación realizados se centran en 

analizar de forma parcial estos aspectos basándose, en la mayoría de los 

casos, en experimentos realizados bajo condiciones de laboratorio que deben 

ser paulatinamente corroborados en trabajos de campo. En este sentido, uno 

de los principales obstáculos que limitan el desarrollo y la aplicación 

eficiente de modelos para la descripción y prevención de estos fenómenos de 

contaminación es la propia heterogeneidad de las características físicas y 

químicas del suelo. Esta condición determina la existencia de fenómenos de 

no-equilibrio físico en el movimiento del agua que resultan determinantes en 

el transporte de solutos de cualquier naturaleza a través del suelo. Así, el 

fenómeno del movimiento de agua y solutos por vías de flujo preferencial es 

comun en suelos de muy distinta naturaleza (Flury et al. 1994) y pueden 

aumentar significativamente el transporte reactivo de elementos traza (Bundt 

et al. 2001; Knechtenhofer et al. 2003) produciendo un enriquecimiento 

aparentemente anómalo de dichas sustancias en horizontes profundos del 

suelo difícil de detectar y caracterizar mediante técnicas de monitorización y 

muestreo convencionales. 
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 1.1. Importancia del flujo preferencial como mecanismo 

de transporte  

 “Los caminos del flujo del agua a través del suelo son en muchas 

ocasiones, si no en la mayoría, altamente irregulares (Flury et al. 1994)”. El 

flujo preferencial se puede definir como el transporte rápido de agua y 

solutos a través de una fracción reducida del volumen total del suelo (Jury 

and Roth 1990). 

Tanto el propio fenómeno del flujo preferencial del agua como su 

influencia en el transporte de solutos han sido objeto de una intensa 

investigación, desde los trabajos de Omoti and Wild (1979) y posteriormente 

los de Beven and Germann (1982). La caracterización de estos fenómenos 

por medidas directas en condiciones de campo es complicado, debido a la 

propia variabilidad espacial y temporal del movimiento de agua y solutos 

(Garrido et al. 2001). Aun así, se pueden encontrar un gran número de 

estudios teóricos sobre los mecanismos físicos que generan estos fenómenos 

de flujo preferencial (Germann and DiPietro 1996) y su influencia en el 

transporte de sustancias reactivas. Sin embargo, es aún deficiente el grado de 

conocimiento que existe sobre los mecanismos geoquímicos asociados a 

estos fenómenos que intervienen en el transporte de elementos contaminantes 

y que pueden regular su biodisponibilidad en el medio. Es necesario 

identificar las propiedades físico-químicas que determinan la retención de 

estos elementos en la matriz del suelo, las cuales difieren según sean 

analizadas en zonas de flujo preferencial o matricial, ya que la masa de suelo 

que participa en las zonas de flujo preferencial está más expuesta a los 

procesos geoquímicos típicamente edáficos. Hasta la fecha destacan los 

trabajos de Bundt et al. (2000); Bundt et al. (2001abc); Hagedorn and Bundt 

(2002) y Knechtenhofer et al. (2003) en los que se han investigado la 

heterogeneidad espacial de las propiedades físicas y químicas del suelo, así 
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como las concentraciones de varios elementos contaminantes en relación con 

los patrones de movimiento de agua y transporte de solutos en suelos 

contaminados. La trascendencia de estos trabajos y la necesidad de 

ampliarlos, se centran en la importancia de determinar el mecanismo 

fundamental que domina el movimiento de los elementos contaminantes en el 

suelo. 

 1.2. El impacto del flujo preferencial sobre el 

medioambiente 

El suelo actúa como un filtro para los acuíferos, reteniendo una gran 

cantidad de sustancias potencialmente contaminantes que podrían estar 

presentes en la solución del suelo. La capacidad del suelo de filtrar y su poder 

de amortiguación de contaminantes depende de muchos factores, como la 

textura del suelo, porosidad, composición mineralógica, contenido en materia 

orgánica, etc. El transporte de contaminantes a través de caminos de flujo 

preferencial aumenta el riesgo de contaminación de los acuíferos debido a 

dos razones:  

1. La velocidad de infiltración aumenta en estas zonas de flujo, 

reduciendo el tiempo de residencia de los contaminantes en el suelo y por 

tanto, el tiempo disponible para su degradación bio-química. Como resultado, 

el contaminante puede alcanzar reservas hídricas subsuperficiales con mayor 

rapidez y en mayor concentración que cuando se asume solo el flujo matricial 

como único modo de transporte.  

2. En las zonas de flujo preferencial, la superficie de contacto con la 

solución del suelo (y su contaminante co-transportado) es bastante menor que 

en el caso de las zonas de flujo matricial. Esto hace que disminuya la 

posibilidad de retener contaminantes de la solución del suelo, ya que el 

transporte en estas zonas puede llegar a ser demasiado rápido para que se 

pueda establecer un equilibro de sorción (Jensen et al. 1998). 
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Ya a finales del siglo XIX Schumacher (1864) describió el efecto de flujo 

preferencial como: “La permeabilidad de un suelo durante la infiltración esta 

controlada principalmente por los poros grandes, en los cuales el agua no 

está sujeta a la influencia de las fuerzas capilares.” Posteriormente, otros 

autores han puesto de manifiesto que el flujo preferencial afecta al transporte 

de contaminantes: Tal es el caso de Isensee et al. (1990) quienes detectaron el 

herbicida atrazina en el acuífero poco después de su aplicación en la 

superficie del suelo. Igualmente, Scott et al. (1998) obtuvieron resultados 

similares al encontrar bacterias coliformes fecales procedentes de purines en 

las aguas subterráneas. En ambos casos, el suelo no actuó como filtro de 

contaminantes.  

Otros compuestos también son susceptibles de ser movilizados mediante 

estos mecanismos de no-equilibrio físico como radioisótopos (Bundt et al. 

2000), pesticidas (Ghodrati and Jury 1992), nutrientes como el fosforo (Toor 

et al. 2005), nitratos (Seo and Lee 2005), materia orgánica disuelta (Bundt et 

al. 2001), metales pesados como el plomo (Knechtenhofer et al. 2003) y 

metaloides como el arsénico (Hopp et al. 2006).  

 2. Hipótesis de trabajo 

Basándonos en estudios de referencia en este tema, se han propuesto las 

siguientes hipótesis: 

• Las propiedades del suelo de las zonas del flujo preferencial difieren 

de las que caracterizan la matriz del suelo. Las primeras responden a 

una mayor exposición a solutos externos, meteorización y flujos 

hídricos. 

• El flujo preferencial afecta a la distribución espacial de metales traza 

tóxicos en el perfil del suelo, de manera que en aquellas zonas la 

concentración de los metales es diferente que en la matriz del suelo. 
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Sin embargo, esta relación espacial entre concentración de metales y 

régimen hídrico es específica para cada elemento.  

• En las zonas de flujo preferencial existe un mayor desplazamiento 

descendente de solutos comparado con el característico de la matriz 

del suelo. 

• Existen otros mecanismos en el suelo que pueden atenuar este 

transporte aumentado como, por ejemplo, la acumulación de posibles 

adsorbentes en estas zonas. 

• Los mecanismos de retención de metal son diferentes entre la matriz 

del suelo y las zonas del flujo preferencial. 

 3. Objetivos 

El objetivo de esta tesis consiste en poner de manifesto la relación entre 

los fenómenos de flujo preferencial y la distribución y especiación de 

elementos traza tóxicos en suelos y sedimentos. 

Para ello se utilizarán técnicas de visualización y clasificación de 

dominios de flujo a la escala de pedón asi como métodos sistemáticos de 

muestreo del suelo. También se emplearán técnicas de especiación basadas 

en métodos de extracción química secuencial y espectroscopia de adsorción 

de rayos X. Mediante el uso combinado de estos métodos y técnicas se 

estudiará la relación entre los mecanismos de retención y el transporte de 

metales y el efecto que puede tener la heterogeneidad intrínseca del suelo en 

los procesos dinámicos de contaminación. 

El objetivo último de este proyecto consiste en entender los mecanismos 

fundamentales que controlan la lixiviación y retención de elementos traza 

tóxicos en un suelo afectado por contaminantes procedentes de diversas 

fuentes.  
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Además, se plantean los siguientes objetivos concretos: 

• Caracterización de la variabilidad espacial del flujo del agua en el 

suelo e identificación de los dominios de flujo resultantes. 

• Caracterización de la variabilidad espacial de las propiedades físicas, 

químicas y mineralógicas del suelo en cada dominio de flujo. 

• Caracterización de la variabilidad espacial del contenido total de 

metales. 

• Caracterización de los fenómenos de sorción de los metales en 

relación con los dominios de flujo y profundidad.  

• Caracterización de la variabilidad espacial de la especiación de los 

elementos contaminantes. 

• Determinación de los principales fenómenos de sorción en función de 

los dominios de flujo y profundidad. 

 4. Metodología 

 4.1. Caracterización física, química y mineralógica de los 

horizontes de los suelos  

Para la realización de este proyecto se han seleccionado tres escenarios, 

caracterizados por presentar suelos o sedimentos de diferentes características 

y afectados por concentraciones altas de elementos tóxicos. En cada uno de 

los tres escenarios elegidos se hizo un estudio básico de caracterización 

edafológica. Esta caracterización general se realizó en muestras del suelo 

colindantes a las parcelas en las que se realizó el resto de la investigación 

planteada. 
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 4.2. Caracterización experimental de los dominios de 

flujo de agua 

Mediante la utilización de pequeños aspersores conectados a una bomba 

eléctrica, se irrigó la superficie de la parcela con una solución de 

concentración aproximada de 3 g L-1 de tinte Azul Brillante FCF (CI 42090) 

durante un periodo de una hora, al término de la cual la parcela permaneció 

inalterada durante 24 horas. La elección de este colorante se justifica por su 

movilidad, visibilidad y baja toxicidad (Flury and Fluhler 1994). Una vez 

terminado el procedimiento de tinción y pasadas las horas establecidas desde 

la aplicación del colorante, se abrieron perfiles de suelo con el fin de 

visualizar el patrón de distribución del flujo de agua y acometer un muestreo 

sistemático e intensivo de los mismos. En cada una de las muestras tomadas 

se determinó de manera semi-cuantitativa la concentración del tinte con un 

colorímetro de reflectancia.  

 4.3. Caracterización de la variabilidad espacial de los 

metal(loid)es y de las propiedades del suelo 

Se realizó una regionalización espacial de los dominios de transporte para 

cada perfil, utilizando para ello técnicas de reconocimiento de patrones, como 

los métodos de clustering. A partir de esta regionalización y para un nivel de 

error estadístico conocido, se realizó una selección aleatoria de muestras para 

el estudio de las propiedades edáficas asociadas a cada dominio o región de 

transporte. En estas muestras se analizó el pH, el contenido en bases de 

cambio y carbono orgánico, así como las distintas formas de Al y Fe. 

Además, se determinaron los contenidos totales en elementos contaminantes. 

A partir del conjunto de muestras seleccionadas, se realizó un segundo 

procedimiento de selección de muestras. En este grupo se realizó una 
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extracción secuencial por vía química de los elementos contaminantes que 

presentaban mayores concentraciones en los suelos. 

 4.4. Determinación de los fenómenos fundamentales de 

sorción en función de los dominios de flujo 

En muestras seleccionadas de los conjuntos anteriores se estudiaron los 

mecanismos de sorción por los cuales se retienen los elementos 

contaminantes en la matriz del suelo. Para ellos, se utilizaron las técnicas de 

microscopía electrónica de barrido y espectroscopia de absorción de rayos X 

(XAS) basada en la utilización de radiación sincrotrón.  

 5. Conclusiones generales  

 5.1. Flujo preferencial y su impacto sobre las propieda-

des del suelo  

El objetivo de este trabajo consistió en estudiar el efecto de los 

fenómenos del flujo preferencial sobre la distribución y especiación de 

elementos traza tóxicos en suelos y sedimentos de diferentes génesis. 

Mediante el uso de las técnicas y protocolos de muestreo expuestas, se 

obtuvo la relación entre los mecanismos de retención y el transporte, el 

carácter dinámico de los procesos de contaminación y la heterogeneidad del 

suelo. Más concretamente, del presente estudio se han podido obtener las 

siguientes conclusiones:  

• La existencia del flujo preferencial se ha comprobado en todos los 

suelos estudiados, independientemente de sus características físicas y 

sus orígenes.  

• En los tres escenarios estudiados, los dominios de flujo identificados 

presentan diferencias significativas en algunas propiedades. Las 
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propiedades que difieren cuantitativamente entre los distintos 

dominios varían de un escenario a otro.  

• Los fenómenos de flujo preferencial tienen un efecto específico sobre 

la distribución de cada elemento químico. La razón de este 

comportamiento es que la distribución de los elementos puede estar 

condicionada por los procesos físicos de flujo preferencial junto con 

las condiciones geoquímicas del suelo.  

• Existen otros procesos que contrarrestan el efecto de este transporte 

aumentado. La capacidad de sorción en los caminos de flujo 

preferencial puede ser mayor que en el resto de la matriz del suelo, 

debido a una acumulación de posibles adsorbentes como materia 

orgánica u óxidos de hierro amorfos. 

• Los dominios de flujo preferencial en el suelo son una importante vía 

de transporte de contaminantes a horizontes más profundos, lo que 

supone un incremento en el riesgo de contaminación de las reservas 

hídricas subsuperficiales.  

• Las condiciones físicas de no equilibrio en las que el agua y los 

solutos se infiltran en el suelo tienen un efecto sobre el transporte de 

los metaloides en suelos y sedimentos. 
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 1.1. Importance of preferential flow as transport 

mechanism 

“The flow pathways of water through field soils are in many, if not most, 

cases highly irregular.” (Flury et al. 1994) 

 1.1.1. Preferential Flow  

Two types of water flow in the soil can be distinguished, uniform (i.e. 

matrix) and non-uniform (i.e. preferential) flow. The first one describes a 

rather slow movement through the whole active pore space of the soil. The 

second one, preferential flow, can be defined as fast transport of solutes and 

water through only a reduced part of the total soil volume (Jury and Roth 

1990) (Figure 1.1).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Flow 
pattern and dye 
coverage created by  
uniform (i.e. matrix) 
flow (A) and non-
uniform (i.e. 
preferential) flow (B) 
(modified from 
Flury, Flüher et al. 
1994). 

0

20

40

60

80

100

0 20 40 60 80 100

D
ep

th
 [c

m
]

Trench length [cm] Dye coverage [%]
0 50 100

0

20

40

60

80

100

0 20 40 60 80 100

D
ep

th
 [c

m
]

Trench length [cm] Dye coverage [%]
0 50 100

A

B



Chapter 1: Introduction 
 

3 

The term preferential flow does not imply any particular mechanisms, but 

it is usually referred to three distinct physical processes: macropore flow, 

fingering (unstable flow), and funnelled flow (Ogawa et al. 2002): 

Macropore flow describes the flow through pores especially in fine grained 

soils with an equivalent diameter larger than 0,3 mm, such as biopores made 

by burrowing animals or plant roots, fissures between soil aggregates in 

expandable clay soils or voids between aggregates in ploughed soil (Jarvis 

2007). The large diameter of those pores reveals any capillary forces and led 

to a fast drainage into deeper soil layers. Fingered flow, or recently defined 

as column flow (Morales et al. 2010) forms in light (= sandier) soils as 

compared to those where macro pore flow could occur.  

Wetting front instabilities caused by 

water-repellent soil particles, trapped air 

or an increase of soil hydraulic 

conductivity with depth, are the causes 

that in these macroscopically homogenous 

soils infiltration occurs inhomogeneously 

along narrow paths. Funnelled flow forms 

when infiltrating water flows laterally 

along capillary barriers (e.g. sand lenses) 

and become this way more concentrated 

after passing the lower edge of this interlayer, trigging there column flow 

(Kung 1990) (Figure 1.2). 

 1.1.2. Properties of preferential flow paths 

Preferential flow paths can be stable for a long period of time (Hagedorn 

and Bundt 2002). This temporal persistence of PF was also described in 

homogeneous sandy soils (Glass et al. 1989; DiCarlo et al. 1999). Due to this 

temporal and spatial persistence, qualitative/bio-geochemical differences 

Figure 1.2: Schematic diagram of 
funnel flow triggering finger flow 
(modified from Kung 1990). 

column flow

coarser layer

incoming uniform flow
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between the soil matrix and preferential flow path may form: For instance, 

Hagedorn et al. (1999) described a faster nitrogen turnover in preferential 

flow paths than in the soil matrix. Similarly Bundt et al. (2001a) reported a 

faster N cycling in these flow paths and a general younger organic matter. 

The same author found as well a higher sorption capacity for Cu within the 

preferential flow paths than in the soil matrix (Bundt et al. 2001c).  

Morales et al. (2010) highlighted the importance of microbial activity in 

the vicinity of preferential flow paths in the soil. The accumulation of iron 

and magnesium along soil macropores, becoming manifested by coating 

along the walls of these macropores has also been reported by Jensen et al. 

(2002). Wilcke and Kaupenjohann (1997) on the other hand, described the 

depletion of geogenic metals like iron on the exterior of soil aggregates – 

equivalent to macropore walls - and the enrichment of atmospheric derived 

metals due to air pollution on the aggregate exterior in more bioavailable 

forms.  

A study of Richards et al. (1998) described preferential flow paths as 

quick conducts for complexed, non-reactive metals. Although they did not 

find any accumulation of metals along those paths, neither an increase of 

subsoil metal concentration in comparison with the top soil they arrived to 

this conclusion by performing mass balances of the topsoil application layer 

as source of contamination. They ascribed a large apparent loss of metals 

from this layer to enhanced transport via preferential flow out of the soil 

profile. The same authors also pointed out the importance of source 

conditions of metals that will strongly control how they will interact with the 

flow paths. The results of the cited studies show that there is evidence that 

preferential flow paths have distinct chemical properties than the soil matrix. 

But they also show that the effect of the existences of those flow paths in the 

soil cannot be generalized. In some cases, an accumulation of one element 

along these flow paths was observed; in other studies a depletion of the same 
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element was described. This points out the importance of knowledge of the 

metal species (See Chapter 1.3) when evaluating the effect of the PF.  

Overall the existence of those flow paths might account for an enhanced 

transport of contaminants from the soil surface into deeper soil layers, 

reducing the filter function (See Chapter 1.1.3) of the soil drastically. 

 1.1.3. The impact of preferential flow on the environment  

The soil acts as a filter for the groundwater, screening out many 

substances that could be present in the soil solution. Superficially deposited 

pollutants have to pass the soil before reaching the aquifer. On its passage 

they can be retained, bond and if possible degraded by different soil 

components. The capacity of the soil to filter and buffer incoming pollutants 

depends on several factors, such as the soil texture, its porosity, mineralogical 

composition, organic matter content.  

The transport of pollutants through preferential flow paths increases the 

danger of groundwater contamination mainly because of three reasons:  

• The higher infiltration rate in this flow domains decreases 

contaminant residence time in the soil and consequently reduces the 

time available for potential bio-chemical degradation within the soil. 

The contaminant can arrive faster and more concentrated to the 

groundwater than it would be assuming just matrix flow as unique 

transport mechanism.  

• By concentrating in those flow paths, the contact area between soil 

solution (and its co-transported contaminants) and soil particle surface 

is very much reduced compared to matrix flow.  

• The enhanced transport along these preferential flow paths decreases 

the possibility to retain the contaminants from the soil solution, 

because the transport in these paths is too fast to establish sorption 

equilibria (Jensen et al. 1998). 
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Already in the late 19th century the effect of preferential flow was 

described by Schumacher (1864): “The permeability of a soil during 

infiltration is mainly controlled by big pores, in which the water is not held 

under the influence of capillary forces.” Evidence that preferential flow 

affects the transport of pollutants was described later on: Isensee et al. (1990) 

detected the herbicide atrazine shortly after application to the soil surface in 

the underlying aquifer. Scott et al. (1998) had very similar findings; they 

found faecal coliform bacteria derived from manure in the groundwater. In 

both cases the soil apparently did not act as the filter as expected. 

Nowadays the effect of preferential flow on the solute transport and 

distribution has been described for several substances such as radionuclides 

(Bundt et al. 2000), pesticides (Ghodrati and Jury 1992), nutrients like 

phosphorous (Toor et al. 2005), nitrate (Seo and Lee 2005) and dissolved 

organic matter (Bundt et al. 2001a), heavy metals like lead (Knechtenhofer et 

al. 2003) and metalloids like arsenic (Hopp et al. 2006). 

 1.1.4. Identification of preferential flow under field 

conditions  

Different experimental techniques have been used to identify preferential 

flow paths and to study their characteristics such as X-ray computed 

tomography (Grevers et al. 1989; Peyton et al. 1994) and 

micromorphological analysis of soil thin sections (Grevers et al. 1989; 

Aguilar et al. 1990). Dye tracer experiments have been established in the past 

as frequently used method to visualize preferential flow paths of water and 

solutes in soils, in laboratory experiments (Camobreco et al. 1996; Mooney 

and Morris 2004) or under field conditions (Ghodrati and Jury 1990; Flury et 

al. 1994; Weiler and Flühler 2004), although having the downsides being 

destructive, one-time resulting and providing records after the event. 
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As a critical annotation it should be noted that the experimental 

conditions for this kind of experiments are not standardized. A wide variety 

of irrigation rates, dye concentrations, ratios of sprinkled area to studied area, 

as well as the waiting time after irrigation, are reported (Richards et al. 1998; 

Hagedorn and Bundt 2002; Kasteel et al. 2002; Knechtenhofer et al. 2003; 

Weiler and Flühler 2004). 

The ideal tracer for such studies in the vadose zone does not exist. It is 

always a trade-off between different demands. According to Flury and Wai 

(2003) the following requirements should be taken into account when 

choosing a tracer: 

• It should be conservative, i.e. it should not adsorb to any soil 

components, not degrade within the time of the study.  

• It should be an alien for the soil-water system, which means it should 

have a low background concentration.  

• It should not affect the soil-water chemistry.  

• It should be easily detectable chemical analysis or visually.  

• It also should have a low environmental impact.  

Tracers that sorb onto soil components and hence are retarded during the 

journey through the soil are categorized as non-conservative tracer. What 

apparently seems like a disadvantage might be desired, depending on the 

research purpose interest: When the aim of the study is to visualize the actual 

flow paths after dye application, a certain degree of adsorption is 

indispensable. Therefore the ideal dye for visualizing visualising flow paths 

in the soil is a weakly adsorbing but having a marked sorption hysteresis so 

that it maintains a record of contact with the leaching solution on the soil 

surface (Morris et al. 2008).  

The food colorant Brilliant Blue FCF employed in this work is widely 

used as non-conservative tracer to visualize the flow pathways of water in 

soil (Flury and Fluhler 1994; Bundt et al. 2001a; Knechtenhofer et al. 2003; 
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Kasteel et al. 2007; Kramers et al. 2009). It is chosen because of its low 

toxicity, a good visibility and its high mobility. It is also stable over a wide 

range of pH and ionic strength (Flury and Fluhler 1994).  

 1.2. Studied sites  

In this work the influence of preferential flow phenomena on the spatial 

distribution and chemical speciation of toxic elements in soils was studied in 

soils with different textures, mineralogical composition, chemical properties 

and different sources of contamination. By choosing a wide variety of soils, it 

can be assumed that different preferential flow types (e.g. macro pore flow or 

column flow – See: Page 3) and pollution processes can be encountered. The 

chosen sites were distributed over the Iberian Peninsula as shown in Figure 

1.3.  

Furthermore the source of contamination was taken into account when 

choosing possible experimental site. The first two scenarios are sites were a 

former unpolluted soil got contaminant intake via the soil surface (by diffuse 

atmospheric deposition in the first site and direct input in the second, 

respectively). The last site, a fluvial sediment created by mining activities, 

itself could be entitled as source of contaminant. The deposited material 

originates from mining residues upstream and shows high concentrations of a 

wide range of environmentally problematic elements.  

In addition, while in the first and third studied sites the infiltrating water 

moves principally vertically through the soil; a horizontal component is 

present during the infiltration process in the second site due to its location on 

a slope. 



Chapter 1: Introduction 
 

9 

Figure 1.3: Studied sites located on the Iberian Peninsula. Experimental sites are 
marked with a dot. 

 1.2.1. La Poveda  

Elevation: 535 m  

Coordinates: 30 T 45 8830 m E 44 62760 m N 

The studied site is located within the La Poveda Field Station (CSIC), 

located in Arganda del Rey, 25 km southeast of Madrid. The farm is situated 

in the Jarama river basin, with a flat topography and a fairly uniform soil 

classified as Calcaric Fluvisol (Sanz-Cobena et al. 2008). According to the 

Köppen Clima Classification System, the site belongs to the Mediterranean 

climate zone (Kottek et al. 2006) with a mean annual temperature and 

precipitation equal to 14,4º C and 420 mm, respectively.  

The studied plot was situated at the margin of the farm next to a primary 

highway, connecting an industrial dominated suburb of Madrid with the 

motorway access to Madrid. The traffic volume on the road on weekdays is 

high, traffic jams are formed on a daily basis. 
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The experimental plot 

was situated on a 

leveled 10 m wide 

undisturbed soil strip 

between the acre and 

the road (Figure 1.4). 

Several studies (Turer 

et al. 2001; Roulier et 

al. 2008) have shown 

that soils adjacent to 

busy roads can feature 

large concentrations of 

relictic lead arising motor exhaust emissions, although the addition lead 

compounds to fuel as anti-knock agent was banned in the beginning of the 

century in the European Union (Directive 98/70/EC). 

 1.2.2. Guadalix de la Sierra 

Elevation: 930 m 

Coordinates: 30 T 44 2146 E 45 12300 N 

This site is located close to Guadalix de la Sierra, a small town located 60 

km north of Madrid, at the foot of the Sistema Central mountain range. The 

soils in the area were classified as Umbric Leptosols and Cambisol (De 

Miguel 2002). 

In this area several abandoned midget mines were active during the 

Second World War for tungsten extraction for weapon production (Recio-

Vazquez et al. 2011). Metamorphic rocks (like gneiss, schist, amphibolite, 

marble and quartzite) with a dense network of pegmatite bodies and 

mineralized hydrothermal quartz veins dominate the geology of this area. 

Those pegmatite bodies show large masses of sulphides, partially weathered. 

Figure 1.4: Schematic plan of plot site and experiment set-
up in La Poveda. 
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The studied site lies in the vicinity of an abandoned processing plant. In 

an earlier study in this site, 

Recio-Vazquez et al. (2011) 

found arsenic concentration up 

to 16,5 g Kg-1 in the topsoil, 

exceeding almost 700 times 

the allowed arsenic 

concentration of 24 mg Kg-1 in 

soil in non-urban or industrial 

used soil (Comunidad de 

Madrid 2006).  

The actual experimental 

plot was situated in a levelled 

portion within the riverbed of a small stream that seasonally collects surface 

runoff from the arsenic bearing waste pile. The horizontal distance between 

the pile and the experimental site is approximately 25 m upstream with an 

elevation difference of approximately 3 m (Figure 1.5). 

 1.2.3. São Domingos Mine (Portugal) 
Elevation: 90m 

Coordinates: 29 S 63 1085m E 41 66233 m N 

The studied site is situated in the underflow of the abandoned São 

Domingos Mine (SDM) (Beja District, South Portugal), located within the 

Iberian Pyrite Belt (IPB), one of the largest metallogenetic provinces of 

massive sulphides in the world with original reserves estimated around 1.700 

Mt, totalling 14,6 Mt Cu, 13,0 Mt Pb, 34,9 Mt Zn, 46.100 t Ag and 880 t Au 

(Leistel et al. 1997). 

The beginning of the exploration of the SDM massive sulphides deposits 

dates back to pre-Roman times. Mainly S, Cu, Zn, Pb and Au have been 

Figure 1.5: Picture of abandoned processing plant 
with waste pile and experimental site in the 
foreground. 
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exploited. The ore mineralogy is dominated by pyrite (FeS2) with smaller 

amounts of chalcopyrite (CuFeS2), galena (PbS) and sphalerite (ZnS) and 

minor minerals like arsenopyrite (FeAsS) or bismuth and antimony 

sulphosalts (Rosado et al. 2008). 

During the industrial revolution the mining in the region reached its 

climax. The peak production occurred from 1858 to 1966, in 1966 mining 

and related activities in SDM were ended, since then the site is abandoned. 

The intense and prolonged mining activity created a variety of wastes 

depending of the ore extraction and processing labour, time of generation, the 

main types are slags, smelting ashes and pyrite-rich waste dumps (Pérez-

López et al. 2008).  

A series of channels and reservoirs connect the mine with the natural 

fluvial system. The site finally drains to the Guadiana River (about 14 km 

away), the border river between Spain and Portugal in this area. The existing 

reservoirs were built to decrease the impact of the mine effluent by forcing 

the settlement of suspended material in the effluent and reducing the effluent 

volume by evaporation and infiltration. This system is now in disuse, but 

stills bears large quantities of sediment derived from the mine activity (Pérez-

López et al. 2008). 

The most important environmental problem in mine impacted sites like 

this, derives from the sulphide (mainly pyrite) oxidation contained in the 

residues, creating an extreme acid leachate with high contents of sulphates, 

metals and metalloids, known as acid mine drainage (AMD). 

The experimental site was located within the river bank area of the São 

Domingos river, that carries water from the abandoned mine. 
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Figure 1.6: Overview over São Domingos Mine (SDM) area A) Deserted and flooded 
open pit mine (Picture kindly provided by fmcardeira (picasaweb.google.com)) B) Pond 
with AMD in the foreground, former sulphur factory and waste piles in the 
background C) Experimental site some km downstream of SDM. 

 1.3. The role of chemical speciation in the reactivity and 

mobility of contaminants in the soil  

The availability, toxicity and mobility of pollutant elements in the soil do 

not only depend on the total concentration, but also on their chemical forms 

or species. As mentioned in Chapter 1.1.2, the knowledge of the metal 
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species when evaluating the effect of the preferential flow phenomena is 

important. To understand and estimate the behaviour of an element of interest 

in the soil it is important to be able to characterize the chemistry and existing 

forms under natural conditions.  

As speciation one understands the process of identification and 

quantification of the different defined species, forms or phases in which an 

element occurs in the material or the actual description of the quantity and 

variety of species (Ure and Davidson 2002).  

The term chemical species, in turn, can be subdivided in three classes:  

1. As functionally defined species (e.g. plant available species) where 

the species are defined by their role.  

2. As operationally defined species, characterized by the procedure of 

isolation and identification (e.g. acid ammonium oxalate extractable 

fraction). 

3. As specific chemical compounds or oxidation states (e.g. methyl-

mercury, AsH3, . .).  

However, according to the recent recommendations of the IUPAC 

(International Union for Pure and Applied Chemistry) regarding the 

terminology of chemical speciation (Templeton et al., 2000), the term species 

should be restricted to the latter class. Accordingly, the former two classes 

are termed as fractionation, which is the process of classification of an 

analyte or a group of analytes from a certain sample according to physical 

(e.g. size, solubility) or chemical (e.g. bonding, reactivity) properties (Van 

Herreweghe et al. 2003).  

Sequential extraction methods are commonly used to assess potential 

mobility of contaminant elements in soils (Wenzel et al. 2001). There are 

different extraction procedures have been established for this purpose 

(Kaasalainen and Yli-Halla 2003; Tessier et al. 1979; Shuman 1985; 

Quevauviller et al. 1994). However, these operationally defined fractions are 
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set based on the chemical properties of the extractants and these are not 

totally phase-specific (Manceau et al. 1996). The results of these extractions 

are often highly sensitive to the experimental conditions, cross-contamination 

and re-distribution between the different extraction steps (Bacon et al. 2005). 

But in combination with other techniques such as X-ray diffraction, 

transmission electron microscopy and/or X-ray absorption spectroscopy the 

results can be verified, corroborated and specified (Root et al. 2009). 

 1.4. Metal(loid) speciation in contaminated soils and 

sediments by X-ray absorption spectroscopy (XAS) 

In the present work, XAS techniques were applied to identify the 

different chemical species of arsenic and iron in the soil within selected 

samples.  

 1.4.1. Principles of XAS  

The principle of this technique is based on the absorption of X-rays by 

matter over a range of incident X-ray energies, expressed by the absorption 

coefficient µ (E). This process is caused 

by the excitation of an electron from a 

deep core state of an atom to an empty 

bound state or to a continuum state. 

This transition occurs when the energy 

of the incident X-ray photons equals the 

energy required for excitation. The 

production of photoelectrons by this 

process is the primary cause of X-ray attenuation by matter (Brown et al. 

1988) (Figure 1.7).  

Figure 1.7: Schematic representation of 
the photoelectric effect. 
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 To illustrate the principle of XAS, the X-ray absorption spectrum of Cu 

metal is shown exemplarily in Figure 1.8 over 

a wide energy range (0 – 12.000 eV). By 

plotting the absorption coefficient versus 

energy two absorption edges can be observed, 

one at lower energy (930 – 1.100 eV) and one 

at higher energy (8.980 eV). The later one 

corresponds to the so called K-edge, caused by 

the excitation of K-level (1s) electrons to the 

lowest energy, unoccupied of partially 

occupied level in copper metal (3d level). The 

lower energy absorption edge, actually 

comprised by three maxima, is called the L-

edge, caused by the excitation of LI (1.097 eV), LII (952 eV) and LIII (932 

eV) electrons to unoccupied levels in copper metal. 

Each element has defined electron 

binding energies (Figure 1.9). This 

energy increases as the atomic 

number of the element increases, 

because they have more positively 

charged nuclei from a greater 

number of protons, and therefore, 

they have a greater binding energy 

of an electron in a given atomic orbital (Kelly et al. 2008). These energies 

vary in different compounds relative to these values by as much as ± 10 eV 

because of differences in electronic energy levels caused by different nearest-

neighbor bonding geometry and different absorber oxidation states.  

Figure 1.8: X-ray absorption 
spectrum of copper metal 
(modified from Brown et al. 
(1988)). 

Figure 1.9: X-ray energy for the K and LIII 
edge ordered by the atomic number. 
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The adsorption spectrum of an element can be divided into two different 

regions (Figure 1.10A): 1. X-ray Absorption Near Edge Structure (XANES) 

and 2. Extended X-Ray Absorption Fine Structure (EXAFS). The XANES 

spectra yield electronic and 

structural information with 

regard to the adsorbed ion, 

and are often used to 

determine the oxidation state 

and the local electronic 

structure within a sample. 

The EXAFS reveals the 

number of neighbouring 

atoms, coordination number, 

their (interatomic) distance 

towards the center atom, and 

the grade of disorder in the 

structure. All this 

information is useful to identify and quantify major mineral phases, 

adsorption complexes, and crystallinity. 

 1.4.2. X-ray absorption near edge structure (XANES) 

The XANES is the part of the absorption spectrum close to the absorption 

edge (approximately -50 to + 200 eV around the peak maximum) (Figure 

1.10A), often characterized by intense, sharp features.  

The oxidation state of the element of interest and its binding environment 

significantly affects the shape of the absorption edge. The edge energy for an 

element in a higher oxidation state is usually shifted by up to several 

electronvolts to a higher X-ray energy as shown in the case of arsenic in 

Figure 1.11.  

Figure 1.10: A) Nickel (NiO) K-edge spectra. 
XANES and EXAFS region are highlighted. B) 
Nickel as center atom (grey) and four of six 
neighboring oxygen atoms below the absorption edge 
C) Just above the absortion edge D) Further away 
from the absorption edge (modified from (Kelly et al. 
2008). 
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An approach to describe 

XANES data quantitatively 

and qualitatively is the so 

called “fingerprint” method 

(Behrens 1992b), trying to 

reveal information by 

comparing XANES spectra of 

the sample with a series of 

reference samples which are 

chosen to provide a step-wise 

change in a certain structural 

or electronic parameter. 

 1.4.3. Extended X-Ray Absorption Fine Structure (EXAFS)  

The Extended X-Ray Absorption Fine Structure (EXAFS) part of the 

spectrum contains the normalized oscillatory part of the absorption 

coefficient above the absorption edge to approximately 1.000 eV or higher 

(Figure 1.10).  

The interaction of the photoelectrons can be described as wave-a-like, 

spreading out from the central atom and being reflected from the atoms 

around the central absorber:  

The basic physical process leading to the oscillations of the absorption in 

the EXAFS region is backscattering of the ejected photo electron by the 

electron shells of neighboring atoms. Depending on the wavelength, this 

scattering leads to destructive (Figure 1.10B) or constructive (Figure 1.10C) 

interferences at the position of the absorbing atom. Correspondingly, maxima 

and minima in the absorption are observed, leading to the oscillations known 

as EXAFS. 

Figure 1.11: Arsenic K-edge XANES spectra of
As(V) (up) and As(III) adsorbed to ferrihydrite
from. The dashed lines mark the approximate
position of As(III) and As(V) compounds.
Modified from Voegelin et al. (2007). 
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The frequency of these oscillations is related to the distance between the 

absorbing and the neighboring atoms and the amplitude is related to the 

number of neighbors and the degree of local molecular bonding disorder 

(Behrens 1992a). 

 1.4.4. Synchrotron and beamline setup 

 X-ray absorption techniques require a monochromatic X-ray beam 

produced in a synchrotron facility. The acceleration needed to create the high 

energy beam occurs step wisely in this kind of particle accelerators (Figure 

1.12): Electrons are typically being accelerated in the accelerator gun toward 

a subsequent linear accelerator (LINAC) where a further acceleration occurs. 

The last acceleration step is the booster ring, where the beam achieves its 

final velocity, travelling now close to the speed of light. The storage ring is 

the final destination of the accelerated electrons. More precisely it is a round-

corned polygon with magnets in each corner that bends the particle beam; 

this causes X-rays with a broad spectrum of energies (white light). 

The actual experimental 

sites are the beamline (BL) 

that are placed tangential to 

the storage ring. The 

incoming beam is modified 

by a monochromator to 

choose the needed X-ray 

energy (very much like a 

prism) for the experiment. 

The X-ray energy is 

determined by the angle of 

the monochromator crystals 

relative to the incident X-ray beam. Since this alignment has certain range 

Figure 1.12: Schematic diagram synchrotron of a 
synchrotron-radiation facility. 
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and due to the fact that the temperature of the monochromator affects the 

mean crystal spacing, the monochromator energy is typically calibrated at the 

start of data collection and monitored throughout an experiment using the 

absorption edge of a reference compound. 

The accessible part of the BL for users is usually placed in a radiation 

shielded container, called hutch. To give access to the hutch for sample 

manipulation or other purposes, a beam stopper (usually made out of lead) is 

put in front of the beam, absorbing all the beam energy and cutting of this 

way the radiation. With the downstream slits the incoming beam is shaped 

and defined.  

 1.4.5. XAS detection modes 

Mainly two modes are employed to collect XAS data, either in 

transmission or fluorescence geometry as shown in Figure 1.13. In 

transmission mode the beam goes through the first ionization chamber (I0) to 

measure the incident X-ray, then through the sample and lastly through a 

second ionization chamber (I1) to measure the number of transmitted (or 

better said not absorbed by the sample) X-ray. For the fluorescence mode the 

X-rays are usually measured at a 90° angle relative to the incident beam 

direction, with the sample being positioned in between at a 45º angle (IF). 

The 90° angle between the detector and the incident beam direction is used 

because the fluorescence X-rays are emitted from the sample isotropically, 

while the intensity of the scattered X-rays is a minimum at 90° (Kelly et al. 

2008). 

The transmission mode is suitable for samples with higher element 

concentration (> 1%); whereas fluorescence mode is applied for samples with 

low concentration (ten to hundreds ppm), since both modes can be used at the 

same time, a simultaneous collection of both spectra is being practised, to 

compare later on the best measurement (Kelly et al. 2008).  
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 1.4.6. Application of XAS in geochemistry 

Synchrotron X-Ray Absorption Spectroscopy (XAS), including Extended 

X-Ray Absorption Fine Structure (EXAFS) and X-ray Absorption Near-Edge 

Structure (XANES) analysis is an ideal, nondestructive tool for the study of 

metals and metalloids in complex environmental samples such as soils and 

sediments. The use of XAS techniques allow to determine contaminant 

speciation and their local molecular coordination. One of the advantages of 

this technique, over others for soil and sediment samples, is its applicability 

without any needs for special sample preparation prior measurements. Care 

must only be taken when working with oxidation-sensitive elements, to 

ensure that the molecular state of the element of interest is not significantly 

altered between the time of sampling and the time of data collection.  

The importance of an extensive reference library has to be pointed out. To 

identify and quantify the different species of an element present in the 

sample, the existence of reference spectra of synthesized or isolated and 

I1

I0

IF

Sample holder

Slits

Beam stopper

Incoming x-ray

Kapton window

I2

Figure 1.13: Schematic set up of a beamline. 
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purified standards that have molecular-scale properties similar to the species 

of an element expected in the sample is indispensable.  

 1.5. Environmental importance of studied elements  

In the different studied sites, accumulation of various metal(loid)s in the 

soils were found. Arsenic and lead were the elements found being the most 

harmful to the environment, for 

this reason their properties should 

be examined in more detail. 

Global background concentrations 

for these elements in 

uncontaminated soils are shown in Table 1.1 to assess later on the metal(loid) 

concentrations found in the studied sites.  

 1.5.1. Arsenic 

Although found in low concentrations, arsenic is widely distributed in the 

environment. It is a major component in more than 200 minerals (Nriagu 

1996). The most abundant As ore mineral is arsenopyrite, FeAsS (Smedley 

and Kinniburgh 2002).  

This element has been used for a whole range of different applications 

during the history of mankind in medicine, agriculture, livestock, electronics, 

industry and metallurgy (Mandal and Suzuki 2002). Because arsenic is often 

associated with minerals exploited for their copper, nickel, cobalt, silver and 

tin, it has been produced as by-product of the mining of these metals 

(Vaughan 2006). 

The knowledge of its toxicity is also long existent; Napoleon Bonaparte is 

probably the most famous (known) victim of arsenic poising (Vaughan 

2006). 

Table 1.1: Metal(loid) background 
concentration in soils (modified from Blume 
et al. (2010)). 

Element Background concentration  

As 4 – 22 [mg Kg-1] 

Pb 35 – 130 [mg Kg-1] 
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 1.5.1.1. Sources 

Two different sources for arsenic contamination can be distinguished 

based on their origin: 1) geogenetic processes or 2) anthropogenic activities. 

Arsenic released through geogenetic (i.e. natural) processes such as 

weathering of As bearing minerals/rocks and sediments (such as arsenopyrite 

(FeAsS), realgar (As4S4) or orpiment (As2S3)), hydrothermal ore deposits, 

volcanic eruptions, geothermal activities, forest fire, windblown dust, and sea 

salt spray may be transported over long distances as suspended particulates or 

gaseous forms through water or air (Nriagu et al. 2007). 

Human activities in the past and present such as mining, ore processing, 

chemical industry release large quantities of As to the environment. 

Furthermore arsenic containing compounds are widely used as desiccants, 

feed additives, chemical warfare agent, constituents of organic and inorganic 

pigments and drugs, as well as an alloying element (Nriagu et al. 2007). 

The oxidation of As-bearing sulphide minerals (such as arsenopyrite 

[FeAsS]) exposed to the atmosphere due to mining activities can occur 

through different mechanisms: through roasting of arsenical ore or through 

acid mine drainage (AMD). AMD is created by the weathering of sulphide-

bearing rocks usually present in large amounts in mine tailing resulting in 

creating of sulphuric acid causing a decrease in pH in effluent/outflow. 

 1.5.1.2. Behavior in the soil 

Typical arsenic background concentrations in uncontaminated soils are 

given in Table 1.1. Much higher levels (by factors of 1.000 or even higher) 

can be found in soils and sediments affected by mining, smelting or other 

industrial activities (Vaughan 2006). 

The mobility of arsenic in the soil is highly dependent on its redox state. 

Arsenic occurs predominantly in soils in two oxidation states:As+3 in 

arsenites and As+5 in arsenates. The As3+ form is significantly more mobile 
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and toxic in the environment than the arsenate. The latter predominates in 

aerobic or oxic soils, whereas arsenite is prominent in reduced or anoxic soils 

(Nriagu 1996).  

In contrast to most toxic trace metals which occur in solution as cations 

(e.g. Pb2+, Cu2+, Ni2+, Cd2+, Co2+, Zn2+), becoming generally increasingly less 

mobile as the pH increases, most oxyanions including arsenate tend to 

become less strongly sorbed as the pH increases (Dzombak and Morel 1990). 

Mineralogically, arsenates are usually considered a subclass of the 

phosphate mineral group because of the similarity in size and charge of the 

phosphate and arsenate anionic unit (O'Day 2006). 

Iron oxides play an important role in the retention of arsenic from the soil 

solution (Cancès et al. 2005; Cheng et al. 2009). Since iron oxides have 

generally a high point of zero charge (PZC) and a large specific surface 

(Cornell and Schwertmann 2010), they have a high ability to retain anions 

such as arsenates.  

Hydrous ferric oxides (HFO), e.g. ferrihydrite, are the most reactive soil 

components regarding arsenic sorption, they can take up to hundreds of mg 

kg-1 As, either as As3+ or As5+ (Morin and Calas 2006). 

The role of organic matter as another important retention mechanism for 

arsenic in organic matter rich environments was pointed out by Mikutta and 

Kretzschmar (2011); the formation of ternary complexes between arsenic 

oxyanions and ferric iron complexes on humic substances under oxic 

conditions has been described by these authors as a mechanism for As-Humic 

interactions. 

In a recent study by Masue-Slowey et al. (2011) it has been proved that 

even the physical properties of the soil affect the arsenic chemistry: They 

pointed out the importance of macroporosity on the biogeochemical 

conditions controlling the fate and transport of As. They demonstrated that 
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even within aerated soils, anaerobiosis within aggregates is taking place 

resulting in As(V) and Fe(III) reduction.  

 1.5.1.3. Arsenic and health risk 

The form of arsenic – or its species - present in the media dramatically 

changes its toxicity. Arsenite is more toxic and more mobile than arsenate, 

but arsine gas (AsH3) is the most toxic of them all. Organic arsenic 

compound are much less toxic. Due to their high insolubility, primary 

arsenic-bearing minerals such as arsenopyrite are practically non-toxic, more 

problematic are secondary weathering products due to their higher solubility 

(Vaughan 2006).  

Arsenic intake, accidently or chronically, most affects the gastrointestinal 

tract, circulatory system, liver, kidney, nervous system, other sensitive tissues 

and the heart. The skin localizes and stores arsenic (Duker et al. 2005). 

Medrano et al. (2010) associated elevated low-to-moderate arsenic 

concentrations (> 10 µg L-1) in drinking water were with increased 

cardiovascular mortality at the municipal level in Spain. 

 1.5.2. Lead 

An overview of the range of Pb background concentration in soils is 

given in Table 1.1 on page 22. 

 1.5.2.1. Sources  

Atmospheric deposition is the main entry path for lead to the soil. The 

dispersal of lead from exhaust emissions was the main anthropogenic entry 

path before the prohibition of its use as anti-knock agent in the late 20th 

century in many countries. Roadside soils can act as sinks for lead, due to the 

low mobility of Pb these soils still feature high concentrations of this element 

in many areas (Wang 2006; Bakirdere 2008; Roulier et al. 2008). 
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Other anthropogenic Pb sources are mining activities (Chopin and 

Alloway 2007), sewage sludge disposal to farmland soils (van Oort 2008) 

and former shooting ranges (Vantelon et al. 2005).  

 1.5.2.2. Behavior in soil 

The mobility of lead is highly pH dependent, at pH > 5 the solubility of 

lead is very reduced, although Klitzke et al. (2008) reported a mobilisation of 

lead at higher pH due organic colloid meditated transport. Even at most 

heavily contaminated areas, concentrations of total Pb rapidly declines within 

a few cm from the surface (Astrup et al. 1999). 

With decreasing pH the mobility of Pb in the soil increases, although the 

effect is weakened by the presence of organic matter (OM). Pb is mostly 

bound through specific adsorption to OM and Mn-/Fe-oxides (Blume et al. 

2010). The surfaces of roots have shown to act as a sink for lead, either 

through adsorption to the cell walls or by precipitation of insoluble Pb salts 

(Knechtenhofer et al. 2003). 

 1.5.2.3. Pb and health risk 

Lead contaminated soil poses a risk to human health. Lead can enter the 

human body by inhalation or ingestion. Once absorbed by the organism, lead 

is found in red blood cells, soft tissues and bone. Known health effects of 

lead poisoning include anaemia, brain and nervous system damage, severe 

kidney injury or failure, injury to the gastrointestinal system and the heart 

and damage to the reproductive system (Needleman and Bellinger 1991).  
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Based on existing studies in this subject area, the following hypotheses 

are formulated:  

• Soil properties between the zones of enhanced flow and the soil matrix 

differ, since the former are more exposed to external solutes, to 

weathering, and to water fluxes. 

• Preferential flow has an effect on the distribution of toxic trace metals, in 

those zones of enhanced flow, concentration of the studied metal(loid)s 

will be different than in the soil matrix.  

• The effect of preferential flow on metal(loid) distribution is element 

specific. 

• In preferential flow paths there is an enhanced transport of solutes 

downwards compared to the matrix.  

• There are other mechanisms in the soil that might attenuate this enhanced 

transport for example due to an accumulation of possible sorbing 

substances in these flow paths.  

• The retention mechanisms of the studied metalloids differ between the 

soil matrix and the preferential flow paths. 	
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Chapter	3:	Objectives	
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The objective of this Thesis is to clarify the relationship of preferential 

flow phenomena and the distribution and speciation of toxic trace elements in 

soils and sediments.  

By visualizing and classifying different flow domains through staining 

techniques and a systematic sampling scheme in combination with speciation 

techniques based on sequential extraction methods and X-ray absorption 

spectroscopy, the close relationship between retention mechanism and 

transport, and the soil heterogeneity of the soil should be clarified.  

The ultimate goal of this project is to understand the fundamental 

mechanisms that control the leaching and retention of toxic trace elements in 

soils affected by pollution phenomena of various sources. 

 

The main objectives can be divides into the following sub-items:  

• Identification and characterization of spatial variability of flow domains. 

• Characterization of spatial variability of physical, chemical and 

mineralogical soil properties within the identified flow domains. 

• Characterization of spatial variability of total metal(loid) contents.  

• Characterization of sorption phenomena of contaminating elements in 

relation with flow domains and depth. 

• Characterization of the spatial variability of metal speciation of polluting 

elements. 

• Determination of the main sorption phenomena as a function of flow 

domain and depth. 
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Chapter	4:	Effect	 of	 preferential	 flow	 paths	on	 the	 distribution	 of	 lead	 and	soil	properties	in	a	roadside	soil	
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 4.1. Introduction 

Preferential flow is the rapid non-uniform movement of water and solutes 

through soils that bypasses a large portion of the soil matrix thus affecting a 

small portion of the soil volume (Bundt et al. 2000; Hagedorn and Bundt 

2002). This phenomenon can originate under various conditions and has been 

considered a rule rather than the exception in soils under natural conditions 

(Radulovich et al. 1992; Roulier et al. 2008). Although flow through 

structural macropores such as soil fissures, cracks, root channels or 

earthworm burrows is considered as the main cause for preferential flow 

(Beven and Germann 1982; Jarvis 2007), in the absence of these macropores, 

preferential flow may also be conducted through inter-aggregate pores in 

which the flow rate is higher than in the matrix or intra-aggregate pores so 

that a faster flow rate region can develop thus significantly contributing to the 

formation of channelled unstable water fronts (Coppola et al. 2009). 

Increased water flow rate resulting from preferential flow phenomena has 

long been described in column studies (Radulovich et al. 1992; Li and 

Ghodrati 1997; Jensen et al. 1998) and field-plots under natural conditions 

(Garrido 2001; Weiler and Flühler 2004; Sander and Gerke 2007; Bogner et 

al. 2008). Temporally persistent (Hagedorn and Bundt 2002), these 

phenomena limit the effective sorbing and buffering capacity of the soil and 

reduce the residence time of solutes accounting for a significant, increased 

risk of groundwater contamination from soil (Lipsius and Mooney 2006). As 

a result, preferential flow has been proven to enhance the transport of 

reactive agrochemicals such as pesticides (Ghodrati and Jury 1992), 

herbicides (Flury et al. 1995) and phosphorus (Toor et al. 2005) through the 

soil. On the contrary, little research on the effects of macropore flow on trace 

metal leaching has been conducted (Jarvis 2007) although Camobreco et al. 

(1996) concluded that preferential flow played a crucial role in metal 

transport in undisturbed soil columns and Roulier et al. (2008), based on 
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long-term simulations using a dual-porosity transport model, showed that 

preferential flow was the primary controlling mechanism for Pb mobility in a 

vegetated roadside soil. Moreover, physico-chemical properties of the soil 

within preferential flow paths may be different than those of matrix flow soil 

resulting for instance in different microbial activity (Bundt et al. 2001b) or 

carbon and nitrogen dynamics (Bundt et al. 2001a) in both flow domains. In 

addition, Bundt et al. (2001c) found that the soil of preferential flow paths 

can adsorb specifically organically bound metals to a larger extent than in the 

soil matrix due to its greater content in organic matter. On the other hand 

Richards et al. (1998) and McBride et al. (1997) described preferential flow 

paths as conducts for nonreactive complexed metals out of the soil profile. 

Although they did not find an accumulation of metals in those flow paths, the 

performance of mass balances proved a loss of superficially applied metals 

due to preferential flow. The effect of water flow instability on metal 

distribution in the soil profile is thus not clear. Development of such spatial 

correlation might require that preferential flow paths last time enough to 

achieve metal concentrations discernibly higher than in the matrix flow 

domain (Knechtenhofer et al. 2003). Further research is needed to reveal 

whether metal distribution in the soil is controlled by non-uniform conditions 

in water flow and to elucidate the mechanisms behind the transport of trace 

metals through the soil.  

For such purpose, staining techniques have become a valuable tool in 

making flow pathways visible with high spatial resolution (Kasteel et al. 

2007). Among all used tracers, colouring dye Brilliant Blue FCF has 

frequently been used due to its low toxicity, high visibility and stability over 

a large pH and ionic strength ranges (Flury and Flüher 1995) as well as high 

mobility when it is continuously applied at relatively high concentrations 

(Kasteel et al. 2007). In combination with a specific sampling procedure in a 

regular grid, Knechtenhofer et al. (2003) could show that Pb spatial 
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distribution was mainly explained by soil depth and, below 20 cm, by 

preferential flow paths in a shooting-range soil.  

This study aims to describe the effect of preferential flow phenomena on 

Pb spatial distribution in a roadside soil at the pedon scale. By means of 

staining techniques using a dye tracer, an intensive sampling procedure and 

proper statistical analysis, our objectives were (1) to study the existence of 

different flow domains within the soil profile, (2) to test the hypothesis that 

preferential flow paths may control metal distribution in a non-heavily 

contaminated soil profile, (3) to investigate differences in selective soil 

properties resulting from flow domains and (4) to investigate whether lead’s 

solid phase distribution changes as a result of the coexistence of different 

flow domains. 

 4.2. Materials and Methods 

 4.2.1. Study site and general soil characteristics 

The experiment was conducted at the La Poveda experimental farm, 

located in the Jarama river basin, 25 km southeast of Madrid. According to 

the Köppen Clima Classification System, the site belongs to the 

Mediterranean climate zone (Kottek et al. 2006) with mean annual 

temperature and precipitation 14,4º C and 420 mm, respectively.  

The studied plot was situated at the margin of the farm next to a primary 

highway, on a levelled 10 m-wide soil between the field and a road (Figure 

4.1A) connects an industrial dominated suburb of Madrid with the motorway 

access to Madrid. The soil is a sandy loam classified as Calcaric fluvisol 

(Sanz-Cobena et al. 2008). Three undisturbed soil cores with a diameter of 5 

cm were continuously sample down to 1 m-depth in the vicinity of the 

experimental plot for detailed soil characterization (Eijkelkamp, Liner 

sampler set 0415SB). The columns were transported to the laboratory and cut 
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at 10-cm intervals. Each soil portion was air-dried, homogenized, and passed 

through a 2-mm sieve prior to analysis (Table 4.1). Soil pH was measured in 

deionized water (pHW) and in 1 M KCl (pHK) (in a 1:5 suspension). Electrical 

conductivity (EC) was measured in a 1:5 suspension. Total organic carbon 

(TOC) was determined by wet digestion (Walkley 1934) and the total 

inorganic carbon (TIC) content was determined by the gas volumetric 

Scheibler method (McLean 1982). The exchangeable bases were extracted 

with 1 M NH4OAc (at pH 7) (Thomas 1982). The poorly crystalline and 

amorphous iron fraction (Feox) of the soil was extracted with 0,2 M 

ammonium oxalate + 0,2 M oxalic acid solution at pH 3 (Shuman 1985). The 

supernatants from each extraction were separated by centrifuging and stored 

in polyethylene containers at 4 ºC until analysis. Analyses were performed in 

duplicate. Ca, Mg, Na, K, Al and Fe were determined by inductively coupled 

plasma-atomic emission spectrometry (ICP-AES) on a Perkin-Elmer 

OPTIMA 4300DV.  

In addition, soil bulk samples were collected from 0 to 40 cm depth in the 

acre at three points following a transect parallel to the road and 40 m away 

from it (Figure 4.1A). The samples were air-dried, homogenized, and passed 

through a 2-mm sieve. In these samples, pseudo-total lead concentrations 

(herein considered background lead concentration) were measured after 

microwave assisted digestion (Ethos Series 1 Milestone) in aqua regia as 

described in Chen and Ma (2001) and subsequent determination of metal 

concentration in the resulting diluted solutions.  

 4.2.2. Dye infiltration study  

In order to visualize preferential flow pathways, a dye infiltration 

experiment was carried out on the experimental site in April 2008. Brilliant 

Blue (BB) FCF (CI. 42090) was chosen as the dye tracer because it has been 

considered a valuable tracer for this purpose in qualitative transport studies 
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(Kasteel et al. 2002) although some preferential flow paths may not be 

completely visible due to adsorption (Ketelsen and Meyer-Windel 1999). 

Without any pre-watering, a 6 cm-front of dye solution (56 mm) containing 3 

g L-1 of BB in fresh water was applied at constant rate onto a sprinkled soil 

surface area of 3 m2 during 1 hour by means of an irrigation system 

consisting of 5 sprinklers. The site was clipped of the native grass before the 

experiment was done taking care that the soil structure was not damaged; no 

ponding was observed on the soil surface during the dye application except 

for small points due to localized depressions. 

 4.2.3. Soil sampling  

One day after the tracer irrigation, three parallel and vertical 1 m x 1m 

soil profiles were consecutively excavated at 25 cm intervals within the 

Figure 4.1: (A) Schematic illustration of the plot site and experiment set-up; (B)
example of sampling procedure of the profiles; (C) Dye distribution in the three open
profiles.  
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irrigated plot area (Figure 4.1A). Once each profile was open and levelled, a 

5-cm mesh supported by an aluminium frame was placed onto the open 

surface. Soil samples were taken by pushing a cylindrical aluminium tubes (5 

cm length and 4,5 cm diameter) through the mesh into de soil profile 

resulting in 192 samples (12 rows x 16 columns) per profile and a total of 

576 soil samples (Ntot) (192 samples x 3 profiles) within the studied soil 

pedon (Figure 4.1B). The soil samples were taken to the laboratory, air dried 

and sieved through 2 mm mesh prior to further analysis. 

 4.2.4. Flow domains identification 

Water flow domains within the soil profiles were identified by semi-

quantitatively determining the dye colour intensity in each sieved (< 2 mm) 

soil sample using a Chroma Meter (CR-400, Minolta). The colour was 

expressed in the CIE Lab colour space from which the parameter -a*, 

representing the greenness, was used to differentiate the colour of the dye 

(i.e. concentration) from the colour of other soil components of each sample 

(Knechtenhofer et al. 2003). In addition, the –a* parameter was also 

measured in the unstained soil samples obtained from the columns to assure 

that its value did not change with depth. A subsequent k-means cluster 

analysis on the basis of the -a* values was done for each profile in order to 

differentiate identifiable water flow domains (Figure 4.2). In addition, the 

dependency of flow domains (clusters) and soil depth was studied for each 

profile by correspondence analyses. Statistical analysis was done using the 

software package SPSS v.17.0 (SPSS, Inc, Chicago, IL). 
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Figure 4.2: Exemplarily illustration of flow domain 
identification. 
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totalizing 144 (n1) from the experimental soil pedon. This selection produced 

a statistical error equal to 1 % at a 95 % confidence level based on standard 

deviation of parameter –a* in each profile. In all these samples, pseudo-total 

lead concentration was measured after microwave assisted digestion (Ethos 

Series 1 Milestone) in aqua regia as described before. In addition, pH was 

measured in deionized water (pHW); total carbon (TC) content was measured 

on an elemental analyzer (Perkin-Elmer 2400 Series II CHNS/O Analyzer); 

the total inorganic carbon (TIC) content and the Fe content in the poorly 

crystalline and amorphous fraction of the soils (Feox) were determined as 

described above. The total organic carbon (TOC) content was calculated as 

the difference between TC and TIC. To explain the association of these 

variables and flow domains, two fixed variable factors (profile and cluster) 

and a covariate (depth) were considered within a General Lineal Model 

(GLM) with three effects [profile, cluster nested to profile, and depth nested 

to profile] after log transformation of soil variables. 

Further analyses were performed on a second, smaller subset chosen after 

a second simple allocation sampling procedure among the previously selected 

samples. Accordingly, 8 samples were randomly selected from each profile 

and flow domains 1 and 4 sample pools, totalizing 48 samples (n2). This 

selection produced a statistical error equal to 2 % at a 95 % confidence level 

based on standard deviation of determined pseudo-total lead concentration. In 

order to ensure that the selected samples were representative of the previous 

sample pools, ROC analyses for pH as well as lead, TC, TIC, TOC, and Feox 

concentrations were done proving that variable distributions of these 

secondly selected samples were not different from those of the previously 

ones. In this second set of samples, the fulvic and humic acids were extracted 

with a 0,1 mol L-1 Na4P2O7 + NaOH solution at room temperature and a soil 

extraction ratio of 1 to 20. The mixture was shaken end-over-end for 4 hours, 

than centrifuged at 15.300 g for 15 min. The supernatant representing the 
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total humic substances was filtered (Whatman Nr. 31). As second step a 

subsample of the first sample was acidified to pH < 2 with sulphuric acid and 

allowed to stand for 24 hours to precipitate the humic acids. The difference 

between total humic substances and humic acids was considered as the fulvic 

acids content (García-Gil et al. 2008). The quantity of carbon in the samples 

was determined according to Sims and Haby (1971), based on the oxidation 

of carbon with potassium dichromate under acid conditions, with the reduced 

chromate quantified by colorimetry at 590 nm on Shimadzu UV-1603 UV-

visible spectrometer. Lastly, iron content in the crystalline fraction was 

determined based on the citrate-bicarbonate-dithionite method (Fedith) as 

described in Loeppert and Inskeep (1996). To assure that the added dye did 

not distort the result of the analysis, dye tracer solutions of increasing 

concentration within the range used in the experiment were added to 

unstained and homogeneous bulk soil samples. Total carbon, pHW, and the 

concentration of humic substances were measured after 24 h confirming that 

no difference in selected soil properties was produced resulting from the 

addition of dye (data not shown). Lastly, to explain the association of these 

variables and flow domains, two fixed variable factors (profile and cluster) 

and a covariate (depth) were considered within a General Lineal Model 

(GLM) with three effects [profile, cluster nested to profile, and depth] after 

log transformation of soil variables. Statistical analysis was done using the 

software package SPSS v.17.0 (SPSS, Inc, Chicago, IL). 

 4.2.6. Solid-phase lead speciation in identified flow 

domains 

To identify differences in lead solid phase speciation as a result of 

preferential flow phenomena, those samples selected upon the second 

sampling procedure (n2) were subjected to the three-step sequential chemical 

extraction scheme proposed by the Standards Measurement and Testing 
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Program (SM&T) of the Commission of the European Communities and 

described in Rauret et al. (1999) as the so-called BCR method. This 

procedure delineates the following operationally defined fractions: FI) water 

soluble, exchangeable, weakly bound metal fractions extracted with 0,11 M 

acetic acid, FII) bound to Al, Fe and Mn (hydr)oxide fraction or reducible 

fraction extracted with 0,1 M hydroxylamine hydrochloride at pH 2, and FIII) 

bound to organic matter or oxidizable fraction based on 30 % hydrogen 

peroxide oxidation and 1 M ammonium acetate extraction. Lastly, a residual 

fraction was estimated indirectly by subtraction of the sum of lead extracted 

in steps 1 to 3 from pseudo-total concentration. To explain the association of 

these variables and flow domains, two fixed variable factors (profile and 

cluster) and two covariables (depth and fraction k-1) were considered within 

a General Lineal Model (GLM) with three effects [profile, cluster nested to 

profile, and depth] after appropriate transformation of variables. Statistical 

analysis was done using the software package SPSS v.17.0 (SPSS, Inc, 

Chicago, IL). 

 4.3. Results and discussion 

 4.3.1. Flow domains identification 

Pedon-scale staining studies in field soils have provided visual evidence 

of the existence of non-uniform water flow conditions resulting in different 

flow domains within the soil although this experimental approach does not 

allow to identify causes of preferential flow (Hagedorn and Bundt 2002). The 

observed dye patterns are considered a realization of the underlying flow 

processes (Weiler and Flühler 2004) and have been related to texture and 

visible structural features in both individual horizons and profiles (Jarvis 

2007) which in turn are affected by soil tillage and land use practices. Figure 

4.1C shows the heterogeneous dye distribution within the three open profiles. 
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In the three cases, stained areas are visible until approximately 40 to 45 cm 

depth coinciding with the lower limit of the former plough layer and its 

interface with the underlying C horizon, characterized by an increase in silt 

fraction and a decrease in sand with respect to the surface horizon (Table 

4.1).  

On the other hand, while isolated blue-stained areas are apparently 

randomly distributed in profile 1, both profiles 2 and 3 show similar pattern 

distribution consisting of an initial upper layer of variable thickness 

homogeneously stained giving rise to a deeper zone in which the infiltration 

front breaks into preferential paths and large portions of the soil matrix are 

bypassed. Visual examination of these profiles show that both dead and 

living roots as well as structural voids could be major causes of water front 

instabilities while closeness to the field and therefore to the ploughed area 

may explain the random flow distribution found in profile 1. Cluster analysis 

on the basis of the a* parameter within each profile gave rise to four clusters 

of increasing colour intensity that were related to soil domains of increasing 

water flow rates ranging from unstained matrix flow paths (cluster 1) to 

maximum flow rates in preferential flow paths (cluster 4). The distribution of 

samples within each flow domain at each 5-cm interval depth (data not 

shown) was used to test for any sort of dependency between flow domains 

(clusters) and soil depth for each profile by means of correspondence 

analyses. This was done considering the maximum interval depth at which 

dye was detected in at least one sample for each profile. Resulting from these 

analyses, Figure 4.3 illustrates in all profiles a weak, indirect relationship 

between flow domain and depth mainly determined by the association of 

matrix flow domains (unstained cluster 1) with the deepest sampled depths 

(40 to 45 cm depth). A decrease in dye coverage with depth has also been 

described in other studies (Bundt et al. 2000; Hagedorn and Bundt 2002; 
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Bogner et al. 2008) resulting from both applied experimental conditions and 

inherent soil properties. 



 

 

 

Table 4.1: Some physical and chemical properties of the studied soil. Mean values and standard deviation (N=3) 

Depth  Sand a  Silt  Clay  TOC b  pHW c pHK d  EC e   Ca2+ f Mg2+  Na+ K+ 
[cm] ---------------------------[%]------------------------   [µS cm-1]  -------------------[cmolc Kg-1]------------------- 

0 -10 41 ± 2 43 ± 2 17 ± 2 1,3 ± 0,3 8,7 ± 0,3 8,0 ± 0,2 248,7 ± 69,3 17,1 ± 0,6 1,5 ± 0,1 0,2 ± 0,1 51,7 ± 5,2
10 - 20 44 ± 3 40 ± 3 16 ± 1 1,0 ± 0,1 8,6 ± 0,3 7,8 ± 0,3 198,0 ± 29,6 17,3 ± 0,8 1,4 ± 0,2 0,1 ± 0,0 56,6 ± 4,0

20 - 30 47 ± 1 39 ± 1 14 ± 1 0,5 ± 0,0 8,7 ± 0,3 7,9 ± 0,3 174,0 ± 2,6 17,4 ± 0,7 1,6 ± 0,2 0,1 ± 0,0 35,7 ± 1,0 

30 - 40 46 ± 10 42 ± 8 13 ± 2 0,5 ± 0,0 8,6 ± 0,3 7,9 ± 0,2 193,0 ± 24,1 17,1 ± 1,6 2,1 ± 0,4 0,1 ± 0,0 20,2 ± 2,5

40 - 50 34 ±  6 50 ± 5 16 ± 1 0,6 ± 0,1 8,5 ± 0,2 7,8 ± 0,3 195,7 ± 16,1 18,4 ± 0,7 2,9 ± 0,2 0,1 ± 0,0 17,8 ± 1,6

50 - 60 50 ± 14 36 ± 10 14 ± 4 0,4 ± 0,1 8,6 ± 0,3 7,7 ± 0,2 177,0 ± 2,6 17,1 ± 2,5 2,4 ± 0,7 0,1 ± 0,0 13,4 ± 1,1

60 - 70 67 ± 16 23 ± 13 10 ± 3 0,3 ± 0,1 8,6 ± 0,2 7,9 ± 0,0 167,3 ± 39,1 14,3 ± 3,0 1,5 ± 0,7 0,1 ± 0,0 8,7 ± 1,4

70 - 80 59 ± 1 31 ± 3 11 ± 3 0,3 ± 0,1 8,6 ± 0,2 7,9 ± 0,1 169,0 ± 47,0 15,5 ± 0,2 1,9 ± 0,1 0,1 ± 0,0 10,8 ± 1,8

80 - 90 64 ± 15 26 ± 12 10 ± 3 0,2 ±  0,0 8,7 ± 0,3 7,8 ± 0,3 105,0 ± 91,4 14,7 ± 3,8 1,9 ± 0,8 0,1 ± 0,0 10,6 ± 2,0
a: Soil texture. 
b: Total organic carbon by wet digestion. 
c: pH in water. 
d: pH in KCl 1 M. 
e: Electrical conductivity. 
f: Exchangeable cations. 



Chapter 4: Effect of preferential flow in a roadside soil 

55 

Figure 4.3: Depth and flow domain (clusters) relationship with the three open profiles.
Results from the correspondence analyses. 
  

In any case, since flow domain distribution might be affected by depth, 

this association must thus be taken into account in subsequent analyses in 

order to correctly assess the actual weight of flow domains in lead 

concentration as well as soil properties distributions in the soil profiles. 

 4.3.2. Preferential flow and lead distribution 

 Lead concentrations in soil samples varied from 6,7 to 90,2 mg kg-1. 

Mean lead concentration associated with flow domains and depths is depicted 

in Figure 4.4. In general, lead concentration decreases with depth in the three 

open profiles and no 

statistically significant 

differences were found in lead 

concentration among the three 

open profiles. However, as 

can be seen in Figure 4.4, the 

distribution of lead in the 

identified flow domains is 

markedly different in the 

profile 1, affected by the 
Figure 4.4: Distribution of lead pseudo-total 
concentration in the identified flow domains 
(clusters). Solid bars represent 95  % confidence 
intervals. 
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plough, as compared to profiles 2 and 3.  

While in the first one, no trend can be observed and lead is 

homogeneously distributed in the flow domains, identified preferential flow 

domains significantly determine the distribution of lead in undisturbed 

profiles 2 and 3. Moreover, at the pedon scale and including all profiles, the 

results from the ANOVA indicate that highest lead concentrations are 

significantly associated with preferential flow domains and vice versa, i.e. 

lowest lead concentrations are located in non-stained soil domains. Similarly, 

Bundt et al. (2000) and Bundt et al. (2001c) found increased concentration of 

radionuclides and metals in preferential flow soil domains in comparison to 

matrix flow ones. Other than this, little research has been conducted on the 

effects of macropore flow on trace metal leaching in soils (Jarvis 2007). 

 4.3.3. Preferential flow and selected soil properties 

In order to test whether there is a relationship between the spatial 

distributions of lead and soil reactive phases, the same set of samples were 

analyzed for pH, TC, TIC, and TOC as well as Feox and, in a subset of them, 

HAs and FAs as well as for Fedith. The results are shown in Figure 4.5 to 4.6. 

Soil in preferential flow paths show significantly lower pH values than in 

matrix flow domains in all profiles although in profile 1 differences resulting 

from flow domains are minor (Figure 4.5A). On the contrary, both total and 

inorganic C content increases significantly with respect to the water flow 

rate, greater in the preferential flow paths than in the matrix domains (Figure 

4.5B and C). Larger amounts of carbonates associated to preferential flow 

paths could be related to increased root respiratory and microbial degradation 

activities enhancing the CO2 production and subsequent accumulation of 

secondary carbonates. Pooled within-groups correlation coefficient between 

lead concentration and inorganic C contents was 0,72 showing the strong 

relationship between both properties (data not shown). Increased carbonate 
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content in preferential flow paths may give rise to lead retention through the 

formation of cerussite-like (PbCO3) minerals, specially stable at high pH 

values (Lindsay 1979). 

Figure 4.5: Distribution of selected soil chemical properties in flow domains (clusters). 
Solid bars represent 95 % confidence intervals. 
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On the other hand, organic C content is greater in preferential flow than 

in matrix flow domains although this tendency was least pronounced in 

profile 1 (Figure 4.5D). Bundt et al. (2001a), Bundt et al. (2001c), Hagedorn 

and Bundt (2002) as well as Lipsius and Mooney (2006) had similar results 

but, in our case, the effect of flow domains on the organic C distribution is 

not significant and thus it is not discernible from the influence of depth on the 

dye spatial distribution. However, humic substances, mainly consisting of 

humic and fulvic acids, is the most abundant and reactive fraction of soil 

organic matter (Stevenson 1994); moreover, the metal affinity and large 

binding capacity of metal ions, particularly those of lead, to HAs is known to 

reduce their bioavailability, mobilization, and transport in soil (Plaza et al. 

2006). In accordance to this, additional analyses were subsequently 

performed on a subset of samples to obtain further information on the 

distribution of organic matter. Although an increase of both FAs and HAs 

contents in preferential flow domains with respect to matrix flow ones could 

be detected, none of these tendencies were significant. However, interestingly 

the ratio HAs to FAs contents is significantly lower in the preferential paths 

than in the matrix flow domains (mean values equal to 0,80 ± 0,13 and 1,07 ± 

0,24, respectively; Figure 4.6), indicating a lower humification degree in the 

preferential flow domains.  

Figure 4.6: Humic and fulvic acids contents in matrix (cluster 1) and preferential flow
(cluster 4) domains. Solid bars represent 95 % confidence intervals. 
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On the other hand, similar to Bundt et al. (2001c), Fe contents in the 

amorphous and crystalline oxide fractions do not significantly differ between 

preferential and matrix flow domains although a tendency to decrease as 

water flow increases can be seen, especially with respect to the amorphous Fe 

oxide content (Figure 4.5E and F). However, the mean value of the ratio 

amorphous to crystalline Fe oxide contents significantly decreases from 1,19 

± 0,4 in the matrix flow domain to 0,99 ± 0,3 in the preferential flow one. 

According to Schwertmann (1964), higher values of this ratio were related to 

a higher activity degree of iron as well as to the presence of younger oxides 

or impeded crystallization by organic compounds.  

While both biological and chemical gradients are likely to exist between 

preferential and matrix flow domains (Hagedorn and Bundt 2002), as 

mentioned above, preferential flow paths are associated to a large extent to 

soil rhizosphere, thus to a greater proportion of living or decayed roots. Also, 

more favourable living conditions in preferential flow domains may lead to a 

significantly greater microbial activity (Bundt et al. 2001b) as opposed to that 

within matrix flow. Although it is not within the scope of this research, a 

reduced mean value of the ratio HAs to FAs in preferential flow domains 

might be an indication of humification processes by the polyphenol pathway 

through which the order of formation of humic substances is fulvic acid 

previous to humic acid and humin formations (Huang and Hardie 2009). In 

addition, this humification pathway is favoured in forest soils and promoted 

in the presence of soil mineral colloids, such as iron oxides (Wang et al. 

1978; Shindo and Huang 1984). However, the specific soil conditions found 

in the matrix flow domain suggest that the Maillard reaction pathway might 

also play a relevant role in the general humification processes within these 

flow domains. This non-enzymatic and abiotic chemical condensation 

between sugars and amino acids and subsequent polymerization reactions is 

favoured in soils where frequent and sharp changes of water content and/or 
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temperature in continental climate factors occur (Senesi and Loffredo 1998). 

The greater proportion of active poorly ordered Fe oxide fraction, whose role 

acting as an electron acceptor and accelerating polymerization reactions has 

been acknowledged (Shindo and Huang 1984; Hardie et al. 2007), could 

explain the significantly larger proportion of HAs found in the matrix flow 

domains. Overall, our results may be supported by the existence of an 

integrated polyphenol-Maillard reaction pathway of humification (Huang and 

Hardie 2009) affected to some extent at the pedon scale by physical non-

equilibrium phenomena such as stable preferential flow processes.  

 4.3.4. Preferential flow and lead solid phase distribution 

 The partitioning of lead in the solid-phase of the matrix and preferential 

flow domains, described on the basis of the BCR three-step sequential extraction 

procedure, is shown in Figure 4.7. Lead content 

in the estimated residual fraction was negligible 

in all selected samples. For the sake of 

simplicity, the results from the extraction 

procedure are expressed in terms of percentage 

with respect to the total amount extracted 

through the BCR procedure.  

Overall, lead distributes as following: 34 ± 8 %, 

59 ± 8 %, and 6 ± 6 % respectively in fractions I 

to III as operationally defined above. However, 

the results reveal that preferential flow 

phenomena induce differences in metal 

distribution between both identified flow 

domains. Whereas both lead content in fractions 

I (soluble and exchangeable) and III (bound to 

organic matter) tend to be greater in the matrix 

than in the preferential flow domains, the amount of metal extracted in fraction 

Figure 4.7: Partitioning of lead 
in the solid-phase of the matrix 
(cluster 1) and preferential flow 
(cluster 4) domains as 
described on the basis of the 
BCR three-step sequential 
extraction procedure.  Solid 
bars represent 95 % confidence 
intervals.  
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II (bound to Fe, Al and Mn (hydr)oxides) is significantly greater in the 

preferential flow domain than in the matrix one (Figure 4.7) showing that in 

general, more stable lead sorption mechanisms, thus leading to a lower metal 

mobility, might partially be responsible for the larger amount of total metal 

content found associated to the preferential flow paths. These results, 

however, should be taken with caution due to possible redistribution of 

extracted metals occurring during the extraction procedure. Carbonate-bound 

metals are known to be at least partially extracted within the first extracting 

step of the BCR procedure (Whalley and Grant 1994) and may subsequently 

redistribute into fractions II and/or III depending on the relative contents of 

iron and manganese oxides and organic matter for a given soil material 

(Raksasataya et al. 1996). This dissolution and re-adsorption process can 

distort the results from the BCR extraction procedure although in some cases, 

the extent of the phenomenon might not be large enough to invalidate 

sequential extraction results (Ho and Evans 2000). Teutsch et al. (2001), on 

the other hand, found that anthropogenic Pb in a contaminated roadside 

meditarranean soil was mainly associated with pedogenic carbonate and with 

Fe-oxides (70–80 %), and the remainder, associated with organic matter (1–

20 %) and aluminosilicates (10–20 %). In accordance to this, our results may 

indicate that in addition to the significant role of iron oxyhydroxide minerals 

as Pb-sorbing phases due to the high affinity of lead for their hydroxyl 

functional groups, especially at alkaline pH values (Serrano et al. 2009), a 

larger fraction of carbonate-bound Pb might accumulate in the preferential 

flow domains as compared to that within the matrix domains. This metal pool 

could be partially released during the first extraction step of the BCR 

procedure and re-adsorbed onto the oxyhydroxide fraction and subsequently 

increase differences in the amount of Pb extracted as FII. Instead, in our soil, 

the role of organic matter as a metal sorbing phase seems to be secondary on 

the basis of our results. In general and as suggested by Bundt et al. (2001c), 
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the increased Pb retention in preferential flow domains shows that the greater 

carbonate concentration in preferential flow paths may induce an increased 

metal retention in alkaline soils and counterbalance the enhanced transport of 

metals described elsewhere. 

 4.4. Conclusions 

A pedon-scale staining study in a moderately Pb-contaminated roadside 

soil has provided visual evidence of the existence of non-uniform water flow 

conditions resulting in different flow domains within the soil profile. Lead 

concentration was found to be significantly related to the distribution of the 

identified flow domains, suggesting that preferential flow domains may 

behave as metal storage compartments in the soils due to differences in soil 

properties promoted by means of the heterogeneous water flow distribution. 

Soil in preferential flow paths showed significantly lower pH values than 

in matrix flow domains. Larger amounts of carbonates associated with 

preferential flow paths, likely due to an increased root respiratory and 

microbial degradation activities, may give rise to lead retention through the 

formation of cerussite-like minerals. Also, physical non-uniform conditions 

in water flow may induced differences in the humification processes leading 

to different proportions of humic and fulvic acids between preferential and 

matrix flow domains.  

Moreover, preferential flow phenomena induced differences in solid 

phase metal distribution between both identified flow domains and more 

stable lead sorption mechanisms, thus leading to a lower metal mobility, 

which might partially be responsible for the larger amount of total metal 

content found associated to the preferential flow paths. Overall, preferential 

flow phenomena may not only determine the spatial distribution of 

contaminants such as metals but also it may exert an important effect on soil 

properties affecting both contamination and pedogenic processes in the soil. 
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 5.1. Introduction  

The fate and mobility of As and other hazardous metals in soils impacted 

by mining wastes are influenced by coupled biogeochemical processes that 

control element oxidation state, mineral surface sorption and desorption, and 

solid-phase precipitation and dissolution. Knowledge of mechanisms that 

control contaminant release, mobility, and natural attenuation is crucial to 

minimize risk and consequences associated with mine wastes (Cheng et al. 

2009; Johnson and Hallberg 2005). However, the role that inhomogeneous 

infiltration and wetting front instabilities leading to preferential flow (PF) 

phenomena play on the distribution and solid speciation and transport of As 

and other metals in soils affected by acid mine drainage (AMD) is less well 

studied. Preferential flow (PF) is the rapid movement of water and solutes 

through soils that bypasses large portions of the soil matrix and thus affects a 

small fraction of the soil volume (Hagedorn and Bundt 2002). Flow through 

structural macropores such as soil fissures, cracks, root channels, or 

earthworm burrows are the main causes for PF (Jarvis 2007). In sandy soils, 

fingering can occur (Lennartz et al. 2008) due to trapped air, changes in soil 

texture or water repellency (Lipsius and Mooney 2006), producing those 

eponymous fingers. 

Overall, these phenomena have been shown to reduce the sorbing 

capacity of the soil and residence time of solutes, which may lead to a 

significant increased risk of groundwater contamination from soil leaching 

(Lipsius and Mooney 2006). For instance, the role of PF increasing metal 

transport has been shown in undisturbed soil columns (Camobreco et al. 

1996). In field conditions, the effect of PF has been also described for the 

enhanced transport of radionuclides (Bundt et al. 2000), pesticides (Ghodrati 

and Jury 1992), nutrients (Toor et al. 2005) (Seo and Lee 2005), dissolved 

organic matter (Bundt et al. 2001a) and lead (Knechtenhofer et al. 2003). 

However, physico-chemical properties of the PF paths may be different than 
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those of the surrounding soil matrix, which may result in different microbial 

activity (Bundt et al. 2001b), carbon and nitrogen dynamics (Bundt et al. 

2001a), or metal retention capacity due to differences in organic matter 

content (Bundt et al. 2001c). Moreover, differences in chemical or 

mineralogical properties associated with PF or matrix flow (MF) within the 

soil may also induce differences in metal(loid) retention mechanisms and 

subsequently, in potential bioavailability and leachability.  

While the occurrence of PF is recognized as a common field phenomenon 

(Morales et al. 2010), further research is needed to reveal whether non-

equilibrium water flow conditions may effectively control metal distribution 

and retention mechanisms in the soil and to elucidate the mechanisms behind 

the transport of metals through the soil especially in locations affected by 

large amount of metals released due to the AMD. This study aims to describe 

the effect of PF phenomena on As, Cu and Zn spatial distributions at the 

pedon scale in a small catchment area affected by AMD and high 

concentrations of toxic elements. Specifically, our objectives were (1) to 

identify flow domains within the riverbed and underlying soil profile, (2) to 

test whether PF phenomena control metal(loid) distribution in the soil profile, 

(3) to investigate multi-elemental associations and their spatial distribution 

within PF and MF flow domains, and (4) to investigate differences in arsenic 

speciation and metal distribution in soils as a function of different flow 

domains. 
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 5.2. Materials and Methods 

 5.2.1. Experimental site and soil characteristics 

The experiment was conducted in shrub land situated in the upper area of 

a small subcatchment of the Guadalix River (Madrid, Spain) feeding the 

Madrid Tertiary Detrital Aquifer. Arsenopyrite [FeAsS] and scorodite 

[FeAsO4·2H2O] are found in association with sulphide-bearing pegmatite 

outcrops in this area (Recio-Vazquez et al. 2011). The site includes an 

abandoned smelting factory in which arsenopyrite encapsulated in quartz was 

processed for wolfram extraction during the Second World War. The mining 

wastes, containing up to 190 g Kg-1 of As, were and currently remain dumped 

on the soil surface (Recio-Vazquez et al. 2011), thus subjected to erosion and 

weathering processes (Figure 5.1A).  

Figure 5.1: A) Picture of abandoned processing plant with waste pile in the foreground. 
B) Schematic plan of the study site. 
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The experimental plot was situated in a leveled portion within the 

riverbed of a small stream (~1 m wide) that seasonally collects surface runoff 

from the arsenic-bearing waste pile (Figure 5.1B). Four 60 cm-depth 

undisturbed soil cores (5 cm in diameter) were taken from the experimental 

plot for general characterization (Figure 5.1B). Two of them were taken 

within the riverbed (in-stream cores) and the other two were collected ~1 

meter from the stream edge (out-stream cores). In the laboratory, the cores 

were cut at 10 cm intervals. Each soil portion was air-dried, homogenized, 

and sieved (2 mm mesh) prior to analysis (Table 5.1). Previous spectroscopic 

experiments showed the absence of Fe(II) in both soil layers (data not 

shown). In addition no hydromorphic reducing conditions were found in the 

soil columns as they were dismantled in the laboratory after sampling 

treatment under anoxic conditions. Texture was determined by the pipette 

method after removing soil organic matter (Gee and Bauder 1986). Soil pH 

was measured in deionized water (pHw) and in 1 M KCl (pHK) (1:5 

suspension). Electrical conductivity (EC) was measured in a 1:5 suspension. 

Total organic carbon (TOC) was determined by wet digestion (Walkley 

1934). Exchangeable bases were extracted with 1 M NH4OAc (at pH 7) 

(Thomas 1982) and exchangeable Al was determined with 1 M KCl 

(Barnhisel and Bertsch 1982). Calcium, Mg, Na, K, and Al concentrations in 

extraction solutions were determined by inductively coupled plasma-atomic 

emission spectrometry (ICP-AES) on a Perkin-Elmer OPTIMA 4300DV. 

Total Cu, Zn, and As for each 10 cm sample was determined by X-ray 

fluorescence on a Magic Philips spectrometer. Semi-quantitative 

mineralogical composition of the total (≤2 mm) fraction of the soil was 

identified by powder X-ray diffraction (XRD) with a Philips PW-1710/00 

diffractometer using the CuKα radiation with a Ni filter and a setting of 40 

kV and 40 mA. 
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 5.2.2. Dye infiltration study  

A dye infiltration experiment was carried out to visualize PF pathways at 

the experimental site in December 2009. Brilliant Blue (BB) FCF (CI. 42090) 

was used as the dye tracer (Flury and Flüher 1995; Kasteel et al. 2007). 

Without any pre-watering, a 6 cm-front of dye solution (56 mm) containing 3 

g L-1 of BB in fresh water was applied at constant rate in a 80 cm wide strip 1 

m upslope from the sampling area for 1 hour by means of an irrigation 

system consisting of 4 sprinklers, a dye reservoir, and an electrical vacuum 

pump. During the tracer application, both dye runoff and infiltration of dye 

solution occurred within the experimental plot with an approximate surface 

area of 3 m2. 

 5.2.3. Soil sampling and identification of flow domains  

One day after the tracer application, the top 5 cm-depth of soil was 

removed from the stream, and two parallel, vertical soil profiles (A and B) 

were consecutively excavated as shown in Figure 5.1B. Once each profile 

was open, a 5 cm mesh was placed onto the open vertical surface. Soil 

samples were taken by pushing a cylindrical aluminum tube (5 cm length and 

4,5 cm diameter) through the mesh into the soil wall, resulting in 128 

samples (8 rows x 16 columns) per profile and a total of 256 soil samples 

(Ntot) (128 samples x 2 profiles). Based on visual examination of the open 

profiles in the stream and comparison of analyses of in- and out-stream soil 

cores, two different layers could be defined within the experimental plot: the 

riverbed of the stream itself (RB) and the underlying B horizon of the natural 

subsoil (SS). Soil samples were classified into two groups corresponding to 

RB and SS, respectively, and samples were selected for the sequence of 

analysis shown in Figure 5.2.  

After detailed visual examination, blue stained samples were classified as 

PF domains and non-stained samples were classified as soil MF domains. 
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Samples taken from the interface of the layers were discarded. All samples 

were air dried and sieved through 2 mm mesh prior to further analysis. 

Figure 5.2: Outline of experimental design, 
summary of sample collection and classification, 
and step-wise analyses. 

 5.2.4. Soil analyses in flow domains and sequential 

extractions  

Based on a stratified sampling procedure with simple allocation [profile, 

layer, flow domain], 10 soil samples were randomly selected within each 

stratum (n1=80) (Figure 5.2). Samples were dissolved in aqua regia (Chen 

and Ma 2001) by microwave-assisted digestion (Ethos Series 1 Milestone), 

and solutions from the digestion were filtered and analyzed for total As, Cu, 

Zn, and S by inductively coupled plasma-atomic emission spectrometry (ICP-

AES) on a Perkin Elmer Optima 4300DV. The poorly crystalline and 

amorphous iron fraction (Feox) and the iron content in the crystalline fraction 

(Fedith) were determined as described in Shuman (1985) and Loeppert and 

Inskeep (1996), respectively. The pHw, TOC, and concentration of 

exchangeable bases and Al were determined as described above. 

Dye infiltration study
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Classification (Ntot=256)
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Based on the distribution of As in the first sample set above, samples with 

As concentration in the first and third quartiles, two samples closest to the 

median As concentration, and four random samples classified as SS-PF were 

selected for further analysis (n2=36) (Figure 5.2). Statistical analyses (ROC) 

showed that the non-normal distributions of total metal(loid) concentrations, 

pH, TOC, and Feox were not significantly different between the first (n1=80) 

and second (n2=36) sample sets. Samples were subjected to a three-step 

sequential chemical extraction scheme proposed by the Standards 

Measurement and Testing Programme (Rauret et al. 1999) (BCR method): 

(FI) fraction extracted with 0,11 M acetic acid corresponding to water soluble 

or weakly bound species; (FII) fraction extracted with 0,1 M hydroxylamine 

hydrochloride at pH 2 targeting poorly crystalline or reducible Al, Fe and Mn 

(hydr)oxides; and (FIII) fraction extracted in 30% hydrogen peroxide 

oxidation and 1 M ammonium acetate targeting organic matter or oxidizable 

phases. The residual fraction (R) was sequentially measured for total metal 

concentrations after the FIII extraction using microwave-assisted digestion as 

described above. 

 5.2.5.  Statistical analyses of soil data 

Differences in soil parameters with respect to flow domain were analyzed 

within each soil layer (RB or SS) using a Generalized Lineal Model (GLZ) 

with presence or absence of dye (PF or MF) as a fixed principal factor and 

profile depth as a controlling covariate assuming a Tweedie probability 

distribution for all variables. Similarly, soil parameters from the two soil 

layers were compared within each flow domain on the basis of a GLZ with 

soil layer as the fixed principal factor and profile depth as a controlling 

covariate assuming the same probability distribution for all variables. Within-

domain spatial variability of the mean metal(loid) concentrations was initially 

assessed by means of the corresponding coefficient of variation (CV) of the 
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concentrations as calculated by dividing mean values by their standard 

deviations. Lastly, the characteristic multi-elemental composition of the flow 

domains was studied by means of multivariate analytical techniques based on 

neural networks for each layer by setting the flow domain (PF or MF) as the 

dependent variable (Ripley 1996; Fine 1999). The calculated global loadings 

on the dependent variable (flow domain) from the corresponding synaptic 

weights of each variable were used to identify multi-elemental relationships 

with both flow domains. To explain the association of solid-phase metal 

distribution resulting from the BCR extraction procedure (operational 

fractions) and flow domains, one fixed factor (flow domain) and two 

covariables (depth and fraction k-1) were considered within a GLZ with three 

effects [flow domain, depth, and fraction] assuming a Tweedie probability 

distribution for all variables. All statistical analysis was done using the 

software package IBM SPSS statistics 19 (IBM, Inc). 

 5.2.6. Arsenic and iron X-ray Absorption Spectroscopy of 

soils  

Within each flow domain (PF or MF) in the subsoil (SS), a sample was 

selected for bulk synchrotron X-ay Absorption Spectroscopy (XAS) analysis 

(n3=2). Ground samples were placed in Teflon holders and sealed with 

Kapton tape. Samples for Fe XAS were diluted ~50% by volume in boron 

nitride. For the PF sample, an As K-edge spectrum was collected on bending-

magnet BM25A beamline (SpLine) at the European Synchrotron Radiation 

Facility (ESRF) (6 GeV, 100 mA, Si(111) monochromator crystals) in 

fluorescence mode using a 13-element Si(Li) solid state detector with the 

sample at room temperature (RT) (16 scans averaged). For the MF sample, an 

As EXAFS spectrum was collected in fluorescence mode on wiggler 

beamline 4-1 at the Stanford Synchrotron Radiation Lightsource (SSRL) (3 

GeV, 100 mA, Si(220) monochromator crystals) using a 13-element Ge 
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detector with the sample held in a liquid He cryostat (5–20º K) (16 scans 

averaged). Iron K-edge spectra on the same samples were collected at SSRL 

on either wiggler beamline BL 4-3 (PF sample at RT, Si(111) 

monochromator crystals) or BL 4-1 (MF sample at cryogenic temperature) 

with a Lytle fluorescence detector (7 scans averaged for PF and 4 scans for 

MF). For all spectra, the incident X-ray beam was detuned to 30-50% of 

maximum intensity to minimize higher-order harmonic reflections. No major 

differences in spectral features were noted between room and low 

temperature spectra. Spectra were calibrated by setting the energy of the first 

inflection on the main absorption edge of an As foil (= 11.867 eV) or Fe foil 

(= 7.112 eV).  

Spectra were analyzed using the programs Athena (Ravel and Newville 

2005) for linear combination fits and EXAFSPAK (George and Pickering 

2000) for shell-by-shell fits. Background was subtracted using a linear fit 

through the pre-edge region and the Autobak routine in Athena for the spline 

fit through the EXAFS region. Arsenic XANES spectra were fit by linear 

least-squares combination fits of reference compounds to verify the As 

oxidation state. Arsenic EXAFS data were analyzed using the shell-by-shell 

method (k-range = 2,0 to 12,5 Å-1) with theoretical reference functions 

calculated by the program FEFF 8.0 (Ankudinov et al. 1998) based on atomic 

clusters from crystalline reference compounds calculated with the program 

ATOMS (Ravel 2001). A triangular multiple scattering path among bonded 

As and O atoms, resulting from the high symmetry of arsenate tetrahedra, 

was included in the fit model in addition to single-scattering paths (Root et al. 

2009). Interatomic distance (R), and either N (number of backscattering 

atoms) or σ2 (Debye-waller factor), was treated as a variable parameter for 

each atomic shell. Threshold energy (E0) was treated as a single variable for 

all shells and scale factor (S0
2) was fixed (= 1). Estimated errors based on 

empirical fits to reference compounds are: first shell: R ± 0,01 Å; σ2 ± 10% 



Chapter 5: Preferential flow in mining-impacted soils

79 

(N fixed); greater than first shell: R ± 0,02 Å; N ± 25% (σ2 fixed) (O'Day et 

al. 2004; Root et al. 2009). 

Iron XANES and EXAFS spectra were fit by linear least-squares 

combination fits using a well-characterized reference compound library 

(O'Day et al. 2004). The normalized XANES and k3-weighted EXAFS 

regions of each spectrum were fit independently with a fixed energy scale. 

Initially for XANES fits, the entire library was screened to determine 

combinations of reference spectra that best matched the data. From this 

analysis, a smaller set of compounds consisting of phyllosilicate and Fe(III) 

oxide minerals was selected, fit with all combinations of 2 or 3 spectral 

components, and ranked by statistical best fit. Finally, tests were performed 

with the highest ranking mixture of components to assess the sensitivity of 

the fit to the number of reference components, treating energy as a variable 

parameter, and changing the spectral fit range. The sum of the reference 

components in the final fits was 100 ± 1,3%. Based on the results of the 

XANES analysis, linear least-squares combination fits were done on the 

EXAFS spectra using the same set of reference spectra used for XANES. 

Proportions of components determined in the best fits were re-calculated to 

100%. 

 5.3. Results 

 5.3.1. Soil characteristics of the experimental site 

Soil cores collected out of the stream bed showed that soil adjacent to the 

stream were characterized by a clay loam texture, alkaline pHw (7,8-8,7), and 

low organic matter content (Figure 5.3, Table 5.1A). These soils have high 

effective cation exchange capacity (ECEC) and effective base saturation 

(>99,5%), but a low contribution from exchangeable Al3+ (<0,43%) to the 

ECEC (Table 5.1A). In-stream soil, which receives run-off from the mine 
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waste pile, was characterized by higher As concentration that decreases with 

depth, acid pH, and lower ECEC with a higher fraction of exchangeable Al3+ 

(Table 5.1B, Figure 5.3).  

Figure 5.3: Comparison of As concentrations, soil pH, and effective cation exchange 
capacity (ECEC) between samples from in-stream and out-stream soil cores. 

 
Based on visual examination of the open profiles in addition to analyses 

of in-stream cores, two soil layers separated by a sharp interface could be 

distinguished in the stream, a riverbed (RB) and its subsoil (SS) (Figure 5.4). 

The RB layer (0-20 cm) was characterized by a loam texture, higher organic 

matter, and acid pH compared to SS (20-60 cm), which had a clay loam 

texture, lower organic matter, and acid pH (Table 5.1B). Higher ECEC 

values, mainly associated with Ca2+ and Mg2+ and to some extent 

exchangeable Al3+, were observed in the SS compared to RB as a result of the 

higher clay content. Analysis of X-ray diffraction patterns of RB soil showed 

hematite as the main crystalline Fe-bearing mineral phase, but hematite was 

not identified in the SS layer (Figure 5.5). Lastly, high concentrations of As, 

Cu, and Zn were found in both the RB and to a lesser extent in the SS layer 

(Figure 5.6), which is attributed to surface runoff from the waste pile and 

accumulation in the RB.  
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Table 5.1: Physical, mineralogical and chemicals properties of out-stream (A) and in-stream (B) soil cores (mean values from corresponding 
cores). 
A: Out-stream soil cores  

Depth Sand a Silt a Clay a TOC b pHw
c pHK c EC d Ca2+ e Mg2+ e Na2+ e K+ e Al3+ e 

[cm] ----------------------[%]-----------------   [µS cm- ---------------------------------------[cmolc Kg-1]----------------------------

0 - 10 21 45 34 0,5 7,8 5,6 223 3,6 ± 0,03 1,4 ± 0,01 1,1 ± 0,03 0,3 ± 0,005 < 0,01 
10 - 20 17 47 37 0,1 8,3 6,4 443 4,2 ± 0,04 1,7 ± 0,02 2,0 ± 0,06 0,3 ± 0,005 < 0,01 

20 - 30 17 47 37 0,1 8,7 6,9 680 3,6 ± 0,03 1,7 ± 0,02 2,4 ± 0,08 0,3 ± 0,005 < 0,01 

30 - 40 23 45 32 0,1 8,4 7,2 1139 4,2 ± 0,04 1,6 ± 0,02 2,0 ± 0,06 0,3 ± 0,005 < 0,01 

40 - 50 28 43 30 0,1 8,6 7,2 996 2,6 ± 0,02 1,5 ± 0,02 2,0 ± 0,06 0,2 ± 0,003 < 0,01 

50 - 60 27 41 32 0,1 8,7 7,2 1074 3,0 ± 0,03 1,6 ± 0,02 2,3 ± 0,07 0,2 ± 0,003 < 0,01 

 

B: In-stream soil cores 

Depth Sand a Silt a Clay a TOC b pHw
c pHK c EC d Ca2+ e Mg2+ e Na2+ e K+ e Al3+ e 

[cm] ----------------------[%]-----------------   [µS cm- ---------------------------------------[cmolc Kg-1]----------------------------

0 - 10 49 31 21 0,9 5,2 3,9 177 0,5 ± 0,005 0,1 ± 0,001 0,1 ± 0,001 0,6 ± 0,006 0,9 ± 0,009 
10 - 20 47 32 22 0,8 4,6 3,5 127 0,4 ± 0,004 0,1 ± 0,001 0,1 ± 0,001 0,3 ± 0,003 1,2 ± 0,012 

20 - 30 23 45 31 0,2 4,3 3,4 138 0,6 ± 0,006 0,1 ± 0,001 0,1 ± 0,001 0,3 ± 0,003 2,5 ± 0,025 

30 - 40 27 44 29 0,3 4,5 3,4 156 0,8 ± 0,008 0,2 ± 0,002 0,1 ± 0,001 0,3 ± 0,003 2,7 ± 0,027 

40 - 50 26 44 30 0,0 4,6 3,4 125 1,4 ± 0,014 0,2 ± 0,002 0,1 ± 0,001 0,3 ± 0,003 2,3 ± 0,023 

50 - 60 30 41 30 0,1 4,9 3,5 98 2,6 ± 0,026 0,5 ± 0,005 0,1 ± 0,001 0,3 ± 0,003 1,3 ± 0,013 
a: Soil texture. 
b: Total organic carbon by wet digestion; precision of method ± 4% (Chan et al., 1995) 
c: Soil pH in water and in KCl 1 M, respectively; Instrumental error according to manufacturer of +/-0,01 pH. 
d: Electrical conductivity. 
e: Exchangeable cations ± SD. 
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Figure 5.4: A: General view of stained soil profile. B: Magnified cross-section from one 
of the stained soil samples from the subsoil. 

 

Figure 5.5: A) X-ray diffraction patterns of bulk sample from the 
riverbed (grey line) and the subsoil (black line). B) Magnified 
section to emphasize the primary reflections from hematite in the 
riverbed sample. 
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Figure 5.6: Arsenic, Cu and Zn concentrations as a function of soil depth from the 
surface within the stream bed. The dashed line marks the approximate transition from 
the riverbed to the subsoil. Arsenic data are replotted from Figure 5.3. 

 5.3.2. Water flow domains and soil properties 

Figure 5.4 shows the heterogeneous dye distribution within one of the 

two open profiles. Stained areas were visible to 45 to 50 cm depth. Both 

profiles showed similar distribution patterns consisting of an upper layer of 

variable thickness that is heterogeneously stained, and a deeper zone in which 

the infiltration front breaks into thin preferential paths and large portions of 

the soil matrix are bypassed. Dead and living roots and structural voids were 

associated with fast water and solute transport through preferential flow 

within the SS layer. Detailed sampling of the profiles was used to 

differentiate two flow domains, preferential flow (PF) and matrix flow (MF), 

in each layer. In both layers, PF paths had a similar pH compared to MF soil, 

but lower ECEC values (Table 5.2).  

Table 5.2: pH and exchangeable cations in soils from each soil layer and different flow 
domain.a 

Layer Flow  

domain

pHw b K+ c Ca2+ c Na2+ c Mg2+ c Al3+ c 
   -----------------------------------[cmolc Kg-1]------------------

Riverbed Matrix flow 4,3 ± 0,1 0,2 ± 0,5 0,6 ± 3,0 0,1 ± 0,2 0,2 ± 1,1 1,5 ± 2,7 
Preferential 4,4 ± 0,1 0,2 ± 0,6 0,4 ± 1,5 0,0 ± 0,1 0,1 ± 0,4 1,0 ± 1,4 

Subsoil 
Matrix flow 4,1 ± 0,1 0,3 ± 0,2 0,7 ± 2,9 0,0 ± 0,1 0,3 ± 0,8 3,7 ± 3,7 

Preferential 4,0 ± 0,0 0,2 ± 0,5 0,6 ± 1,7 0,0 ± 0,1 0,2 ± 0,4 3,5 ± 3,8 
a: Mean values (n1=80) ± standard error of mean for pH in water and exchangeable cations in flow domains 
separated for the riverbed and subsoil layers. 
b: Soil pH in water. Instrumental error according to manufacturer of +/-0,01 pH. 
c: Exchangeable cations. 

Higher Feox, Fedith, and S concentrations were associated with PF paths 

compared to MF in both layers (Table 5.3). Differences among these three 
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parameters were not significant in the RB layer, but were significantly 

different with respect to Feox and S concentrations in the underlying SS layer. 

Total organic carbon (TOC) in the RB was lower in PF than MF samples, but 

the opposite trend was observed in the SS, with higher TOC in PF compared 

to MF (Table 5.3). 

Table 5.3: Trace metal concentrations, extractable iron, and total organic carbon in 
soils from each soil layer and the different flow domain. a 

 RIVERBED - Matrix flow RIVERBED - Preferential flow 
[mg Kg-1] Mean  Median CV Mean  Median CV 

Cu  468,8 387,8 34 553,0 543,3 31 
Zn ** 143,4 128,1 27 180,7 179,4 21 

As * 5394,06 4526,8 64 7769,5 7264,0 48 

S 787,0 667,0 55 934,3 897,0 43 

Feox  7224,2 6845,1 41 8373,1 7638,8 42 

Fedith  17486,2 16319,2 40 21478,7 17758,1 32 

TOC [%] ** 13 12 54 10 9 70 
 

 

 a: Mean values (n1=80) and coefficient of variation (CV) of Cu, Zn, As and S and amorphous forms of iron (Feox) 
and crystalline (Fedith) and total organic carbon in flow domains separated for the riverbed and subsoil layers.  
Statistically significant differences between the two flow domains are marked with * for P ≤ 0,1 and ** for P and ≤ 
0,05 (GLZ). 

 SUBSOIL - Matrix flow SUBSOIL - Preferential flow 
[mg Kg-1] Mean  Median CV Mean  Median CV 

Cu * 339,9 322,9 14 317,5 312,8 14 
Zn ** 143,1 140,0 16 127,0 126,0 12 

As ** 144,9 140,5 66 560,8 154,0 176 

S * 383,3 353,0 48 624,5 550,0 60 

Feox ** 3224,6 3232,0 25 4260,1 4171,4 28 

Fedith  6565,5 6568,3 24 6488,0 6253,8 17 

TOC [%] * 1 1 20 2 1 95 
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 Figure 5.7: Visualisation of data from Table 5.3. Mean (n1= 
80) trace metal concentrations, extractable iron, and total 
organic carbon in soils from each soil layer and flow domain. 
Values were normalized to highest value for each parameter. 
Size of symbol indicates relative concentration for each 
element. 

 5.3.3. Water flow domains and metal(loid) spatial 

distribution 

Within-domain spatial variability of the mean Cu, Zn, and As 

concentrations, as estimated by the coefficient of variation (CV), was 

different in the flow domains of the RB and SS layers. In the RB, CV was 

relatively high overall for Cu, Zn, and As mean concentrations, but higher in 

MF samples compared to PF samples (Table 5.3). Within the SS, CV for Cu 

and Zn means were low and similar in both MF and PF domains 

(approximately 14%). The CV for As mean concentrations was markedly 

different, changing from 65% to 176% in the MF and PF domains, 

respectively. This especially heterogeneous As spatial distribution in the PF 

domain of the SS layer is mainly due to the existence of two individual 

samples with high As concentrations (1.190 and 1.245 mg Kg-1) and two 

other samples, considered outliers, with As concentrations of 3.670 and 4.140 

mg Kg-1, which markedly deviate from the interquartile range (Q3 – Q1) of 

the data distribution within this sample pool.  
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Neural network analysis was used to examine multi-variable elemental 

composition of PF and MF flow domains within the RB and SS layers 

(Figure 5.8). Neural networks provide a method to model complex or 

nonlinear relationships between data. This analysis produces a predictive 

model for a dependent or target variable (flow domain) based on the values 

of a series of predictor variables (metal(loid)s, Feox, and TOC 

concentrations). Briefly, a neural network usually consists of an input layer 

(predictor variables), a hidden layer, and an output layer. All inter-neuron 

connections between input and hidden layers, as well as hidden and output 

layers, have associated synaptic weights proportional to the strength of the 

connection. Two dimensions in the hidden layer were sufficient to extract the 

important features contained in the input data, which produced correct 

predictions of the resulting model in 84% of the testing samples from both 

RB and SS, and provided a measure of predictability in the multi-variable 

space. The resulting neural network model includes all neuron layers and 

connections, with line thickness proportional to strength and type of line 

indicating operative sign (+ or -) (Figure 5.8).  

Global loadings 

calculated from the 

synaptic weights of 

the model are given in 

Table 5.4. Larger 

loading values for a 

given predictor 

indicate greater 

association of that 

variable to either MF 

or PF domains. 

Accordingly, the PF 

Figure 5.8: Structure of neural network models for riverbed 
and subsoil layers. Input layer contains the predictor 
variables; hidden layer contains the unobservable 
dimensions; output layer (flow domain) contains the 
responses or dependent variables.  
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domain in RB was mainly characterized by higher Zn and lower TOC 

compared to the MF domain (Figure 5.8). 

Arsenic association with the PF domain was not as strong as the other 

predictors due mainly to its large spatial variability within this layer, although 

model results are consistent with higher mean concentration in the PF domain 

as described by the univariate GLZ analyses. Neither Cu nor Feox worked 

well as predictors and no association was found with flow domain. In 

contrast in the SS layer, the characteristic chemical composition of the flow 

domains was more sharply differentiated than in the RB layer, i.e. all 

variables showed strong predictability for either PF or MF domains. In this 

case, both Cu and Zn were weak predictors, and As, TOC and Feox were 

stronger predictors, of the PF compared to the MF domain (Figure 5.8) 

Table 5.4: Global loadings of predictor variables on target variables 
(flow domains) from neural network models. a 

 Predictors Target variables  
RIVERBED  Matrix flow  Preferential flow  

 Cu 0,065 -0,659 
 Zn -4,926 0,309 

 As -0,246 -0,208 

 TOC 2,186 -2,399 

 Feox 0,035 -0,700 

SUBSOIL    

 Cu 0,920 -0,460 

 Zn 1,388 -0,615 

 As -1,807 1,303 

 TOC -2,466 2,090 

 Feox -0,375 0,250 
a: higher + values indicate a higher degree of predictability of the soil concentration parameters 
for the flow domain (matrix flow or preferential flow). 

 5.3.4. Solid-phase metal(loid) extractability in flow 

domains 

Metal(loid) distributions determined by the BCR sequential extraction 

method are shown in Figure 5.9. In general, Cu, Zn, and As were found in 

greatest proportion associated with the residual fraction (R) (from 26% to 
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74% of the total concentration), and to a lesser extent with the hydroxide or 

reducible fraction (FII) (from 9% to 34% of the total concentration). An 

exception is Cu in the SS layer where it was associated mainly with the 

exchangeable or weakly bound fraction (FI) and with poorly crystalline or 

reducible (FII) fraction rather than R.  

With respect to flow domains, As and Cu were lower on average in R in 

the MF samples compared to the PF samples, and Zn was similar in both 

domains. Mean element concentrations in FII and FIII (associated with 

organic matter) fractions decreased slightly from MF to PF domains. Minor 

differences were noted in the fraction targeting exchangeable species among 

samples. In the SS layer, mean Cu and Zn concentrations in both flow 

domains followed similar trends to those in the RB layer. In contrast, As was 

Figure 5.9: Percentage of As, Zn and Cu extracted with the BCR extraction procedure 
(Rauret et al. 1999). Results are shown for soil layers (riverbed and subsoil) and flow 
domains, matrix flow (MF) and preferential flow (PF). Statistically significant 
differences between the two flow domains are marked with * for P < 0,05 (GLZ). Error 
bars represent the 95% confidence interval. 
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higher in mean concentration in the PF than MF domain in all extraction 

steps except FI. The proportion of As in FI, FII, and FIII significantly 

increases and that of As in R significantly decreases from MF to PF domains 

(Figure 5.9).  

 5.3.5. Arsenic and iron X-ray absorption spectroscopy in 

subsoil samples 

Arsenic K-edge XANES spectra verified that As was present only as 

As(V) in both the MF and PF samples from the SS layer (Figure 5.10A). The 

As XANES spectra of both soil samples could be fit with that of a reference 

spectrum of As(V) sorbed on ferrihydrite (molar Fe/As = 80) (Table 5.5). Fits 

to the As EXAFS spectra of the SS samples and the reference spectrum using 

shell-by-shell analysis resulted in an As-O first-shell coordination distance of 

1,68 ± 0,01 Å (NAs-O = 4, fixed), and two second-neighbor As-Fe distances 

(Table 5.5). Interatomic As-Fe distances for the PF spectrum were similar to 

that of the As/ferrihydrite spectrum, and NAs-Fe (σ2 fixed) was slightly lower 

than in the reference spectrum. For the MF spectrum, best fits indicated a 

slightly shorter average As-Fe distance for the first Fe shell than found in the 

PF and reference spectra (3,31 ± 0,02 Å versus 3,36-3,38 ± 0,02 Å). 

Interatomic As-Fe distances for the lower amplitude second Fe shell were 

slightly longer in the fit of the MF spectrum (3,55 ± 0,02 Å) than in the PF 

and reference spectra (3,51-3,52 ± 0,02 Å). 



 

 

Table 5.5: Arsenic XANES and EXAFS fits results. 
 As XANES a  As EXAFS c 

Sample As(V)-

FHb 

Energy 

shift 

Fitting 

range

Reduced 

χ2
Atom N   R    σ2    Δ E0  

Reduced 

χ2

 [%] Δ E [eV] [eV]    [Å] [Å2] [eV]  

Matrix 104,4 + 0,4 11857,5 to 

11940 

3,34 x 10-3 O 4,0 1,68* 0,0021* 2,4* 1,41 
    MSd 1,0 3,06/ 0,0032/   

     Fe 1,6* 3,31* 0,0060   

     Fe 1,1* 3,55* 0,0060   

Preferential 

flow  

104,6 + 0,4 11857,5 to 

11940 

6,08 x 10-3 O 4,0 1,68* 0,0022* 3,4* 3,00 
   MSd 1,0 3,05/ 0,0031/   

     Fe 1,7* 3,36* 0,0060   

     Fe 0,8* 3,51* 0,0060   

As(V)-FH     O 4,0 1,68* 0,0023* -,4* 1,44 
     MSd 1,0 3,06/ 0,0035/   

     Fe 1,7* 3,38* 0,0060   

     Fe 0,8* 3,52* 0,0060   
a: Results from linear least-squares fit of reference spectra. Goodness of fit was assessed by the χ 2statistic (=(F-factor)/(# of points - # of variables).  
b: Arsenate sorbed to hydrous ferric oxide precipitated as 2-line ferrihydrite previously analyzed by (Root et al. 2009); used as reference for XANES fits of soil samples. 
c: Results from non-linear least-squares shell-by-shell fit of theoretical referenced functions; N is the number of backscattering atoms at distance (R); σ2 (Debye Waller term) is the 
absorber–backscatterer mean-square relative displacement; Δ E0 is the energy shift in the least-squares fit; reduced χ 2 is a reduced least-squares goodness-of-fit parameter (=(F-factor)/(# 
of points - # of variables)); scale factor (S2

o) fixed at 1; (/):parameter linked in fit to the parameter directly above; (*) parameter allowed to vary during fit; fixed σ2 values for As-Fe shells 
from (Root et al. 2009). 
d: Spectrum fit with a multiple scattering path from As–O–O–As in arsenate tetrahedra (Root et al. 2009). 
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Figure 5.10: A) Arsenic K-edge XANES, EXAFS and Fourier transforms (FT) of 
subsoil sample spectra from matrix flow (MF) and preferential flow (PF) domains. 
XANES data were fit by a reference spectrum of arsenate sorbed to hydrous ferric 
oxide (As(V)-FH)(Root et al. 2009). Arsenic EXAFS were fit using non-linear least-
squares shell-by-shell approach. Solid lines are data; dashed lines are fits. Numerical 
results are given in Table 5.5.  
B) Iron K-edge XANES, EXAFS and Fourier transforms (FT) of subsoil sample spectra 
from matrix flow (MF) and preferential flow (PF) domains. XANES and EXAFS 
spectra were analyzed by linear least-squares combination fits with reference 
compound spectra of smectite (SWy-2), illite (IMt-1) (both from the Clay Minerals 
Society Source Clays Repository) and ferrihydrite (FH) (synthetic 2-line ferrihydrite 
prepared following (Schwertmann and Cornell 2007)). Solid, black lines are data; 
dashed, red lines are fits. Numerical results are given in Table 5.6. 
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For Fe X-ray absorption spectra, results from linear least-squares 

combination fits indicated that both SS samples were dominated by a mixture 

of illite and smectite, with a smaller component of Fe(III)-oxide that was best 

fit with a reference spectrum of ferrihydrite (Figure 5.10B). Based on fits to 

XANES spectra, the MF spectrum had a smaller proportion of ferrihydrite 

and more smectite than the PF spectrum, which was best fit with larger 

fractions of illite and ferrihydite (Table 5.6). Linear combination (LC) fits of 

the Fe EXAFS spectra used the same reference components that were 

identified in the XANES analysis. In general, EXAFS LC fits tend to 

overestimate crystalline mineral fractions such as illite compared to 

amorphous phases such as ferrihydrite because of the stronger second-

neighbor backscattering in crystalline materials (O'Day et al. 2004). As such, 

the fraction of ferrihydrite decreased in both samples in EXAFS fits 

compared to XANES fits, and the illite component was the dominant fraction 

in the EXAFS LC fits (Table 5.6). However, in results from both XANES 

and EXAFS fits, the PF sample contained about twice the amount of 

ferrihydrite than in the MF sample. 

Table 5.6: Iron XANES and EXAFS fits results. 
Fe XANES a        
Sample Fitting range Illiteb Smectitec Ferrihydr

ited 
Total Reduced χ2 

 [energy (eV)] --------------------------[%]-------------------------  

Matrix 7118,1 to 7162 33,7 50,8 16,8 101,3 1,13 x 10-4 

Preferential 
flow  

7118,1 to 7162 42,5 24,7 34,0 101,2 1,10 x 10-4 

      

 

Fe EXAFS a        
Sample Fitting range Illiteb Smectitec Ferrihydr

itee

Total f Reduced χ2 

 [k (Å-1)] --------------------------[%]-------------------------  

Matrix 2,5 to 11,3 57 33 11 100 6,4 x 10-1 

Preferential 
flow 

2,5 to 11,3 43 35 22 100 2,6 x 10-1 
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a: Results from linear least-squares fits of reference compounds. Goodness of fit was assessed by the reduced chi-
square statistic (=(F-factor)/(# of points - # of variables).  
b: Fit with reference illite (IMt-1), Clay Minerals Society source clay mineral previously analyzed by (O'Day et al., 
2004). 
c: Fit with reference smectite (SAz-1), Clay Minerals Society source clay mineral previously analyzed by (O'Day et 
al., 2004). 
d: Fit by synthetic 2-line ferrihydrite spectrum prepared following (Schwertmann and Cornell, 2007).  
e: Fit with ferrihydrite spectrum previously analyzed by (O'Day et al., 2004). 
f: Re-calculated to 100%. 

 5.4. Discussion 

 5.4.1. Acidic runoff and soil properties of the riverbed 

The overall soil characteristics found in the experimental site between the 

stream bed and outside of it reflect the local effect of seasonally intermittent 

runoff from the stock waste pile. During rainfall events, dissolution of 

scorodite present in the waste pile associated with base consumption and 

proton generation as described in Bluteau and Demopoulos (2007) may lead 

to acidification and enhanced salt leaching within the stream channel 

compared to adjacent soils. The acidity observed in the stream profile can 

also promote the destabilization of 2:1 clay minerals, resulting in a fraction of 

Al3+ in octahedral layers to become exchangeable, thus increasing 

exchangeable acidity (Vazquez et al. 2011). A small fraction of hematite was 

identified by XRD in both RB soil and a waste stock pile sample (data not 

shown), but not in the SS. The presence of a crystalline Fe-oxide compound 

in the RB could be due to particle transport through surface runoff from the 

waste pile and accumulation in the upper stream soils or it could also be the 

transformation product of the previously precipitated ferrihydrite. Bulk As 

concentrations were particularly elevated in the top 20 cm of the stream 

profile compared to out-stream soils (Figure 5.3), which may result from a 

combination of both dissolved and particulate As transport. 
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 5.4.2.  The riverbed, a transition layer between surface 

runoff and subsoil 

Although staining-based experimental approaches provide no information 

on the origin of preferential flow (Hagedorn and Bundt 2002), visual 

evidence showed that non-equilibrium water infiltration conditions within the 

RB layer give raise to two flow domains, preferential and matrix flow. 

Differences in element concentrations and soil properties between flow 

domains are likely the result of surface acidic run-off and associated 

hyporheic exchange in the stream channel, combined with preferential flow 

through the profile. Heterogeneity in flow can induce differences in soil 

properties and metal(loid) concentrations, although differences between PF 

and MF domains the RB layer are less distinct than those observed in the SS 

layer. 

Results from statistical analyses (GLZ and neural network) showed no 

strong correlation trends between compositional variables and flow domains, 

with the exception of a positive correlation between Zn and PF, and a 

negative correlation between TOC and PF. Total mean As concentration was 

much higher overall in the RB than in the SS layer, but was not strongly 

associated with either PF or MF domains. Mean concentrations of amorphous 

and crystalline Fe were two to three times higher in the RB layer compared to 

the SS in both PF and MF domains (Table 5.3). Particle settling, filtration, 

and/or aggregation along variable paths within the porous RB, acting as a 

storage system, may explain the high mean concentrations of As and 

extractable Fe found in this layer, and the reduced discriminator capacity of 

the selected soil properties to characterize flow domains. Percolation of acid 

water through the RB could increase leaching of exchangeable cations and 

dissolution of more soluble fractions at low pH, resulting in lower ECEC and 

TOC in PF domains. Particulate Fe oxide minerals may dissolve during acid 
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infiltration and re-precipitate as amorphous Fe oxide. Results from sequential 

extractions showed a small increase in As and Cu associated with the residual 

fraction in PF compared to MF samples. Dissolution of poorly crystalline 

phases in PF paths would tend to increase the fraction of metal(loid)s in more 

recalcitrant phases. 

 5.4.3. Preferential flow and metal(loid) speciation in the 

subsoil 

Visible structural features could be related to the observed dye pattern in 

the SS layer and analyses suggest that physical and chemical processes 

underlying non-equilibrium conditions in water flow influence the spatial 

distribution of As, Cu, and Zn differently. Based on analyses of bulk in-

stream cores, total Cu and Zn had similar concentration profiles and showed 

no trends with depth (Figure 5.6).  

Neural network analysis showed that Cu and Zn were less strongly 

associated with PF paths than with the MF domain, but the opposite was 

observed for As, TOC, and Feox. Mean TOC was lower in the SS than the 

RB, but TOC was a strong discriminator of PF paths in the SS. The fraction 

of As extracted in sequential extraction step FIII (targeting organic matter 

and oxidizable phases) was higher in PF (11%) than MF (5%) samples in the 

SS, although the amount of As extracted was much less than that associated 

with the poorly crystalline (FII) and residual fractions. Mean Zn 

concentrations were half as low as mean Cu concentrations in the SS, but 

more Zn than Cu was associated with the residual recalcitrant fraction in 

sequential extractions. X-ray absorption studies of Zn coordination in acid-

impacted mine tailings showed that Zn in recalcitrant sample fractions was 

associated with phyllosilicate and crystalline Fe-oxide phases (Hayes et al. 

2011). Results from sequential extractions showed that Cu was mostly 

associated with easily exchanged and poorly crystalline soil fractions in PF 
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and MF samples (>70%), reflecting its high mobility in both flow domains. 

Under acid conditions, Cu and Zn as divalent cations are expected to be 

mobile and may leach from the RB layer through PF paths into the MF of the 

SS if not incorporated into stable silicate or oxide phases. Sorption by Fe(III) 

oxides is a more important control on As mobility, particularly for As(V) as 

arsenate, than for Cu and Zn (Kumpiene et al. 2007), as confirmed by the 

results of the neural network analysis.  

Spectroscopic results for As and Fe confirm the strong association of the 

arsenate anion with Fe(III)-oxide phases (Dixit and Hering 2003; Stollenwerk 

2003). Interatomic distances and coordinating atoms determined from As 

EXAFS analysis for the PF sample are very similar to that of reference As(V) 

sorbed to synthetic ferrihydrite (Table 5.5) and in agreement with model 

studies of arsenate sorption to Fe(III)-oxide minerals (Waychunas et al. 1993; 

Sherman and Randall 2003). The As XAS results are consistent with Fe 

XANES analysis of the PF sample, which showed an Fe(III)-oxide 

component comprising 34% of total Fe that was best fit with a ferrihydrite 

reference compound. Second-neighbour interatomic distances from As 

EXAFS for the MF sample were slightly different from the PF sample, and 

results from Fe XAS analysis of the MF sample indicated a higher fraction of 

illite-smectite and less Fe(III)-oxide (17% ferrihydrite from XANES). Minor 

differences in local As coordination between the PF and MF samples may 

result from less dominance of amorphous Fe(III)-oxides in the MF domain 

and greater variability in potential sorption sites for arsenate. Differences 

noted in the distribution of Fe phases determined by XAS correlate with a 

slightly lower mean extractable Fe-oxide concentration (Feox) for MF 

compared to PF domains in the SS layer (Table 5.3). 

Comparison of chemical and spectroscopic results from the RB and SS 

layers suggest that Fe mobilized from the RB during acid flow may 

redistribute into the underlying SS through PF paths and precipitate as 
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amorphous ferrihydrite. Discontinuities in PF paths such as dead-end 

macropores (Allaire-Leung et al. 2000) may also contribute to enhanced, but 

heterogeneous, Fe(III) precipitation as an amorphous or poorly crystalline 

phase. The transfer of Fe from the RB into the SS through PF paths and 

higher abundance of amorphous Fe(III) oxide are consistent with the 

observed higher mean concentration of As in PF samples and its 

heterogeneous spatial distribution, including the presence of a small 

population of samples with very high As concentration. The correlation of PF 

paths in the SS with TOC may also suggest a role for organic matter in the 

retention of As (Voegelin et al. 2007; Sharma et al. 2010), although mean 

TOC concentrations are very low. Whether PF paths in the SS are acting as 

both a sink for As and as a conduit for transfer into deeper soil horizons is 

difficult to assess since this experiment did not capture dynamic processes of 

the system. However, no evidence was observed in the soil profile for 

reductive processes, such as the presence of As(III), Fe(II), or sulfide 

minerals, that would indicate mobilization of As from the reduction of As(V) 

or the reductive dissolution of Fe(III) oxides (Root et al. 2009; Hering et al. 

2011). Based on the observations of this study, the seasonal dynamics of this 

system are most likely dominated by a combination of surface flow and 

subsurface infiltration leading to alternating saturated and unsaturated 

conditions. Metal(loid) transport processes appear to be dominated by 

dissolution and precipitation of Fe(III) oxide phases for As as arsenate, and 

pH-controlled sorption and desorption for Cu and Zn.  

 5.5. Conclusions  

Differences in flow regime in soils can play an important role on the 

distribution of metal(loid) contaminants through the interaction of physical 

and chemical processes. In prior studies, macropores have been considered 

"microsites" that are chemically more reactive than the surrounding matrix 
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(Jarvis 2007). In this study, we showed that preferential flow paths subjected 

to intermittent infiltration of acidic water may behave as either conduits for 

element transfer or as local sinks, depending on the metal(loid) and the flow 

conditions. In soil samples from the RB, where both surface flow and 

subsurface infiltration occur, chemical differences between preferential and 

matrix flow regimes were not as distinct as in the subsoil. Soil chemical 

properties and metal(loid) distribution probably reflect variability among 

rainfall events, stream flow, and rates of subsurface infiltration that may 

create a broader distribution of flow regimes. In the subsoil, the mobility of 

Cu and Zn as divalent cations under acidic conditions is reflected in their 

distribution within the soil matrix rather than in PF paths. The association of 

As with PF paths containing more amorphous Fe(III) oxide than matrix soils 

can be interpreted as a consequence of the tight coupling of arsenate 

attenuation or mobilization to the precipitation and dissolution, respectively, 

of Fe(III) oxides that may occur during variable preferential flow. Physical 

discontinuities within macropores, such as slow flow or dead-end pores, may 

act as traps for As and Fe, and result in locally high concentrations within the 

subsoil. The erosion of the waste pile and surface transport leads to an 

expansion of As and metal contamination through surface flow and potential 

particle transport. Mass transfer from the RB to the subsurface probably 

results from a combination of dissolution/precipitation and 

sorption/desorption processes related to acid leaching. The movement of As 

through PF paths may be retarded by adsorption on amorphous Fe(III) 

oxides, but this is a reversible process if geochemical conditions change. 

Although the results of this study present a temporally static view of the 

distribution of contaminants, there is evidence for an overall transfer of 

contaminants from storage in riverbed soils into the subsoil where 

preferential flow domains appear to act as conduits for metal transport and as 

both a source and a sink for As.  
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 6.1. Introduction 

Preferential flow (PF) has been defined as encompassing all phenomena 

where water and solutes move along certain pathways, while bypassing a 

fraction of the porous matrix (Bundt et al. 2000; Hendrickx and Flury 2001; 

Hagedorn and Bundt 2002). These phenomena are ubiquitous and occur at a 

wide range of both spatial and temporal scales (Clothier et al. 2008). Flow 

through structural macropores is considered as the main cause for preferential 

flow (Beven and Germann 1982; Jarvis 2007); although the occurrence of 

preferential flow also has been reported in unstructured soils, where PF can 

be triggered by air entrapment, soil layering (i.e., drastic changes in hydraulic 

conductivity layers), surface desaturation, and soil water repellency (Bauters 

et al. 2000; Wang et al. 2000; Darnault et al. 2003).  

Increased water flow rate resulting from preferential flow phenomena has 

long been described in column studies (Radulovich et al. 1992; Li and 

Ghodrati 1997; Jensen et al. 1998) and field-plots under natural conditions 

(Garrido et al. 2001; Weiler and Flühler 2004; Sander and Gerke 2007; 

Bogner et al. 2008). Temporally persistent (Hagedorn and Bundt 2002), these 

phenomena can either enhance or reduce the capacity of the soil to buffer and 

filter with attendant consequences for the quality of water (Jarvis 2007). 

Moreover, physico-chemical properties of the soil within preferential flow 

paths may be different than those of matrix flow soil resulting for instance in 

different microbial activity (Bundt et al. 2001b) or carbon and nitrogen 

dynamics (Bundt et al. 2001a) in both flow domains. In addition, Bundt et al. 

(2001c) found that the soil of the preferential flow paths can organically bind 

metals to a larger extent than in the soil matrix due to its greater content in 

organic matter. Previous experiments (Garrido and Helmhart 2012; Helmhart 

et al. 2012) have shown important differences in soil properties between 

preferential and matrix flow paths that largely affects metal(loid)s 

distribution in soil at the pedon scale but still, the effect of water flow 
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instability on metal distribution in the soil profile is not clear (Jarvis 2007). 

Development of such spatial correlation might require that preferential flow 

paths last time enough to achieve metal concentrations discernibly higher 

than in the matrix flow domain (Knechtenhofer et al. 2003). Further research 

is needed to reveal whether metal distribution in the soil is controlled by non-

equilibrium conditions in water flow and to elucidate the mechanisms behind 

the transport of trace metals through the soil. In addition, most of research 

available on this matter has been performed in soils polluted with main 

sources of contaminant entering the soil system through the surface. Instead, 

the effect of PF on metal distribution in soil materials with inherent high 

metal(loid) contents has not been studied before. This might be the case of 

mine sediments or deposits containing large amounts of various metal(loid)s 

species in which PF phenomena may also induce an enhanced leaching in 

selective metal(loid) species. 

This study aims to describe the effect of preferential flow phenomena on 

metal(loid)s spatial distribution at the pedon scale in a highly contaminated 

mine sediment. By means of staining techniques using a dye tracer and an 

intensive sampling procedure, our objectives were (1) to study the existence 

of different flow domains within the sediment profile, (2) to test the 

hypothesis that preferential flow paths may control metal(loid) distribution in 

a contaminated sediment profile, and (3) to investigate whether metal(loid)s 

solid phase distribution changes as a result of the coexistence of different 

flow domains. 

 6.2. Materials and methods 

 6.2.1. Study site and general sediment characteristics 

The experimental site was located within the river bank area of the São 

Domingos river downstream of the abandoned São Dominigos Mine (SDM) 
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(Beja District, South Portugal). The water of this river is an example for acid 

mine drainage due to its low pH, high Eh and conductivity and high content 

of metal(loid)s (Abreu et al. 2008). The ore mineralogy of the mine is 

dominated by pyrite (FeS2) with smaller amounts of chalcopyrite (CuFeS2), 

galena (PbS) and sphalerite (ZnS) and minor minerals like arsenopyrite 

(FeAsS) (Rosado et al. 2008). The intense and prolonged mining activity - 

exploitation started in pre-roman times and finally ceased in 1966 - created a 

variety of wastes, classified by Álvarez-Valero et al. (2008) and Pérez-López 

et al. (2008) as industrial waste, derived from the ore processing plants, and 

mine wastes. In both material types, residues of sulphides and secondary 

mineral phases such as jarosite have been identified. High concentrations of 

arsenic, up to 3.500 mg Kg-1, were detected in all material found in the mine 

area (Álvarez-Valero et al. 2008).  

Four 90 cm depth undisturbed sediment columns were taken in the 

vicinity of the experimental plot for detailed characterization. The columns 

were transported to the laboratory and cut at 10 cm intervals. Each portion 

was air-dried, homogenized, and passed through a 2 mm sieve prior to 

analysis (Table 6.1). Soil pH was measured in deionized water (pHw) and in 1 

M KCl (pHK) (in a 1:5 suspension). Electrical conductivity (EC) was 

measured in a 1:5 suspension. Total organic carbon (TOC) was determined 

by wet digestion (Walkley 1934). The exchangeable bases were extracted 

with 1 M NH4OAc (at pH 7) (Thomas 1982). The poorly crystalline and 

amorphous Fe, Al, Mn and Si fractions (Feox, Alox, Mnox, Siox, respectively) 

of the sediment was extracted with 0,2 M ammonium oxalate + 0,2 M oxalic 

acid solution at pH 3 (Shuman 1985). The supernatants from each extraction 

were separated by centrifuging and stored in polyethylene containers at 4 ºC 

until analysis. Analyses were performed in duplicate. The Ca, Mg, Na, K, Al 

and Fe were determined by inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) on a Perkin-Elmer OPTIMA 4300DV. 
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Semiquantitative mineralogical composition of the total (≤2 mm) and clay (≤ 

2 µm) fractions of the sediment was identified by X-ray powder diffraction 

(XRD) with a Philips X´Pert diffractometer with graphite-monochromated 

Cu-Kα radiation. The XRD patterns were obtained from random powder 

mounts and various oriented aggregates of the clay fraction (air-dried, 

ethylene glycol-solvated, heated at 300ºC for 3 hours, and heated at 500ºC for 

3 hours). Semi-quantitative estimates of the mineral contents were obtained 

from random powder and oriented aggregated patterns using the intensity 

factors by Schultz (1964). 

 6.2.2. Dye infiltration study  

Visual identification of preferential flow pathways was done in May 2008 

through a dye infiltration experiment similar to those described in Garrido 

and Helmhart (2012). Brilliant Blue (BB) FCF (CI. 42090) was used as the 

dye tracer (Kasteel et al. 2002) although adsorption may limit the visibility of 

some PF paths (Ketelsen and Meyer-Windel 1999). Further information on 

Brilliant Blue FCF can be found in Flury and Flüher (1995). With no pre-

watering, a 6 cm front of dye solution  containing 3 g L-1 of BB in fresh water 

was applied at constant rate onto a sprinkled surface area of 3 m2 during 1 

hour by means of an irrigation system consisting of 5 sprinklers connected to 

an electrical vacuum pump and a dye reservoir. No ponding was observed on 

the surface during the dye application except for small points due to localized 

depressions. 

 6.2.3. Sediment sampling  

One day after the tracer irrigation, the first 5 cm depth were carefully 

excavated and discarded and three parallel and vertical 1 m x 1m soil profiles  
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were consecutively excavated at 25 cm interval 

within the irrigated plot area (Figure 6.2A). Once 

each profile was open and leveled, a 5 cm mesh 

supported by an aluminum frame was placed onto 

the open surface. Sediment samples were taken by 

pushing into the profile a cylindrical aluminum 

tube (5 cm length and 4,5 cm diameter) through 

the mesh resulting in approximately 160 samples 

(10 rows x 16 columns) per profile totalizing 456 

samples (Ntot) within the studied soil pedon  

(Figure 6.1).  

The samples were taken to the laboratory, air 

dried and sieved through 2mm mesh prior to further analysis. 

 6.2.4. Flow domains identification 

Water flow domains within the profiles were identified by semi-

quantitatively determining the dye color intensity in each sieved (<2mm) 

sample using a Chroma Meter (CR-400, Minolta). The color was expressed 

in the CIE Lab color space from which the parameter -a*, representing the 

greenness, was used to differentiate the color of the dye (i.e. concentration) 

from the color of other sediment components of each sample (Knechtenhofer 

et al. 2003). In addition, the –a* parameter was also measured in the 

unstained samples obtained from the columns to assure that its value did not 

change with depth. A subsequent k-means cluster analysis on the basis of the 

-a* values was done for each profile in order to differentiate identifiable 

water flow domains. 

Figure 6.1: Outline of 
experimental design. 
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 6.2.5. Metal(loid) content distribution in identified flow 

domains 

Within each profile, the maximum depth at which any dye was observed 

plus 5 cm immediately below this depth was set as threshold; samples from 

above this limit were taken into consideration for subsequent analyses; 

samples below this line were discarded.  

A subset of samples was taken based on a simple allocation sampling 

procedure: 12 samples were randomly selected within each profile (3) and 

flow domain (4) sample pools, totalizing 144 (n1) from the experimental soil 

pedon (Figure 6.1). This selection produced a statistical error equal to 1% at a 

95% confidence level based on standard deviation of parameter –a* in each 

profile.  

All samples in this subset (n1=144) were dissolved in aqua regia (Chen 

and Ma 2001) by microwave-assisted digestion (Ethos Series 1 Milestone), 

and solutions were filtered and analyzed for pseudo-total (p-total) As, Pb, Cu, 

Zn, Fe, Cr concentrations. In addition, pH was measured in deionized water 

(pHw) and Fe, Si, Al, and Mn contents in the poorly crystalline and 

amorphous fraction of the sediment (Feox, Siox, Alox, Mnox) were determined 

as described above. To explain the association of these variables and flow 

domains, two fixed variable factors (profile and cluster) and a covariate 

(depth) were considered within a General Lineal Model (GLM) with three 

effects [profile, cluster nested to profile, and depth]. The dependency of flow 

domains (clusters) and depth was assumed on the basis of previous results 

(Garrido and Helmhart 2012). Multivariate characterization of flow domains 

was done on the basis of these variables through a discriminant analysis. 

Statistical analysis was done using the software package SPSS v.19.0 (SPSS, 

Inc, Chicago, IL). 
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 6.2.6. Solid-phase metal(loid) speciation in identified flow 

domains 

Further analyses were done after a second sample selection procedure 

from subset n1. Within this subset, only samples belonging to clusters 1 and 4 

(extreme flow domains) formed a new subset randomly selected of samples 

with n2= 38 (incidentally determined, 19 samples per cluster) (Figure 6.1).  

This selection produced a statistical error equal to 2% at a 95% 

confidence level based on standard deviation of determined pseudo-total lead 

concentration. In order to ensure that the selected samples were 

representative of the previous sample pools, ROC (Receiver operating 

characteristics) analyses for Feox as well as As, Cu, and Pb pseudo-total 

contents were done proving that variable distributions between n1 and n2 

sample sets were not significantly different. This set of samples were used to 

identify differences in metal(loid)s solid phase speciation as a result of 

preferential flow phenomena through the three-step sequential chemical 

extraction scheme proposed by the Standards Measurement and Testing 

Programme (SM&T) of the Commission of the European Communities and 

described in (Rauret et al. 1999) (so-called BCR method). This procedure 

delineates the following operationally defined fractions (F): (FI) fraction 

extracted with 0,11 M acetic acid corresponding to water soluble or weakly 

bound species; (FII) fraction extracted with 0,1 M hydroxylamine 

hydrochloride at pH 2 targeting poorly crystalline or reducible Al, Fe and Mn 

(hydr)oxides; and (FIII) fraction extracted in 30% hydrogen peroxide 

oxidation and 1 M ammonium acetate targeting organic matter or oxidizable 

phases. Lastly, a residual fraction (R) was estimated indirectly by subtraction 

of the sum of lead extracted in steps 1 to 3 from pseudo-total concentration. 

To explain the association of these variables and flow domains, two fixed 

variable factors (profile and cluster) and one covariable (fraction k-1) were 
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considered within a General Lineal Model (GLM) with three effects [profile, 

cluster nested to profile, and depth] after appropriate transformation of 

variables. Statistical analysis was done using the software package SPSS 

v.19.0 (SPSS, Inc, Chicago, IL). 

 6.3. Results 

 6.3.1. Sediment properties 

Four 90 cm depth sediment columns were taken close to the irrigated 

experimental plot for characterization (Figure 6.2). Results are shown in 

Table 6.1. 

Figure 6.2: A) Plan of study site located within the river bank area of the São 
Domingos river downstream of the abandoned São Dominigos Mine (SDM). Overwiew 
picture and cross section are included. B) General view of the stained soil profiles. 
 

The sediment showed large amounts of quartzitic stones homogeneously 
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ECEC (1,6-1,8 cmol+
 kg-1) with increasing amount of exchangeable Ca2+ 

(0,7-1,0 cmol+ kg-1) and Mg2+ (0,6-1,0 cmol+ kg-1) and decreasing 

exchangeable K+ (0,5-0,2 cmol+ kg-1) with depth. Lastly, there was an 

increment of EC with depth ranging from 239 µS cm-1 in the first 10 cm to 

498 µS cm-1 at 80-90 cm depth. The mineralogical composition of the total 

fraction (≤ 2 mm) was dominated by quartz and albite minerals and that of 

the clay fraction (< 2 µm) by illite, jarosite-like (plumbojarosite, 

hidroniumjarosite and jarosite) minerals and to a lesser extend quartz (Table 

6.2). A minor proportion of scorodite, cristobalite, beudantite and some 

phyllosilicates was also detected in the clay fraction. 



 

 

Table 6.1: Some physical and chemicals properties of the studied sediment. Mean values (N=4) ± SD 

Depth   Sand a Silt a Clay a Q b HJ b PbJ b A b I b TOC c pHw 
d pHK 

e EC f ECEC g 

[cm] ---------------------------------------------------[%]--------------------------------------------------    [µS cm-1]  [cmol+ kg-1] 

  0 - 10 78 ± 2 11 ± 2 11 ± 1 
78 2 1 13 6 

0,4 ± 0,2 3,4 ± 0,2 3,3 ± 0,1 239 ± 66 1,6 

10 - 20 77 ± 2 12 ± 1 11 ± 1 0,2 ± 0,1 3,4 ± 0,4 3,1 ± 0,1 236 ± 62 1,4 

20 - 30 78 ± 2 11 ± 1 11 ± 1 
74 2 3 18 2 

0,2 ± 0,1 3,5 ± 0,4 3,0 ± 0,0 302 ± 49 1,5 

30 - 40 72 ± 8 16 ± 6 12 ± 2 0,3 ± 0,1 3,4 ± 0,2 2,9 ± 0,0 361 ± 25 1,6 

40 - 50 72 ± 6 16 ± 4 12 ± 3 
78 2 2 15 4 

0,3 ± 0,1 3,3 ± 0,2 2,7 ± 0,0 431 ± 63 1,7 

50 - 60 75 ± 8 13 ± 5 11 ± 3 0,2 ± 0,0 3,4 ± 0,1 2,8 ± 0,0 420 ± 103 1,7 
a: Soil texture. 
b: Semi-quantitative mineralogical composition (%) of the ≤ 2 mm fraction. (Q: Quartz; HJ: hydronium jarosite; PbJ: Plumbojarosite; A: Albite; I: Illite). 
c: Total organic carbon by wet digestion. 
d: Soil pH in water. 
e: Soil pH in KCl 1 M. 
f: Electrical conductivity. 
g: Effective cation exchange capacity as the sum of exchangeable Ca, Mg, Na, K and Al content. 
 
Table 6.2: Semi-quantitative mineralogical composition (%) of the clay fraction (≤ 2 µm). 

Depth Q I J HJ PbJ S B C K V 

[cm] ----------------------------------------[%]--------------------------------------

  0 - 20 18 31 9 14 12 6 2 5 2 1 

20 - 40 23 14 7 24 14 8 2 5 2 1 

40 - 60 19 38 5 10 13 6 2 4 2 1 

Q: Quartz; I: Illite; J: Jarosite; HJ: hydronium jarosite; PbJ: Plumbojarosite; S: Scorodite; B: Beudantite; C: Cristobalite; K: Kaolinte; V: Vermiculite. 
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 6.3.2. Identification of water flow domains at the pedon 

scale 

Non-uniform dye distribution patterns can be seen in the three open 

profiles (Figure 6.2B). Stained areas were visible until approximately 40 to 

45 cm depth in profile 1 and till 30 to 35 cm depth in profiles 2 and 3. In the 

three of them, an initial upper layer of variable thickness was homogeneously 

stained giving rise to a deeper zone in which wetting front became unstable 

and the infiltrated dye solution branched into different pathways giving rise 

to the observed heterogeneity. Visual examination of these profiles showed 

no apparent macroporosity or structural voids. Cluster analysis on the basis of 

the -a* parameter within each profile gave rise to four clusters of increasing 

color intensity that were identified as domains of increasing water flow rates 

ranging from unstained matrix flow paths (cluster 1) to maximum flow rates 

in preferential flow paths (cluster 4). Considering the maximum interval 

depth at which dye was detected in at least one sample for each profile and as 

previously described in other studies, dye coverage decreases with depth 

(Bundt et al. 2000; Hagedorn and Bundt 2002; Bogner et al. 2008; Garrido 

and Helmhart 2012) likely as a result of both applied experimental conditions 

and inherent soil properties. This association has been taken into account in 

all subsequent analyses in order to correctly assess the actual weight of flow 

domains in metal(loid) concentrations as well as sediment properties 

distributions in the profiles. 

 6.3.3. Water flow domains and metal(loid) distribution 

Mean metal(loid) and sulphur pseudo-total concentrations associated to 

the four flow domains (Cluster 1-4) can be seen in Figure 6.3. Both As and S 

distributions as a function of flow domains followed a similar pattern in 

which the mean element p-total concentration was lower in PF domain 
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(Cluster 4) than in the rest of the flow domains, being these differences 

statistically different. Mean As p-total concentration over the entire set of 

samples in the four flow domains was 2.864 ± 366 mg kg-1. However, this 

concentration decreased (adjusted significance P =0,09) by 9% in the PF flow 

domain. Similarly, S mean p-total concentration in PF domain was 9% lower 

than the overall mean concentration at the pedon scale (6.906 ± 1.571 mg kg-

1) although this decrease did not reach statistical significance due to a greater 

variability within the samples set and stronger effects of profile and depth on 

S distribution. Fe p-total concentration did not show any significant 

differences between the established flow domains. Both As and S p-total 

concentrations are significantly correlated (Pooled correlation coefficient 

r=0,64) and to a lesser extend both variables correlate with Fe p-total content 

(pooled correlation coefficients r=0,30 in both cases). 

On the contrary, Pb and Cu distribution patterns showed increasing mean 

p-total concentration with increasing flow rate, i.e. greatest concentrations 

(1.307 ± 213 and 175 ± 26 mg kg-1 of Pb and Cu, respectively) associated to 

the PF domain were significantly higher than the corresponding 

concentrations found in the rest of the identified flow domains. Lead and Cu 

p-total concentrations increased progressively with increasing flow rate. This 

progression could not be observed for As and S, whose concentration only 

decreased in the PF domain with respect to the rest of the flow domains. Lead 

and Cu p-total concentrations are significantly correlated. However, Cu is 

highly correlated to Fe p-total content (0,81) but Pb is only weakly non-

significantly correlated to Fe (0,23). 

Lastly, Cr, Zn, and Fe p-total concentrations did not show any consistent 

distribution pattern linked to water flow domains. These elements distributed 

homogeneously and their p-total concentration varied little within the three 

profiles (overall mean p-total concentration equals 46,8 ± 3,2, 95,3 ± 12,5, 

and 9.1146 ± 8.046 mg kg-1 for Cr, Zn, and Fe, respectively) so that no effect 



118 

of flow rate on metal distribution could be identified. In addition, Cr and Zn 

p-total contents showed no correlation with other variables, and Fe p-total 

content no other correlations than those above mentioned. 

Figure 6. 3: Mean metal(loid) and sulphur pseudo-total concentrations associated to 
flow domains. * Statistically significant differences between the two extreme flow 
domains (Cluster 1 and 4) at P ≤ 0,1 (General linear model). ** Statistically significant 
differences between the two extreme flow domains Cluster 1 and 4 at P ≤ 0,05 (General 
linear model). 

1 2 3 480

100

90

Fe
 [g

 K
g

-1
]

Cluster
1 2 3 42000

2500

3000

3500

A
s 

[m
g

 K
g

-1
]

Cluster

1 2 3 440

50

45

C
r [

m
g

 K
g

-1
]

Cluster
1 2 3 4900

1500

1200

Pb
 [m

g
 K

g
-1

]

Cluster

1 2 3 4100

200

150

C
u

 [m
g

 K
g

-1
]

Cluster

120

1 2 3 480

100

Z
n

 [m
g

 K
g

-1
]

Cluster

1 2 3 44000

10000

6000

8000

S 
[m

g
 K

g
-1

]

Cluster

*

**

**



Chapter 6: Preferential flow in sediment from São Domingos Mine I 

119 

 6.3.4. Water flow domains and sediment properties 

Water flow heterogeneity does not add any variability to pH values 

distribution in the profiles. Mean pH value in the whole pedon unit is 3,57 ± 

0,45 and it kept constant within each identified flow domain. 

Amorphous Fe (Feox) and Al (Alox) contents were remarkably high in the 

four flow domains and in all the profiles reaching mean values equal to 

32.412 ± 8.438 and 9.824 ± 2.205 mg kg-1, respectively, while both Siox and 

Mnox concentrations were 4.324 ± 1.294 and 89.8 ± 28.9, respectively (Figure 

6.4). In spite of the differences in concentration, Feox, Siox, Alox, Mnox did 

follow a similar pattern largely affected by PF phenomena. In all cases, 

significantly lower concentration were found in the PF domain respect to the 

rest of identified flow domains whose mean Feox, Siox, Alox, Mnox contents 

showed minor differences (Figure 6.4). The four variables (Feox, Siox, Alox, 

Mnox) were highly correlated between each other (Pooled within-groups –

profile– correlation coefficient greater than 0,64 in all cases). In addition, Cu 

p-total content is negatively correlated to Feox, Siox, Alox, and Mnox, while 

there was no significant correlation of these variables with Pb p-total 

concentration. Lastly, As p-total content showed a significant pooled 

correlation coefficient with Feox (r=0,35) and S (r=0,64). Multivariate 

characterization of flow domains through discriminant analyses shown in 

Table 6.3, indicated that Feox is the most discriminant variable of flow 

domains followed by Pb and Cu p-total contents. The three variables 

combined into two canonical functions describing more than 99% of total 

variance (Table 6.3). 
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Figure 6. 4: Mean poorly crystalline and amorphous Fe, Al, Mn and Si concentrations 
associated to flow domains. * Statistically significant differences between the two 
extreme flow domains (Cluster 1 and 4) at P ≤ 0,1 (generalized linear model). ** 
Statistically significant differences between the two extreme flow domains (Cluster 1 
and 4) at P ≤ 0,05 (generalized linear model). 
 
The corresponding component loading scatter plot (Figure 6.5) shows the 

distribution of flow domains in the canonical discriminant functions space. 

Canonical function 1, describing 74% of total variance, described an 

increasing Cu and Pb p-total as well as decreasing Feox contents as the flow 

rate increases within the profiles adjusting correctly cluster 1 and 4. On the 

other hand, canonical function 2, gathering 25% of total variance, 

differentiates mid- flow rate domains (clusters 2 and 3) from the non-stained 

and the PF flow ones on the basis of an increasing Feox content. Overall, the 

characteristics of PF domain set it apart from the other flow domains being 

the former dominated by high Cu and Pb p-total as well as low Feox contents 

as compared to the other flow domains characterized by accounting with 

lower water flow rate.  
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Figure 6. 5: Component loading 
scatter plot 

 
Table 6.3: Standardized canonical discriminant function coefficients and classification 
function coefficients  
 Standardized Canonical 

Discriminant 

Classification function  

coefficients 
 Function Cluster 

 1 2 3 1 2 3 4 

Cu 1 * ,434 ,403 ,923 -,345 ,125 ,327 ,496 
Pb 1 * ,494 ,481 -,784 -,594 -,234 ,330 ,427 

Feox 
2 * -,596 ,809 ,369 ,157 ,504 ,773 -,792 

(Constant)    -1,631 -1,491 -1,698 -1,961 

* Zscore of corresponding variables. (Zscore	 )  
1 Pseudo-total concentration   
2 Ammonium oxalate extractable iron  

 6.3.5. Effect of flow domains on Pb and Cu solid phase 

distribution 

Flow regime heterogeneity in the profile at the pedon scale could also be 

related to differences in the solid phase distribution of Cu and Pb in the 

profile (Figure 6.6), in this case, only considering the extreme identified flow 

domains, i.e. MF and PF domains (clusters 1 and 4, respectively). Details on 

the effect of preferential flow on arsenic distribution and speciation can be 

seen in the following chapter of this thesis. The rest of the elements 

considered in this study were not further studied as their p-total 
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concentrations did not presented strong tendencies as a function of flow 

domain. 

Table 6.4: Partitioning of Pb and Cu in the solid-phase of the matrix and preferential 
flow domain as described on the basis of the BCR sequential extraction procedure 
(Fraction I-III, residual), including pseudo-total concentration. 

 Flow domain Flow domain 

Element [mg Kg-1] Matrix Preferential [%] Matrix Preferential 

Cu F I 4,9 3,5 F I 3,5 2 

F II 9,5 10,9 F II 6,8 6,2 

F III 5,5 8,1 F III 3,9 4,7 

R 122,7 154,1 R 85,9 87,5 

 P-Total 142,6 176,5   

Pb F I 0,1 1,1 F I 0 0,1 

F II 111,4 205,5 F II 11 16,1 

F III 0,6 3,6 F III 0,1 0,3 

R 870 1088,7 R 88,9 83,7 

 P-Total 982 1298,8    
 

 

Figure 6. 6: Lead and copper partitioning in the solid-phase of the matrix (cluster 1) 
and preferential flow (cluster 4) domains as described on the basis of the BCR 
sequential extraction procedure. Relative values were normalized with respect to the 
maximum value in each fraction. ** Statistically significant differences between the 
two extreme flow domains at P ≤ 0,05 (generalized linear model). 
  
The residual concentration of Cu and Pb, estimated as the difference between 

the total content and the sum of the amounts of metals associated to nominal 

fractions I to III, was very high in both flow domains (Table 6.4). In the case 

of Cu, as the p-total amount of Cu accumulates in PF domain, approximately 
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proportional amounts of metal also accumulate within the sediment solid 

fractions. So the relative distribution of Cu among the sediment solid 

fractions does not remarkably change. Only, the amount associated to the 

water soluble and weakly bound fraction (FI) was significantly smaller in PF 

domain than in the matrix flow (Cluster 1) domain while Cu associated to the 

organic matter (FIII) is significantly higher in PF than in the MF domains.  

On the other hand, Pb distribution significantly changes as a result of water 

flow domain. The ratio of relative amount of Pb associated to the residual 

fraction to that associated to fractions I to III was 8.1 in the MF domain and 

5.2 in PF domain. Not only was the former significantly lower in the PF 

domain but also the proportion of Pb bound to Al, Fe and/or Mn (hydr)oxide 

fraction (FII) is significantly greater in the PF than in the MF domain. 

 6.4. Discussion 

 6.4.1. Water flow domains and sediment properties 

Pedon-scale staining studies in field soils and sediments do not allow to 

identify causes of preferential flow (Hagedorn and Bundt 2002) but may 

provide visual evidence of the existence of non-equilibrium water flow 

conditions resulting in different flow domains. The dye patterns observed 

through these studies are considered a consequence of the underlying flow 

processes (Weiler and Flühler 2004) and have been related to texture or 

visible structural features in both individual horizons and profiles (Jarvis 

2007) in addition to infiltration rate and soil surface conditions (Clothier et 

al. 2008). In all three profiles a transition from homogeneous infiltration near 

the sediment surface to heterogeneous preferential flow (Figure 6.2B) as 

described in (Weiler and Flühler 2004) was observed. This instability occurs 

under unsaturated conditions (Clothier et al. 2008) or low irrigation rate 

(Weiler and Flühler 2004) giving rise to the so-called fingering flow. The 
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vertical water front range of this phenomenon depends on the initial moisture 

conditions of the soil profiles (Weiler and Flühler 2004) typically dry at the 

season of the field study. 

Flow instability is a common phenomenon in natural soils but the 

development of a spatial correlation between soil properties and water flow 

domains seems to require preferential flow paths to last time enough to 

achieve metal concentrations discernibly higher than in the matrix flow 

domain (Knechtenhofer et al. 2003). Our results indicate that PF may lead to 

differences in sediment properties affecting the spatial distribution of 

contaminants and mineral constituents even in sediments subjected to 

incipient soil formation process. Although no difference in pH was found 

among the identified flow domains, transition and seasonal increments in pH 

due to rainfall may give raise to partial dissolution of secondary minerals in 

the sediment profiles (Alvarez-Valero et al. 2009). Mean rainfall pH in south 

Portugal has been estimated close to 5.5 with maximum values (up to 6.9) in 

winter (Marín et al. 2001). Moreover, main secondary minerals such as 

metallic sulfate salts that originate under strong evaporation become unstable 

during the rainy season, in the presence of water (Norlund et al. 2010) or in 

water under slightly acidic solutions (Alvarez-Valero et al. 2009). Seasonal 

variation of the chemical composition of acid mine drainage and 

mineralogical properties of mine sediments in the Iberian Pyrite Belt have 

already been highlighted (Alvarez-Valero et al. 2009; Delgado et al. (2009). 

Overall, greater water flow through PF paths may induce partial dissolution 

of secondary mineral phases releasing high concentrations of their main 

element constituents, a fraction of them likely leaches down the profiles 

through PF either as cations or as amorphous oxy-hydroxide colloid phases. 
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 6.4.2. Effect of water flow domains on metal distribution 

and solid phase speciation. 

Based on the results from this study, we could affirm that the storage or 

leaching capacity of the PF identified in this study depend on the metal 

specie and therefore, their tendency to be adsorbed, precipitated or dissolved 

under the geochemical conditions reached in these domains.  

 Precipitation and dissolution cycles of secondary minerals phases and ore 

weathering products are influenced by seasonal wetting and drying cycles 

(Frau 2000). Their effect on the mineralogical and element composition of 

the sediments might be more pronounced in the PF than in the MF domains. 

These cycles add a strong seasonal component affecting the concentration of 

the observed metals. São Domingos mine belongs to the Mediterranean 

climate zone, with annual periods of rainy winters alternating with periods of 

warm-dry summers (Alvarez-Valero et al. 2009). Metal mobility in mining 

environments have been reported to be associated with these seasonal 

variations (Cánovas et al. 2008), due to annual evaporation and dissolution 

cycles of suites of variably soluble efflorescent sulfate salts as reported by 

(Hammarstrom et al. 2005). A wide variety of efflorescent salts have been 

described in situ in São Domingos by (Álvarez-Valero et al. 2008), due to 

their low crystallinity these metallic hydrated sulphate minerals cannot be 

always identified by XRD within the host material. Preferential flow paths 

might temporarily store these efflorescent salts during the warm period 

(sampling time), until with the first heavy rain in autumn they dissolve.  

Furthermore the mobility of the studied elements within the sediment 

seems to be as well controlled by the re-precipitation of Fe-rich materials 

such as amorphous Fe sulfoarsenates that may even contain inclusions of 

jarosite-beundantite solid solutions (Giere et al. 2003), corroborated by the 

observed positive pooled correlations of p-total As with Fe and S. Neoformed 
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secondary sulfate minerals behave as a natural storage system for hazardous 

metals, such as anglesite (PbSO4) or chalcanthite (CuSO4 - 5H2O) (Delgado 

et al. 2009; Jamieson 2011). Cu could also be partially retained by neoformed 

Fe oxide phases resulting in significant correlation with Feox.  

All studied poorly crystalline and amorphous Fe, Al, Mn and Si fraction 

were lower in the preferential flow paths compared to the matrix, possibly 

due to leaching of colloidal phases (de Jonge et al. 2004). The leaching of As 

bound to colloidal ferrihydrite, as colloid-contaminant complexes (de Jonge 

et al. 2004), along preferential flow paths might explain the lower 

concentration of both elements in this flow domains. Both Cu and Pb p-total 

contents progressively increase from cluster 1 to 4, or in other words towards 

the zones of preferential flow. This concentration gradient might be the result 

of a redistribution process of the metals once released to the soil solution 

either by diffusion or co-transport with colloidal ligands (Hagedorn and 

Bundt 2002). However, while PF phenomena induce a significant 

accumulation of Cu in domains with higher water flow rate, they do not 

change its metal speciation. Instead, PF phenomena not only increase Pb p-

total concentration but also a metal mass transfer from insoluble solid phases 

to more readily soluble ones such as amorphous Fe/Al oxihidroxy phases. 

 6.5. Conclusions 

Differences in the flow regime in soils can play an important role in the 

distribution of metal(loid) contaminants through the interaction of physical 

and chemical processes. Even in this studied, loose accumulation of sediment 

in an initial stage of soil formation the observed preferential flow had an 

effect on the distribution of the studied metal(loid) pseudo-total 

concentration. A pedon-scale staining study in this highly contaminated 

sediment has provided visual evidence of the existence of nonuniform water 

flow conditions resulting in different flow domains within the soil profile. 
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As, Pb, Cu, as well as the observed poorly crystalline and amorphous Fe, Al, 

Mn and Si fractions concentration was found to be significantly related to the 

distribution of the identified flow domains. PF path may act as a mean to 

increase flow or as a sink and the existence of non-uniform water flow 

phenomena in the studied sediment does not exert any identifiable effect on 

their concentration. 

Overall, preferential flow phenomena may not only determine the spatial 

distribution of contaminants such as metals but also it may exert an important 

effect on soil properties affecting both contamination and pedogenic 

processes in the soil. 
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 7.1. Introduction 

The prolonged mining activity in the Iberian Pyrite Belt (IBP), located in 

the southwest part of the Iberian Peninsula and dating back to pre-roman 

times, created one of the world's largest accumulations of mine waste 

(Sanchez 2008). The most prominent environmental problem in this area is 

acid mine drainage (AMD) from sulfide (mainly pyrite) oxidation of the mine 

residues, which creates an extreme acid leachate with high concentrations of 

dissolved sulfate, metals and metalloids (Galan et al. 2003; Goncalves et al. 

2007; Álvarez-Valero et al. 2008). 

 Arsenic is one of the priority pollutants associated with AMD due to the 

presence of As in sulfide mineral ores (Cheng et al. 2009). Arsenic can reach 

very high concentrations in AMD (hundreds of mg L-1) and is an 

environmental threat when it is discharged to natural systems (Cheng et al. 

2009; Grande et al. 2010). The fate and mobility of As in natural systems is 

controlled by attenuation through sorption and precipitation processes that 

are affected by geochemical properties of the system such as redox potential, 

pH and chemical composition. However, physical processes such as 

preferential flow (PF) might have an effect on the speciation and distribution 

of As and therefore, might play an important role in contaminant mobility. 

Evidence of the impact of this phenomenon on arsenic chemistry was 

observed by Masue-Slowey et al. (2011) who described differences in the 

speciation and distribution of iron and associated As between the interior and 

exterior of artificial soil aggregates.  

The existence of preferential flow in soils and sediments has been 

associated with macropores in structured soils (Jarvis 2007) as a result of soil 

fissures and soils cracks. However, PF occurs in unstructured soils, where it 

can be formed by air entrapment, soil layering (i.e., steep changes in 

hydraulic conductivity layers), surface desaturation, and soil water repellency 

(Bauters et al. 2000; Wang et al. 2000; Darnault et al. 2003). These PF paths 
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can enhance the transport of different compounds through the soil, such as 

pesticides, herbicides, heavy metals and phosphorus (Ghodrati and Jury 

1992; Flury and Flüher 1995; Toor et al. 2005), and increase the potential 

contamination of soils and aquifers.  

Most of the studies on arsenic in AMD environments have focused on the 

understanding of the geochemical mechanisms that control As mobilization 

in order to determine potential environmental risk. Gault et al. (2005) 

reported arsenate substitution for sulphate in jarosite and adsorption on ferric 

oxyhydroxides as the main As scavenger in AMD-affected environments. 

They also stressed that erosional transport of sediment affected by AMD 

downstream to higher pH waters may increase the mobility (and hence 

bioavailability) of arsenic through dissolution of As-rich jarosite. Perez-

Lopez et al. (2011) pointed out the importance of diagenetic changes of iron 

oxides for the mobility of arsenic. The transformation of iron oxides into 

mores stable phases comes with an increase in grain size and a concomitant 

decrease in surface area, leading to a possible increase in arsenic mobility.  

Despite these prior studies, there is still a lack of information on the 

influence of PF processes on the distribution and speciation of arsenic in soils 

and sediments. In addition, no X-ray absorption spectroscopic analysis has 

been done with material from the São Domingos Mine, one of the most 

important and largest in Portugal. The main objective of this work is to 

investigate the effect of PF processes on the distribution and speciation of 

arsenic in sediments impacted by AMD. By means of staining techniques 

using a dye tracer, an intensive sampling procedure and statistical analysis, 

our objectives were (1) to study the existence of different flow domains 

within the sediment profile, (2) to determine the effect of PF on arsenic 

distribution within the sediment (3) to investigate potential changes in arsenic 

speciation using synchrotron XAS in different flow domains.  
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 7.2. Materials and Methods 

 7.2.1. Experimental site 

The experimental site was located within the river bank area of the São 

Domingos river downstream of the abandoned São Dominigos Mine (SDM) 

(South Portugal). The water of this river is an example of acid mine drainage 

due to its low pH and high Eh, conductivity, concentrations of metal(oid)s 

(Abreu et al. 2008). The ore mineralogy of the mine is dominated by pyrite 

(FeS2) with smaller amounts of chalcopyrite (CuFeS2), galena (PbS) and 

sphalerite (ZnS) and minor minerals such as arsenopyrite (FeAsS) (Rosado et 

al. 2008). The intense and prolonged mining activity - exploitation started in 

pre-roman times and finally ceased in 1966 - created a variety of wastes, 

classified by Álvarez-Valero et al. (2008) and Pérez-López et al. (2008) as 

industrial waste, derived from the ore processing plants, and mine wastes. In 

both material types residues of sulphides and secondary mineral phases such 

as jarosite have been identified. High concentrations of arsenic, up to 3.500 

ppm, were detected in all material found in the mine area (Álvarez-Valero et 

al. 2008).  

 7.2.2. Sediment sampling and characterization 

Four 90 cm-depth undisturbed sediment cores (5 cm in diameter) were 

taken in the vicinity of the experimental plot for general characterization 

(Figure 7.1). In the laboratory, the cores were cut at 10 cm intervals. Samples 

were air-dried, homogenized, and sieved (2 mm mesh) prior to analysis 

(Table 7.1). Texture was determined by the pipette method after removing 

soil organic matter (Gee and Bauder 1986). Soil pH was measured in 

deionized water (pHW) and in 1 M KCl (pHK) (1:5 soil/solution). Electrical 

conductivity (EC) was measured in a 1:5 suspension. Total organic carbon 

(TOC) was determined by wet digestion (Walkley 1934). Exchangeable bases 
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were extracted with 1 M NH4OAc (at pH 7) (Thomas 1982), and 

exchangeable Al was determined with 1 M KCl (Barnhisel and Bertsch 

1982). Calcium, Mg, Na, K, and Al concentrations in extraction solutions 

were determined by inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) on a Perkin-Elmer OPTIMA 4300DV.  

 
Figure 7.2: A) Schematic plan of the study site located within the river bank area of 
the São Domingos river downstream of the abandoned São Dominigos Mine (SDM). 
An overview picture and cross section are included. B) General view of the opened 
stained soil profiles. 

 
The mineralogy of the total sample (≤ 2 mm) and the clay (≤ 2 µm) 

fraction was determined by X-ray powder diffraction (XRD) with a Philips 

X’Pert diffractometer using graphite-monochromated Cu-K radiation. The 

XRD patterns were obtained from random powder mounts and several 

oriented aggregates of the clay fraction (air-dried, ethylene glycol-solvated, 

heated at 300° C for 3 h, and heated at 500º C for 3 h). Semi-quantitative 

estimates of the mineral contents were obtained from random powder and 
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oriented aggregated patterns using the intensity factors given by Schultz 

(1964). 

 7.2.3. Dye infiltration study 

To visualize water flow paths in the sediment, a dye infiltration 

experiment was carried out on the experimental site in May 2008. Brilliant 

Blue (BB) FCF (CI. 42090) was chosen as the dye tracer because it has been 

considered a valuable tracer for this purpose in qualitative transport studies 

(Kasteel et al. 2002), although some PF paths may not be completely visible 

due to adsorption (Ketelsen and Meyer-Windel 1999). Without any pre-

watering, a 6 cm front of dye solution (56 mm) containing 3 g L-1 of BB in 

fresh water was applied at constant rate onto a sprinkled surface area of 3 m2 

during 1 hour by means of an irrigation system consisting of 5 sprinklers 

connected to an electrical vacuum pump that was connected to a dye 

reservoir. No ponding was observed on the surface during the dye 

application.  

 7.2.4. Sediment sampling and identification of flow do-

mains 

One day after the dye irrigation, the first 5 cm of the surface were 

removed and three parallel and vertical 1 m x 1 m soil profiles were 

consecutively excavated at 25 cm interval within the irrigated plot area 

(Figure 7.1). Once each profile was open and leveled, a 5 cm mesh supported 

by an aluminium frame was placed onto the open surface. Samples were 

taken by pushing a cylindrical aluminium tube (5 cm length and 4,5 cm 

diameter) through the mesh into the soil profile, resulting in approximately 

160 samples (10 rows x 16 columns) per profile for a total of 456 soil useful 

samples within the studied soil pedon (Figure 7.2). Samples were coded, 
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taken to the laboratory, air dried, and sieved through 2 mm mesh prior to 

further analysis. 

In each sample, the dye intensity was semi-quantitatively determined 

using a Chroma Meter (CR-400, Minolta) (Garrido and Helmhart 2012). The 

colour was expressed in the CIE Lab colour space. The parameter -a* was 

used to semi-quantify the dye intensity (i.e. concentration) in each sample 

according to Knechtenhofer et al. (2003). In addition, the same method was 

used in the unstained samples obtained from the sediment cores to assure that 

its value has no depth-dependency. A subsequent k-means cluster analysis on 

the basis of the -a* values was done for each profile in order to differentiate 

identifiable water flow domains. In addition, the dependency of flow domains 

(= clusters) and depth was studied for each profile by correspondence 

analyses. Statistical analysis was done using the software package SPSS 

v.19.0 (SPSS, Inc, Chicago, IL). 

 7.2.5. Sediment analyses in flow domains  

Within each profile, the maximum depth at which any dye was observed 

plus 5 cm immediately below this depth was set as threshold. Samples from 

above this limit were taken into consideration for subsequent analyses; 

samples below this line were discarded. From the main sample population 

(Ntot = 456), a subset of samples was taken (n1). The number of samples 

contained in this second-level set was calculated (n1 = 68) on the basis of the 

standard deviation of parameter –a* and a permitted error equal to ± 1% at a 

95% confidence level. The sample selection was done based on a stratified 

(profile, flow domain) Neyman allocation procedure. All samples in this 

subset (n1 = 68) were dissolved in aqua regia (Chen and Ma 2001) by 

microwave-assisted digestion (Ethos Series 1 Milestone). Digestated 

solutions were filtered and analysed for pseudo-total As and Fe contents as 

described above. Soil pH was determined in water on a 1:5 solid to water 
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ratio. The acid ammonium oxalate extractable fraction of iron (Feox) in 

samples was determined as described in Shuman (1985).  

A multivariate logistic regression analyses 

considering all determined variables at the n1 

level was done within this subset n1 and clusters 

1 and 4 (68 samples total), to calculate the 

probability of belonging to either matrix flow 

(MF) or preferential flow (PF) domains. Two 

samples with highest associated probability of 

belonging to their corresponding actual flow 

domains (n3 = 4)* were chosen for further 

analyses by transmission electron microscopy 

and X-ray absorption spectroscopy (Figure 7.2).  

 7.2.6. Transmission electron microscopy (TEM) 

Two samples, one from each flow domain (PF72 and MF136), were 

examined by TEM (JEM-2100 JEOL Inc.) equipped with an energy 

dispersive system (TEM-EDX) for the chemical microanalysis. Samples were 

suspended in ultrapure water in a 1:10 soil/solution ratio, mixed for 24 hr, 

and then centrifuged for 10 min at 76 g (= 660 rpm). Suspensions were 

deposited on Ni grids covered with carbon. Working conditions were 200 kV 

accelerating voltage. 

 7.2.7. Bulk X-ray absorption spectroscopy (XAS) of As and 

Fe 

Two samples from each flow domain (MF41 & 136 and PF72 & 74) were 

selected for bulk synchrotron XAS analysis. The samples were ground, 

placed in Teflon holders, and sealed with Kapton tape. Arsenic K-edge 

spectra of samples MF136 and PF72 were collected on bending-magnet 

Figure 7.2: Outline of 
experimental design. 

Dye infiltration study

1st sample reduction

2nd sample reduction

TEM and XAS of As and Fe (n3 = 4)

Spatial distribution of metal and 
soil properties in flow domains (n1 = 68)
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* Sample selection level was named according to the in previous 
chapters established labelling scheme. Compare with p. 75. 
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beamline BM25A (SpLine) at the European Synchrotron Radiation Facility 

(ESRF) (6 GeV, 100 mA, Si(111) monochromator crystals) in fluorescence 

mode using a 13-element Si(Li) solid state detector with the sample at room 

temperature (RT) (8 scans averaged). Arsenic K-edge spectra of samples 

MF41 and PF74 were collected on wiggler beamline 4-1 at the Stanford 

Synchrotron Radiation Lightsource (SSRL) (3 GeV, 100 mA, Si(220) 

monochromator crystals) in fluorescence mode using a 13-element Ge 

detector with the sample held in a liquid He cryostat (5–20 K) (10 scans 

averaged). 

Iron K-edge spectra on all four samples were collected at SSRL on either 

wiggler beamline BL 4-3 (room temperature, Si(111) monochromator 

crystals) or BL 4-1 (cryogenic temperature) with a Lytle fluorescence 

detector (5 scans averaged). Samples for Fe XAS were diluted ~50% by 

volume in boron nitride. For all spectra, the incident X-ray beam was detuned 

to 30-50% of maximum intensity to minimize higher-order harmonic 

reflections. No major differences in spectral features were noted between 

room and low temperature spectra. Spectra were calibrated by setting the 

energy of the first inflection on the main absorption edge of an As foil (= 

11.867 eV) or Fe foil (= 7.112 eV). Spectra were analysed using the 

programs Athena (Ravel and Newville 2005) for linear combination fits and 

EXAFSPAK (George and Pickering 2000) for shell-by-shell fits. Background 

was subtracted using a linear fit through the pre-edge region and the Autobak 

routine in Athena for the spline fit through the EXAFS region. Arsenic 

EXAFS spectra were fit by linear least-square combination of the reference 

compounds As(V) sorbed on ferrihydrite (Root et al. 2009), As(V) sorbed on 

goethite, and the arsenic minerals scorodite (Waychunas et al. 1993), 

arsenopyrite (Savage et al., 2000), beudantite, and a series of synthetic 

jarosites (Savage et al. 2005). Fits were constrained to be non-negative, but 
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not forced to sum to 100%. The goodness-of-fit was assessed by the χ2 

statistical value [=(F factor)/(# of points - # of variables]. 

Arsenic EXAFS data were analysed using the shell-by-shell method (k-

range = 2,0 to 12,5 Å) with theoretical reference functions calculated by the 

program FEFF 8.0 (Ankudinov et al. 1998) based on atomic clusters from 

crystalline reference compounds calculated with the program ATOMS (Ravel 

2001). A triangular multiple scattering path among bonded As and O atoms, 

resulting from the high symmetry of arsenate tetrahedra, was included in the 

fit model in addition to single-scattering paths (Root et al. 2009). Interatomic 

distance (R), and either N (number of backscattering atoms) or σ2 (Debye-

Waller factor), was treated as a variable parameter for each atomic shell. 

Threshold energy (E0) was treated as a single variable for all shells and scale 

factor (S0
2) was fixed (= 1). Estimated errors based on empirical fits to 

reference compounds are: first shell: R ± 0,01 Å; σ 2 ± 10% (N fixed); 

greater than first shell: R ± 0,02 Å; N ± 25% (σ2 fixed)(O'Day et al. 2004; 

Root et al. 2009). 

Iron EXAFS spectra were fit by linear least-squares combination fits 

using a well-characterized reference compound library (O'Day et al. 2004) 

with a k-range from 2,0 to 11,0 Å-1. The k3-weighted EXAFS regions of each 

spectrum were fit independently with a fixed energy scale. Fits were 

constrained to be non-negative, but not forced to sum to 100%. Initially the 

entire library was screened to determine combinations of reference spectra 

that best matched the data. From this analysis, a smaller set of compounds 

consisting of Fe(III)-oxyhydroxide-sulfates and Fe(III) oxide minerals was 

selected and used for fitting using all combinations of 2 or 3 spectral 

components, and ranked by statistical best fit. Finally, tests were performed 

with the highest ranking mixture of components to assess the sensitivity of 

the fit to the number of reference components, treating energy as a variable 
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parameter, and changing the spectral fit range. Proportions of components 

determined in the best fits were then re-calculated to 100%. 

 7.2.8. Micro-focused X-ray fluorescence (µXRF) mapping 

and As µ-X-ray absorption near edge spectroscopy 

(µXANES) 

Chemical mapping using synchrotron µXRF and µXANES were 

performed on two samples (MF41 and PF74) embedded in epoxy, made into 

petrographic thin sections and mounted on quartz slides.  

Data were collected at the SSRL on beamline 2-3 with Si(220) double 

crystal monochromator and single element Si Vortex (SSI) fluorescence 

detector. The X-ray beam was focused to a 2 x 2 µm2 spot size. Element 

maps were collected for As, Fe, Pb, Cu, Ca, K, Ti ;Zn, Mn, Si, S, Cl and Cr 

using 5 µm step size and a dwell time per pixel of 100 ms. In order to 

distinguish Pb from As, fluorescence maps were collected above (13.000 eV) 

and below (13.100 eV) the Pb adsorption edge. Difference maps were 

constructed and data was analyzed using SMAK (Sam’s Microprobe 

Analysis Kit version 0.51 (Webb 2006)).  

Arsenic µXANES spectra were collected on relatively enriched As spots 

identified in the XRF maps and compared to background areas low in As and 

Fe. An average of seven µXANES spectra in each selected spot was 

performed to improve signal-to-noise. Energy was calibrated as described 

above. Spectra were analysed using the program Athena (Ravel and Newville 

2005) for linear combination fits using As reference compounds to verify As 

oxidation state and species. Background was subtracted using a linear fit 

through the pre-edge region and the Autobak routine in Athena for the spline 

fit through the EXAFS region.  
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 7.3. RESULTS  

 7.3.1. Sediment properties  

Mineralogical, physical and chemical properties of the sediment samples 

at different depths are given in Table 7.1. The sediments were characterized 

by a coarse texture, acid pH that was constant along the different depths, and 

low organic content. The effective cationic exchange capacity (ECEC) of the 

sediment was low, with values between 1,4 and 1,7 cmol+ kg-1, and fairly 

constant as a function of depth. The electric conductivity increased slightly as 

a function of depth from 239 µS cm-1 at 0-20 cm to 420 µS cm-1 at 50-60 cm. 



 

 

 
Table 7.1: Some physical and chemicals properties of the studied sediment. Mean values (N=4) ± SD 

Depth   Sand a Silt a Clay a Q b HJ b PbJ b A b I b TOC c pHw 
d pHK 

e EC f ECEC g 

[cm] ---------------------------------------------------[%]--------------------------------------------------    [µS cm-1]  [cmol+ kg-1] 

  0 - 10 78 ± 2 11 ± 2 11 ± 1 
78 2 1 13 6 

0,4 ± 0,2 3,4 ± 0,2 3,3 ± 0,1 239 ± 66 1,6 

10 - 20 77 ± 2 12 ± 1 11 ± 1 0,2 ± 0,1 3,4 ± 0,4 3,1 ± 0,1 236 ± 62 1,4 

20 - 30 78 ± 2 11 ± 1 11 ± 1 
74 2 3 18 2 

0,2 ± 0,1 3,5 ± 0,4 3,0 ± 0,0 302 ± 49 1,5 

30 - 40 72 ± 8 16 ± 6 12 ± 2 0,3 ± 0,1 3,4 ± 0,2 2,9 ± 0,0 361 ± 25 1,6 

40 - 50 72 ± 6 16 ± 4 12 ± 3 
78 2 2 15 4 

0,3 ± 0,1 3,3 ± 0,2 2,7 ± 0,0 431 ± 63 1,7 

50 - 60 75 ± 8 13 ± 5 11 ± 3 0,2 ± 0,0 3,4 ± 0,1 2,8 ± 0,0 420 ± 103 1,7 
a: Soil texture. 
b: Semi-quantitative mineralogical composition (%) of the ≤ 2 mm fraction. (Q: Quartz; HJ: hydronium jarosite; PbJ: Plumbojarosite; A: Albite; I: Illite). 
c: Total organic carbon by wet digestion. 
d: Soil pH in water. 
e: Soil pH in KCl 1 M. 
f: Electrical conductivity. 
g: Effective cation exchange capacity as the sum of exchangeable Ca, Mg, Na, K and Al content.
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Silicates (quartz, albite and illite) were identified as the primary 

crystalline phases in the bulk samples (≤ 2 mm) (Table 7.1), with quartz as 

the most abundant phase (78%). A minor fraction of jarosite minerals 

(hydroniumjarosite ((H3O)Fe3(SO4)2(OH)6) and plumbojarosite 

(PbFe6(SO4)4(OH)12) were identified in the bulk samples. The clay fraction (≤ 

2 µm) of the samples was dominated by jarosite minerals as 

hydroniumjarosite and plumbojarosite (up to 38%), with illite and quartz. 

Small amounts of scorodite (FeAsO4·2H2O) and beudantite 

[PbFe3(AsO4)(SO4)(OH)6] were identified. Cristobalite, kaolinite and 

vermiculite were also present in the clay fraction (Table 7.2). 

Table 7.2: Semi-quantitative mineralogical composition (%) of the clay 
fraction (≤ 2 µm). 

Depth Q I J HJ PbJ S B C K V 

[cm] ----------------------------------------[%]-------------------------------------- 

  0 - 20 18 31 9 14 12 6 2 5 2 1 

20 - 40 23 14 7 24 14 8 2 5 2 1 

40 - 60 19 38 5 10 13 6 2 4 2 1 

Q: Quartz; I: Illite; J: Jarosite; HJ: hydronium jarosite; PbJ: Plumbojarosite; S: Scorodite; B: 
Beudantite; C: Cristobalite; K: Kaolinte; V: Vermiculite. 

 7.3.2. Flow domain identification  

Figure 7.1B shows the heterogeneous dye distribution within the three 

open profiles. Stained areas are visible until approximately 30 to 35 cm 

depth. All profiles show a similar distribution pattern consisting of a 

homogeneously stained upper layer ~5 cm thick. Below the upper layer, 

fingers formed with variable thickness and large portions of the sediment 

matrix are bypassed.  

Cluster analysis of the -a* colour parameter within each profile resulted 

in four clusters of increasing colour intensity ranging from unstained (Cluster 

1) to maximum dye measured intensity (Cluster 4). Details for this 

classification method can be found in Garrido and Helmhart (2012). Only the 

two extreme clusters (Clusters 1 and 4) were used for further analyses. 
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Cluster 4 was defined as preferential flow (PF) and cluster 1 as matrix flow 

(MF). Differences between the domains could not be related to any visual 

structural features of the sediment. 

 7.3.3. Arsenic and iron distribution and sediment proper-

ties in flow domains 

Total concentrations of As and Fe, oxalate-extractable Fe concentrations 

(Feox), and pH of the two flow domains (PF and MF) are reported in Table 

7.3. Arsenic and Fe concentrations ranged between 2.543 and 3.020 mg kg-1, 

and between 84.988 and 100.807 mg kg-1, in PF and MF, respectively. Lower 

mean total arsenic and iron concentrations, and lower Feox concentrations, 

were associated with PF paths. Soil pH showed no significant differences 

between the flow domains. No significant differences in mineralogy were 

found between flow domains (data not shown). 

Table 7.3: Pseudo-total As and Fe concentration and pH as global 
averaged value and for each flow domain. Mean values (n1= 68) ± SD. 

Flow domain As1  Fe1   Feox
2
  pHw

3 

 ----------------------[mg Kg-1] ----------------------  

Total average 2865 ± 489 91146 ± 8046 32412 ± 8439 3,6 ± 0,1 

Matrix 2944 ± 568** 89609 ± 9452 33145 ± 7591* 3,6 ± 0,1 

Preferential 2638 ± 367** 94335 ± 6289 26243 ± 6441* 3,6 ± 0,1 

1 Pseudo-total concentration. 
2 Ammonium oxalate extractable iron. 
3 Soil pH in water. 
* Statistically significant differences between the two flow domains at P ≤ 0,1 (generalized linear 
model). 
** Statistically significant differences between the two flow domains at P ≤ 0,05 (generalized 
linear model). 

 

 7.3.4. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) images and EDS analysis of 

sample MF136 showed the layer particle morphology typical of 2:1 clay 

minerals and partial coating with amorphous iron particles. Analysis of clay 

particles showed no arsenic in the EDS spectrum (Figure 7.3A). However, As 
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was present in the analysis of the amorphous Fe-hydroxide particles (Figure 

7.3B). Amorphous Fe particles were also identified in the analysis of sample 

PF72, where the presence of As was detected in the EDS analysis (Figure 

7.3C). 

 
Figure 7.3: Transmission electron microscopy (TEM) pictures and energy dispersive 
X-ray spectroscopy (EDS) of the selected samples from matrix – (MF136) and 
preferential flow (PF72) domain. 

 

 7.3.5. Synchrotron microfocused X-ray fluorescence 

(µXRF) and µXANES 

Synchrotron µXRF mapping (~150 × 150 µm2 areas) showed, in general, 

a high positive correlation between As and Fe (Figure 7.5). Moreover, similar 

As and Fe intensities were found in both samples. Based on As distribution, 

area with high and low As counts were selected for µXANES analysis 

(numerical fits not shown). Analysis of arsenic µXANES indicated that As 

was present only as As(V) (Figure 7.4).  
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The As µXANES spectra of two spots analysed in 

sample PF74 could be fit a reference spectrum of 

As(V) sorbed on ferrihydrite (molar Fe/As=80). In 

sample MF41, two of the three As µXANES spectra 

were also fit with the same reference spectrum. In the 

spot 5 of sample MF41, however, the spectrum the As 

µXANES spectrum could be well fit with a mixture 

of 65% beudantite and 35% jarosite. The relative 

intensity of As fluorescence in this spot was higher 

than in the rest of the sample. 

 

 

 

 

 

 

 

 
Figure 7.4:   
As µXANES of samples 
from matrix – (MF41) 
and preferential flow 
(PF74) domain. Selected 
spots are marked with 
a ring in the maps 
(Figure 7.5). 
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Figure 7.5: Synchrotron microfocused X-ray fluorescence (μ-XRF) As and Fe maps 
and As/Fe correlation plots of samples from matrix – (MF41) and preferential flow 
(PF74) domain. 
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 7.3.6.  Arsenic and iron bulk X-ray absorption 

spectroscopy 

Arsenic bulk XANES of MF and PF samples were compared with ref-

erence As spectra (Fig. 5A) indicated the presence of only As(V). The most 

similar reference spectra to the soil samples was As(V) sorbed to ferrihydrite 

(As(V)-FH). Arsenic EXAFS spectra of these samples were well fit by linear 

combination with the As(V)-FH reference spectrum or with a mixture of 

As(V)-FH and arsenatian jarosite (numerical results in Table 7.4). Common 

to all the sediment samples, quantitative analysis of EXAFS spectra using 

shell by shell fits results in a first As-O coordination shell at distance of 1,68 

± 0,01 Å (NAs-O = 4, fixed), and a second As-Fe shell at distance 3,25 ± 0,05 

Å. In samples PF74 and PF72, a third As-Fe shell was fit at distance 3,40 ± 

0,03 Å (Table 7.4). Interatomic As-Fe distances in the first and second Fe 

coordination shells were slightly smaller than distances reported for the 

As(V)-FH reference spectrum (Table 7.4).  

Linear least-squares combination fits of the Fe X-ray absorption spectra 

of sediments samples MF41, MF136, PF74, and PF72 showed similar results 

among samples (Fig. 5B). All samples were dominated by a mixture of 

ferrihydrite, schwertmannite and jarosite of similar proportions among 

samples. Ferrihydrite, with a percentage of contribution between 52-62%, 

was the major component in all the samples, followed by schwermannite (19-

28%) and jarosite (19-24%) (Table 7.5). 
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Figure 7.6: Arsenic bulk XANES were compared with spectra of As(V) sorbed in 
ferryhidrite to corroborate the presence of As in the samples only as As (V). Numerical 
results or As EXAFS linear least-squares combination fits are shown in Table 7.4. 
Data could be fit only to As(V)-FH or to a mixture of As(V)-FH and arsenatian 
jarosite. Common to all the sediment samples, quantitative analysis of EXAFS spectra 
using shell by shell fits results in a first O coordination shell at distance of 1,68 ± 0,01 
Å (NAs-O = 4, fixed). Solid black lines are data; dashed red lines are fits. Numerical 
results are given in Table 7.4. 
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Figure 6.7: Iron K-edge XANES, EXAFS and Fourier transforms (FT) of sediment
sample spectra from matrix flow (MF) and preferential flow (PF) domains. EXAFS
spectra were analyzed by linear least-squares combination fits with reference compound
spectra of schwertmannite, jarosite and ferrihydrite (synthetic 2-line ferrihydrite
prepared following Schwertmann and Cornell (2007). Solid black lines are data; dashed
red lines are fits. Numerical results are given in Table 7.5. 



 

 

Table 7.4: Arsenic Extended X-Ray Absorption Fine Structure (EXAFS) fits results. 
 Linear combination fits 1 Shell by shell 2 

Sample Fitting 

range 

As(V)-

FH3 

Amorph,, 

As-J4
Reduced χ2 Atom N   R    σ2    Δ E0  Reduced χ2 

  [eV] [%]     [Å] [Å2] [eV]  

MF41 2 to 12,5 85,6  1,02 O 4,0 1,68* 0,0031* -0,95* 1,21 
     MS 1,0 3,06/ 0,0047/   

     Fe 1,4 3,30* 0,0060   

MF136 2 to 12,5 82,2 16,9 3,10 O 4,0 1,68* 0,0022* -4,239 5,08 

     MS¶ 1,0 3,07/ 0,0033/   

     Fe 1,09* 3,28* 0,060   

PF74 2 to 12,5 96,4  1,28 O 4,0 1,68* 0,0026* -3,68 1,10 

     MS 1,0 3,05/ 0,0039/   

     Fe 1,5* 3,27* 0,060   

     Fe 0,6* 3,43* 0,060   

PF2 2 to 12,5 46,7 43,9 1,09 O 4,0 1,69* 0,0027* -1,94 2,12 

     MS 1,0 3,08/ 0,0040/   

     Fe 1,14* 3,22* 0,060   

     Fe 1,34* 3,37* 0,060   

As V – FH 3     O 4,0 1,68* 0,0023* -2,4* 1,44 
     MS 1,0 3,06/ 0,0035/   

     Fe 1,7* 3,38* 0,0060   

     Fe 0,8* 3,52* 0,0060   

Amorphous As-

Jarosite 4 

    O 4 1,68 0,0040   

    Fe 1,6 3,31 0,0064   
 
 



 

 

 
1 Results from linear least squares fit of reference spectra. Goodness-of-fit was assessed by the χ2 statistic [= (F factor)/(no. of points − no. of variables)]. 
2 Results from non-linear least-squares shell-by-shell fit of theoretical referenced functions; N is the number of backscattering atoms at distance (R); σ2 (Debye Waller term) is the 
absorber–backscatterer mean-square relative displacement; Δ E0 is the energy shift in the least-squares fit; reduced χ 2 is a reduced least-squares goodness-of-fit parameter (=(F-factor)/(# 
of points - # of variables)); scale factor (S2

o) fixed at 1; (/):parameter linked in fit to the parameter directly above; (*) parameter allowed to vary during fit; fixed σ2 values for As-Fe shells 
from Root et al. (2009). 
(¶) Spectrum fit with a multiple scattering path from As–O–O–As in arsenate tetrahedra (Root et al. 2009). 
3 Arsenate sorbed to hydrous ferric oxide precipitated as two-line ferrihydrite previously analyzed by Root et al. (2009); used as reference for EXAFS LCF fits of sediment samples. 
4 Synthetic amorphous As-Jarosite previously analyzed by {Savage, 2005 #335}; used as reference for EXAFS LCF fits of sediment samples. 

 

Table 7.5: Iron EXAFS LCF results ** 

Sample 
Fitting 
range 

Ferrihydritea Schwertmanniteb Jarositec Reduced χ2 

 [k (Å-1)] ----------------------------[%]----------------------------  

MF136 2 to 11 52,6 28,4 19,0 6,1 x 10-2 

MF41 2 to 11 51,9 24,4 23,8 1,8 x 10-1 

PF74 2 to 11 52,2 28,3 19,4 6,5 x 10-2 

PF72 2 to 11 62,3 18,6 19,1 1,5 x 10-1 

* Results from linear least-squares fits of reference compounds. Goodness of fit was assessed by the reduced chi-square statistic 
(=(F-factor)/(# of points - # of variables).  
a Fit with synthetic two-line ferrihydrite spectrum prepared following Schwertmann and Cornell (2007); EXAFS fit with ferrihydrite 
spectrum previously analyzed by O'Day et al. (2004).  
b Fit with Schwertmannite.  
c Fit with Jarosite.  
** Re-calculated to 100%. 
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 7.4. Discussion 

 7.4.1. Sediment composition 

Overall mineralogical and chemical properties of the sediments samples 

indicated that the sampling area in this study is impacted by AMD. The low 

pH and high concentrations of sulfate and metal(oid)s in the sediment 

samples are results of this AMD process. The presence of high concentration 

of jarosite minerals in the sediment, reported to sequester As by incorporating 

it into their crystal structure (Savage et al. 2005), might indicate transport 

from the mine waste piles upstream where jarosite was identified as a 

dominant mineral phase (Álvarez-Valero et al. 2008; Pérez-López et al. 

2008). Cristobalite [SiO2], a high-temperature polymorph of silica, found in 

the sediment might originate from one of the tailings upstream, its existence 

in mine tailings was described by Blowes et al. (2003). The presence of it in 

the sediment suggests erosion from the upstream tailings and deposition in 

this area.  

 7.4.2. Occurrence of preferential flow in studied sediment 

Results from this study showed the existence of two flow domains- PF 

and MF- identified by the inhomogeneous infiltration associated to PF 

processes observed in all three opened soil profiles. The existence of PF in 

this unstructured sediment could be related with air entrapment, changes in 

texture, surface desaturation and water repellency as described in Wessolek 

et al. (2008) and Morales et al. (2010). Also, the activity of soil 

microorganism additionally might contribute to the generation of preferential 

flow by reducing effective porosity by bio-logging or through production of 

extracellular polymers causing water repellency (Morales et al. 2010), but it 
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is unclear how soil microbial activity is affected by the extreme conditions 

found in this sediment.  

The observed decrease in dye coverage with depth has been also showed 

in other studies (Bundt et al. 2000; Hagedorn and Bundt 2002; Bogner et al. 

2008; Garrido and Helmhart 2012) resulting from both applied experimental 

conditions and inherent soil properties. Since flow domain distribution might 

be affected by depth, this association has been taken into account in 

subsequent analyses in order to correctly assess the actual weight of flow 

domains in arsenic concentration as well as soil properties distributions in the 

soil profiles. 

 7.4.3. Arsenic and iron distribution and speciation within 

defined flow domains 

Spectroscopic results for As and Fe confirm the strong association of 

arsenic with Fe(III) oxide phases, identified by Fe XAS as mostly 

ferrihydrite. Arsenic XAS linear combination analysis also showed the 

contribution of a fraction of arsenate incorporated into jarosite by sulphate 

substitution in some of the sediment samples. Interatomic distances from As 

EXAFS fits of the sediment samples are very similar to those of reference 

spectra As(V) sorbed to ferrihydrite and amorphous As jarosite (Table 7.4). 

Arsenic-Fe interatomic distances agree with model studies of AsO4
-3 sorption 

on Fe(III) oxides minerals (Root et al. 2009) and arsenate substitution in 

jarosite mineral structure (Farquhar et al. 2002; Paktunc and Dutrizac 2003). 

The presence of As jarosite in the sediments could not be corroborated by 

XRD because of the similar XRD patterns between As jarosite and pure 

jarosite (Savage et al. 2005). The lack of long range order precludes the 

identification of amorphous ferrihydrite by XRD in the samples. The 

presence of scorodite, identified by XRD in the clay fraction ≤2 µm of the 

sediments could not be identified in the bulk As XAS spectra. To assign the 
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contribution of scorodite to the total As in the sediment samples, the addition 

of an As shell at 4,20 Å (Savage et al. 2005) was tested during the shell-by-

shell routine fit without success. The absence of this phase in the As XAS of 

the sediments was further confirmed during the EXAFS linear combinations 

fits. 

Arsenic µXANES results confirm the strong association of As to 

amorphous Fe(III) oxides, at micro-scale. Only one particular spot with a 

considerable higher arsenic concentration (based on count rates) was 

identified as a combination of jarosite and beudantite.  

Spectroscopic analysis revealed ferrihydrite, schwertmannite and jarosite 

as the main iron phases in the samples; these minerals were also described as 

the main iron bearing phases in similar samples from the IPB by (Sánchez 

España et al. 2005). The Fe XAS results are consistent with the As XAS 

analysis, indicating that jarosite and ferrihydrite are the main As hosts in this 

sediment. Similar findings were reported by Gault et al. (2005), who showed 

arsenate substitution for sulphate in jarorite and adsorption on ferric 

oxyhydroxides as the main As scavenger in AMD affected environments. 

No differences in the distribution of Fe phases between the two flow 

domains were observed, although mean extractable Fe oxide concentration 

(Feox) was lower in the preferential flow paths compared to the matrix, 

possible due to leaching of colloidal iron phases such as ferrihydrite (de 

Jonge et al. 2004). The leaching of As bound to colloidal ferrihydrite along 

preferential flow paths might explain the lower concentration of both 

elements in this flow domains, since Ferrihydrite exists only as nanomineral 

(Hassellov and von der Kammer 2008). This way a transport of colloid-

contaminant complexes (de Jonge et al. 2004) through preferential flow has 

the potential to partially accelerate the transport of colloid-contaminant 

complexes. 
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 7.5. Conclusions  

Differences in the flow regime in soils can play an important role in the 

distribution of metal(loid) contaminants through the interaction of physical 

and chemical processes. Even in this  loose accumulation of sediment in an 

initial stage of soil formation, the observed preferential flow had an effect on 

the distribution of arsenic. Although arsenic concentration was lower in 

preferential flow paths than in the matrix, same As speciation was found 

between both flow domains. Spectroscopic results for As and Fe confirm the 

strong association of As with Fe(III) oxides and the substitution of arsenate 

for sulphate in jarosite minerals in PF and MF paths.  

All the arsenic species identified in this study are stable under the acidic 

conditions found in this experimental site. This stability could explain why 

the dissolved arsenic concentration found in the AMD discharge of this site is 

low (Martins et al. 2011) compared to total concentration found in the 

sediment (in this work), rocks and tailings (Álvarez-Valero, Pérez-López et 

al. 2008; Alvarez-Valero et al. 2009). Although the presence of secondary 

arsenic mineral phases in this site could act as transient storage of acidity and 

metals, a potential dissolution of the As bearing minerals might occur, 

increasing As dissolved concentration. However, As mobility is limited by 

sorption/trapping of As by amorphous iron oxides. The amorphous iron 

fraction (e.g. ferrihydrite) has a relatively long-term stabilization effect on 

contaminated sediment at low pH. Although arsenic may be released from the 

sediment through desorption of sorbed species, it is likely to be readsorbed 

by Fe-rich sediment a short distance downstream. Jarosite is stable under 

acidic conditions, thus any arsenic that is substituted (as arsenate) for 

sulphate within its structure is unlikely to be released in situ. 

However, the identified As species cannot be considered as final storage 

product for As fixation. Jarosite, a very common mineral in AMD, is only 

stable at low pH (< 3), with increasing pH it dissolves (Sánchez España et al. 



Chapter 7: Preferential flow in sediment from São Domingos Mine II 

159 

2005) and releases the incorporated As. Erosional fluvial transport of this 

sediment downstream to higher pH waters may increase the mobility (and 

hence bioavailablity) of arsenic through dissolution of As-rich jarosite as 

reported by Gault et al. (2005). The pH in the fluvial system that drains this 

site is increasing with increasing distance to the mine (Pereira et al. 1995). 

Changes in bacterial activity, competition with other adsorbates (such as 

phosphates) or seasonal changes in the pH and Eh could result in liberation of 

sorbed arsenic to the solution. Also, as commented by Perez-Lopez et al. 

(2011), long-term diagenetic changes in iron terraces originated from AMD-

impacted streams may lead to an increase in the mobility and bioavailability 

of arsenic in the environment of the IPB.  
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 7.1. Preferential flow and its impact on soil properties 

The objective of this work was study the effect of preferential flow 

phenomena on the distribution and speciation of toxic trace elements in the 

soils and sediments with different genesis.  

By visualizing and classifying different flow domains using dye tracer 

experiments, a systematic sampling scheme, extensive geochemical analysis, 

speciation techniques based on sequential extraction methods and X-ray 

absorption spectroscopy and finally a proper statistical analysis, the close 

relationship between retention mechanism and transport, the dynamic 

character of the pollution processes and the soil heterogeneity of the soil was 

under investigation and the following summarizing conclusions can be 

drawn:  

• The flow pathways of water and solutes through all studied soils were 

irregular; the existence of preferential flow was proved, independently to 

their physical characteristics and origins.  

• The existence of preferential flow paths in the studied soils introduced 

quantitative differences between the zones of preferential flow and the 

matrix. Soil properties between the preferential flow paths and the soil 

matrix differ, but it is not possible to give a general statement for single 

soil parameters. 

• Preferential flow phenomena have an element specific effect on the trace 

metal distribution. The reason for this behavior is that the physical 

process of preferential flow and the geochemical conditions of the soil 

jointly affect the distribution: Preferential flow only can enhance 

transport of elements that in one way or another are present in the soil in 

a mobile form.  

• Quantitative differences found between preferential flow paths and soil 

matrix are little, soil has a high inherent variability in its physical, 



Chapter 8: General conclusions 

169 

chemical and biological properties. However by using a detailed sampling 

scheme and a proper statistical analysis these differences could be 

highlighted/ accentuated.  

• There are other processes that counteract this enhanced transport. The 

sorption capacity in preferential flow paths is higher than the matrix, due 

to an accumulation of possible adsorbents like organic matter or 

amorphous iron oxides.  

• The experimental evidence suggests that preferential flow through the 

unsaturated zone is a significant pathway for transport into deeper soil 

layers and eventually to the groundwater or surface waters, increasing the 

risk of contamination for the last-mentioned.    

• The nonequilibrium physical conditions under which water and solutes 

infiltrate into the soil has an effect on the transport of metal(loid)s in soils 

and sediments. 

 7.2. Further investigation  

• To transfer results and to allow a better comparison between studies a 

standardized method for dye infiltration studies should be developed, 

taking into account the hydraulic conductivity of the studied soil and the 

prevailing climatic conditions at the studies side. 

• Too appreciate the stationality and evolution of preferential flow 

phenomena and its influence on transport over time, in-situ, more 

preservable methods than the applied are needed.  

• The role of colloid-contaminant complexes through preferential flow 

paths needs to be investigated, since this piggyback transport of trace 

metals on nanoparticles has the potential to accelerate the transport of 

otherwise immobile contaminants.  

• The physical component of preferential flow is already incorporated in a 

number of transport models in the soil, but the element specific behavior 
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under this flow conditions has not been taken under consideration until 

now and should be included in further applications. 
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