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Chapter 1

Background information for the development of this research:

Around the year 2010, we studied nutrient management for papaya (Carica papaya L.) production
systems in Costa Rica. The main reason to study these production systems was that papaya is principally
grown by small farmers in Costa Rica, who generally operated under low input conditions and limited
technical assistance. In addition, there was a general lack of essential information about the correct
management of this crop. Firstly, we characterized the nutrient uptake for a high-yielding papaya hybrid
(Figure 1.1) (Fallas et al., 2014). As a result, we found that papaya absorbed amounts of nutrients that
exceed the quantities typically applied by farmers, and the fertilizer amounts previously applied were not
compensating for total plant nutrient uptake. The application of lower quantities of fertilizer compared to
the plant nutrient uptake have several consequences for growers and for the soil system, for instance low
productivity per unit area, and depletion of nutrients. Additionally, the nutrient management in papaya
production systems is difficult because of the variation of the nutrient requirements over time. Papaya
nutrient uptake is concentrated in short periods of time (Figure 1.1), which complicates the correct supply
of highly demanded nutrients according to their uptake by the plant. Excessive input of a specific fertilizer

in the soil could produce side effects like competition with other ions and increased leaching rates.

According to previous observations of the high nutrient demand for the papaya production systems,
the growers have increased the addition of fertilizer rates (basically N-P-K) considerably, but this decision
lacked agronomical and environmental evidence that justify this practice. Consequently, we have developed
field experiments to evaluate the agronomical effects (possible decreasing of yield gaps) of the application
of increased N and K fertilizer rates in papaya. The results of this experiment for a dystric volcanic soil are
shown in Figure 1.2. From these experiments we observed a noticeable increase in the number of fruits per
plant when adding high rates of N and K. These results thus support the use of high fertilizer rates in papaya

production systems.

The decision to apply increased fertilizer rates for papaya production systems, however, did not
consider the environmental consequences of the movement of concentrated solutions through these soils
mainly because the possible consequences were not completely understood. Concerned about potential
environmental implications due to increased nutrient management in papaya production systems, we
realized that the addition of high fertilizer rates is a common practice in other large-scale agricultural
production systems and is common for intensive production systems developed in permeable volcanic soils.
For instance, more than 43.000 hectares are currently cultivated with bananas in Costa Rica (CORBANA,
2022), receiving high rates of N-P-K fertilizers to account for the high yields required by these intensive
production systems. An important fraction of this area is cultivated in permeable volcanic soils. Also, Cattan

etal. (2006) mentioned that banana production systems from the Caribbean, Central America, oceanic Asia,
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and some parts of Africa are principally concentrated on humid tropical climates, and over young volcanic
soils, where runoff and leaching losses could be important. In their study Cattan et al. (2006) found that
runoff losses are moderate for the volcanic soil evaluated (runoff coefficients of 5 to 11%); consequently,
in volcanic soils with high infiltration capacity, the leaching losses and underground solute transport

processes could attain important dimensions.
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Figure 1.1. Nutrient accumulation (N-P-K) by Carica papaya L. cv. Pococi in the Atlantic Region of Costa
Rica for a period of eight months afier the transplanting (from Fallas-Corrales and van der Zee, 2020,
Fallas et al., 2014).
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Because of the specific physical properties of volcanic soils (low bulk density, low penetration
resistance, high water storage, and good drainage), these soils are commonly used for intensive agricultural
production of nutrient-demanding crops such as papaya, banana and some vegetables (Cattan et al., 2006;
Perret and Dorel, 1999; Pinochet et al., 2018). Therefore, the application of high rates of nutrients is a
common pattern in these soil systems. For instance, in the lowland areas of tropical volcanic regions, banana
is produced at large scales (Cattan et al., 2006; Comte et al., 2018; CORBANA, 2022; Perret and Dorel,
1999; Sansoulet et al., 2007). Therefore, these banana production areas are facing a similar situation as
highlighted for papaya —a high nutrient demand and the consequent application of very high fertilizer
rates—, which could develop other collateral environmental problems like groundwater contamination,
excessive nutrient leaching (including scarce micronutrients), and increased availability of undesired

elements like heavy metals.

After observing that papaya yield increased remarkably when applying very high rates of nutrients
(N-P-K) and considering the potential environmental issues of adding very high fertilizer rates, some
research questions emerged and featured the present Ph.D. dissertation. First, we were curious about the
impact of the addition of high quantities of fertilizers in volcanic soil systems, mainly regarding the effect
of multi-component adsorption interactions and transport between the added fertilizer and the scarce
micronutrients that commonly constrain the plant production in the tropical volcanic soils. Then, regarding
the solute transport processes, we investigated the implications of significant changes in the soil solution
composition on the hydrodynamic solute transport parameters commonly used for modeling nutrient
transport in volcanic soil systems. The latter because the volcanic soils from tropical regions are typically
characterized by permeable soils and receive very high precipitation rates (Cattan et al., 2006; Perret and

Dorel, 1999), which could result in increased leaching losses.
Volcanic soils characteristics and fertilization related issues

Andosols are an important group of soils derived from volcanic ejecta materials (tephra, ash, glass),
which by weathering processes, evolve into nanocrystalline minerals like allophane, imogolite, ferrihydrite,
and aluminum-humus complexes. These soils cover around 1% of the earth's surface but support about 10%
of the world population (Gonzalez-Rodriguez and Fernandez-Marcos, 2018) and store more than 4 % of
the soil organic carbon of the world (Eswaran et al., 1993). Andosols typically have a low content of
exchangeable cations; in most cases, these soils are present in humid to per-humid climates. Additionally,
andosols have low permanent and high variable charge, a very high phosphate fixation capacity, a very high
water retention and infiltration capacity, and high organic carbon contents on the upper soil horizons
(Alvarado, 1982; Cattan et al., 2006; Gonzalez-Rodriguez and Fernandez-Marcos, 2018; Montalvo et al.,
2015; Nanzyo et al., 1993a, 1993b; Wada, 1985). The clay mineralogy of andosols is typically dominated
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by allophane and imogolite in humid environments with low organic matter inputs and periodic deposition
of new volcanic materials, while halloysite is present in dryer environments. For instance, the volcanic soils
from the alluvial plain in the Caribbean region of Costa Rica are characterized by the frequent depositions
of new material (volcanic origin) product of constant flooding and transport of new material from the upper

hills to the lowlands, where the material is kept in a moist condition for most of the time.

According to several authors (Alvarado, 1982; Gonzalez-Rodriguez and Fernandez-Marcos, 2018;
Hashimoto et al., 2012; Montalvo et al., 2015; Nanzyo et al., 1993a), the major limiting factor for
agricultural production in andosols is a very high phosphate fixation capacity. Actually, the percentage of
phosphate retention is a classification criterion for defining andosols (Shoji, 1985). In this regard,
Hashimoto et al. (2012) found that phosphate retention capacity of andosols principally correlates with the
Al content determined in ammonium oxalate extract for allophanic soils and with Al content determined by
pyrophosphate extract in non-allophanic soils. The agricultural volcanic soils normally receive high rates
of phosphate fertilizer to compensate for the high phosphate fixation, which by multi-component
interactions could affect the adsorption of other nutrients like boron. Although Atique-ur-Rehman et al.
(2018) highlighted the importance of P-B interactions, these interactions and their mechanisms have not

been thoroughly investigated for volcanic soil systems.

Boron deficiencies are common in agricultural production systems developed in volcanic soils
(Shorrocks, 1997; Sillanpdd, 1982), and boron deficiencies have been reported in more than 80 countries
affecting a great variety of crops (more than 130 crops) (Shorrocks, 1997), including woody plants with
symptoms like reduction of growing points and deformity of organs (Wang et al., 2015). For andosols of
Ecuador, Tollenaar (1969) mentioned that several monocotyledonous crops commonly show boron
deficiencies in these cultivated volcanic soils areas, while there are reports of boron deficiencies in papayas
cultivated in volcanic soils from Hawaii (Nelson, 2012). This situation agrees with the appearance of boron
deficiency symptoms observed for papaya production systems in the Caribbean alluvial plains of Costa
Rica (the sampled site for present dissertation). However, as boron solubility and solution pH negatively
correlate for pure and multi-surface systems (Goldberg, 2004; Keren and Sparks, 1994; Van Eynde et al.,

2020), the appearance of boron deficiencies in low pH volcanic soils is not expected.

The occurrence of boron deficiencies depends on the plant species. For instance, in some plant
species boron is immobile in the phloem, while for others is mobile (Shu et al., 1997). Furthermore, boron
deficiency symptoms sometimes are observed only during the reproductive stages of the crop development,
with symptoms like bumpy fruit in papaya (Carica papaya L.) (Nautiyal et al., 1986; Nelson, 2012; Wang
and Ko, 1975), abscission and lower number of seeds in green gram (Vigna radiata) (Bell et al., 1990), or

fruit drop in apple (Zude et al., 1997). On the other hand, there is a small range in concentrations between
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boron sufficiency and toxicity (Chapman et al., 1997), which makes necessary a thorough comprehension
of boron adsorption mechanisms and processes to correct boron deficiency problems, avoiding the

occurrence of toxicity related to an erroneous boron supply.

Consequently, in Chapter 2 the effect of high phosphate solution concentrations on boron
adsorption was assessed. By modeling, we increased our understanding of inferred the boron (boric acid)
adsorption mechanisms for a volcanic soil system. As volcanic soil systems characterize by high
permeability, an increased boron solution concentration under high precipitation regimes could result in
increased boron leaching rates. Therefore, if competitive interactions between boric acid and phosphate
exist, there could be increased boron losses from these volcanic soil systems. At low pH, the dominant
boron species in aqueous solution corresponds to boric acid (Duffin et al., 2011), and plants mostly uptake
boron in the form of boric acid (Brdar-Jokanovi¢, 2020), both observations indicate the importance of
understanding the adsorption behavior of boric acid in soil systems. We focused on phosphate-boron
interactions because phosphate is applied at constant and high rates in tropical volcanic soils, while boron
deficiencies are common in acid volcanic soils from different regions. The cause of the B deficiency

appearance in these low pH soils is unclear, as boron solubility should increase at low pH.

It is therefore not completely clear whether the observed boron deficiency in acid volcanic soils is
caused by very strong adsorption to the soil surfaces (e.g., allophane, ferrihydrite, organic matter) or by
increased solubility produced by the low pH and enhanced leaching produced by the strong rainfall rates
commonly observed in these volcanic soil regions. Understanding boron adsorption processes in volcanic

soils will be helpful to improve management of boron deficiencies in such soils.

Effects of the addition of very high fertilizer rates on intensive agricultural systems:

Optimizing the timing of fertilizer application in intensive agricultural systems with high nutrient-
demanding crops is challenging, mainly in the humid or very humid regions where leaching losses can be
excessive. Sub-optimal timing between nutrient addition and plant uptake could cause a significant increase
of the solution ionic strength, pH changes, and probably ionic competition that potentially affect the nutrient
availability and leaching. In intensive production systems, N, P, and K fertilizers are applied at constant
high rates to account for the high crop demand (as evidenced in Figure 1.1), and the high phosphate fixation

previously highlighted for volcanic soils.

Among these major nutrients (N-P-K), potassium management has special importance as it is the

most demanded nutrient for some crops like banana and papaya. Potassium has been applied in large
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amounts for decades in some soils (Khan et al., 2013). Many crops require high potassium amounts during
short periods of time. For instance, in annual crops like soybean, there is a low potassium accumulation
rate during the vegetative phenological stages and a very high accumulation rate during reproductive stages
(Fernandez et al., 2009). Consequently, high potassium rates are commonly applied at the beginning of
reproductive stages. These periods of intensive fertilizer applications do not necessarily match in time with
the crop demand. As well, the high potassium demand at reproductive stages it is even more critical for
semi-perennial crops like papaya and banana, for these crops concurrently occur the development of
vegetative and reproductive tissues once the reproductive stage starts. This generates an extremely high
demand for nutrients during these crop development stages. For instance, the total amount of potassium
accumulated by the papaya crop from transplanting up to 9 months after transplant was about 415 kg of
potassium per hectare (Figure 1.1), but more than 50% of this amount was accumulated between the months
7 to 9 (Fallas-Corrales and van der Zee, 2020; Fallas et al., 2014). This very high demand for potassium is

related to the fruit filling plus the production of new vegetative tissue.

For high nutrient-demanding crops like papaya, the crop yield is strongly related to the rate of
nutrient supply. In most of these cases, the fertilizer recommendations follow the results of field

experiments that evaluate the yield response at different fertilizer rates.

For example, in Costa Rica, we observed a strong dependence of the papaya fruit yield on the
potassium and nitrogen fertilizer rates, and a strong interaction between these nutrients and fruit yield

(Fallas-Corrales and van der Zee, 2020) (Figure 1.2).

13
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Figure 1.2. Effect of nitrogen and potassium fertilizer rates on the number of fruits per plant at the stage
of the first harvest in Carica papaya L. cv. Pococi. The experiment was developed in a commercial papaya
plantation field located at La Sonia, Pococi, Costa Rica. The nitrogen and potassium fertilizer rates
corresponds to the cumulative amount applied during nine months. From Fallas-Corrales and van der Zee
(2020).
The principal disadvantage of recommending fertilizer rates based on regional experiments of

nutrient rates is the implicit risk to contaminate groundwater sources, as this approach only considers the

agronomical effect of fertilizer additions, but do not take into account the complex interactions and
processes of nutrient adsorption and leaching of nutrients from soil systems.

Based on the previous results, improving fertilizer management for intensive production systems
requires a precise match between fertilizer application timing and its uptake by the crop. Excessive leaching,

nutrient misbalances, and complex nutrient multi-component interactions could occur otherwise, which
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affects sustainable production in intensive agricultural systems. A significant concern is the application of
very high concentrations of N-P-K, but without the application of extra micronutrients (e.g., Zn and B) or
major cations (e.g., Mg and Ca). Furthermore, the implications of the addition of highly concentrated
solutions on the soil solution reactions and on nutrient transport parameters in these porous systems are

commonly disregarded.

The addition of high rates of potassium chloride (KCI) modifies the soil solution pH (Du et al.,
2010), and increases the ionic strength, which could increase the solubilization of nutrients and undesired
elements (Boekhold et al., 1993; Lagas et al., 1984; Nunes et al., 2022). Additionally, prolonged potassium
overfertilization has been associated with a reduction of Ca and Mg accumulation in the soil and its
consequent lower uptake by the plants (Gransee and Fiihrs, 2013; Hogg, 1960; Jakobsen, 1993; Ohno and
Grunes, 1985). The types of (mis)management could have serious adverse effects on crop production on

volcanic soils.

In Chapter 3, we evaluated the multi-component effect of high potassium chloride applications on
zinc solubilization and transport considering the following observations: 1) potassium is required and
applied at very high rates in fruit production systems developed in volcanic soils (Fallas et al., 2014; Turner
and Barkus, 1983), 2) in general potassium has been excessively applied in agricultural production systems
(Khan et al., 2013), and 3) the addition of high rates of potassium to soil systems could modify chemical
factors like pH and ionic strength that directly or indirectly affect the zinc adsorption-desorption process.
In addition, zinc frequently constrains crop production in the Costa Rican volcanic soils (Mendez and
Bertsch, 2012). Therefore, if competitive interactions exist, zinc deficiencies in humid volcanic soil systems

could be aggravated by adding high potassium rates.

Nutrient interactions in soil systems

At least two principal mechanisms should be understood for modeling the nutrient availability and
transport in soil systems mechanistically. The first corresponds to the chemical processes that nutrients
experience in the complex multi-component soil systems, where the adsorption process plays a major role.
The second corresponds to complex physical processes that drive the movement of saline solutions in the
porous soil systems. The availability, storage, and transport of these nutrients in soils will depend on the

relationship between water content and excess water input with sorption and desorption reactions.

The sorption process results from attractive electrostatic forces that keep the ions near the surface

or form stronger chemical bonds between the ion and the surface functional groups of (hydr)oxides, clay,

15
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and organic matter (Strawn, 2021). These electrostatic forces present at the different soil surface particles
are produced by processes like isomorphic substitution and protonation-deprotonation of functional groups
generating a charge that attracts the ions to the surface. For volcanic soils, the presence of variable charge
surfaces is related to nanocrystalline minerals like allophane, imogolite, and ferrihydrite (Auxtero et al.,
2004; Ishiguro et al., 1992). The presence of these minerals and the changes in solution pH strongly affects
the ion adsorption in these soils. Therefore, the pH changes and the ionic strength of the soil solution could

modify the adsorption behavior of nutrients in volcanic soil systems.

Different types of complexes can occur during the adsorption process to the (hydr)oxide fraction.
For instance, the inner-sphere complex has no water molecules between the surface functional group and
the ion or molecule. This surface complex is stable and is the product of ligand exchange reactions which
allow the ion approaching closer to the surface (Hiemstra and Van Riemsdijk, 1996). The higher stability
of these complexes is related to the nature of the ionic or covalent bonds that create the complex. In contrast,
outer-sphere complexes have at least one water or oxygen molecule between the ion and the surface
functional group and are created principally by electrostatic forces that keep the ions near the surface
(Goldberg, 1997; Hiemstra and Van Riemsdijk, 1996; Sposito, 2008). As a result, outer-sphere complexes
are located at a larger distance from the surface than the inner-sphere ones. Consequently, the formation of
inner- or outer-sphere complexes have particular importance on the strength of bonding and consequently

on the availability and susceptibility of an ion to leach.

Regarding the adsorption to clay minerals (phyllosilicates), the generation of charge at the surfaces
occurs by isomorphic substitution of AI** for Si*" at the tetrahedral sheet (with a charge deficiency spread
over four oxygen ligands) or by isomorphic substitution of Mg?* for AI** at the octahedral sheets, where
the charge deficiency is distributed over six oxygen ligands (Strawn et al., 2020). Additionally, the
dissociation of protons from the -OH groups could generate a variable charge at the clay edges (Strawn et

al., 2020).

Among the most common (hydr)oxides present in soil systems, highlights ferrihydrite by its
frequent appearance in volcanic soils (Strawn et al., 2020), probably related to the fast-weathering process
and the high content of organic matter that prevents the formation of more crystallized iron oxides.
Consequently, the high ferrihydrite abundance in volcanic soils plus its small size offer an opportunity to

use this oxide as a proxy to represent the adsorption at nanocrystalline minerals present in volcanic soils.

Soil organic matter also plays an essential role in ion adsorption. These organic particles consist of
a variety of molecules with different functional groups that can bind organic and inorganic molecules

(Sposito, 2008). Due to the variability and diversity of organic surface functional groups, the organic matter
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surface is typically characterized by a range of values for chemical constants (e.g., proton dissociation)
(Sposito, 2008). This variability has also been contemplated for the development of geochemical models
that predict and explain the interaction of ions with the organic matter (Kinniburgh et al., 1996; Milne et

al., 2003; Tipping, 1994).

The implementation of different adsorption models has helped to estimate the adsorbate
concentrations in solution, and in some cases the adsorption mechanisms and ionic species can be inferred
based on the modeling results. Some adsorption models are empirical, while others are based on the
theoretical mechanisms that govern the adsorption process. For the empirical models, the model parameters
are simply fitted to the observed data, while for the implementation of a mechanistic model it is necessary
to characterize the different adsorption surfaces, their reaction equilibrium equations, the mass balance, and
charge balance (Goldberg, 2005; Mendez, 2020). The implementation of both types of models (empirical
or mechanistic surface complexation models) most of the time assumes that an equilibrium condition is

achieved.

Among these empirical models, the most popular ones are the linear adsorption model, the
Freundlich, and the Langmuir model. The simplest model corresponds to the linear adsorption model,
commonly applicable to systems with very low and restricted adsorbate concentrations (Goldberg, 2005;
Van der Zee and Leijnse, 2013). When assuming equilibrium and at low adsorbate concentrations, the linear
adsorption isotherms can be described by the distribution coefficient (Kd), which is fitted according to

Equation 1.1
Cs=Kd=C Equation 1.1

where Cs corresponds to the concentration in the adsorbed fraction, Kd the distribution coefficient, and C

corresponds to the solution concentration.

On the other hand, the Freundlich and the Langmuir models can be applied for non-linear
adsorption data, commonly observed at high adsorbate concentrations. The main conceptual difference
between these two non-linear models is that Langmuir isotherm considers a finite number of binding sites,

while Freundlich does not (Goldberg, 2005).

Considering that adsorption reactions in the complex soil surfaces depend on a large number of
factors (for instance, ionic strength, pH, oxidation-reduction conditions, counter ions, variation of physical-
chemical properties related to the impact of the electrostatic field as the adsorption process advance), the
implementation of empirical adsorption models is limited to specific conditions that cannot explain the real

adsorption under variable conditions. For instance, empirical models lack the flexibility to simulate the
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nutrient interactions under different conditions than those used for model calibration. This limitation has
been partially solved by developing more flexible mechanistic theoretical models capable to describe ion
adsorption under variable pH, variable ionic strength, different concentrations of binding surfaces (e.g.,

different soils), and different concentrations of adsorbates.

Among the mechanistic surface complexation models, there is a range of sophistication and
complexity. For example, the Constant Capacitance model which has been implemented in several studies
(Goldberg et al., 2005; Goldberg and Glaubig, 1986, 1985; Ikhsan et al., 2005; Manning and Goldberg,
1996; Schindler et al., 1976) assumes that adsorption occurs only as inner-sphere species and surface
complexes exist in a chargeless environment. On the other hand, for the Triple Layer model, adsorption can

be expressed as both (inner- or outer-sphere species) (Davis et al., 1978; Goldberg, 2005).

The CD-MUSIC model is a more complex, advanced, and theoretically sound surface complexation
model. This model consists of two parts: First, the CD (Charge Distribution) which deals with the
electrostatic distribution of charge from the adsorption process. Here the adsorbed molecules are not
considered as point charges, instead, there is a distribution of charge over two different electrostatic planes
(Hiemstra and Van Riemsdijk, 1996). Second, the MUSIC (MUIti-Site Ion Complexation) which deals with
the differences in affinity for proton and oxygen at the different surface groups. This heterogeneity of the
surface groups is created by the differences in coordination number of the metal (singly, doubly, and triply-

coordinated), which derives in charge differences (Hiemstra et al., 1989).

In the original CD approach, the outer-sphere species are located in the solution side of the Stern
layer, while the inner-sphere species are located closer to the surface due to the ligand exchange (Hiemstra
and Van Riemsdijk, 1996). Hiemstra and Van Riemsdijk (2006) refined their model by considering an
extended Stern layer approach, they defined a second layer that separates the electrolyte ion pairs from the
head of the diffuse double layer (DDL). Consequently, this model has three planes (0-, 1-, and 2- plane) to
accommodate the distribution of charges. For the CD model, the charge is distributed by CD coefficients

(Azo, Azi, and Az,), representing charge changes introduced at the 0-, 1-, and 2-plane.

For the Multi-Site Complexation (MUSIC) approach, each surface group has its affinity constant
(K) for the reaction with the adsorbing ion (Hiemstra et al., 1989; Rahnemaie et al., 2007a; Van Eynde et
al., 2022b, 2020a), and for the different metal coordinated species (surface groups) different types of
complexes can be found. For instance, singly coordinated groups can form monodentate and binuclear

bidentate surface complexes with ions like phosphate (Hiemstra and Zhao, 2016).

Applying the CD-MUSIC model to field samples can be challenging because of difficulties in

estimating the equivalent reactive surface area (RSA) of the natural oxide fraction, but different methods
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like probing the surface with ions appear to be useful. For example, the competitive interaction between the
reversibly adsorbed phosphate (R-PO4) and added carbonate at a high concentration (e.g., 0.5 M NaHCO3
solution) showed good results about the estimation of the RSA of the soil (Hiemstra et al., 2010), but
ferrihydrite appears to be a better proxy nanocrystalline particle instead of goethite for the RSA estimation

(Mendez et al., 2020).

The main disadvantage or limitation for the implementation of surface complexation models in
soil adsorption processes description is that they require many parameters, which sometimes are not
available at all, or it can be difficult or time-demanding to be obtained, or are obtained by fitting procedures
under specific conditions, which limits the generic applicability of the models (Goldberg, 2005). However,
the great advance and frequent application of the CD-MUSIC model during the last years has provided
most of the necessary parameters for modeling the adsorption of protons, phosphate, zinc, boron, calcium,
and magnesium for pure and multi-surface soil systems (e.g., Goli et al., 2011; Hiemstra and Zhao, 2016;
Van Eynde et al., 2022, 2020). Furthermore, this significant advance allowed us to use this tool to study

and better understand the boron-phosphate interactions in volcanic soil systems, as described in Chapter 2.

The use of mechanistic models to describe adsorption and transport processes has increased during
the last years, principally by the implementation of multi-surface models in different codes like
ORCHESTRA (Meeussen, 2003), MINTEQA2 (Allison et al., 1991), ECOSAT (Keizer and Van
Riemsdijk, 2009) and PHREEQC (Parkhurst and Appelo, 1999). The Multi-Surface Adsorption models
consider the additive effect of adsorption to different surfaces such as crystallized and amorphous
(hydr)oxides, organic matter, and clay silicates (Peng et al., 2018; Weng et al., 2001), estimating the

equilibrium solution concentration of the adsorbate based on the adsorption to individual surfaces

A better understanding of the nutrient adsorption process and its interactions would allow a better
description of the transport processes to estimate leaching in soil systems and to propose fertilizer

management practices.

Transport processes in soil systems

Once the solutes (e.g., fertilizers) are applied to the environment (e.g., an agricultural soil), their
movement through the soil profile is conditioned by the complex interaction of physical, chemical, and
biological processes (van Genuchten et al., 2014). These solutes are typically transported by the water that

moves into the soil, dissolving and transporting different organic and inorganic solutes. Therefore, factors
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that drive the water movement in the soil have particular importance for the solute movement in porous

systems.

The solute transport process is typically described by the well-known Convection-Dispersion
Equation (CDE) or by non-equilibrium models (e.g., the Mobile-Immobile model (MIM)) (Simtinek and
van Genuchten, 2008; van Genuchten and Wierenga, 1976). For the CDE model, the convective part
represents the movement of dissolved particles or ions by water flowing in the vadose zone or the
groundwater (Van der Zee and Leijnse, 2013). The theoretical solute movement by uniquely convective
transport would be considered as a piston flow process. However, the real transport process typically shows
a solute spreading, which is accounted for by the dispersive part of the model. Solute spreading is generated
by molecular diffusion and mechanical dispersion, the latter caused by variations in the average pore water
velocity (Van der Zee and Leijnse, 2013). On the other hand, for more complex non-equilibrium flow
systems, the simulation of solute movement in the soils requires additional parameters (Arora et al., 2012;

Simének and van Genuchten, 2008; van Genuchten and Wierenga, 1976).

Implementing the CDE and MIM models generally assume constant values for the model
parameters. These parameters can be determined directly by different measuring methods (Diamantopoulos
et al., 2015; Hasan et al., 2020; Kumahor, 2017; Kumahor et al., 2015b, 2015a; Weller et al., 2011) or
indirectly by fitting to experimental data (Diamantopoulos et al., 2012; Simiinek et al., 2008; Toride et al.,
1995). However, recently, it has been observed that the CDE and MIM parameters might vary with factors
like the pore water velocity (Kumahor et al., 2015b), soil water saturation, and flow rates (Chen et al., 2021,
Hasan et al., 2020, 2019; Karadimitriou et al., 2017), and therefore the results of fitting procedures (constant
values) are not always reliable. Furthermore, the interactions between the physical and chemical processes
appear to be even more complex than those typically tackled in solute transport modeling, as some papers
show that hydrodynamic parameters could depend on the interactions within the chemical processes, on the
reactant, and solution concentration (Caron et al., 2015; Chiogna et al., 2010; Muniruzzaman and Rolle,
2021; Rolle et al., 2013b), but most of the time it is assumed constant values for the hydrodynamic solute
transport parameters. Consequently, the high fertilization rates currently applied to high-yielding crops in
volcanic soils, could influence the parameters used to simulate the movement of solutes (e.g., fertilizer) in

these important soil systems.

How these factors affect the solute transport in highly fertilized volcanic soil systems is still unclear.
Consequently, in Chapter 4, we evaluated the effect of flow rate and different concentrations on the
parameters commonly implemented to describe the transport of solutes by two of the most commonly used

solute transport models (CDE and MIM).
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As previously described, volcanic soils have special physical characteristics like high permeability
and high water retention and in some cases, can present preferential flow conditions when macropores are
activated (Eguchi and Hasegawa, 2008). Consequently, for these soils is compulsory to understand and

model appropriately the solute transport processes.

Objectives and thesis outline:

According to the previous information and considering that the application of high rates of N-P-K
fertilizer is a common practice in agricultural volcanic soils, the first objective of the present dissertation
was to evaluate whether the high inputs of fertilizer (specifically P and K) could create nutrient imbalances
by increasing the micronutrient leaching losses. To evaluate this objective, we developed the adsorption

and transport experiments presented in chapters 2 and 3.

In Chapter 2, we developed batch adsorption experiments that evaluated the phosphate-boric acid
adsorption interactions. The results of the batch adsorption experiments plus the potential formation of
surface complexes were interpreted by a state-of-the-art multi-surface adsorption model (CD-MUSIC-
NICA-Donnan). The implemented modeling approach considered the most recent advances in the
application of the CD-MUSIC model. For instance, the reactive surface area of the soil (RSA) and the
reversibly adsorbed phosphate fraction (R-PO4) were determined by probing the surface by the carbonate-
phosphate competitive interaction and using the CD-MUSIC model for the estimation (fitting) of both
model parameters based on Hiemstra et al. (2010), but considering ferrihydrite as a better proxy
nanoparticle to represent the (hydr)oxide fraction of the soil (Mendez et al., 2020). In addition, the CD-
MUSIC boron adsorption parameters were recently developed for pure oxide nanoparticles (ferrihydrite)
(Van Eynde et al., 2020a), as well as the parameters for the interaction of boron with humic acids (Goli et
al., 2019). These recent advances allowed us to model the boron adsorption mechanistically and obtain
more information about the boron and phosphate interactions, plus a better comprehension of the boron

adsorbed species and binding mechanisms in a volcanic soil system.

In Chapter 3, we also developed batch adsorption experiments to evaluate the competitive
interaction between potassium chloride concentrated solutions and zinc adsorption-desorption in alluvial
volcanic soils. With this set of experiments, we evaluated two chemical factors modified by the addition of
a potassium chloride concentrated solution (the pH and the ionic strength), which potentially affect zinc
adsorption in volcanic soils. Both variables showed considerable effects on zinc adsorption. Additionally,
we developed column transport experiments using undisturbed volcanic soil cores. These experiments were

performed under unsaturated and constant gravitational flow conditions using a modified version of the
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Multi-Step Flux Transport device (Kumahor et al., 2015b, 2015a; Weller et al., 2011). The results obtained
showed the competitive interactions produced by the addition of high rates of potassium chloride in these
volcanic soils, which solubilize substantial quantities of zinc. This second set of K-Zn experiments

evaluated the zinc desorption process, not the more commonly studied adsorption process.

On the other hand, Chapter 4 deals with the effects of highly concentrated fertilizer solution on
hydrodynamic solute transport parameters as a first approach to elucidate the effects of chemical and
physical interactions for modeling nutrient transport in volcanic soil systems. To develop this set of
experiments, we built a modified version of the Multi-Step Flux transport device (Kumahor et al., 2015b,
2015a; Weller et al., 2011). This experimental setup allowed the development of long-time experiments,
obtaining data at detailed time-steps, developing solute transport experiments at different flow rates and at
different solute concentrations. Our results about hysteresis agreed with the results obtained by Chen et al.
(2021) and Erfani et al. (2021), and contribute to elucidate the cause of the breakthrough curve hysteresis
observed between loading or unloading the solute to the soil columns. The knowledge of how chemical and

physical processes interact is critical for the correct modeling of nutrient transport in volcanic soil systems.

Finally, in Chapter 5, I critically discuss and synthesize the principal findings obtained in the
experiments of my Ph.D. dissertation, discussing the implications, limitations, and possible future research

experiments, and modeling steps to further elaborate on this topic.
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Chapter 2

Abstract

Boron deficiency management in volcanic ash-derived soil systems from humid regions is a general
issue for the agricultural production of susceptible crops (e.g., papaya crop). Boron availability/deficiency
in soils depends on adsorption, desorption, and competition with other nutrients. Hence this relationship
needs to be understood for good boron management. We studied boric acid adsorption in a volcanic ash-
derived soil system by performing batch adsorption experiments. We interpreted the results using a state-
of-the-art multi-component adsorption model to simulate boron adsorption to ferrihydrite using the CD-
MUSIC model, and the NICA-Donnan model for boric acid adsorption to humic acids. The measured data
and model simulations (in a fully predictive scheme) had a remarkable agreement even at very low
micromolar boron concentrations. Phosphate had an almost imperceptible effect on boron adsorption at low
boron concentrations in soil solution, and modest effects at high boron concentrations. For the Al-
(hydr)oxide dominated soil, the adsorption interaction between boron and phosphate is effectively modeled
using nanocrystalline ferrihydrite as a proxy for the overall reactive oxide fraction. The information from
these experiments provides new awareness of how to deal with boron deficiency in volcanic systems with

high phosphate inputs and high phosphate immobilization.

Keywords: Andosols, boron adsorption, phosphate, CD-MUSIC, NICA-Donnan, ORCHESTRA.

2.1 Introduction

Boron is an essential plant nutrient, and boron deficiency is widespread around the world,
particularly present but not limited to high pH and arid regions. Boron deficiency affects crops, with an
important impact on fruit production systems, as it reduces the quantity and quality of harvested and
marketable products from agricultural fields. Therefore, the understanding of boron dynamics in the soil-
plant systems is essential for the correct crop management. Adsorption/desorption plays an important role

in these dynamics.

Boron availability depends on soil pH (Goldberg and Glaubig, 1985; Suarez et al., 2012), with
lower adsorption and higher plant uptake at low pH values, stronger adsorption, and lower plant uptake
under alkaline soil conditions. According to Goldberg & Glaubig (1985) and Keren & Mezuman (1981),
maximum boron adsorption in soils occurs around pH 9. Consequently, B adsorption and availability have

been investigated principally for high pH soils.

The cause of boron deficiency is unclear for acid and volcanic acid soils, as the low pH should

promote higher boron solubility.
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Two contrasting situations could explain the low boron concentrations observed in soil solution
from tropical volcanic acid soils. First, the high contents of (hydr)oxides and aluminosilicates like
allophane, ferrihydrite, and halloysite, and in some cases, the high organic matter contents present in
volcanic acid soils adsorb boron, limiting its availability and leaching. Second, the high solubility of boron
at low pH plus the high rainfall rates observed in tropical regions could result in the depletion of boron from
the root zone area. Which of these contrasting situations is limiting boron availability in tropical volcanic

acid soils is not clear.

Additionally, the effect of anionic fertilizers applications (e.g., phosphate) on the boron
ads/desorption in these systems is unclear, and its consequences for boron leaching. The allophanic volcanic
soils typically receive high rates of oxyanions such as phosphate due to the characteristic of high anion
fixation normally present in these soils (Kurokawa and Kamura, 2018; Parfitt, 2009, 1990). In the case of
competition between phosphate and boron, the high application rates of phosphate could derive to enhanced

boron losses from volcanic soil systems.

Considering the very high affinity of phosphate for adsorption to hydroxides and the low affinity
of boron for these surfaces, plus the high inputs of phosphate applied to volcanic soils, one could assume
an enhanced displacement of boron from the root zone related to the application of phosphate fertilizer.

However, phosphate and boric acid competition experiments showed inconsistent results.

For example, Bloesch, Bell, & Hughes (1987) and Rashid (1971) reported different degrees of
competition between phosphate and borate adsorption in soils, while Bingham & Page (1971), working on
allophanic soils suggest specific adsorption of boron (at 4.8 mM), which was unaffected by the presence of
phosphate at concentrations of 0.1 M. The results obtained by Goldberg, Forster, Lesch, & Heick, (1996),
also indicate a lack of interaction between other anions and boron, they suggested specificity in the boron

adsorption to explain the absence of interaction.

Recently, Van Eynde, Mendez, et al. (2020) found adsorption competition between phosphate and
boric acid in a pure ferrihydrite suspension system when keeping boron amounts constant and increasing
the phosphate concentrations. Furthermore, Van Eynde, Mendez, et al. (2020) inferred the mechanisms of
boric acid adsorption to the pure ferrihydrite by modeling and its agreement with the spectroscopic results
of Su and Suarez (1997, 1995). These studies suggested the formation of tetrahedral bidentate complexes
for high pH and trigonal inner-sphere bidentate complexes plus outer-sphere complexes for low to neutral

pH values.
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The competition of boron with other elements for adsorption sites could occur only at specific
species (e.g., only for inner-sphere species). Consequently, distinguishing between the different boron

adsorbed species could help to understand the mobility, availability, and sorption of B in volcanic soils.

For mono-component boron systems, the inner-sphere mechanism appears to be an important or
even the principal mechanism for boron adsorption; for example, Goli et al. (2011) suggest a B adsorption
process by inner-sphere species for adsorption to Goethite pure suspension system, Su & Suarez (1995)
also suggest inner-sphere for boron adsorption to amorphous aluminum hydroxides, allophane, and

kaolinite.

Van Eynde, Mendez et al. (2020) reported that the trigonal inner-sphere species of boron are
important for acid to neutral pH values. The results of Van Eynde, Mendez, et al. (2020) suggest that these
inner-sphere species vanish as phosphate concentrations increase. Consequently, only outer-sphere trigonal
complexes remain important for describing boric acid adsorption to ferrihydrite at low pH and high

phosphate concentrations.

The results about the dominance of outer-sphere adsorption of boric acid under high phosphate
concentrations (Van Eynde et al., 2020a) contrast with the presupposed specific-adsorption mechanism
suggested by Kurokawa & Kamura (2018) to explain the higher adsorption of borate as the concentration
of the other anions increased for volcanic soils. The modeling simulations conducted by Van Eynde,
Mendez, et al. (2020) predict competition for specifically adsorbed species (the inner-sphere adsorbed

species).

Bingham & Page (1971) and Goldberg et al. (1996) mentioned that the lack of competition between
other anions and boron could be related to the specificity of the boron adsorption sites. From the results of
Van Eynde, Mendez et al. (2020), this specificity for boron adsorption could be represented by the outer-

sphere sites.

Understanding the different mechanisms of boron adsorption to (hydr)oxide soil particles — inner
sphere and outer sphere — is crucial to predict boron adsorption in natural soil systems accurately. In
addition, understanding these mechanisms will allow us to predict the effect of oxy-anion competition with
boron in real soil systems and comprehend the contribution of the different soil surfaces to the boron

adsorption process.

Geochemical models could enhance understanding of the different mechanisms of boron binding

to the different soil surfaces, and if well parameterized, these models could also predict boron availability
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and leaching from soil systems. In the past, different geochemical models predicted boron adsorption and

concentrations in solution for both pure and multi-surface systems.

Among the geochemical models used to describe boron adsorption in soils and clay minerals, the
Constant Capacitance is the most commonly applied model (Goldberg, 2004; Goldberg et al., 2005, 2000,
Goldberg and Glaubig, 1986, 1985; Meyer and Bloom, 1997; Vaughan and Suarez, 2003). This model
described with relatively good precision the boron adsorption in soils and clay minerals, but it has several

limitations for the description of boron adsorption in soils:

First, the Constant Capacitance model considers the soil as a single surface plane in which
adsorption reactions occur; consequently, the Constant Capacitance model only describes inner-sphere
adsorption. This limitation disagrees with the results of spectroscopic data obtained by Su & Suarez (1995),
which revealed the presence of outer-sphere species in an acid to neutral pH and under the presence of

phosphate in low pH pure ferrihydrite suspension systems (Van Eynde et al., 2020a).

Second, the binding constants (model parameters) are specific to the soil conditions and
experiments in which they were determined. This situation limits the applicability of the Constant

Capacitance model for generic soils and generic conditions.

A more advanced and mechanistically sound model is the Charge Distribution (CD) model
(Hiemstra & Van Riemsdijk, 1996), which in combination with the Multi-site lon Complexation (MUSIC)
model (Hiemstra et al., 1989) successfully described boron adsorption to pure Goethite and Ferrihydrite
suspension systems. While the NICA-Donnan model (Kinniburgh et al., 1996) effectively described
adsorption to organic matter. In combination, these models (NICA-Donnan and CD-MUSIC) can simulate

adsorption processes under multi-surface conditions, for example, natural soil systems.

The parameters for describing boron adsorption employing the CD-MUSIC model were derived for
pure Goethite suspension systems by Goli et al. (2011) and more recently, for pure Ferrihydrite suspension
systems by Van Eynde, Mendez, et al. (2020), while Goli et al. (2019) obtained the model parameters for
boron adsorption to humic acids. The combination of these recent approaches allows for the simulation of

boron adsorption to a multi-surface system.

The CD-MUSIC-NICA-Donnan modeling approach has several advantages over other boron
adsorption models. For example, it includes adsorption of both species — inner and outer-sphere —, the

modeling can be executed by a fully predictive scheme leaving aside the fitting of specific equilibrium
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reaction constants for each soil, it considers the multi-component interaction between ions, as the

distribution of charges in the different adsorption planes is taken into account.

Van Eynde, Weng, & Comans (2020) estimated by the CD-MUSIC-NICA-Donnan model the
contribution of the different soil surfaces to the boron adsorption for temperate and tropical (Ferralsols)
soils; they showed the importance of the different surfaces in boron adsorption varies with pH with more
adsorption to the organic matter as the pH increases and higher importance of the (hydr)oxide fraction at
low pH values. For volcanic soils, it is not clear whether the oxide fractions or the organic matter (both are

abundant in volcanic soils) play a principal role in boron adsorption.

Van Eynde et al. (2020) also modeled the reactive boron fraction determined by three different
boron extractants in temperate and tropical soils (multi-surface systems), employing the NICA-Donnan
model with the generic parameters set of Milne et al. (2003) and the boric acid parameters developed by
Goli et al. (2019). They implemented the CD-MUSIC model to describe boron adsorption to ferrihydrite
with the parameters developed by Van Eynde, Mendez, et al. (2020).

As far as the authors are concerned, this newly available modeling approach (NICA-Donnan model
with the parameters developed by Goli et al. (2019) plus the CD-MUSIC with model parameters developed
for ferrihydrite (Van Eynde et al., 2020a)) has not been used to evaluate the interaction of boron with other
nutrients in a multi-component system, has not been applied to describe boron adsorption to volcanic soils,
and has not been implemented for the description of boron adsorption isotherms in multi-surface soil

systems.

This approach will enable now to evaluate which reactive surfaces are more important for
controlling B availability in this type of soil and evaluate the competition of anions such as phosphate,

which could improve the boron management in volcanic acid soil systems.

This chapter aims to identify the binding mechanisms and adsorption surfaces that play a principal
role in boron adsorption for volcanic ash-derived soils. Also, to test whether the high inputs of phosphate
applied to volcanic soils could compete with boric acid sorption. Finally, to evaluate the performance of a
state-of-the-art Multi-Surface Adsorption Model as a tool for predicting boron adsorption and its

competition with phosphate in a volcanic ash-derived soil.
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2.2 Materials and methods:

2.2.1 Soil characterization and experiments:
Soil characterization:

The soil sample used in this study has a volcanic origin. We collected the soil samples from a
papaya plantation located in San Bosco, Pococi, Costa Rica (10.279290 N, -83.802527 W) at an altitude of
110 m.a.s.l. The georeferenced coordinates classify this soil as Aluandic Dystric Andosol (Fluvic) (World

Reference Base soil classification system).

We conducted chemical analyses as needed for the Multi-Surface Model with soil samples collected
from 0-20 cm depth. All the samples were oven-dried (50 °C) for 48 hours and sieved (<2mm) prior to
chemical analyses. The soil-pH was determined in ultrapure water and 0.01 M CaCl,, using a soil/solution
ratio of 1/10 w/v. We performed selective dissolution extractions of Fe and Al using Dithionite-Citrate-
Bicarbonate (DC) and acid ammonium oxalate (AO) extractants as described by Burt (2004). Total soil
organic C was determined by a dry combustion analyzer (Elementar vario Macro cube). We assumed the
lack of carbonates in the soil samples due to the low carbonate composition of the parent material, plus the
high precipitation regime for the sampled region (mean of 4500 mm per year). Dissolved organic carbon
(DOC) was determined in a TOC analyzer using the method 5310 B (Baird et al., 2017) for DOC extractions
developed in ultrapure water (18.2 MQ, <5 ppb TOC), mixing 2.5 grams of soil with 25 mL of water.

Boron adsorption isotherms:

For the adsorption experiments, we mixed 3 g of soil sample with 30 mL of a solution that contained
the background electrolyte (0.01 M of either CaCl, and NaNOs), the boron, and the phosphate solutions.
The phosphate solution corresponded to a freshly prepared +1.6 mM P (with phosphate), or +0 mM P
(without phosphate), using KH,POy4 as a chemical reagent.

The boron solutions prepared for each specific batch adsorption experiment consisted of 0, 15, 30,
60, and 120 umol B L, using boric acid as a chemical reagent. For all the experiments, we used p.a.
chemical reagents and ultrapure water to prepare the solutions, and all the solutions were prepared in plastic
material to avoid contamination by borosilicates. For the background electrolyte solution, we used CaCl,

or NaNOs p.a. chemical reagents.

We developed the adsorption experiments in 50 ml polystyrene centrifuge tubes (1/10 soil/solution
ratio(w/v)). Complying with Lemarchand, Schott, & Gaillardet (2007), all the samples were shaken for five

days in darkness to obtain B adsorption equilibrium.
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The pH of the solutions was measured by a calibrated pH meter (Mettler Toledo Seven Excellence
Multiparameter). During the development of the isotherm, we controlled the pH by adding either NaOH or
HC1 0.01M solutions using a micropipette. The final pH for the isotherms developed in 0.01M CaCl, and
0.01M NaNO; background solutions was 4.98+0.06 and 5.48+0.1, respectively. Although the chosen pH is
not at the optimal value for the highest boron sorption, these pH values are common for the volcanic soils
from this region, so we evaluated the boron adsorption at pH values similar to those observed in the field
plots. The chosen pH for each background solution corresponded to the mean pH of the samples after the
addition of the respective background solution plus the boron and phosphate treatments, which also agreed

with typical pH values observed for these volcanic soils.

The equilibrium boron concentrations were determined by an ICP-MS (Thermo Scientific iCAP

RQ) for the batch adsorption experiments.

2.2.2  Multi-surface ion adsorption modeling:

We implemented a multi-surface ion adsorption model to describe the binding interaction of B and
phosphate. This approach allowed us to obtain insights into the boron binding mechanisms and its surface
speciation in our volcanic soil. The present multi-surface modeling comprises the description of ion

adsorption to the reactive oxide surfaces and to the natural organic matter.

We did not consider an electrostatic model for describing ion adsorption in clay minerals (e.g., the
Donnan ion exchange model) in this multi-surface model because: First, the boron is present in solution
predominantly as a neutral B(OH):" species. Second, the interaction of boron and phosphate with clay

minerals (if any) would be mainly via specific adsorption at the edge faces with oxide properties.

The following sections explain the implemented modeling details. The modeling calculations were

done with the chemical speciation software ORCHESTRA.
Adsorption to reactive oxide surfaces:

We described the adsorption of boron and phosphate to the reactive metal (hydr)oxides fraction of
the soil with the charge distribution (CD) model (Hiemstra and Van Riemsdijk, 1996), in combination with
a recent multisite ion complexation model (MUSIC) for ferrihydrite (Hiemstra and Zhao, 2016). This
approach is based on a structural analysis of the surface of ferrihydrite to determine the types of reactive
groups and their corresponding densities. The solid-solution interface of ferrihydrite is described using an
extended Stern Layer approach (Hiemstra and Van Riemsdijk, 2006), and the primary charging behavior
of ferrihydrite is described using the parameters set given by Mendez & Hiemstra (2020). The adsorption
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of phosphate (Hiemstra and Zhao, 2016; Mendez and Hiemstra, 2020b) and boron (Van Eynde et al., 2020a)
has been described using an internally consistent thermodynamic database with intrinsic CD model
parameters recently developed for ferrihydrite. Table S.2.2 presents the complete set of CD model

parameters implemented in our model calculations.

We assessed the reactive surface area (RSA) of the oxide fraction by a probe ion methodology
based on measuring the competitive interaction of carbonate on the adsorption of native soil phosphate. For
this, a series of soil extractions with 0.5 M NaHCOj3 solution (pH = 8.5) are performed at different soil-to-
solution ratios (SSR). For our soil, we measured the desorption of phosphate at five SSR values, ranging
from 0.067 to 0.05 kg/L. To derive the value of RSA, we interpreted the results of the probe ion method
with the CD model using parameters calibrated previously for a reference oxide material, e.g., goethite or
ferrihydrite. This approach enables the simultaneous calculation of the total amount of phosphate that is
reversibly bound to the oxide surfaces (R-POs). Details about the experimental procedure and the modeling
calculation are given elsewhere (Hiemstra et al., 2010; Mendez et al., 2020). The RSA and R-PO4 were
used as independent model inputs for describing the adsorption isotherms of boron in interaction with

phosphate.

Presently, we chose nanocrystalline ferrihydrite as a proxy for describing the overall reactivity of
the natural fraction of oxides in our soil. This nanocrystalline material was shown to be a better reference
material than well-crystallized goethite for representing the overall reactivity of the natural metal
(hydr)oxide fraction in agricultural topsoils from the Netherlands (Mendez et al., 2020) and in weathered
tropical topsoils from sub-Saharan countries (Mendez et al., 2022). Furthermore, due to the volcanic origin
of our soil, the estimated RSA might also include a significant contribution of reactive AIOH™> groups
present at the surfaces of allophane nanoparticles. However, no CD model parameters are presently
available in the literature for this type of allophanic material. In addition, the oxidic edges of phyllosilicate
clay minerals might also contribute to the overall reactivity of the natural oxide fraction in soils. Recently,
Van Eynde, Weng, & Comans (2020) showed that the pH-dependent boron adsorption of illite and kaolinite
can be described effectively using CD model parameters calibrated for ferrihydrite. Therefore, all reactive
surfaces that exhibit oxidic properties have been generically represented in the modeling only by using the

ion binding behavior of ferrihydrite as a reference.

Adsorption to soil organic matter:

The boron adsorption to the natural organic matter, both solid and dissolved, was described with

the NICA-Donnan model (Kinniburgh et al., 1996). In this approach, two reactive sites are defined to
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represent the major types of functional groups present in the reactive organic matter, i.e., carboxylic (S1)
and phenolic (S;) groups. In our model descriptions, we used generic parameters reported by Milne et al.
(2003) for humic acids, including the sites densities (St,1 and St2) and the heterogeneity parameters (p; and
p») for the sites S; and S», as well as the corresponding logK values and non-ideality parameters (n values)
for describing the specific adsorption of H* and Ca?®* to these reactive groups. In addition, we used a recent
parameter set (logK and n values) reported by Goli et al. (2019) to model specific boron adsorption to
organic matter. Presently, a consistent set of NICA-Donnan parameters is only available for describing
boron adsorption on humic acids (Goli et al., 2019). Therefore, we assumed that all the reactive organic
matter, solid and dissolved, behaves as humic substances. Table S.2.3 presents the complete set of NICA-

Donnan parameters used in our modeling.

For the dissolved organic matter, we assumed that 50% of the measured DOC is present as humic
acids, as implemented in previous studies (Dijkstra et al., 2009; Groenenberg et al., 2017). Furthermore,
we assumed that 35% of the total SOC is present as reactive carbon for the solid organic matter, in line with
estimations done in earlier multi-surface adsorption studies (Duffner et al., 2014; Weng et al., 2001). This
assumption is also supported by recent experimental data reported by Van Eynde, Weng, et al. (2020),
showing that on average ~36% of the total SOC is present as humic substances in a series of agricultural
topsoils. In addition, we assumed that the reactive organic matter contains 50% of C, as a rough

generalization implemented by Dijkstra et al. (2009) and as suggested by Pribyl (2010).

Description of the solid-solution partitioning of B in CaCl, and NaNO; media:

The above multi-surface model with intrinsic adsorption parameters was used to describe the boron
adsorption isotherms performed in electrolyte media with 0.01 M solutions of either CaCl, or NaNOs. The
RSA of the oxide fraction and the R-POy values, both derived with the probe ion method, were used as
independent model inputs. The natural organic matter (NOM) present at the oxide-solution interfaces
affects the adsorption of phosphate due to the competition for the same reactive sites at oxide surfaces. This
interaction might also affect the binding of boron to the oxide surfaces. To account for this effect of the
interfacial NOM, we implemented a NOM-CD model approach (Hiemstra et al., 2013), which estimates
the effective surface density of NOM (i.e., Fe-NOM in umol/m?) that competes with POy for the binding in
the oxide surface. We fitted the Fe-NOM density to explain the experimental concentration of PO4 measured
ina 0.01 M CaCl, extraction, which we determined according to a standard procedure (Houba et al., 2000).
Table S.2.2 presents the model parameters used for describing this interaction. The so derived Fe-NOM

value (FeNOM= 1.98 pmol/m?) was used as a model input in the description of the boron adsorption
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isotherms. A basic assumption is that the Fe-NOM value does not change upon addition of extra phosphate
and that this value is the same for CaCl, and NaNO; media. However, changes in Fe-NOM density may

occur at changing solution conditions.

For the modeling of the boron adsorption isotherms, the native fraction of reactive boron initially
present in the soil was estimated in advance by multi-surface modeling, using as a validation criterion the
concentration of B measured in an independent 0.01 M CaCl, extraction (Houba et al., 2000). The thus
calculated fraction of reactive boron (R-Bumede1 = 23 pmol/kg soil) is slightly lower than the fraction of boron
measured in 0.43 HNO; extractions (R-Binos = 26 = 1 pmol/kg soil, n = 3). This result differs from data
presented by Van Eynde, Weng, et al. (2020), showing that the values of R-Bmode are on average ~50%
lower than the corresponding values of R-Bunos measured in a series of soil samples from temperate and
tropical regions. Using either the R-Bmodel 0r R-Brnos value for our soil had little impact on the model

description of the adsorption isotherms.

2.3 Results:

2.3.1 Characterization of the soil:

The Andosol used for this experiment is a very permeable soil with a sandy loam texture, low bulk
density (0,9 g cm™), and high total porosity (0.6 cm® cm®), which in combination with the low pH and the
high annual precipitation is physically and chemically prone to boron leaching from the root zone. However,
the soil also has high metal (hydr)oxides, principally related to the nanocrystalline fraction as shown by the
high Al and Fe contents determined by the Ammonium Oxalate extract, which would decrease the boron

leaching hazard.

As mentioned by Borggaard (1992); Burt (2004); Parfitt (1989); Schwertmann, Schulze, & Murad
(1982); and Simonsson, Berggren, & Gustafsson (1999), the Ammonium Oxalate extract is used to
selectively dissolve nanocrystalline materials (i.e., ferrihydrite, allophane, and imogolite), and additionally
extracts aluminum and iron complexed with organic substances (Mizota and Reeuwijk, 1989), while, the
Dithionite-Citrate extractant is supposed to dissolve all iron and aluminum oxides (well crystallized and

nanocrystalline).

The assumptions about the fractions determined by the selective extractions (DC and AO) have
been used for the estimation of the nanocrystalline and crystalline fractions for modeling purposes (Dijkstra
et al., 2004; Van Eynde et al., 2020b) and translated into specific surface area (SSA) and reactive surface

area (RSA) for these soils. However, for our soil, it was not possible to discern between the nanocrystalline
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and crystalline fractions based on these selective extraction methods because of the large quantity of Al
determined in ammonium oxalate, probably due to the presence of Al monomers complexed by organic

matter (Table 2.1).

Table 2.1. Characteristics of the Aluandic Dystric Andosol from San Bosco, Pococt, Costa Rica.

Textural Particulate
Fepc Alpc  Feao Alxo Mnao
classification pH (010
H;O0 ] mg C
Sandy Loam mmol kg! soil % iy
Clay Silt Sand
% % % 5,85 173,7 2482 1519 11129 10 2,9 3,6

15 5 80

DC=Dithionite-Citrate extract, AO=Ammonium oxalate extract.

We applied the probe ion method developed by Hiemstra et al. (2010) to estimate the reactive oxide
surface area (RSA (m? g soil) of our soil. This method appears to be more appropriate than the estimations
of the RSA based on selective extractions. The RSA estimations based on selective extractions present
substantial uncertainties to estimate the size of the nanocrystalline and crystalline fractions. Additionally,

there is no standard specific surface area (SSA (m? g'! oxide)) value for all the soils (Mendez et al., 2020).

The probe ion method fitted the RSA of the soil by the implementation of CD-MUSIC modeling
with a representation of the (hydr)oxide particle; we used ferrihydrite instead of goethite as a better model
particle for the estimation of the RSA of the hydroxide fraction of our volcanic soil, in agreement with the

observations of Hiemstra et al. (2010) and Mendez et al. (2020).

The RSA of the soil needed to explain the phosphate concentrations in equilibrium with 0.5 M
NaHCOj solution applied at different soil to solution ratios resulted in 37.6 = 4.1 m? g'!, and the fitted
reversibly adsorbed phosphate (R-POx) in 18.5 + 1.8 mmol kg™'. The latter information was subsequently

used as independent modeling input for describing the boron adsorption isotherms.
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2.3.2  Boron adsorption isotherms and modeling results:

Despite the low pH of our Andosol, in which it is expected boron becomes soluble, 32 % of the
applied boron adsorbed to the soil surfaces. This result probably relates to the high RSA of our soil, which
derives from the high contents of Al and Fe (hydr)oxides.

The (hydr)oxide fraction acquires more relevance for boron adsorption at low pH values; this
situation was reported by Van Eynde, Mendez et al. (2020) and is also suggested by our modeling data (see

details in section 2.3.4).

The broad range of boron concentrations evaluated in our experiments was based on the results
compiled by Sillanpdd (1982) from different countries around the world. They determined the boron

concentrations by the hot water extractant for soil areas ranging from boron deficiency to toxicity.
Boron adsorption was similar for the two different background electrolytes in our Andosol.

The effect of the pH differences between both background solutions (ApH= 0.5) had a minor
repercussion on the adsorption process in our experiments. As it is shown in Figure 2.3 by modeling
simulations, there is little change in the soluble B concentrations for the typical pH values of this soil (i.e.,

from pH 4.0 to 6.0).

Additionally, the ionic strength effect and the counter ion (monovalent or divalent cation) hardly
affected the amount of boron adsorbed and the shapes of the adsorption isotherms. These results are

discussed further in Section 2.3.5.

For the case of no phosphate addition, boron adsorption was almost linear for the complete boron
concentration range. In case phosphate was added, the isotherm became slightly nonlinear, particularly due

to the deviation for the highest boron concentration (Figure 2.1).

The implementation of the CD-MUSIC-NICA-Donnan modeling approach produced an excellent
agreement between modeled and measured data. This situation is remarkable because our modeling
approach did not include any fitting of equilibrium reaction constants (our approach is a fully predictive
scheme), and because the implementation of this fully predictive approach correctly predicted the boron
concentrations in solution despite such small micromolar boron concentrations observed for this volcanic
soil. Furthermore, the good performance of this modeling approach by pure prediction gives the confidence
to implement the model for other conditions, for example, different soil pH, counter ions, and soils

dominated by Fe or Al (hydr)oxides.
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Figure 2.1. Adsorption isotherms of boron (B) for conditions with no extra P and 1.6 mM P added to an
Aluandic Dystric Andosol (Fluvic) from Costa Rica. The left (a) and right (b) panels are for systems in

0.01 M CaCl; and 0.01 M NaNOj3 as background solutions, respectively. The symbols are experimental
data and lines (solid= +0.0mM P, and dashed= +1.6 mM P) are the multi-surface complexation model

predictions (CD-MUSIC-NICA-Donnan).

2.3.2.1 Multi-surface modeling description and boron binding mechanisms:

The multi-surface model (CD-MUSIC-NICA-Donnan), based only on pure predictions, described
very well the boron adsorption data (Figure 2.1). The CD-MUSIC accounts for the adsorption to oxide

surfaces, while the NICA model describes the adsorption to organic matter.

In the CD-MUSIC approach, using ferrihydrite as a reference oxide material, the formation of
inner-sphere boron complexes is assumed to occur only in a fraction of singly coordinated groups that form
binuclear bidentate complexes with ions (FeOH(b)) (van Eynde et al. 2020), according to the structural
model of the ferrihydrite surface (Hiemstra and Zhao 2016).

The deviation from linearity (competition) at high boron concentrations observed only under the
presence of phosphate could be related to the reduction of inner-sphere complexation induced by phosphate,
which is evident only at high boron loadings in the system. While the process of outer-sphere adsorption is
assumed to be unaffected by phosphate additions due to the neutral nature of the trigonal boric acid

molecule, the trigonal species predominate at the pH values of our experiments.

44



Boron adsorption and competition with phosphate in a tropical volcanic ash-derived soil

It is clear from our modeling results (Table S.2.4 and Section 2.3.4) and by literature that boron
adsorption at the pH values of our experiments occurs principally onto the hydroxide surfaces and mainly

as an outer-sphere species when phosphate is present in the system.

For the +0 mM P system, the boric acid adsorbed linearly principally to the (hydr)oxide surfaces,
which probably includes the participation of both -- inner-sphere and outer-sphere species--; this
assumption is supported by literature about pure Goethite and Ferrihydrite systems (Goli et al., 2011; Van
Eynde, Mendez, et al., 2020).

The model performed very well for the +1.6 mM P system up to boron solution concentrations
close to 45 umol L. The deviation from linearity observed at the highest boron concentration evaluated
could be related to the reduction of the participation of inner-sphere species. Van Eynde et al. (2020),
considering a pure Ferrihydrite system, observed that at P concentrations of 0.1 mM, the inner-sphere
species of boron are practically negligible. These differences between modeled and measured data for the
highest boron concentration could be related to differences between parameter values derived for clean pure

systems and its application to a “dirty” natural soil material, which will not match perfectly.

We also tested by modeling other synthetic scenarios to explore the mechanisms that could affect
the accuracy between our modeled and measured data. The objective of adding this extra set of adsorption
modeling results (Figure S.2.1 of Supplementary information) was not to predict P-B adsorption and
competition with a new parameterized model. It was only to explore the different mechanisms that could
explain the deviation between the measured and modeled data when applying only the parameters obtained

for pure systems available in the literature.

The effect of varying the log K for the formation of outer-sphere species (i.e., AlogK = -0.20) and
increasing the contribution of inner-sphere complexation (i.e., by increasing the site density of reactive
groups that form inner-sphere with boron) (Figure S.2.1), described the phosphate-boric acid competition
observed at high B concentrations. Additionally, this explorative scenario predicted reasonably well the

boron adsorption isotherm without the addition of phosphate.

Despite these differences between modeled and measured data, the approach that uses only
consistent, intrinsic, and previously determined parameters from pure systems showed to be functional for
predicting boron adsorption and soluble concentrations in volcanic soils. The good agreement between pure
prediction and measured data gives confidence in the model and model assumptions and supports
extrapolation to other soils and variable chemical conditions of the soil solution (e.g., electrolyte

background).
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The advantages of the CD-MUSIC-NICA-Donnan model to other modeling approaches are:

a) adsorption is described with the application of only consistent, intrinsic, and previously
determined parameters in pure systems (Ferrihydrite and humic acids for our case), so fitting specific logK

constants for each soil is not required.

b) this approach allows for the study of adsorption to different soil reactive surfaces (i.e., boron

surface speciation).

¢) implementing the CD approach for boron and phosphate adsorption can consider the distribution
of charges at different planes and describe outer-sphere adsorption from a mechanistic point of view. Outer-
sphere adsorption appears to be an important process for boron adsorption in volcanic soils. Furthermore,
the mechanistic description of the boron adsorption process through the CD-MUSIC model allows for

extrapolating the model to other soils and other conditions once the parameters are available.
2.3.3 P-B adsorption competition:

As shown in Figure 2.1, adding phosphate to the system showed no effect on the total boron
adsorption at low boron concentrations. According to measured data (not modeled), the phosphate additions
do not affect the equilibrium boron concentrations observed in the solution for the native boron
concentrations (Figure 2.2). The red point in Figure 2.2 represents the “native” soil, i.e., no extra P added.
The amount of R-PO,; was determined by the probe ion method in NaHCO; 0.5 M extractions, and it
corresponded to 18.5 mmol kg™ according to modeling calculations. So, we evaluated the phosphate effect
at almost two folds compared to the natural reactive phosphate fraction. The results suggest that under the
natural boron concentrations for this soil system, the addition of phosphate does not promote additional

boron desorption.

The lack of relationship between boric acid adsorption and phosphate loading in the system at
natural boron loading is probably related to the mechanisms of phosphate and boric acid adsorption (see
sections 2.3.2.1 and 2.3.5). Phosphate adsorbs with a higher affinity than boron as an inner-sphere species.
This phosphate adsorption introduces negative charges to the 1-plane (Hiemstra and Van Riemsdijk, 2006),
and the reduction of extra anion adsorption related to electrostatic repulsion and site competition is
expected. However, the boric acid at the low natural loadings can adsorb as both inner-sphere and outer-
sphere complexes, and due to its neutral electrostatic behavior, the outer-sphere complexes are not affected

by these negative charges present at the 1-plane derived from the inner-sphere phosphate adsorption.
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Figure 2.2. Experimental “native” boron solution concentrations as a function of added phosphate
concentrations obtained in a CaCl; 0.01M system (a). The dotted lines represent +10% of the mean value
of all the data points. The right panel (b) presents model lines for the relationship between P-loading and
B concentration in solution. Model lines were developed for systems considering the effect of interfacial

SOM (HNOM) and without considering it (no HNOM).

Van Eynde et al. (2020a) suggest that boron adsorption under the presence of phosphate occurs
principally as an outer-sphere species. However, at high boron concentrations for this soil, part of the boron

is adsorbed as inner-sphere complexes, as it was affected by the presence of phosphate (Figure 2.1).

In soil systems, there is also present interfacial SOM adsorbed at the surfaces of metal oxides. The
interfacial SOM could compete with boron and phosphate for adsorption sites at the surfaces of metal

oxides.

For our soil without boron addition, the expected competitive effect of phosphate additions on the
adsorption of B is masked effectively by the SOM already adsorbed to the oxide surfaces. An example of

this interaction with SOM is shown in Figure 2.2.b through model calculation.

Considering in the modeling the presence of soil organic matter interacting with the oxide surfaces
at an effective density of 1.19 site/nm (as found for our soil), almost no effect is predicted for the solution

B concentration when the phosphate loading is increased over the range of ~0.5 to 1.5 pmol/m?.

Conversely, if no interfacial soil organic matter is included in the modeling, an increase in the B

concentration in solution is predicted when the phosphate loading increases over the indicated range of
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values. In this case, boron solution concentrations achieve similar values at high phosphate loadings

compared to the observed values for the condition in which it is considered the effect of the SOM.

For our modeling approach (considering the SOM), most of the boron was adsorbed as an outer-
sphere species, which is not affected by phosphate adsorption, while under the absence of SOM (no-HNOM
simulations), part of the boron could adsorb as an inner-sphere species and consequently this fraction could
be affected by the phosphate loadings. This situation does not occur for the natural condition of our Andosol

due to the presence of organic matter.
2.3.4 Modeling the pH dependence of boron sorption:

Figure 2.3 simulates the distribution of the reactive boron fractions at different pH. The modeling
was conducted using the intrinsic parameters found for our soil at CaCl, and NaNO; background
electrolytes (Figure 2.3.a and 2.3.b, respectively), and by implementing the same model parameters, but

varying the RSA and the R-POy4 to lower values (Figure 2.3.c and 2.3.d).

The modeling speciation suggests that most of the boric acid is present as a soluble fraction at the
typical pH values found in volcanic soils of this region (4.5 to 6.0). For this pH range, about 31% of the
boron is adsorbed to the soil particles for both background electrolytes (Figure 2.3.a, 2.3.b, and Table S.2.4).

The predicted boron adsorption showed an increase with increasing the pH; this increase in boron
adsorption was principally related to the more important role of the organic matter for boron adsorption at

high pH.

According to the boron adsorption modeling results (Figure 2.3), a reduction of the oxide fraction
of the soil (e.g., a volcanic soil with lower oxide contents) is not fully compensated by the increased boron
adsorption to the organic fractions. The increase of boron adsorption with the increase of pH was more

significant for the Ca-dominated background solution.

A possible reason for the more important role of the organic fractions in boron binding as the soil
pH increases could be the increased difficulty of forming (hydr)oxide protonated species (such as
=FeOH,™*?) as the soil pH increases. As mentioned before, boric acid adsorption for this soil was
significantly related to outer-sphere adsorption, and the higher pH values could affect the formation of

protonated species that adsorb boric acid as an outer-sphere species.

Additionally, at higher pH, the deprotonation of the organic matter binding sites (as shown in

section 2.3.5, (Equation 2.3)) could increase the importance of the organic matter for boric acid binding.
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Figure 2.3. Distribution of reactive B in the soil. Left panels (a, ¢) are for 0.01 M CaCl; systems and right
panels are for 0.01 NaNOj systems (b, d). The upper panels (a, b) are for the RSA and R-POy loading
conditions determined by our soils using the probe-ion method with NaHCO5, fitted HNOM of 1.19 nm™.
The lower panels (c, d) are for conditions where both RSA and R-PO are lower (RSA=20 m’ g, R-
PO4=9.8 mmol kg), while the same P-loading and HNOM.

For our Andosol in a Ca-dominated system (Figure 2.3.a), the simulation also suggests a more
important role of the organic fractions as the soil pH increases. These results appear to be related to the
better screening of the charge in Ca systems that promotes the proton desorption and facilitates the boric
acid binding to the organic fractions, as described in Section 2.3.5 and explained in detail by Goli et al.
(2019).
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Our modeling suggests that for a condition with a lower RSA and lower R-PO4, while keeping the

same P-loading and HNOM, more boron will be present in the solution (a more prone to leaching condition).

The latter means that under the reduction of the importance of the (hydr)oxide fraction (e.g.,
volcanic soils with lower content of (hydr)oxides), at low pH, the organic matter could not compensate for
the reduction in the boric acid adsorption. However, the compensation effect is more evident for high pH

and Ca-dominated systems and less perceptible for Na-dominated systems.
2.3.5 Boron binding mechanisms in Ca vs Na systems:

Model simulations of boron adsorption for the pure reactive surfaces of our soil (i.e., either oxides
or humic acids modeled by separate) showed differences regarding the effect of the charge of the electrolyte

cation in the background solution (monovalent or divalent cations).

The model results (Figure 2.4) suggest an effect of the electrolyte cation for the boron adsorption
to the organic matter fractions (humic acids) and no effect on boron adsorption to the soil’s (hydr)oxides
fraction. The latter is related to the mechanisms of boron adsorption to the organic (humic acids), which
according to Goli et al. (2019), the trigonal species at pH values below 9.24 require the deprotonation of

the sites for the boric acid binding, as shown in Equation 2.3.

(Equation 2.3)

P r 0 P r=q _ +
SitesH" + B(OH)3(aq) < SitesH;_, B(OH); + qH™ (aq) (Goli et al., 2019)
Also, as found by Goli et al. (2019) and supported by our modeling data (Figure 2.4.a), there is
more adsorption of boric acid for the organic surfaces (represented as humic acids) of our soil in CaCl,
0.01M than in NaCl 0.01M systems, this result is a combination of both, the counter ion effect and the ionic

strength effect on boric acid adsorption, as it was discussed in depth by Goli et al. (2019).
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Figure 2.4. Boron adsorption in Ca and Na electrolyte systems. The model data shows the comparison if
B would be adsorbed only in HA (a) and oxide fraction (b). For the modeling, the conditions were kept as
for the original soil sample, i.e., RSA, R-PO4, SSR, and pH was fixed to 5.0 for both reactive surfaces

The increase of the ionic strength produces a reduction in the electrostatic potential of the Donnan
phase; as a consequence, it reduces the local proton concentration and boric acid binding is facilitated by a

weaker proton competition.

The effect of changing from a monovalent cation to a divalent cation also favors the deprotonation
of the humic acids, as the Ca®" ions better screen the charge of the humic acids reducing the competition of
the protons with the boric acid. At the same time, and as mentioned by Goli et al. (2019), the calcium can
compete with B for specific adsorption to humic acids. However, this competition effect is compensated by

the effect of Ca in decreasing the electrostatic potential compared to the Na systems.

On the other hand, when we applied the same modeling exercise to the (hydr)oxide fraction, it
showed no effect of neither the ionic strength nor the change in the cation valence of the electrolyte solution

(Figure 2.4.b).

For our Andosol, there were no considerable differences in boron adsorption for different
background solutions (NaCl 0.01 M and CaCl, 0.01 M), which suggest that for this soil under the conditions
of the experiments, the adsorption is principally dominated by the oxide fraction (Table S.2.4), and as

modeling suggest predominantly as an outer-sphere process.
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2.4 Conclusions:
The main conclusion of this work is that under the natural boron condition of the volcanic soil,

phosphate applications are not affecting the boron adsorption process.
Therefore, we do not expect that phosphate applications will lead to increased boron leaching,

At high application rates of boric acid and phosphate, we observed reduced boric acid adsorption,

so the application of both nutrients simultaneously to the soil should be avoided.

For the Andosol evaluated in this experiment, boric acid adsorption is predicted to be dominated

by the (hydr)oxide fraction.

The organic matter fraction could acquire more relevance for boric acid adsorption in soils with

smaller (hydr)oxide fraction, high pH, and for Ca-dominated systems.

A multi-surface adsorption model using ferrihydrite as a model oxide nanocrystalline particle can
describe the boron adsorption for a low pH Al-dominated volcanic soil. However, model predictions may
be further improved by developing model parameters to describe ion adsorption to Al nanocrystalline
particles such as allophane, imogolite, and halloysite, which may improve model predictions for P-B

competition at high boron concentrations.

It is also necessary to further develop adsorption parameters for other chemical forms of boron, as
for the moment, the parameters are only available for the boric acid, but other boron sources such as sodium
borates are commonly used in agriculture. Therefore, the availability of model parameters for these other
chemical forms of boron could improve boron management for different systems where higher or lower

adsorption is necessary.

Data statement:

The dataset related to this chapter is available at the 4TU.ResearchData repository

DOI: 10.4121/19552585
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2.6 Supplementary Information (SI):

Table S.2.1. Formation reactions and logK values for the aqueous species considered in the multi-surface

modeling calculations.

Aqueous species Reaction logK Reference
B(OH),~ B(OH);" + H,0 & B(OH),” +H* 9.24 (Bassett, 1980)
B,0(0H)s~ 2B(0H);" & B,0(0H)s™ + H* -9.31 (Bassett, 1980)
B303(0H),~ 3B(0H);’ & B;0;(0H),” + H* + 2H,0 -7.31 (Bassett, 1980)
B,0s(0H),*~ 4B(0H);° & B,05(0H),*™ + 2H* +3H,0 | -15.06 | (Bassett, 1980)
NaB(OH),° Na* + B(OH);® + H,0 & NaB(OH),’ + H* | -8.96 (Pokrovski et al., 1995)
CaB(0H),* B(OH);" + Ca®* + H,0 & CaB(OH)," + H* |-741 (Bassett, 1980)
CaP0,~ PO, + Ca** & CaPO,” 6.46 (Lindsay, 1979)
CaHPO, PO, + H* 4 Ca?* & CaHPO, 15.09 (Lindsay, 1979)
CaH,P0,* PO,*™ 4+ 2H* + Ca** & CaH,PO," 20.95 (Lindsay, 1979)
HPO,* PO, + H* & HPO,*” 12.35 (Lindsay, 1979)
H,P0,” P0,%” + 2H* & H,PO,” 19.55 (Lindsay, 1979)
H;PO, P0,>” +3H* & H,PO, 21.70 (Lindsay, 1979)
NaOH° Na* + OH™ & NaOH° -0.20 (Lindsay, 1979)
NaNo0,° Na* + NO;~ & NaNO;° -0.60 (Lindsay, 1979)
NaHPO,” P0,* 4+ Na*+H* & NaHPO,~ 13.40 (Rahnemaie et al,
2007b)
NaP0,*” P0,* 4+ Na* & NaP0,*” 2.05 (Rahnemaie et al.,
2007b)
CaOH* Ca** + OH™ o CaOH* 1.30 (Lindsay, 1979)
Ca(OH)," Ca** +20H™ & Ca(OH),° 0.01 (Lindsay, 1979)
CaNO5* Ca** + NO;~ & CaNO;* 0.70 (De Robertis et al.,
1995)
Ca(NO3),° Ca%** +2N0;~ & Ca(NOy),° -4.50 (Lindsay, 1979)
CaCl* Ca** + Cl™ & CaCl* -1.0 (Lindsay, 1979)
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Table S.2.3. NICA-Donnan parameters for humic acids implemented in our modeling approach. Boron
adsorption parameters were taken from Goli et al. (2019), whereas the adsorption parameters for Ca®" and
H' (logK and n;) and the structural parameters related to sites heterogeneity (p; and p»), site densities (St

and Sr3), and Donnan volume were taken from Milne et al. (2003).

St1 81,2 pi J 2 Donnan volume
3.15mol kg! | 2.55mol kg’ 0.62 0.41 logVp=b(1-log)-1 | b=0.49
Species Si S,
logKk n; logK n
H* 2.93 0.81 8.00 0.63
Ca* -1.37 0.78 -0.43 0.75
B(OH);° -0.23 0.91 1.35 0.61
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Table S.2.4. Distribution of boron for the different treatments evaluated in the batch adsorption experiments
in 0.01 M CaCl; and 0.01 M NaNOj3 background electrolytes, the results are multi-surface model (CD-
MUSIC-NICA-Donnan) predictions.

Sub-distribution of N
Boron distribution 2
B solution adsorbed boron =
Background 5
concentration P treatment 9% Total % Total
electrolyte %B- %B-
(umol L-1) B- B-

Humic (Hydr)oxides
Solution  adsorbed

1.57 68 32 83 91,7
11.87 69 31 6,0 94,0
221 OmMP 69 31 5.4 94,6
42.90 69 31 49 95,1
84.36 69 31 46 95,4

1.58 0.01M CaCl, 69 31 8.7 913
11.97 69 31 6.2 93,8
22.39 F1.6mMP 69 31 57 943
43.26 69 31 53 94,7
85.05 70 30 49 95,1

179 68,1 32 6,5 93,5
11.98 68,4 32 5,0 95,0
2223 HOmMP 685 31 46 95,4
0.5 68,6 31 43 95,7
83.64 0.01M 68,7 31 41 95,9

1.8 NaNO; 68,7 31 6.9 93,1

12.07 69,1 31 52 94,8
2238 F1.6mMP 692 31 49 95,1
43.06 69,3 31 46 95,4
84.73 69,3 31 43 95,7
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Figure S.2.1. Boron (B) adsorption isotherms for conditions with no extra P and 1.6 mM P added to an
Aluandic Dystric Andosol (Fluvic) from Costa Rica with an explorative modeling approach to test the cause
of non-linearity observed at high boron concentrations under the presence of phosphate in the system.
Model results correspond to the implementation of a lower log K for the formation of outer-sphere species
(4 logk=-0.20) and with adjusted number of sites for the formation of inner-sphere species (2.8 nm? for
high affinity sites). The left (a) and right (b) panels are for systems in 0.01 M CaCl; and 0.01 M NaNO; as
background solutions. respectively. The symbols are experimental data and lines (solid= +0.0mM P. and

dashed= +1.6 mM P) are the multi-surface complexation model predictions.
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Abstract

Applying fertilizers can have significant secondary effects on the availability of essential trace
metals in soils. In this work, the potential effects of adding high rates of potassium chloride (KCI) on the
availability and leaching of zinc for two volcanic ash-derived soils were evaluated by combining batch
adsorption experiments and undisturbed column transport experiments. Adding fertilizers such as KCl
affects the ionic strength and the soil solution pH. We performed batch adsorption experiments at a range
of pH’s and ionic strengths to test this effect. The results demonstrate that pH has a primary role in the zinc
partition between the adsorption surfaces and solution, with lower zinc adsorption at low pH. Furthermore,
the ionic strength has an additional effect on the partition of zinc between the solution and surface.
Additionally, we carried out potassium transport experiments using undisturbed soil columns, applying KCI
solution (0.064 M) during several pore volumes, and evaluating zinc concentrations in the leachate. These
experiments revealed an increased zinc leaching related to the higher KCl concentration in soil solution.
For “La Sonia” soil (high reactive surface area), the increased zinc leaching showed a strong correlation
with the pH and ionic strength of the solution, while for “San Bosco” soil (low reactive surface area), this
correlation was less clear. This work indicates that in the case of KCl fertilization strategies, the secondary
effect of this fertilizer on Zn availability and leaching should be considered, especially in intensive

agricultural systems where significant amounts of potassium fertilizer are applied.
Keywords:

Potassium, fertilizer, zinc, adsorption isotherms, pH, ionic strength, breakthrough curves.

3.1 Introduction

Alluvial volcanic ash-derived soils are commonly used in the tropics to produce high nutrient-
demanding fruit crops such as banana, pineapple, and papaya (Arias et al., 2010; Cattan et al., 2006;
Ndayiragije and Delvaux, 2004; Rallos et al., 2017). Consequently, these volcanic soils typically receive
high rates of N-P-K fertilizer additions that, under specific conditions, could contaminate groundwater

sources and, by multi-component nutrient interactions, could produce nutrient imbalance.

Moreover, some of these tropical and subtropical volcanic regions are characterized by high
precipitation regimes, for instance, the Caribbean region of Costa Rica, Hawaii, Japan, Philippines, and
Guadeloupe, typically in combination with highly permeable volcanic soils (Cattan et al., 2006). Therefore,
the combination of high precipitation, permeable soils, and an increased application rate of fertilizers and

pesticides in intensive production systems represents a constraint to environmentally friendly and
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sustainable agricultural production (Castillo et al., 2000; Comte et al., 2018; Hernandez-Hernandez et al.,

2007; Megchun-Garcia et al., 2019).

A better understanding of the complex multi-component nutrient interactions under volcanic soil
production systems from humid regions could help predict nutrient solubility, availability, and transport in

these soil systems, reducing the risk of adverse environmental impact from intensive agricultural systems.

In this paper, we focus on the multi-component effect of potassium fertilizer on zinc availability

and transport for the following reasons:

i) Potassium is the most demanded nutrient for fruit crops like papaya (Fallas-Corrales and van der
Zee, 2020; Fallas et al.,, 2014) and banana (Turner and Barkus, 1983). ii) The excessive potassium
application in agriculture dates from the 1970s (Khan et al., 2013). iii) The addition of high rates of
potassium to soil systems could modify chemical factors that directly and indirectly affect the zinc
adsorption-desorption process. Therefore, if competitive interactions exist, zinc deficiencies in humid
volcanic soil systems could be exacerbated by adding high potassium rates. iv) Low zinc availability is a
common constraint for plant production in Costa Rican volcanic soils (Mendez and Bertsch, 2012), where
the production from this region is mainly used for export, generating a significant economic impact. v) Zinc
deficiencies are present in more than one-third of the world-arable land (Sillanpdd, 1982), and zinc
deficiencies in agricultural soils correlate with human zinc deficiencies (Cakmak and Hoffland, 2012), thus,
understanding the zinc interactions with a commonly applied fertilizer for agriculture (such as KCI) could

be important for other world regions.

Among the chemical properties that could potentially influence the solubility of the reactive fraction
of Zn** from highly fertilized soils highlights the increase of the ionic strength, the complexation reactions
with counter ions (e.g., Cl'), and the pH changes (Shuman, 1986). All of them could result in different zinc
solubility, availability, and leaching.

The primary role of the pH in Zn adsorption/desorption has been extensively documented for pure
systems (e.g., ferrihydrite, goethite, or humic acids systems) and for multi-surface soil systems, with higher
adsorption as the pH increases and a substantial variation in the adsorbed amounts between pH 4.5 to pH 7
(Arias et al., 2005; Barrow, 1993; Casagrande et al., 2008, 2004; Fest et al., 2005; Kooner, 1993; Nachtegaal
and Sparks, 2004; Nomaan et al., 2021; Shuman, 1986; Singh et al., 2008; Trivedi et al., 2004; Van Eynde,
2021; Van Eynde et al., 2022b). The pH also affects the zinc adsorption to the organic matter, as described
by Fest et al. (2005), who showed by model calculations that reducing pH also decreases the participation

of the soil organic matter for zinc adsorption. The effect of pH on zinc adsorption has also been observed
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for analog organic materials like biochar, where functional carboxyl and hydroxyl groups deprotonate at

high pH, increasing the organic matter surface charge (Zhao et al., 2020).

On the other hand, the ionic strength has a less strong effect on Zn adsorption to (hydr)oxides (e.g.,
ferrihydrite) (Trivedi et al., 2004; Van Eynde et al., 2022b), which could be related to the principal zinc-
binding mechanism to the (hydr)oxide fraction, suggesting potential chemisorption, which is not
significantly affected by salt concentrations (Trivedi et al. (2004)). Regarding the effect of ionic strength
on zinc sorption under more heterogeneous natural systems, Casagrande et al. (2008) did not find
differences in zinc adsorption for two weathered soils (Oxisol and Alfisol) when pH was below 5.0.
However, they observed a more pronounced effect for higher pH, with lower adsorption as the ionic strength
increases. Casagrande et al. (2008) related the more notorious effect of the ionic strength observed at higher

pH values (above 5) to zinc adsorption to the organic matter present in these soils.

From these results, it appears that for soils with high contents of organic matter and pH values
above 5.0, the changes in the ionic strength of the soil solution could also affect the availability and transport
of zinc. In this regard, the volcanic soils from tropical regions usually have high contents of organic matter
and low pH values (Arias et al., 2010; Nanzyo et al., 1993a). Therefore, it can provide insight to conduct

experiments to determine whether the ionic strength modifies the zinc adsorption in volcanic soils.

Furthermore, experiments with other divalent metals (e.g., Cd*") suggest that metals could
experience an increase in complexation reactions when increasing the ionic strength, especially under
specific anions like chloride (Boekhold et al., 1993; Temminghoff et al., 1995). However, the effect of
complexation reactions at different ionic strengths for zinc is unclear. For instance, Lumsdon et al. (1995)
found no effect of chloride complexation reactions on Zn>" adsorption for two Humaquepts soils, which
could be related to the low logK (0.43) for the formation of ZnCl" species (U.S. EPA, 1999). On the other
hand, Kaur et al. (2010) found higher Zn?* adsorption for chloride-based electrolyte systems than for nitrate-

based ones.

The addition of high rates of N-P-K fertilizer to soil systems could modify the pH values (Du et al.,
2010; Janke et al., 2020; Qaswar et al., 2020; Tkaczyk et al., 2020), becoming an important factor to
consider for zinc deficiencies/toxicities management and for reducing the zinc leaching from agricultural
fields. Regarding papaya and banana production systems, most of the potassium required by the crop is
typically applied in a clearly defined area around the plant using KClI sources, which according to Du et al.
(2010), adding KCl to calcareous and acid soils reduces the pH around the fertilizer application site, and

this reduction of pH spreads over time. Therefore, for agricultural production systems developed in volcanic
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soils, the application of very high rates of KCl fertilizer could reduce the soil solution pH and modify the

availability, transport, and leaching of zinc.

Based on the aspects mentioned above, we hypothesize a possible role of KCl applications in

continuous and high quantities for zinc adsorption/desorption and leaching in volcanic soils:

First, changes in the solution pH induced by the H* desorption when large amounts of K™ are present
in the solution could modify the Zn>* sorption. We expect that more desorption of Zn>* occurs under high
doses of KCl in the system due to the lower pH of the soil solution. Second, we expect the increased ionic
strength and the presence of more chloride in the system also modifies the Zn complexation and the zinc
adsorption. Third, the lower pH (De Troyer et al., 2014) and adsorption of monovalent cations to soil
organic matter (Kalinichev et al., 2011; Skyllberg and Magnusson, 1995; Xu et al., 2019) could indirectly
increase the concentration of dissolved organic matter (DOM) and in that way promote the mobility of

attached Zn*'.

From the above, it becomes clear that it is relevant to elucidate the possible role of potassium
fertilizer applications on volcanic soil systems to better understand the dynamics of micronutrients like zinc
and to improve its management. The objectives of this paper are: 1) to experimentally evaluate changes in
the zinc sorption patterns in two volcanic soils related to variations of pH and ionic strength of the solution,
and ii) to determine via transport experiments whether KCI additions modify the zinc transport and leaching

patterns for undisturbed volcanic soil columns.

3.2 Materials and Methods:

3.2.1 Sampling and characterization of the soils:

We collected soil samples from alluvial volcanic ash-derived soils in the Atlantic Region of Costa
Rica at two locations: San Bosco (10.279290 N, 83.802527 W) and La Sonia (10.276015 N, 83.793851 W),
Pococi, Costa Rica. Both fields are located at 110 meters above sea level. According to the georeferenced
coordinates, the soils classify as Aluandic Dystric Andosol (Fluvic) (World Reference Base soil

classification system).

All soil samples taken were oven-dried (50 °C) for 48 hours and sieved (<2mm) prior to chemical
analyses. Soil organic C content was determined by a dry combustion analyzer (Elementar Vario Macro
cube), assuming the lack of carbonates in the samples. Dissolved organic carbon (DOC) was determined in

a total organic carbon (TOC) analyzer using the method 5310 B (Baird et al., 2017).
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Soil-pH was determined in ultrapure water and 0.01 M CaCl,, using a soil/solution ratio of 1/10
(weight/volume). Selective dissolution extractions of Fe and Al were performed using Dithionite-Citrate-

Bicarbonate (DC) and acid Ammonium Oxalate (AO) extractants as described by Burt (2004).

In addition, zinc extractions were performed using deionized water (DW), CaCl, 0.01 M solution
(Houba et al., 2000), HNO; 0.43M solution (Groenenberg et al., 2017), and the total zinc content was
determined by the HNOs+HCI (aqua regia) digestion as specified by Burt (2004) (method 4H1). For all the

extractions and digestions performed, we used soil to solution ratios of 1:10.
3.2.2 Batch adsorption experiments developed at different pH and ionic strengths:

For the batch adsorption isotherms, 4 grams of soil were mixed with 40 mL of a solution that
contained the background electrolyte (0.005 M KClI solution), plus the freshly prepared Zn solutions using
“pro analysi” (p.a.) grade ZnCl, as a zinc source. The adsorption isotherms were performed at two pH
values (final pH= 4.7 and 5.6) for both soils. The solution pH was initially adjusted using either 0.02 M
HCl or NaOH solution using a micropipette (100-1000 pL). Then, samples were shaken for 19 hours at 120
rpm, using a Tecnal orbital shaker (Tecnal, Piracicaba, Brasil), and right after, the pH was re-adjusted by
adding 1M HCI or 1M NaOH solution with a micropipette (10-100 pL). After the second pH adjustment,
the samples were shaken in the orbital shaker for one additional hour at 120 rpm, and then a final pH
measurement was done, which corresponds to the pH reported for the adsorption isotherms. For all the

experiments, we used p.a. chemical reagents.

The batch adsorption experiments consisted of individual soil samples where applications of
increasing doses of Zn were conducted, adding one specific Zn dose to one soil sample. These increasing
doses consisted in adding 40 ml of a solution with a total zinc concentration of 0, 0.6, 1.2, 1.8, 2.4, and 3

mg Zn per liter of solution (0, 9.18, 18.35, 27.5, 36.7, and 45.8 pmol Zn L').

The highest concentration evaluated in our adsorption experiments (45.8 umol Zn L) applied 2.5
times the highest concentration of zinc observed in the leachate of San Bosco column experiment under
high solubility conditions (low pH and high KCI concentration), as further described in section 3.2.3.
Additionally, the evaluated solution concentrations reached values between typical Zn fertilizer

recommendations rates (assuming a volumetric water content near saturation for our soils) (Liu et al., 2019).

After the final pH measurement, we centrifuged the samples for 5 minutes at 3750 x g and filtered
the supernatant with a 0.20 um syringe PTFE membrane filter. The zinc equilibrium concentrations in the
extracts were determined by inductively coupled plasma mass spectroscopy (ICP-MS) using a Thermo

Scientific iCAP RQ ICP-MS.
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An additional adsorption isotherm experiment was conducted for both soils, but this time, varying
the ionic strength of the solution from 0.005 to 0.05 M (also using a KCI background solution) and applying
the same zinc concentrations. These last adsorption isotherms were developed only at pH=5.6. The
concentrations for the background electrolyte solutions (0.005 M and 0.05 M) were defined according to a
previous exploratory sampling of the soil solution in the root zone area of papaya (Carica papaya L.)
production plots, which resulted in a 0.001 M ionic strength for an unfertilized area and 0.064 M for the

fertilized area (one day after the fertilizer application, and after a heavy rain event).

For this additional adsorption experiment, the samples followed the same previously described
shaking and pH adjustment process. Later, we centrifuged the samples for 5 minutes at 3750 x g, and the

supernatant was filtered with a 0.20 um syringe PTFE membrane filter.

The exploratory soil solution samples collected from the field used to define the ionic strength of
the solutions for the batch adsorption experiments were collected using non-adsorbing membrane Rhizon
samplers (Rhizosphere®) coupled to newly and acid clean 20 ml plastic syringes. These soil solution
samples taken from the field were analyzed by inductively coupled plasma optical emission spectroscopy

(ICP-OES) using a Perkin-Elmer Corp Optima 8300 ICP-OES.

For the batch adsorption experiment, the total zinc concentration in the extracts was analyzed by
inductively coupled plasma mass spectroscopy using a Thermo Scientific iCAP RQ ICP-MS. Additionally,
we took one mixed sample for each combination between soil, pH, and ionic strength, to analyze dissolved

organic carbon through the method 5310 B (Baird et al., 2017) in a TOC analyzer.

Also, we estimated the retardation factor (R) considering linear adsorption for each adsorption

isotherm as follows (Equation 3.1):
1-n .
R= 1+T*ps*Kd Equation 3.1

Where ps and n are, respectively, the bulk density and the mean volumetric water content observed
for the undisturbed samples of the column transport experiments, and Kd is the linear adsorption coefficient

obtained for each specific isotherm.
3.2.3 Transport experiments developed in undisturbed soil columns

Undisturbed soil core samples (14.7 cm length and 8.3 cm internal diameter for San Bosco and La
Sonia soils) were collected to conduct KClI transport experiments that simulated the effect of potash (KCI)

fertilization applied at high rates.
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Previously, a Multi-Step Flux Transport device was built as specified by Kumahor et al. (2015),
but with a modification in the upper boundary of the system. This modification consisted of adding a thin
polyurethane sponge placed over the soil column, which received the input solution from the peristaltic
pump via needles. This modification aimed to provide a more homogeneous application and distribution of
the solute along the upper boundary of the soil column. Solute transport experiments were conducted with
this device under unsaturated conditions and gravitational flow. The peristaltic pump (input solution)
applied a mean constant flux of 0.286 and 0.198 cm h™' for La Sonia and San Bosco soil columns,
respectively. For these experiments, the mean value of one pore volume (mean weight of (soil + solution)

- dry weight of the soil) corresponded to 382.5 and 417.5 ¢m? for La Sonia and San Bosco, respectively.

The undisturbed soil column used for the transport experiments of La Sonia soil had a soil bulk
density of 0.82 g cm™ and total porosity of 0.64 cm® cm™, while San Bosco had a soil bulk density of 0.885

g cm and total porosity of 0.615 cm® cm™.

Initially, the soil columns were saturated with tap water and later equilibrated with a background
solution of CaCl, 0.001M, flushing five pore volumes of 0.001M CaCl, solution to the columns in the
Multi-Step Flux Transport device. After this equilibration process, potassium transport experiments were
started, applying sequentially the solutions specified in Table 3.1. The leachate was collected at different
time steps during the experiment development. For each sample, pH was measured in a calibrated pH meter
(Mettler Toledo SevenExcellence Multiparameter). At the same time, the total potassium concentration was
determined in a Perkin-Elmer Corp Optima 8300 ICP-OES, and the total zinc concentration was determined

in a Thermo Scientific iCAP RQ ICP-MS.

The mean volumetric water content for the experiments was 0.48 cm® cm™ for “La Sonia” soil

column and 0.57 cm? cm™ for San Bosco.
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Table 3.1. The sequence of solutions applied to increase or reduce the potassium chloride concentrations
for the solute transport experiments developed in two undisturbed volcanic soil columns from La Sonia

and San Bosco, Pococi, Costa Rica.

ID  Mean flow Soil Experiment Applied Solution applied
rate cm h! pore
volumes
1 LS La Sonia Loading KCl1 43 0.001M CaCl, + 0.064 M KClI
2 LS 0286 LaSonia  Unloading KCl 8.7 0.001M CaCl,
3 LS ' La Sonia Loading KCl 7.2 0.001M CaCl, + 0.064 M KCl
418 LaSonia  Unloading KCI 4.4 0.001M CaCl,
1 SB San Bosco ~ Loading KCl 3.1 0.001M CaCl; + 0.064 M KCl1
2 SB 0.198 San Bosco  Unloading KCI 43 0.001M CaCl,
3 SB ' San Bosco Loading KCl 4.6 0.001M CaCl, + 0.064 M KCl1
4 SB San Bosco  Unloading KCl 4.0 0.001M CaCl,

3.3 Results and discussion:

3.3.1 Characterization of the soils:

Both volcanic ash-derived soils presented contrasting characteristics that could influence zinc
adsorption and availability. For instance, La Sonia soil had a lower pH value than San Bosco soil, which
according to literature, a lower pH could result in a higher zinc solubility (Arias et al., 2005; Casagrande et
al., 2004; Van Eynde et al., 2022a; Zhao et al., 2020). However, La Sonia had more adsorption surfaces
than San Bosco soil, evidenced by the higher (hydr)oxides, organic matter, and clay content, resulting in a
higher reactive surface area (Table 3.2). This high amount of (hydr)oxides, organic matter content, and clay

content in La Sonia soil (Table 3.2) adsorb significant quantities of zinc, as evidenced in Table 3.3.

La Sonia soil had a higher total zinc content in Aqua regia and in HNO; 0.43 M solution (Table
3.3) and a lower pH than San Bosco soil, supposing a higher zinc solution content for La Sonia soil.
However, the high amount of adsorption surfaces for La Sonia soil resulted in a lower zinc concentration
for the extractions in deionized water and 0.01M CaCl, (Table 3.3), In other words, this soil has a higher

capacity factor and a lower intensity factor compared to San Bosco soil.
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Table 3.2. Soil properties of the volcanic ash-derived soils from La Sonia and San Bosco, Pococt, Costa

Rica.
. R-
Clay Silt Sand Fepc Alpc Feao Alio OC RSA PO4
Soil pHcacn o Hiemstra et
D pHwo = 0 %Al (2010)
% mmol kg'! soil —_—
ol mmol
g kg
S(I;r?ia 30 50 5.20 458 4238 4663 238.1 10452 4.70 78.12 20.51
San 5 80 5.85 519  173.7 2482 1519 11129 287 37.6 1845
Bosco

DC=Dithionite-Citrate extract, AO= Ammonium oxalate extract, OC= Organic carbon, RSA= Reactive

surface area, R-PO,= Reversibly adsorbed phosphate.

The zinc concentration extracted in HNO3 0.43 M for La Sonia soil was higher than that observed
in San Bosco soil. This last suggests that part of the zinc adsorbed to the soil surfaces is affected by the pH
and solubilizes under acid conditions. When comparing Zn concentrations obtained with the different
extracts (Table 3.3), we observed two different factors controlling the zinc adsorption-solubilization
process: the amount of adsorption surfaces and the pH of the solution, which regulates the intensity factor

in these soils.

Table 3.3. Extractable zinc concentrations determined by different solutions for two different volcanic

ash-derived soils from San Bosco and La Sonia, Pococi, Costa Rica. Soil/solution ratio= 1/10

Zn-CaCl; 0.01M  Zn-HNO; 0.43M

. Zn-H,0 Houba et al Groenenberg etal ~ Zn-Aqua Regia
Soil (2000) (2017)
mmol kg™! soil
La Sonia 0.0003 0.0006 0.24 1.87
San Bosco 0.006 0.008 0.14 1.25
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3.3.2  Batch adsorption experiments developed at different pH and ionic strength

As mentioned before, the addition of high KCl rates to acid and basic soils could modify the pH of
the soil solution (Du et al., 2010). Consequently, changes in pH induced by the KCl additions could affect
the solubility, availability, and leaching of zinc; In Figure 3.1, zinc adsorption showed a quasi-linear
behavior at these low solution concentrations. In agreement with the literature (Casagrande et al., 2008,
2004; Fest et al., 2005; Kooner, 1993; Nachtegaal and Sparks, 2004; Nomaan et al., 2021; Shuman, 1986;
Singh et al., 2008; Trivedi et al., 2004; Van Eynde et al., 2022b; Van Eynde, 2021), the pH strongly affected

the Zn sorption pattern for both soils with reduced adsorption at low pH.

The pH effect on zinc adsorption was more evident for La Sonia than for San Bosco soil. This result
was consistently observed for both the batch adsorption isotherms (Figure 3.1) and extractant solutions
(Table 3.3). La Sonia soil had a higher total zinc content plus a higher content of adsorption surfaces
((hydr)oxides, clay, and organic matter) than San Bosco soil, and consequently, the changes in zinc
adsorption related to pH can be more accentuated for this soil. According to modeling simulations obtained
by Van Eynde et al. (2022), both —(hydr)oxides and organic matter— increase their zinc adsorption when
increasing the pH. However, according to their data, at low pH, the organic matter (SOC and DOC) appears
to be the principal zinc adsorption surface, while the (hydr)oxide and clay fractions have low participation

at low pH, and the (hydr)oxide fraction acquires more relevance at high pH (above 5.5).

When extrapolating their results to our data, it suggests that the (hydr)oxide fraction could be more
critical for zinc adsorption in San Bosco soil (pHu20=5.85) than in La Sonia soil (pHu20=5.2), while organic
matter could play a more important role for zinc adsorption in La Sonia soil. In this regard, Giingdr &
Bekbolet (2010) mentioned that at pH above the pKa values of the humic acid binding sites (e.g., carboxylic
and phenolic groups), the metals are attracted to the negative charge of these functional groups. This
negative charge results from the deprotonation of the functional groups at high solution pH, which increases
the metal-organic matter complexation reactions; consequently, the zinc adsorption to the organic matter
increases with the pH. Boguta and Sokolowska (2016) agree that the stronger zinc complexation to the
organic matter at higher pH is related to the higher dissociation degree of the functional groups of humic
acids. In addition, they suggest a minimization of steric effects related to the expansion of the humic acid

structure at elevated pH.
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Figure 3.1. Batch adsorption experiments developed at different pH values and ionic strength (0.005 and
0.05 M KCI background solutions) for two different volcanic ash-derived soils.

On the other hand, considering that the addition of KCl to the soil system corresponds to a higher
ionic strength of the soil solution, we also developed zinc batch adsorption isotherms at an increased ionic

strength. This experiment showed lower zinc adsorption when increasing the ionic strength for both soils.

Regarding the ionic strength effect on zinc adsorption to pure oxide suspension systems, Kooner
(1993) studied zinc adsorption for pure goethite suspension systems, while Van Eynde et al. (2022b)
evaluated its effect on a pure ferrihydrite suspension system. Kooner (1993) concluded that a ten times

increase of the ionic strength did not affect the zinc adsorption on pure goethite aqueous systems, while
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Van Eynde (2021) found a small effect of ionic strength on the Zn adsorption edges using NaNO3 0.01, 0.1
and IM background solutions. Additionally, Van Eynde et al. (2022b) found no differences for low pH and

a slight difference (lower adsorption at higher ionic strength) for high pH values.

From our experimental data detailed in Figure 3.1, the most plausible explanation for the lower zinc
adsorption noticed at high ionic strength for our volcanic soils is a mechanism related to the organic matter
or potassium competition with non-specifically adsorbed zinc, as Kooner (1993) and Van Eynde et al.
(2022b) found just slight differences for zinc adsorption to pure oxide suspension systems at different ionic

strengths.

Regarding the potassium-zinc competition found in our experiments, direct competition between
potassium and specifically adsorbed zinc at the surface of (hydr)oxides seems unlikely to occur, as there is
a big difference in the reaction equilibrium constants (logK) between both nutrients with hydr(oxide)
surfaces (Mendez and Hiemstra, 2020b; Van Eynde et al., 2022b). However, competition of zinc with other
cations could be expected for non-specifically adsorbed zinc. For instance, Casagrande et al. (2004)
observed that part of the zinc was non-specifically adsorbed for a variable charge Oxisol (Anionic Acrudox,
pH= 4.8 and 5.1). This report suggests there could be a Zn fraction in soils potentially affected by direct
cation exchange competition, which agrees with Shuman (1986), that evaluated zinc adsorption at different
ionic strengths in two ultisols (Rhodic Paleudult and Typic Paleudult) and found that at high ionic strengths,

the sodium competes with zinc due to the ionic exchange effect.

For other metal cations, the increase of complexation reactions with the companying anion could
influence the higher solubility of the metal. For instance, Temminghoff et al. (1995) found an increase in
cadmium complexation from 13% to 90% when the background solution’s ionic strength was increased
from 0.003 to 0.3 M using a CaCl, as background solution. Furthermore, Boekhold, Temminghoff, & Van
Der Zee (1993) evaluated the influence of different electrolyte solutions on cadmium adsorption; they also
found lower adsorption for CaCl; electrolyte systems than Ca(NO3); systems and lower adsorption for NaCl
systems compared to NaNO;. For zinc, Shuman (1986) found higher zinc adsorption for sulfate-based
background solutions than chloride or nitrate-based ones, suggesting low participation of zinc chloride
complexation reactions. This low complexation of zinc for chloride systems agrees with the low logK value
for the production of ZnCI" complexes, as reported by U.S. EPA (1999). For our experiments, we only

tested a chloride-based background solution.

On the other hand, both chemical factors that were evaluated in the adsorption isotherms (pH and
ionic strength) for our volcanic soils, but mainly the ionic strength modified the DOC content (Table 3.4).

The DOC content increased with the ionic strength, which was more evident for La Sonia soil. The DOC
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exerts a significant complexation effect with metals like Cu and Zn, reducing the overall adsorption to the
solid surfaces at low and high pH (Mesquita and Carranca, 2005). The latter could be related to the low
molecular weight and low aromatization state of these dissolved organic molecules that could form soluble

complexes with metals, as suggested by Fan et al. (2016).

Table 3.4. Mean dissolved organic carbon (DOC) in the solution extracts from the zinc adsorption
isotherms developed at different pH and ionic strength. Data were obtained for two Andosols from San

Bosco and La Sonia, Pococi, Costa Rica.

Soil ID pH Ionic Strength DOC mg L!
San Bosco 4.70 0.005M 543£0.14
San Bosco 5.59 0.005M 5.98£0.15
San Bosco 5.45 0.05M 6.81£0.17

La Sonia 4.65 0.005M 10.81+0.35
La Sonia 5.61 0.005M 10.88 +0.35
La Sonia 5.44 0.05M 15.43+0.56

As the DOC complexes zinc, the higher abundance of DOC at higher solution ionic strength could
decrease zinc adsorption to the solid soil surfaces and increase transport of complexed zinc under highly

fertilized volcanic soils conditions.

Based on the later results, two of the soil chemical parameters modified by the addition of high
rates of KCI (the pH and the ionic strength) strongly influence the zinc sorption patterns. Consequently, the
application of high rates of KCl to volcanic ash-derived soils, which could modify the pH and the ionic
strength, increased the zinc concentration in the solution. Increasing the zinc concentration in the solution
by applying high fertilizer rates can be advantageous for plant production systems developed in zinc-
deficient soils (e.g., the alluvial volcanic soils from the Costa Rican Atlantic region). However, the higher
zinc solubilization could also result in increased leaching and losses under the high precipitation regimes
and the extreme precipitation events that characterize this Costa Rican region (see Figure S.3.1 from

Supplementary Information) and other tropical and subtropical humid volcanic regions.

Finally, according to the linear adsorption isotherms and aiming to generate information for further
solute transport modeling purposes, we estimated the retardation factor based on linear adsorption (Kd).
This retardation factor decreased with increasing the ionic strength and decreasing the solution pH. For
instance, the retardation factor in La Sonia soil was 498, 55, and 59 for the control treatment (high pH and

low ionic strength), the increased ionic strength treatment, and the decreased pH treatment, respectively.
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Meanwhile, the retardation factor based on linear adsorption resulted in 473, 167, and 31 for the control,

the increased ionic strength, and the decreased pH treatment, respectively, for San Bosco soil.
3.3.3 Transport experiments developed in undisturbed volcanic soil columns:

As shown in Figure 3.2, the application of KCI modified the solution pH for La Sonia soil but did
not influence the solution pH for San Bosco soil column. For instance, the KCI concentration showed an
inverse relationship with the pH, decreasing the leachate pH when KCl concentration increased in the
solution for La Sonia soil (Figure 3.2.a). The leachate pH returned to higher values when the KCl
concentrated solution was removed from the soil column, flushing it with a more diluted CaCl, 0.001 M
solution (Figure 3.2.a). This behavior demonstrates the interaction of the saline fertilizer solutions with the

surface charge, in agreement with previous reports about allophanic soils (Black and Campbell, 1982).

a b
60 6.0 50 7
- 50 L0 ¢ °%
%. . ) 9 BE —g - ) X 6.5 -
L = ®
g 40 Xg YK % ] £ 30 Rgg XXX X g BX 8
E P X 2 o X - X X ® X 2
¥ 30 50 8 E % x o X 6 8
g X o e X ¥ J® F @20 ¢ 3
£ 20 X X ° b z £ L
S 2 S .
@ x)&% Kok X XeRKo 45 8 10 N e 5
- 10 ° ° - b4
__p ° o o ) B g 14 »
0 o4 2 A 40 0ges—4 ' 3 A 5
0 5 10 15 20 25 0 5 10 15 20
Pore volumes Pore volumes
®K A Input solution change X pH ®K A Input solution change X pH

Figure 3.2. Potassium concentration breakthrough curves and their effect on the leachate pH for

undisturbed Andosol soil columns from La Sonia (a), and San Bosco (b), Pococi, Costa Rica.

This decrease of the solution pH due to KCI additions (increasing ionic strength) showed a robust
non-linear relationship for La Sonia soil but no clear relationship for San Bosco soil (Figure S.3.2,
Supplementary Information). For La Sonia soil, the change of leachate pH was more prominent for ionic
strength values below 0.01 mol L (Figure S.3.2). This behavior implies that the enhanced zinc leaching
related to pH changes in this soil could occur even for lower KCl concentrations than those evaluated in

our experiments (0.064 mol L.

For San Bosco soil, which has a higher pH and a lower content of (hydr)oxides and organic matter
(Table 3.2), the changes in the solution’s ionic strength did not correlate with the leachate pH (Figure S.3.2),

and the variation of pH was not as accentuated as for La Sonia soil.
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Our batch adsorption experiments showed that the ionic strength directly affects zinc desorption in
these volcanic soils. Furthermore, as shown in Figure S.3.2 for La Sonia soil, it also affected zinc desorption
indirectly, as it strongly correlates with the pH of the leachate solution. The net result of applying a high

KCl rate to La Sonia soil was the increased zinc solubilization.

The zinc concentration and activity in the leachate increased as the potassium concentration also
increased (Figure 3.3), with a strong correlation between potassium and zinc leachate concentrations for La
Sonia soil and a moderate correlation for San Bosco soil (Figure S.3.3, Supplementary Information). Our
results showed the intensification of zinc desorption and leaching induced by high KCI concentrations for
our low pH volcanic soil (La Sonia). From our results, we consider this enhanced leaching of zinc is related
to the effect of pH change as found by several authors (Arias et al., 2005; Casagrande et al., 2008, 2004;
Nachtegaal and Sparks, 2004; Shuman, 1986; Van Eynde et al., 2022b), by the impact of the ionic strength
as found by Shuman (1986), and probably by the increased DOC that could rise the zinc complexation in

the dissolved fraction.

Additionally, the intensified zinc desorption could also be related to the competition of zinc with
other divalent cations like Ca®* and Mg** that probably are exchanged from the adsorption sites by the high
potassium concentrations evaluated in our experiments. Wang et al. (1997) found a dramatic decrease in
cadmium and zinc adsorption in the presence of calcium for subsurface soils, which they related to

competition for binding sites between these metals and the added calcium.

For San Bosco soil, the KCl application also influenced the leachate's zinc concentrations (Figure
S.3.3), showing higher zinc concentrations when potassium concentrations increased. However, the
correlation between potassium and zinc concentrations in the leachate was moderate (Pearson’s correlation
coefficient =0.8) for this soil. This result is probably related to the low correlation between the potassium
concentrations and the solution pH in this soil (Figure 3.2.b), which according to literature, pH is the
principal factor that modifies the zinc solubilization patterns from pure and multi-surface soil systems
(Casagrande et al., 2004; Shuman, 1986; Van Eynde et al., 2022b). However, the trends observed in K and
Zn behavior for San Bosco soil (Figure 3.3) indicate that the observed zinc mobilization in this soil is
probably not dominated by the pH effect (as for San Bosco soil, zinc and pH did not correlate), but still,
there is concordance between potassium and zinc leachate concentrations (Figure S.3.3). This is more
evident when assessing the trends of potassium and zinc concentrations in the leachate for La Sonia soil,

reinforcing the combined effect of pH and ionic strength on zinc solution partition.
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Moreover, the addition of high rates of KCl could affect the DOC content, as evidenced in Table
3.4. We suppose that the solution’s monovalent cation (K*) intensification that replaces divalent cations
adsorbed to the organic matter particles could increase the deflocculation of these organic particles,
promoting a higher DOC content in the liquid fraction. Therefore, the higher DOC content in the solution
could modify the zinc equilibrium between the solid and suspended/soluble fraction, as the dissolved
organic particles can complex more zinc. The higher zinc complexation to dissolved particles could result
in higher zinc transport losses. On the other hand, a high chloride amount in the soil solution product of the
addition of high rates of KCI could not have a substantial complexation effect on zinc desorption for our
experiments, as the log K value suggests that ZnCl" is not as stable as other chloride-cation complexes like

CdCI (U.S. EPA, 1999).

Regarding the total amount of zinc that leached from the undisturbed soil columns, for La Sonia
soil, the leached fraction for the whole experiment (total amount of 14.22 umol Zn kg™' soil) corresponded
to 2370%, 5.9%, and less than 1% of the amount of zinc determined by the CaCl, 0.01 M, HNOs 0.43 M
extracts, and by the aqua regia digestion, respectively (see Table 3.3). On the other hand, for San Bosco
soil column, the total amount of zinc leached was higher (112.3 pmol Zn kg™ soil) than for La Sonia soil,
and the leached fraction of San Bosco soil corresponded to 1403%, 80%, and 6% compared to the amounts
of zinc determined by the CaCl, 0.01 M, the HNO; 0.43 M extracts, and the aqua regia digestion,

respectively.

The previous results showed that the CaCl, 0.01 M solution sub-estimates the reactive zinc fraction
that can be affected by potassium chloride additions. In contrast, for the HNO; 0.43 M solution, we cannot
conclude about the performance of this extractant to determine the reactive zinc fraction, principally
because we have only two different results to compare. For La Sonia soil, the leached fraction corresponded
to a very low percentage of the amount determined by the HNO3 0.43M extractant; meanwhile, for San
Bosco it corresponded to 80% of the amount determined by this extractant solution. This last result provides
evidence of the smaller intensity factor for La Sonia soil compared to San Bosco soil, all these in agreement
with the higher clay content, higher (hydr)oxides content, and higher reactive surface area of La Sonia soil,

which could promote higher zinc adsorption.

On the other hand, we observed contrasting results when comparing the outcome of the zinc batch
adsorption isotherms against the column desorption and transport experiments. For instance, the adsorption
experiments suggest very high values for the retardation factor, but the zinc desorption from the column
transport experiment did not show a retardation factor as high as those indicated by the adsorption isotherms
(Figure 3.3). The differences between the retardation factor of the adsorption isotherms and the columns

desorption and transport experiments could be related to different reasons: First, the adsorption and
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desorption processes do not always behave as linear functions; mostly due to hysteresis that might be
observed between these two opposite processes. Second, the zinc desorption breakthrough curves shown in
Figure 3.3 could obey the breakthrough of the parameters that modify the zinc solubility (e.g., pH and ionic
strength) and probably not represent the breakthrough curves for the complete transport of zinc in these

systems.

Correspondingly, Zn will probably experience different transport results in these columns if we
keep a constant pH and ionic strength. When controlling the pH and ionic strength for zinc
adsorption/desorption experiments developed in different soils, Singh et al. (2008) found that desorption
experiments followed the same trend as adsorption ones; consequently, the same retardation factor could
be applied to describe adsorption and desorption transport processes in their soils. In contrast, for our
desorption and transport experiment in which the pH and the ionic strength varied as a function of the
potassium chloride concentrations, the adsorption isotherms cannot be used to explain the results of the

desorption breakthrough curves.

Again, both chemical variables (pH and ionic strength) influenced the desorption of reactive zinc
from these volcanic soils, and the change in these variables could result in enhanced zinc transport, as
evidenced in the column transport experiments. Then, the multi-component interactions of potassium
fertilizers in volcanic soil systems should be considered to manage better the highly demanded potassium
and the commonly deficient zinc nutrient to produce highly nutrient-demanding crops in tropical volcanic

soils.

3.4 Conclusions:

- The applications of high KClI rates to tropical volcanic soils can modify the pH and the ionic
strength of the soil solution, as demonstrated in our laboratory-scale experiments. However, field
experiments are still necessary to corroborate this situation in field production plots.

- Changes in ionic strength induced by KCl additions could increase DOC amounts, as evidenced in
the batch adsorption experiments.

- Both chemical factors (lower pH and higher ionic strength) modified by the KCl additions to
volcanic soils promote higher zinc concentrations in solution, which might result in higher zinc
losses from these soil systems. This situation could be important for humid weather conditions like

the region where we collected our soil samples.
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- The modeling of Zn leaching losses from volcanic soil systems should consider the changes in
chemical parameters that modify zinc solubility (e.g., pH and ionic strength), as simple approaches
that use constant values of adsorption coefficients like Kd to estimate retardation factors could fail
in the prediction of the real reactive transport.

- Zinc deficiencies currently present in tropical volcanic soils could be exacerbated in the middle and
long term due to the application of very high rates of KCl fertilizer. The rate at which deficiencies
could appear seems to be a function of the soil-specific intensity and capacity factors, with higher

zinc leaching losses for the soil with lower buffer capacity.

Data availability statement:

The datasets generated and analyzed during the current study are available under request. Also, the data

are being deposited in the 4TU.ResearchData repository, DOI: 10.4121/20108906.
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Abstract

Prediction of solute transport rates in soils requires a number of estimated transport parameters,
such as; porosity, hydraulic conductivity, dispersivity, mass transfer coefficient between stagnant and
mobile pore water among others as model inputs. Such parameters can be estimated from undisturbed
column experiments and are generally assumed to be constants. In the present work we evaluate whether
this assumption is correct by performing a series of NaCl tracer transport experiments using undisturbed
volcanic soil cores under unsaturated conditions and monitoring the effect of flux density and solute
concentrations on transport parameters. Our results indicate that these parameters depend on experimental
conditions and thus they should not be considered constant. To investigate the underlying processes, we
evaluated the effect of hysteresis between loading (increasing concentrations) and unloading (decreasing
concentrations) of the soil cores and assessed whether the observed effects could be explained merely by
physical processes or that a combination of physical and chemical phenomena is likely. The observation
that breakthrough curve hysteresis was affected by solute concentration levels indicates that a chemical
factor is likely to contribute to this behavior. This work demonstrates that hydrodynamic parameters as
determined from experiments on undisturbed unsaturated soil cores depend on flow rate and concentration
of the applied solutes. It is important to be aware of these effects and of the range in fitted parameter values

when modelling and predicting nutrient transport in soil systems.

Keywords
Multi-step Flux Transport, lonic strength, hysteresis, Breakthrough curves, unsaturated soil, volcanic soils.

4.1 Introduction

Avoiding excessive leaching of pesticides, nutrients, and heavy metals from highly permeable soils
that have been submitted to intensive agriculture has become a priority in agriculture and environmental
sciences. Therefore, proper management and understanding of solute transport processes within these

systems is very important.

In this regard, modeling represents a valuable tool for predicting solute movement and for
proposing management practices to reduce leaching. Typically, modeling solute transport in soil systems
uses the Convection-Dispersion Equation (CDE) for single porosity systems, or the Mobile-Immobile dual-
porosity model (MIM) for two-phase flow non-equilibrium systems (Siméinek and van Genuchten, 2008;
van Genuchten and Wierenga, 1976). For one-phase flow systems, the required model parameters include

the soil water characteristics, water flow velocity, dispersion coefficient, and retardation factor, while more
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complex non-equilibrium flow systems would require additional parameters (Arora et al., 2012; Simének

and van Genuchten, 2008; van Genuchten and Wierenga, 1976).

In theory these parameters are expected to be constant. However, recent findings about the most
commonly used soil solute transport models (e.g., CDE MIM) have shown: 1) a parameter dependence on
saturation and flow rates (Chen et al., 2021; Hasan et al., 2020; Kumahor et al., 2015a), and 2) variation of
parameter values with time and length with inconsistencies between measured and optimized parameter
values (Hasan et al., 2019; Karadimitriou et al., 2017, 2016). These interactions between model parameters
could be even more complex, in case chemical interactions affect the hydrodynamic parameter values

(Caron et al., 2015; Muniruzzaman and Rolle, 2021, 2019; Rolle et al., 2013b, 2013a).

Among soil chemical features with the potential to affect hydrodynamic parameters of solute
transport models, the ionic strength (IS) appears to be particularly important. The reason is that ionic
strength closely relates to charge interaction processes: 1) modifying the charge indirectly in variable charge
soils due to the variation of the solution concentration (changing soil pH), and 2) ionic strength is directly
related to the diffusion process, which is commonly included in the definition of the effective hydrodynamic
dispersion coefficient (Radcliffe and Simunek, 2010). This variable charge behavior can occur in volcanic
ash-derived soils, where the nanocrystalline allophane and ferrihydrite are the main soil colloids, in addition

to the soil organic matter that plays an important role in the variable charge behavior (Nanzyo et al., 1993a).

On the other hand, some reports have shown hysteresis within the breakthrough curve for
experiments developed at the same hydrodynamic conditions but at loading or unloading the solute (Chen
et al., 2021; Erfani et al., 2021), providing different values of the hydrodynamic model parameters for
loading than for unloading the solute. This hysteretic behavior is affected by differences between the input

and resident solute concentration during input and discharging (Chen et al., 2021).

Based on recent findings about the effect of chemical interactions on hydrodynamic solute transport
parameters (Muniruzzaman and Rolle, 2021, 2019; Rolle et al., 2013b), and the relationship of the diffusion
process with the concentration gradient, the innovative physical explanation proposed by Chen et al. (2021)
to explain the hysteretic breakthrough curve behavior may still be lacking a more detailed consideration of
the chemistry-related aspects. So, we hypothesize that hysteretic breakthrough curves are also solution

concentration-dependent, and therefore the transport model parameters are also concentration-dependent.

The objectives of the present paper are: i) to determine the effect of the solution concentration on
transport hysteresis for loading and unloading breakthrough curves developed in undisturbed volcanic soil

cores, ii) to determine the effect of solution concentration on the values of hydrodynamic parameters of
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solute transport models, and iii) to determine the effect of different water fluxes on parameter values for

solute transport models applied to undisturbed volcanic soil columns.

4.2 Materials and methods

4.2.1 Soil sampling and characterization

Undisturbed volcanic soil core samples were collected using sharp-edged PVC cylinders from two
different locations: 1) San Bosco (10.279290, -83.802527), and 2) La Sonia (10.275865, -83.793791) in
Pococi, Costa Rica. The elevation for both locations was 110 meters above sea level. According to the
georeferenced coordinates, these soils were classified as Aluandic Dystric Andosol (Fluvic) (World
Reference Base soil classification system). However, both soils differed significantly in clay, organic matter

content, and reactive surface area (Table S.4.1).

The samples taken from La Sonia used for both breakthrough curve experiments (density flux and
solution concentrations) were collected from a no-tillage area in a papaya (Carica papaya L.) plantation
field. Meanwhile, for San Bosco, the samples used to evaluate the effect of the flux density were collected
from San Bosco plot in a recently plowed soil (approximately one month after plowing). The sample used
to evaluate the effect of the solution concentration on hysteresis and transport parameters was collected in
the same plot with a time-lapse of more than one year after the first sampling; during this period, San Bosco

soil was not tilled.

Organic carbon content was determined by a dry combustion analyzer (Elementar Vario Macro
cube), assuming the lack of carbonates in the samples, and the particle size analysis was determined by the

hydrometer method (Gee and Or, 2002) using disturbed samples obtained from these field plots.

The undisturbed soil cores were used in breakthrough curve solute transport experiments, designed

to cover presented different approaches. These experiments are described in detail as follows.
4.2.2 Implementation of the Multi-Step Flux Transport device

We conducted all the breakthrough curve solute (tracer) transport experiments in a Multi-Step Flux
Transport device (Diamantopoulos et al., 2015; Kumahor et al., 2015a; Weller et al., 2011) at different flow
rates and later at constant flow rate and different ionic strengths. The experiments were developed under

unsaturated conditions.

A Multi-Step Flux Transport (MSFT) device was built as specified by Kumahor et al. (2015a), but
with modifications in the input solution system. The input solution was applied using a Gilson Minipuls 3
peristaltic pump (Gilson, France) connected to a set of five needles inserted in a thin sponge, which was

placed at the upper boundary of our column. This modification to the MSFT device allowed a quasi-steady
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state and a homogeneous application of the tracer solution. The MSFT device recorded data to a CR1000
datalogger (Campbell Scientific, UK), and the weight balances of the system registered data directly to a
PC.

At the lower boundary of the column, a porous suction plate was set up, with a non-adsorbing nylon
membrane of 0,45 pm porous diameter (ecoTech Umwelt-MeBsysteme GmbH, Germany). This porous
plate was connected to a vacuum system controlled by the Campbell Scientific CR1000 datalogger. The
column's lower boundary pressure was regulated according to the pressure head registered by the mini-
tensiometers installed in the column. The suction in the lower boundary was automatically adjusted to

produce gravitational flow in the column during the development of the experiments.

With this approach, some model parameters were controlled, and others were directly measured;
for instance, soil water content was quasi-constant during the development of the breakthrough curve
experiments, and the corresponding matric potentials, the volumetric water contents, and fluxes are

measured directly at detailed timestep.

Further details and diagrams about the control and construction of the Multi-step Flux Transport
device are available in the literature (Diamantopoulos et al., 2015; Kumahor et al., 2015a, 2015b; Weller et

al., 2011), and summarized in Figure 4.1.

The own-made electrical conductivity sensors (two-electrode version) registered the tracer
movement within the column (RawEC). These two-electrode sensors were based on the design of the four-
electrode conductivity sensor implemented by Inoue et al. (2000). We placed the RawEC sensors at 0.5 cm
from the bottom of the columns. For San Bosco soil experiments, we initially calibrated the results of the
RawEC (mV V') measurements against EC measurements (mS cm™). On the other hand, electronic mini-
tensiometers measured the pressure heads in the columns. These mini-tensiometers were built using
Deltran® DPT-100 disposable pressure transducers (Utah Medical, Utah, USA) and a porous ceramic tip

(Rhizo Instruments, The Netherlands) connected to the pressure transducer.

We measured the lab room temperature by the wiring panel of the CR1000 datalogger and by a
thermocouple sensor, we kept the lab room temperature between 21 and 23,5 °C to minimize the effects of
the temperature on the recordings. To regulate the room temperature, we used: 1) an air conditioning system
also controlled by the CR1000 datalogger, and 2) applied special insulation in the room windows to reduce

the effect of solar radiation on the room temperature.
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Figure 4.1. Multi-Step Flux Transport (MSFT) setup implemented to conduct tracer transport

experiments in undisturbed volcanic soil columns. A) Detailed information about MSFT device

components. B) General diagram of the MSFT device. The weight balances sent data directly to a PC.
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Additionally, we corrected the breakthrough curves noise produced by temperature, estimating the
moving average for each variable considering data from 3 hours of measurements in the calculation of the
moving average. This correction was performed using the rollapply() function from the zoo package

(Zeileis and Grothendieck, 2005) in the R software (R Core Team, 2021).

4.2.3 Tracer transport experiments

4.2.3.1 Tracer transport experiments developed at different flow rates

Table 4.1 describes the sequence of breakthrough curves experiments (sequential step inputs)

performed for both undisturbed soil columns at different fluxes.

Table 4.1. Description of the set of tracer transport experiments developed at different fluxes of the input
solution for two undisturbed volcanic ash-derived soils from La Sonia and San Bosco, Pococi, Costa

Rica.

Mean flow
Solution
ID rate Soil Experiment Applied pore volumes
applied
cm h!
A 0.035 La Sonia Unloading Tap water 1.9
B 0.059 La Sonia Loading NaCl 0.01M 2.0
C 0.097 La Sonia Unloading Tap water 3.7
D 0.187 La Sonia Loading NaCl 0.0IM 3.1
E 0.279 La Sonia Unloading Tap water 3.9
A 0.038 San Bosco Loading NaCl10.01M 3.0
B 0.066 San Bosco Unloading Tap water 3.0
C 0.107 San Bosco Loading NaCl0.01M 4.1
D 0.209 San Bosco Unloading Tap water 3.7
E 0.313 San Bosco Loading NaCl 0.01M 4.4

These tracer experiments consisted of subsequent breakthrough curve sub-experiments performed
on the same undisturbed soil columns. The breakthrough curves for La Sonia soil were conducted on an
undisturbed soil column of 16.9 cm length and 8.3 cm diameter. For this soil, the experiments started with

aNaCl 0.01 M saturated column, which previously received four pore volumes of the NaCl 0.01 M solution.
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On the other hand, we performed the breakthrough curve tracer experiments for San Bosco soil in
an 11 cm length and 8.4 cm diameter soil core. For this soil, the experiments started with a tap water-
saturated column. Unfortunately, the sub-experiments that applied the lower fluxes for La Sonia soil were

interrupted because of difficulties accessing the laboratory during 2020 due to the Covid-19 restrictions.

Between each sub-experiment, when the flux of the input solution was increased, we allowed the
system to equilibrate the pressure for at least 3 hours before applying the new input solution. We started
each new sub-experiment with the column equilibrated to the concentration of the previously applied

solution, then we did not apply additional pore volumes to equilibrate the soil column chemically.

4.2.3.2 Tracer transport experiments developed at different ionic strengths and constant flow

rates

Using another two columns collected at the same locations (La Sonia and San Bosco), we
performed another set of tracer transport sub-experiments keeping a constant flux density but varying
sequentially the input concentration solutions (by step inputs). The soil columns for both soils consisted of

a soil core of 11.9 cm length and 8.3 cm inner diameter.

For this set of experiments, we started with freshly sampled soil columns, then we saturated the
columns with just tap water, and subsequently, we applied a NaCl 0.012 M solution until obtaining a
complete breakthrough curve as a pre-treatment. After that, we started our set of experiments by
sequentially reducing the input solution concentration (NaCl) by step inputs until the breakthrough curve
arrived completely for each sub-experiment. Finally, we successively increased the concentration of each
breakthrough curve sub-experiment by step inputs of NaCl application. We developed these sub-
experiments at a constant flux of 0.208 and 0.203 ¢cm h™! for La Sonia and San Bosco soils, respectively.
The experiments consisted of the sequential breakthrough curve sub-experiments detailed in Table 4.2.
There was a problem with the leachate evacuation system in the Multi-Step Flux Transport device for La

Sonia soil for the first sub-experiment (A). Therefore, we excluded this data from the analysis of results.
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Table 4.2. Breakthrough curve experiments developed at different concentrations and constant flux

density of the input solution for two volcanic ash-derived soils from Pococi, Costa Rica.

Applied
Kind of Initial resident
ID Soil Input solution pore
experiment solution
volumes
La Sonia 5.9*
A 0.012 M NaCl 0.008 M NaCl
San Bosco 6.0
La Sonia 4.17
B 0.008 M NaCl 0.004 M NaCl
. San Bosco 43
Unloading
La Sonia 3.7*
C 0.004 M NaCl 0.001 M NaCl
San Bosco 3.9
La Sonia 17.3
D 0.001M NaCl Deionized water
San Bosco 15.7
La Sonia Deionized 6.7
E 0.001 M NaCl
San Bosco Water 5.7
La Sonia 6.1
F 0.001 M NaCl 0.004 M NaCl
San Bosco 7.0
Loading La Sonia 4.2
G 0.004 M NaCl 0.008 M NaCl
San Bosco 4.9
La Sonia 4.5
H 0.008 M NaCl 0.012 M NaCl
San Bosco 4.0

*Incomplete or missing data

4.2.4 Soil Water Characteristics

We determined the soil water characteristics using the same soil columns employed during the
tracer transport experiments. After finishing the tracer transport experiments, we developed a Simplified
Evaporation Method experiment on these columns according to Peters and Durner (2008). From this
experiment, we obtained the soil water characteristics for the soil columns with these evaporation

experiments and fitted the van Genuchten-Mualem parameters for further modeling purposes. The

. 1 .
optimization of the van Genuchten-Mualem parameters (05, 0;, o, and n) assumed m =1 - This
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procedure was developed in the SoilHyp package version 0.1.4 in the R software (Dettmann and Andrews,

2018).
4.2.5 Parameterization of the solute transport models

From the breakthrough curve experiments developed in the Multi-Step Flux transport device, we
directly obtained the soil bulk density, the mean soil water content (8), the flux density of the input solution,
the average pore water velocity (v=q/0), and the quantity of water that corresponded to one pore volume (6
* soil core's volume) for each sub-experiment. Also, the soil water characteristics (unsaturated hydraulic
conductivity and pF curve) were determined directly from the Simplified Evaporation Method experiments

(Peters and Durner, 2008) as previously indicated.

The breakthrough curve data was optimized to the CDE and to the MIM, considering the parameter
values directly measured from the column experiments. We fitted the hydrodynamic dispersion coefficient

(D) and the retardation factor (R) in the CXTFIT/STANMOD software (Toride et al., 1995).

While assessing data from San Bosco soil (experiments developed at different fluxes), we observed
an early arrival of the breakthrough curve (earlier arrival than one pore volume). This situation could
suggest the presence of preferential flow; then, we fitted the Mobile-Immobile model to the different

breakthrough curve datasets obtained experimentally with this soil column.

Due to reported inconsistencies in the determination of the Mobile-Immobile  parameter (Hasan
et al., 2019; Karadimitriou et al., 2017, 2016), we did not fit this parameter to breakthrough curve data.
Instead, we assumed that the mobile water fraction corresponded to the water content between the mean
volumetric water content of the experiment and the residual water content (6-0;), which was previously
estimated from soil water characteristics using the van Genuchten-Mualem model (van Genuchten, 1980).
Besides the hydrodynamic dispersion coefficient and the retardation factor, for the non-equilibrium
experiments, we also fitted the mass transfer coefficient between the mobile and immobile regions (o

parameter).

Using the respective average soil pore water velocity and assuming n=1 (a linear relationship) in
Equation 4.1 and Equation 4.2, we estimated the dispersivity for the different sub-experiments from the
optimized effective dispersion coefficient.

D=2xv" (Equation 4.1)

Where D corresponds to the hydrodynamic dispersion coefficient, A is the longitudinal dispersivity

(L), v corresponds to the average pore water velocity (L T'), and n is an empirical constant. This equation
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is valid for saturated conditions, even though it has also been used under unsaturated conditions considering

the parameter's dependence on the soil moisture (Equation 4.2)
D(®,v) = 4(6) »v" (Equation 4.2)

Where, 6 corresponds to the volumetric water content.

4.3 Results and Discussion
4.3.1 The effect of solution concentration and hysteresis on apparent solute transport parameters

4.3.1.1 La Sonia soil

Results obtained from the tracer transport experiments conducted at different ionic strengths and
constant flow rates using La Sonia soil are presented in Figure 4.2. There were some technical problems
during these experiments, which prevented us from collecting a complete set of experimental data. For
instance, we lost the experiment reducing concentration from NaCl 0.012 to 0.008 M for La Sonia soil
because of a failure in the Multi-step Flux Transport device (Figure 4.2.A), and the unloading sub-
experiment cleaning from NaCl 0.004 to 0.001M was interrupted before completing the breakthrough curve
(Figure 4.2.C). Therefore, these two datasets were excluded from the data analysis and parameter

optimization process.

For La Sonia soil, the breakthrough of the solute was measured by the changes in the raw electric
conductivity, however the calibration of the sensor against electric conductivity (mS cm™) was not carried

out.

While comparing among the two remaining unloading experiments (Figures 4.2.B and 4.2.D), the
mean arrival of the breakthrough curve was delayed for the lower concentration experiment (Figure 4.2.D)
and required around fifteen pore volumes to get stable. This in comparison with less than five pore volumes
in case of 0.004 M NaCl. This behavior demonstrates a significant effect of solution concentration on

breakthrough curves and thus on transport rates.

When assessing the loading sub-experiments (Figures 4.2.E to 4.2H), the breakthrough was also
delayed with the reduction of the tracer solution concentration. This behavior suggests a potential influence

of surface charge-related processes on solute transport rates in these volcanic ash-derived soils.
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Figure 4.2. NaCl tracer breakthrough curve experiments developed at different ionic strength by step
inputs in an undisturbed volcanic soil column from La Sonia, Pococi, Costa Rica. The breakthrough

curves are expressed in terms of relative raw conductivity.

In general, Andosols are recognized to contain variable charge minerals and, in some cases, high
contents of variable charge organic matter and allophane minerals (Auxtero et al., 2004; Nanzyo et al.,
1993a; Sansoulet et al., 2007). For our experiments, the increase of salt concentration promotes the H"
desorption from the oxide surface and from the functional groups of the organic matter. However, most of
the negative charge generated by this salt induced proton desorption is neutralized by the higher positive

charge present in the system, as a result of the higher amount of Na*. Therefore, even our soils have variable
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charge behavior (Figure S.4.1), this process is not likely to cause an important chemical retardation of the

NaCl solution.

An additional charge-related process that we considered is modifying the solute transport model
parameters for these experiments is the Donnan volume expansion-contraction according to the ionic
strength variation, which is expected to present larger volumes at lower ionic strengths. For instance, for
the estimation of the Donnan volume in the application of the NICA-Donnan model (Benedetti et al., 1996;
Milne et al., 2003), the Donnan-volume change can be estimated empirically using the solution's ionic
strength. The changes in the Donnan volume could affect the adsorption process and the diffusion process

making less accessible the small pores.

Our breakthrough curve experiments (both loading and unloading conditions) also presented
hysteresis, which magnitude varied as a function of the solution concentration of each experiment. As
shown in Figure 4.2, at lower concentrations, the charge-related processes played a more critical role in the
arrival position of the breakthrough curve and produced a more pronounced hysteresis effect. This result

could also be related to the lower diffusive flux that could be expected at lower concentrations according

to Fick's first law (J = =D z—i .

The direction in which diffusion and advection occur during the loading or unloading conditions
was proposed by Chen et al. (2021) to explain this retarded arrival of the breakthrough curves for cleaning
experiments. We agree with this explanation about the physical mechanisms that drive the hysteresis
process, which is based on the differences in the concentration field generated for the loading and unloading
conditions. However, our data suggest that other chemical-related processes produced by different input
solution concentrations could also be responsible for the hysteresis observed between loading and unloading

breakthrough curves.

Therefore, the interaction between charge-related and physical processes produces different solute
transport model parameters, which are also concentration-dependent, and not constant values as typically
implemented. Table 4.3 shows the results of the parameter optimization for these experiments applying the
CDE. For the unloading experiments, the observed values of the R, D, and A increased considerably for the
lower concentration evaluated (Table 4.3), with a major effect on the retardation factor. On the other hand,
for loading experiments, these parameters obtained similar values for high concentration experiments and

increased considerably for the lowest concentration experiment.

In this regard, Katou et al. (1996) and Kolahchi & Jalali (2006) while developing adsorption

isotherms and breakthrough curve experiments showed that the adsorption coefficient increases as the
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concentration in solution decreases, and they observed that retardation factor depends on the concentration

and composition of the invading solution.

As shown in Table 4.3, the dispersion coefficient (D) was also modified by the different
concentrations applied, then the concentrations impacted not only to the adsorption process but also
influenced dispersion-diffusion related processes. The increase of the effective dispersion coefficient and
retardation factor was more notorious for the unloading sub-experiments. These results have important
implications for the parameterization of solute transport models when using tracer solutions, as the
parameter results could depend on the solution concentration and how the experiment is conducted (loading
or unloading). Furthermore, these differences observed for parameter values have important implications
for modeling nutrient transport in soils systems. The fertilizer movement in soils could experience gradients
of concentrations that, in some cases, would achieve similar ionic strength compared to the conditions
applied in this set of experiments. For instance, potassium chloride is applied in agricultural soils at high
concentrations, at different frequencies, and under variable environmental conditions (Fratoni et al., 2017,
Mohr and Tomasiewicz, 2012), and according to Kolahchi and Jalali (2006), the variation of the potassium

concentration could affect its adsorption coefficient.

Our results about the concentration-dependence of solute transport parameters are also supported
by the observations of Chen et al. (2021), who using synchrotron x-ray imaging (sXRCT) in an experiment
cleaning a 3 M KI solution while applying deionized water observed that the reduction of concentration
from 3M to 1 M lasted 150 seconds, meanwhile the reduction of the concentration from 1 M to 0 M required
396 seconds in their experiments. Chen et al. (2021) mentioned that this tailing (increased time to achieve
the lower concentration from 1 M to OM) is characteristic of non-Fickian transport with stagnant and mobile
regions. However, for their experiment they were not able to relate this tailing to the presence of stagnant
regions as the sXRCT images did not evidence the presence of stagnant regions in their repacked porous

sand system.

The results of different parameter values obtained at different concentrations from our experiments
also agree with other findings reported in the literature (Muniruzzaman and Rolle, 2021; Rolle et al., 2013a;
Sansoulet et al., 2007) and challenge the application of simple modeling approaches to determine the

movement of saline fertilizer solutions.

For instance, it is not recommended to model the potassium chloride transport in this soil with a
constant value for the retardation factor obtained by linear adsorption isotherms. Additionally, the observed
hysteresis questions the implementation of constant parameters for modeling the movement of saline

fertilizer solutions in soils.
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4.3.1.2 San Bosco soil

While assessing the experiments performed for San Bosco soil, the tracer solution concentration
also affected the position (pore volumes) of the arrival of the breakthrough curves (Figure 4.3). At low ionic
strengths (low tracer concentrations), the charge-related processes became more critical, showing a

substantial delay in the arrival of the breakthrough curves. (Figure 4.3).

The loading and unloading sub-experiment for the concentrations between 0.004 and 0.001M NaCl
showed a distinctive earlier arrival of the breakthrough curves (Figure 4.3.C and 4.3.F). With our current
set of data, we do not have an explanation to this behavior presented in this soil. As well, we observed a
substantial delay for the arrival of the breakthrough curve and a strong tailing in the unloading sub-

experiment from NaCl 0.001M to deionized water (Figure 4.3.D).

Results obtained in the experiments conducted for San Bosco soil (both loading or unloading)
showed hysteresis for the breakthrough curves of the tracer solution, and the magnitude of the hysteresis
was also concentration-dependent (Figure 4.3). This concentration dependence of the hysteresis was
consistently observed for both soil columns and suggests that hysteresis depends not only on the direction
of the advective and dispersive fluxes but also on the concentration of the input solution and its charge-
related processes. This effect of charge-related processes on hysteresis and the time of arrival of the
breakthrough curves show that solute transport model parameters also depend on the solute concentration

and are not fixed parameters as commonly implemented.

The following section presents our model parameter optimization for breakthrough curves

developed at constant flux and different solution concentrations for San Bosco soil.

Table 4.4 summarizes the directly measured and optimized model parameters for this set of
experiments while applying the CDE. The hydrodynamic parameters showed very close values for the
unloading experiments of San Bosco soil developed at higher concentrations (higher than 0.004M). On the
other hand, the experiments developed for tracer concentrations between 0.004 and 0.001M NaCl (loading

and unloading) presented distinctive lower values for the hydrodynamic parameters.

For the lower concentration experiment, both conditions (loading and unloading the solute) showed
considerably larger values for the hydrodynamic solute transport parameters (Table 4.4). As mentioned
before for La Sonia soil, this result could be related to the expansion of the Donnan volume at low solution
concentrations which promotes a higher adsorption in the Donnan layer, plus the lower rate of the diffusive

flux that is expected according to Fick’s law.
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Figure 4.3. NaCl tracer breakthrough curve experiments developed at different ionic strength by step

inputs in an undisturbed volcanic soil column from San Bosco, Pococi, Costa Rica. The breakthrough

curves are expressed in terms of relative conductivity.

Following Fick’s first law (] = —Dz—i ), the concentrations difference (delta concentration)

evaluated in our experiments (numerator in right hand side of Fick’s first law) decreases for the low ionic

strength solutions evaluated, while the distance for diffusion (denominator in right hand side of Fick’s law)

increases due to the rise of the Donnan volume. So, if we assume a constant diffusion coefficient (as

typically assumed), the net expected result is a lower diffusive flux at low salt concentrations and
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consequently, a larger tailing and more pore volumes required to achieve a new equilibrium concentration

(more time or more pore volumes required to complete the arrival of the breakthrough curve).

For the higher salt fluxes evaluated in our experiments, and assuming a constant effective diffusion
coefficient (D), the expected result is an increase of the concentrations difference and a decrease in the
distance for diffusion with a net higher diffusive flux. This expected behavior agrees with the observed

results about the breakthrough curve delay at low ionic strength (Figures 4.2 and 4.3).

Additionally, our optimized parameter results for a constant flow rate and different concentrations
suggest that the assumption of a constant dispersion coefficient is not valid for all the concentrations

evaluated, which agrees with the results recently obtained by Chen et al. (2021).
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4.3.2 Effect of flow rate on solute transport parameters
4.3.2.1 La Sonia soil

Figure 4.4 shows the tracer breakthrough curves developed at different fluxes on an undisturbed
volcanic soil column from La Sonia, Pococi, Costa Rica, for applying NaCl 0.01M (loading experiment)
and cleaning with water (unloading experiment). For La Sonia soil experiments, the data of this section was
also analyzed by using the raw electric conductivity (mV V') instead of the electric conductivity (mS cm’

1)_

While comparing the loading experiments developed at flux rates of 0.097 and 0.279 cm h™' against
the unloading experiment developed at 0.187 cm h'! (a flux rate in between), hysteresis was observed
between loading (increasing concentration) and unloading (reducing concentration) conditions (Figure 4.4).
This delayed time to complete breakthrough curves when the solute concentration is decreasing for non-
reactive tracers was also reported in the literature (Chen et al., 2021; Erfani et al., 2021; Huang et al., 1995)
and was consistently observed for our experiments developed at different concentrations of the input

solution.

As discussed in the previous section, this hysteresis effect is not only related to the physical
direction of the advective and dispersive fluxes, as proposed by Chen et al. (2021). Instead, it could be
triggered by a combination of physical and chemical factors that change the adsorption and dispersion

pattern of the solute.

Hysteresis affects different solute transport model parameters. For instance, from our experiments,
the dispersivity (A) increased according to the applied flux for this soil (compare the unloading sub-
experiments of Table 4.5), which was contrary to the results obtained by Kumahor et al. (2015a) where

dispersivity increased with the reduction of the applied flux in quartz sand repacked column.

The differences between our data and the results obtained by Kumahor et al. (2015a) could be
related to the differences in water saturation between the experiments. For our experiments, saturation
experienced slight changes at different fluxes, while the pore water velocity suffered a more substantial
change according to the applied fluxes (Table 4.5). The results of Hasan et al. (2020) show the important

dependence of dispersivity on saturation.
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Despite the fact that our assessed fluxes were below 0.5 cm h™! (the lowest flux applied by Kumahor
et al. (2015a)), our volumetric water contents were higher than those obtained by Kumahor et al. (2015a).
The observed volumetric water contents for our set of experiments are probably still far from the critical
volumetric water content in which the dispersivity suddenly increases with the reduction of water contents
and fluxes. For instance, for the experiments developed for La Sonia soil, the mean volumetric water content
was higher than 0.50 cm? cm™, while Kumahor et al. (2015a) observed a sudden increase in the dispersivity

at volumetric water contents around 0.2 cm® cm™.
4.3.2.2 San Bosco soil

Different from results obtained in La Sonia soil experiments, it was observed an early arrival of the
loading breakthrough curves developed at different fluxes in San Bosco soil (Figure 4.5), suggesting a two-
phase flow condition (physical non-equilibrium). However, the breakthrough curves for this soil did not

show the tailing that typically characterizes preferential flow conditions.

Due to the absence of tailing in the breakthrough curve results, it was possible to fit the tracer
transport results to the CDE, but the retardation factor showed a non-realistic result (R lower than 1).
Consequently, we fitted the data of this set of experiments to the MIM, but with special considerations for
the fitting procedure. Those considerations for implementing the MIM model consisted in the direct
determination of the 3 parameter and, consequently, the direct estimation of the pore water velocity of the
mobile phase, optimizing only three parameters from the breakthrough curve data. The optimized
parameters were the retardation factor (R), the dispersion coefficient (D), and the mass transfer coefficient

(omr parameter).

In this regard, Karadimitriou et al. (2016), Hasan, Joekar-Niasar, Karadimitriou, & Sahimi (2019),
and Karadimitriou, Joekar-Niasar, & Brizuela (2017) found substantial inconsistencies in the usage of the
Mobile-Immobile Model (MIM) fitted data to model breakthrough curve results. For example, their results
showed that the optimized  parameter does not correlate with measured values. Additionally, the mass
transfer coefficient (o) fitted with the MIM is not realistic, as according to the measured data, it changes
with the time (Haggerty et al., 2004; Karadimitriou et al., 2016), and according to Khan & Jury (1990), and
Masciopinto & Passarella (2018), it also varies with length. The conventional MIM optimization result is a

constant parameter that contrasts with the measured data reported in the literature.
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Therefore, while implementing the MIM model is necessary to quantify directly the value for the B

parameter, and then, the direct determination of the pore water velocity in the mobile water phase.

While quantifying the  parameter, we assumed that the immobile water phase corresponded to the
residual volumetric soil moisture (6,) obtained by the optimization of the van Genuchten-Mualem
parameters from a Simplified Evaporation Method data. For San Bosco soil, this residual volumetric water
content (8,.) corresponded to 0.26 cm?® cm™ according to optimized parameters (Table S.4.1). Therefore,
the calculation of the B parameter also considered the mean volumetric water content (6,,,) for each sub-

experiment, according to Equation 4.3:

p= 6, (Equation 4.3)

From our optimized MIM results obtained for San Bosco soil, we found that the dispersion
coefficient increased as the flow rate also increased, in agreement with the results obtained by Chen et al.,

(2021), but with a notable difference between loading and unloading breakthrough curves.

Despite the fact that for this soil no loading and unloading data were obtained for each applied flux,
which prevents a direct comparison between the hydrodynamic dispersion coefficients for the
contamination and cleaning conditions, our optimized dispersion coefficients did not appear to be larger for
the unloading (cleaning) condition. The latter is in contrast with the results obtained by Chen et al. (2021),
who measured directly this parameter and observed larger dispersion coefficients for the unloading

condition.

The differences in the patterns of the hydrodynamic dispersion coefficient compared to those found

in the literature could be caused by the following factors:

First, our experiments were developed under unsaturated conditions, while Chen et al. (2021)
evaluated their experiments under saturated conditions. Second, our experiments were developed in an
undisturbed soil sample system, which could be more heterogeneous than the repacked sand grain system
implemented by Chen et al. (2021). Third, the pore water velocities and the Peclet number for our
experiments suggest completely different transport conditions than the ones evaluated by Chen et al. (2021).
Our Peclet numbers are in the intermediate range suggested by Chen et al. (2021), where it is expected that

advective forces generate a heterogeneous concentration field.

However, a similar Peclet number (i.e., 10°) could have different behavior for saturated than for
unsaturated conditions. According to our data (Tables 4.5 and 4.6), applying a lower flux implies a lower

pore water velocity for both soils. Therefore, if we compare hypothetical results at the same Peclet number
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for saturated (higher flux) against unsaturated (lower flux) conditions, and applying the formula for the
definition of the Peclet number (Pe = 1%), it could be expected a lower dispersion coefficient because of

the lower pore water velocity at unsaturated conditions. Our pore velocities (10 to 107 m s™') are below
those evaluated by (Chen et al., 2021), and our Peclet numbers are in the range of the lower Peclet number

they found (10).

Additionally, according to Chen's et al. interpretation of their extrapolated data, at very low and
very high Peclet numbers and pore velocities, it is no longer expected a higher D for the unloading

condition.

On the other hand, the optimized retardation factor for the loading condition showed a non-
monotonic behavior, with a larger value for the lower flow rate applied (Table 4.6). In addition, the
dispersivity (A=D/Vm) also showed a non-monotonic behavior for this set of experiments. Therefore, these
parameters appear to be non-constant as typically implemented for modeling nutrient transport in soil

systems.

Finally, consistent with the lack of tailing observed from the breakthrough curves, the optimized
mass transfer coefficient between the mobile and immobile water phases showed very low values (Table

4.6).
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4.4 Conclusions
In the present work we demonstrate that the hysteretic behavior of loading and unloading
breakthrough curves depends not only on the direction of the advective and convective fluxes but also on
the solution concentration due to charge-related processes like expansion-contraction of the Donnan volume

and differences in the diffusive flux rate.

The observed hysteresis between loading and unloading breakthrough curves appears to depend on
the concentration of the input solution, which modifies the diffusive fluxes. The lowest diffusive fluxes,
plus the larger Donnan volumes presented at low solution concentrations increased the solute resident time

within the system.

Solute transport model parameters are not fixed values as typically implemented for modeling
nutrient transport in soil systems. Instead, they vary as a function of the flow rate and the solution

concentration, which has important consequences for modeling the fate of nutrients in soil systems.
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La Sonia Point of Zero Net Salt Effect
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Figure S.4.1. Results of the determination of the Point of Zero Net Salt Effect for La Sonia and San Bosco
soil. The pH was determined in 0.1 and 0.01 M NaCl background solution.
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5.1 Main findings
Applying mineral fertilizers to agricultural production systems has implicit agronomical and
environmental consequences that depend on complex interactions between nutrients, adsorption surfaces,
and the composition of the soil solution. These interactions affect nutrient availability and mobility through

the soil and consequently affect fertilizer use efficiency.

To evaluate the effect of potentially important chemical interactions, in Chapter 2, we assessed
whether the competitive interaction between P (phosphate) and B (boric acid) is a significantly affect the
boron availability and leaching from acid volcanic ash soils. We tested this P-B interaction for a volcanic
ash soil system from a region where phosphate is typically applied at very high rates, and boron deficiency
is a common constraint. We consider adsorption a critical process that conditions the boron movement and
availability in these systems. Also, in Chapter 3, we tested other potentially important chemical interactions
that could occur in highly fertilized volcanic soils when high potassium chloride rates are applied to the
system. And finally, in Chapter 4 we tested the possible effects of the variations of the flow rate and the
variation in solution salt concentration on the model parameters typically used to simulate solute transport

in porous soil systems

Chapter 2 evaluated the causes of boron deficiency in an acid volcanic ash-derived soil. According
to the objectives proposed in this chapter, we defined by modeling the principal boron adsorption surface.
For our Andosol, there were no significant differences in boron adsorption for different background
solutions (NaCl 0.01 M and CaCl, 0.01 M), which suggest that for this soil under the conditions of the
experiments, the boron adsorption is dominated by the oxide fraction (Table S.2.4, from Chapter 2), and as
modeling suggest predominantly as an outer-sphere process. Also, we found that boron adsorption was not
notably affected by phosphate applications when boron was present at low solution concentrations, and
phosphate slightly modified the boron adsorption only when boron was present in solution at concentrations
higher than 50 umol L. Since boron concentrations are typically very low for these volcanic soils, we
expect that phosphate applications do not increase the desorption of the native boron fractions in these soils.

Therefore, the boron availability will not increase because of the phosphate fertilizer addition.

Regarding the modeling results, the CD-MUSIC-NICA-Donnan model simulated the results
obtained in the adsorption experiments well. It is important to note that this approach was based on
theoretical mechanisms, using state-of-the-art model parameters obtained for ferrihydrite and humic acid
systems (Goli et al., 2019; Mendez and Hiemstra, 2020c; Van Eynde et al., 2020a). Probably, the successful
application of the model to our P-B dataset depends to a great extent on the direct experimental
determination of the reactive surface area of the soil and on the availability of the necessary parameters for

its implementation with a nanocrystalline particle that represented very well the alumino-silicate and
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(hydr)oxide fraction of this soil. Despite the low micromolar boron concentrations, experimental data and
model results had a very good agreement. The model can also simulate the impact of different management
practices on boron adsorption. For example, adding or increasing the organic matter content in the evaluated
Andosol will probably have a small imperceptible effect on increasing the boron retention in this acid
volcanic soil. The latter is because boron adsorption at low solution pH occurs principally at the (hydr)oxide
fraction, and the organic matter surfaces become important only at high pH. A high pH condition is not

typical for these tropical volcanic-derived soils.

The pH is well recognized as the principal factor that modifies the solubility of boron in soils. This
fact was also demonstrated by the modeling results reported in Chapter 2. For our soil, the pH has important
consequences for boron adsorption under alkaline conditions (i.e., pH higher than 7.0), but as our modeling
results suggest, the pH changes have little influence on the total boron adsorption at the pH range between
410 6.

Due to the high solubility of the boric acid in these volcanic soil systems, it is recommended to
evaluate other boron sources aiming for higher retention of this nutrient in Andosols. The application of
borate (oxyanion) sources will probably be retained to a greater extent than the boric acid. Additionally,
considering the high solubility of boric acid in this system, decreasing the rate of boron applied and
increasing the frequency of application could improve the boron nutrient status for the crops developed in
these types of systems. On the other hand, we tried to clarify the cause of boron deficiency in these acid
volcanic soils. With the results obtained from the boron adsorption experiments, we assume that the cause
of boron deficiency in this volcanic soil is the increased leaching; as for the boron applied treatments, most
of the boron remained in solution (68 to 70%), independent of the boron solution concentration.
Furthermore, the sampled region is characterized by high precipitation and extreme events (see Figure
S.3.1. from Chapter 3), and the volcanic soils by high permeability. These factors (high solubility,
permeable soil, and high precipitation) could promote the continuous boron leaching from these volcanic

soils.

In Chapter 3, we aimed to understand better the possible side effects of high potassium chloride
fertilizer additions on the availability and leaching of zinc. For the zinc batch adsorption experiments, we
demonstrated that zinc adsorption in volcanic soils depends on the ionic strength and the solution pH; this
behavior agrees with results observed in other soils (Casagrande et al., 2004; Van Eynde et al., 2022a). In
the same way, adding potassium chloride at high rates for the column transport experiments modified the
ionic strength of both volcanic soils and changed the pH of the leachate solution for one of the volcanic
soils. The modifications of pH and ionic strength induced by the potassium chloride additions increased the

zinc leaching rates in these volcanic soil systems. Also, the increased DOC content observed at increased
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potassium chloride rates could also affect the partition (more desorption) between the solution and the solid

soil surfaces.

We tried to model the zinc batch adsorption experiments’ results using the CD-MUSIC-NICA-
Donnan approach. However, the agreement between model calculations and experimental results was not
very good at these extremely low micromolar zinc concentrations. Consequently, it was not possible to
interpret the zinc adsorption data based on model simulations. Therefore, implementing a mechanistic
modeling approach is still a remaining but very useful task. The correct implementation of a mechanistic
multi-surface adsorption model for zinc will help to understand and simulate the complex dynamics of zinc
adsorption in volcanic soil systems, as simple and empirical approaches like linear adsorption isotherms

are not applicable to the complexity of zinc interactions observed in our experiments

The following step in implementing mechanistic multi-surface models in volcanic soils would be
the development of model parameters specific for nanoparticle oxide surfaces present in volcanic soils (e.g.,
to develop CD-MUSIC model parameters for allophane nanoparticles). In addition, the evaluation of the
model performance to describe zinc adsorption in these volcanic soils should preferably determine the ionic
zinc species (i.e., Zn®") in solution, for example, by using the Donnan-Membrane Technique as

implemented by Duffner et al. (2014).

The typical pH range observed in these volcanic soils greatly influences the partition of zinc
between the surfaces and the solution, which is different from the results obtained in Chapter 2. For boron,

significant changes occur only at high pH.

In Chapter 4, we made a first step for applying a solute transport model to our breakthrough curves
data. The original objective of developing the tracer transport experiments was to obtain by inverse
modeling the complementary information required to apply a hydrological model to simulate the transport
of boron and zinc in undisturbed soil columns. However, after observing the hysteresis phenomena between
loading and unloading tracer breakthrough curves in preliminary experiments, we developed additional
experiments to explain the causes of the observed hysteresis and elucidate the potential effects of the
fertilizer additions (by increasing the salt concentration in the system) on the values of solute transport
model parameters. With this additional experiment, we determined the influence of the soil solution
concentration on the values of the parameters typically used for modeling solute transport in porous media
with a consistent dataset (a robust time-series data). The additional experiment evaluated breakthrough
curves that increased or decreased gradually by step inputs the solution concentration, determining the

different parameters commonly used for solute transport modeling for each sub-experiment.
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This set of experiments showed an important variation between loading and unloading the solute
to the columns and the parameter-dependence on concentration for the most common solute transport
models (e.g., Convection-Dispersion Equation). These results advise that these models at least should
consider a range of these parameter values when simulating the transport of fertilizer solutions through the
soil, but preferably implement alternative modeling approaches that consider the interactions between
chemical and physical processes. The effect of the solution concentration on transport parameters probably
is not crucial for the transport of solutes that move into the soil system at low concentrations (for instance,
pesticides, pharmaceuticals, and nanoparticles) because of the low solute concentrations that move through
the soil. However, for fertilizer solutions, the changes in solution concentration are significant and can
promote variations in the model parameters of solute transport models. The effect of the transport of
concentrated solutions on the movement of solutes present in the soil at low concentrations (e.g.,
pharmaceuticals, pesticides, and nanoparticles) is a still-pending task that was out of the objectives of the

present work.

The findings of this chapter suggest that hydrological and geochemical processes occur
simultaneously, and results do not depend on specific isolated processes. Consequently, simulation models
should also be able to simultaneously describe the complex interaction of chemistry as flow through
unsaturated systems occurs. Several examples of coupled geochemical and hydrological models are
available, for instance, the different versions of the HYDRUS-PHREEQC (HPx) (Jacques et al., 2018a).
However, implementing specific chemical models in reactive transport codes like our boron adsorption or
our zinc desorption data would require the implementation of additional modules that are not already
available in these software codes. For instance, the CD-MUSIC model with the extended Stern approach,
as far as I am concerned, is not available at the PHREEQC code. A new version of HP1 is under
development (D. Jacques) which combines the HYDRUS hydrological model with the ORCHESTRA

chemical module, which can simulate all the chemical models presented here.

The principal conclusion of this chapter is that the hysteresis phenomena and the parameter
dependence on concentration are produced by a combination of physical and chemical processes like the
direction in which advective and diffusive processes occur (as suggested by Peters et al. (2019) and Chen
et al. (2021)), plus the charge-related processes like the expansion and contraction of the Donnan volume

and differences in the diffusive rate product of the concentration differences.
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5.2 Discussion

Boric acid adsorption and interactions with phosphate:

Although boron deficiency is a common issue for agricultural production in volcanic soils, there is
limited information available about its correct management. In recent years, a few efforts have been
developed to comprehend the boron dynamics in volcanic soil systems. Terraza Pira et al. (2018) recently
contributed to understanding this problem, evaluating boron adsorption in different Guatemalan volcanic
soils. However, before this study aforementioned, there was no explicit attempt to understand the boron
adsorption process in volcanic soils for more than four decades despite the common appearance of boron

deficiencies in these soils.

Terraza Pira et al. (2018) suggested that boron adsorbs strongly in volcanic soils and that this strong
adsorption is mainly related to high contents of short-range ordered minerals like allophane, imogolite, and
ferrihydrite. In contrast, the results obtained in our adsorption experiments showed moderate boric acid
adsorption in the evaluated andosol, as, on average, only thirty percent of the boron adsorbed to the soil
surfaces. The causes of the contrasting results obtained between both volcanic soil experiments are unclear
but could be related to methodological differences or different characteristics of the volcanic soils. For
example, Terraza Pira et al. (2018) evaluated higher boron concentrations than those assessed in our
experiments, and they reported the pH determined in NaF for their volcanic soils to evidence the volcanic
characteristics of these soils but did not show the pH determined in water which gives essential information
for the interpretation of boron solubility. Therefore, it is not clear whether their soils are acid or not. As
shown by modeling simulations in Figure 2.3, the pH of the solution has a predominant impact on boron

solubility.

The conclusions provided by Terraza Pira et al. (2018) were based on the results of batch adsorption
experiments obtained for a big group of soils (25 volcanic ash-derived soils) and their correlation with
different soil properties. However, these results did not consider the possible adsorption mechanisms and
their relationship with the different soil adsorption surfaces (for instance (hydr)oxides, aluminosilicates,

organic matter, and clay).

More recently, Van Eynde et al. (2020) made an important contribution while simulating by CD-
MUSIC modeling the different boron adsorption mechanisms to pure ferrihydrite suspension nanoparticles.
In addition, Goli et al. (2019) developed the necessary parameters to model boron adsorption to humic acids
using the NICA-Donnan model. The availability of these model parameters allowed the interpretation of
our boron adsorption isotherms, employing an additive multisurface modeling approach which constitutes

an advance for the interpretation of boron adsorption in volcanic soils. Furthermore, the availability of these
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model parameters allowed the interpretation of our boron adsorption results employing a mechanistic

approach for our volcanic soil system.

The CD-MUSIC-NICA-Donnan modeling approach previously predicted boron adsorption in
multisurface soil systems from temperate and tropical weathered soils (Van Eynde et al., 2020b), but it has
not been implemented in volcanic soils. Therefore, the application of the CD-MUSIC-NICA-Donnan model
for the interpretation of boron adsorption in volcanic soils has two significant contributions: First, testing
the recently developed model parameters for volcanic soils, and second, a better understanding of the boron
adsorption mechanisms in volcanic soils, which were not assessed in previous studies. Terraza Pira et al.
(2018) emphasized that boron adsorption in volcanic soils differs strongly from its adsorption to other types
of soils and the correction of boron deficiency in these soils requires differentiated management. However,
according to the low boron adsorption observed for our volcanic soil, we assume this result could vary

depending on the characteristics of the solution (e.g., at low pH conditions).

The model parameters developed by Van Eynde et al. (2020a) agree with the spectroscopic results
provided by Su and Suarez (1995), which suggest boron adsorption by inner- and outer-sphere species.
Furthermore, our modeling results consistently agree with the presence of both surface-adsorbed boron
species and with the interpretation of the boron interactions with phosphate. This last was possible due to
the implementation of a state-of-the-art model that considers the boron adsorption by both surface species
(inner- and outer-sphere). The possibility of simulating boron adsorption using both adsorbed species (using
the CD-MUSIC approach) provides an advantage over other boron adsorption modeling approaches. For
instance, the Constant Capacitance model (Goldberg et al., 2005; Goldberg and Glaubig, 1985; Vaughan
and Suarez, 2003) assumes boron adsorption only as inner-sphere species, which makes cumbersome the
interpretation of boron adsorption data and its interaction with phosphate adsorbed ions, as the addition of
phosphate to our volcanic soil system displaces the boron adsorbed at the inner-sphere sites, and therefore,
the principal boron adsorbed species in our multi-component volcanic soils system correspond to outer-
sphere species. The successful interpretation of the boron adsorption isotherms with the CD-MUSIC model
allows the interpretation of the adsorption data in agreement with the results of different boron adsorbed
species (inner- and outer-sphere species). In addition, the good agreement between measured and modeled
adsorption data encourages its implementation to test by modeling different boron fertilization strategies to

correct its deficiency in volcanic soils.

Multicomponent interactions of potassium fertilizer on zinc availability and leaching:

For the case of highly fertilized volcanic systems, other results show different adsorption

interactions for zinc, a micronutrient that also constrains yields in Andosols. The zinc interaction with
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fertilizer has been studied for phosphate sources, which reported that phosphate additions increase zinc
sorption (Selim, 2016). However, the interaction of zinc with other fertilizer sources like potassium is less
studied; therefore, we evaluated whether the high potassium chloride solution concentrations affect zinc
adsorption in two volcanic soil systems. As explained in Chapter 3, potassium chloride applications at high
rates strongly modify zinc availability (increased solubility) in these volcanic soil systems, which is a
contrasting process compared to the zinc-phosphate interaction. Unfortunately, we could not
simultaneously evaluate the overall effect of adding potassium, phosphate, and nitrogen to check for the
complete set of possible interactions that could affect zinc sorption processes in these highly fertilized
volcanic soil systems. However, the proper evaluation of the complete set of interactions requires
understanding individual processes, which can be complemented by developing adsorption experiments

and interpreting the results using mechanistic modeling simulations.

For the case of zinc, it is clear that adsorption depends to a great extent on the soil solution pH
(Arias et al., 2005; Barrow, 1993; Casagrande et al., 2004; Dyer et al., 2004; Fest et al., 2005; Nomaan et
al., 2021; Van Eynde et al., 2022b, 2022a) and on the solution ionic strength (Casagrande et al., 2004; Dyer
et al., 2004; Shuman, 1986). For our volcanic soils, the batch adsorption experiments also showed the
important effect of both chemical variables (pH and ionic strength) on zinc adsorption. The pH dependence
of zinc sorption in these volcanic soils could be related to the effect of pH on zinc sorption to both adsorption
surfaces (the mineral (aluminosilicates and (hydr)oxides) fraction and the organic matter surfaces), while
the ionic strength does not modify the zinc adsorption to pure (hydr)oxide systems. For example, for pure
ferrihydrite systems, Trivedi et al. (2004) and Van Eynde et al. (2022b) showed the key role of pH on zinc
sorption, but an irrelevant effect of the ionic strength for zinc adsorption to pure ferrihydrite systems. Also,
Trivedi and Axe (2001) did not find an effect of the ionic strength on zinc adsorption to goethite. For our
volcanic soils, the ionic strength showed relevant effects on zinc adsorption, indicating important

participation of the organic matter for the sorptionof zinc sorption.

Organic matter is an important soil sorbent surface for zinc (Gurpreet-Kaur et al., 2013), and
organic matter is typically present in high quantities in volcanic soils, as shown in Table 2.1. In this regard,
Buurman et al. (2007) emphasize that the volcanic ash-derived soils from this tropical region accumulate
and preserve substantial quantities of secondary organic matter particles (Buurman et al., 2007). According
to their results, the incorporation and accumulation of high quantities of organic matter in these volcanic
soils (located in warm and per-humid conditions) could relate to the incorporation of decomposition
products and microbial soil organic matter in very fine aggregates that remain saturated and thus protected
for degradation under the per-humid conditions of the Atlantic region of Costa Rica. Therefore, the high

accumulation of organic matter in these soils could result in an important contribution to zinc adsorption
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and consequently, the ionic strength could be an important factor in evaluating and modeling zinc
adsorption in tropical volcanic soils from humid regions, mainly considering that about 60% of the

Andosols of the world are located in tropical regions (Takahashi and Shoji, 2002).

Our results also showed that the addition of concentrated potassium chloride solutions to the
volcanic soils modifies the pH and the ionic strength. This result suggests an important side effect of high
potassium fertilization on the availability and leaching of zinc in volcanic soils, evidenced in our batch

adsorption experiments and in the column transport experiments.

Furthermore, the addition of highly concentrated solutions (i.e., high quantities of fertilizer) to
volcanic soils promotes the interaction of physical and chemical processes that could result in different
parameter values for the commonly used solute transport models (e.g., Convection-Dispersion equation) as

discussed in the following section.

The effect of solution chemistry and flow rate on apparent solute transport parameters:

Several authors have suggested the importance of chemical and physical interactions for the
transport of solutes (Chen et al., 2021; Erfani et al., 2021; Muniruzzaman and Rolle, 2021; Rolle et al.,
2013b, 2013a). However, solute transport models that consider these interactions are still scarce. Our results
corroborated that physical-chemical interactions are essential for simulating nutrient transport in
undisturbed volcanic soils and under unsaturated conditions. In addition, our results demonstrated that
simple approaches typically used for the simulation of nutrient transport in soils (e.g., the implementation
of linear or non-linear sorption isotherms and their respective calculation of retardation factors or the
implementation of the Convection Dispersion Equation (CDE) under conditions with contrasting
concentration gradients) should be reconsidered. For example, Peters et al. (2019) showed by numerical
simulations that the dispersive term of the CDE is not applicable for conditions with strong concentration
gradients. These results agree with the different dispersion coefficients we obtained under different
concentrations for our NaCl transport experiments and with the hysteresis directly measured by Chen et al.

(2021) in a repacked sand system.

Despite the evidence that geochemical and physical interactions play an essential role in the
transport of nutrients, the implementation of conventional approaches disregarding these interactions are
widely available, and the options of models that consider these interactions are limited. A potential solution
to these issues is the coupled versions of geochemical and hydrological models like HYDRUS-PHREEQC
(Jacques et al., 2018b, 2002; Jacques and Simunek, 2005). This approach calculates the water flux for each
cell at different timesteps employing the Richards equation, and then the geochemical model calculates the

equilibrium concentration for each cell, avoiding simplifications of the modeled system. Peters et al. (2019)
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also suggested other alternative model options for the description of solute transport under variable
concentration gradients that produce unrealistic direction and magnitude of the dispersive flux of the CDE,
for example, random-walk particle tracking methods implementing dispersion as an anisotropic random
process, or Navier—Stokes related approaches. However, these alternative model options should still be

tested against experimental data.

Implementing the CD-MUSIC-NICA-Donnan models coupled with hydrological steady-state or

variably saturated models (e.g., with HYDRUS) still requires advances currently under development.

5.3 Application of the research findings:
Chapter 2:

The excellent modeling results of Chapter 2 provided a better understanding of the boron adsorption
process in a volcanic soil system. A better comprehension of the boron adsorption process helps to establish
better management practices for improving the plant boron nutrient status, increasing nutrient use

efficiency, and reducing leaching losses in volcanic soil systems.

In addition, the good match between boron modeled and experimental data encourages the coupling
of the CD-MUSIC-NICA-Donnan model with hydrological models, which could simulate the boron

transport under multi-component conditions in volcanic soils, as well as in other complex soil systems.

Furthermore, the high solubility of boric acid in the acid volcanic ash-derived soils suggests the
need for splitting the applications of this boron source to increase the boron use efficiency and provide the
crops with the correct boron amounts according to the crop requirements. Another possible solution to the

boron leaching problem could be the usage of different boron sources

Chapter 3:

The information obtained in Chapter 3 about the increased solubility and leaching of zinc under the
application of high rates of potassium chloride brings clues about the better management of zinc in these
volcanic soil systems. For example, some growers currently apply potassium and zinc fertilizer
simultaneously, but considering the increased zinc availability produced by the potassium chloride
application, it is not necessary to increase the zinc concentrations even more during periods of increased

zinc availability. After the potassium chloride concentration has decreased in the soil (e.g., from the root
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zone area), the zinc concentrations in the solution return to limiting conditions for plant uptake in these

volcanic soils, which is the right moment for supplying zinc to the crops.

Additionally, the increased leaching of zinc under the addition of high potassium chloride rates
indicates that the tropical volcanic soil systems from humid regions require careful zinc management to
avoid current zinc deficiencies and to avoid its future appearance by applying very high potassium fertilizer

rates.

A better understanding of the fertilizer interactions and side effects is very helpful for increasing
nutrient use efficiency and avoiding the excessive solubility and leaching of micronutrients and undesired

elements such as heavy metals.

Chapter 4:

The results of Chapter 4 gave important information for future modeling of nutrient transport in
volcanic soil systems, and it is clear that concentration matters for nutrient transport in volcanic soils.
Furthermore, Chapter 4 emphasizes the need for developing and applying modeling approaches considering

the coupled interaction between physical and chemical processes.

These new findings on the concentration dependence of transport processes enhance our
understanding of fertilizer movement in soil systems, in which transport times are considerably larger for
low concentration conditions, and hysteresis between the solute loading and unloading modifies the values

of solute transport model parameters.

5.4 Critical analysis of the obtained results:
First, our work still has several limitations in predicting the effect of high fertilizer rates in volcanic
soil systems. For zinc adsorption, we were not able to implement an entirely mechanistic modeling
approach, and this issue limits the implementation of future mechanistic reactive transport model

simulations for zinc.

Second, in the current advance of our research in volcanic soils, we are paying more attention to
the chemical processes and just an incipient incursion in the transport processes. However, our current
approach did not consider other processes like root water and nutrient uptake, crop growth processes, plant
metabolism, or environmental forcing to describe the real availability and transport of a nutrient in an

agricultural production system. In this case, a better understanding of the transport of solutes and a reliable
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enhancement in nutrient management requires the integrated evaluation of soil-driven processes with plant
and atmospheric-driven processes. For example, the integration of geochemical, hydrological, root water
and nutrient uptake models, crop growth models, and atmospheric or environmental models. However, each
of these model modules has particular complexities that difficult its implementation in a general modeling
framework. Despite the complex reality of natural production systems, it is essential to comprehend

individual processes that may affect production or threaten the environment.

For Chapter 4, the hydrodynamic parameters of our transport systems were fitted to breakthrough
curve data. According to several authors (Chen et al., 2021; Erfani et al., 2021; Karadimitriou et al., 2017),
the results of optimization methods for two-phase transport systems (e.g., by CXTFIT optimization) differ
strongly from directly measured data. For future research on the effect of solution concentrations on the
hydrodynamic solute transport parameters, it would be desirable to incorporate more advanced techniques
to measure these parameters directly. For the present research, the lack of access to specialized equipment
and the financial aspects did not allow incorporate these state-of-the-art techniques (e.g., fast 4D
synchrotron x-ray imaging) into our experiments. For future related experiments, the combination of the
simple techniques implemented in our experiments with more advanced ones may bring more robust and

conclusive data.

5.5 Future advancements:

The improvement of fertilizer management practices for highly fertilized agricultural systems could
be strongly beneficiated by implementing mechanistic modeling approaches to test different practices
related to the 4R-stewardship (practices to increase the nutrient use efficiency) (Johnston and Bruulsema,
2014). The good results obtained for boron adsorption with the CD-MUSIC-NICA-Donnan approach

encourage the implementation of this model coupled with a hydrological model.

For the case of zinc transport in these volcanic soils, the results obtained in this thesis by empirical
adsorption models showed the need to implement mechanistic approaches to calculate zinc sorption. The
zinc retardation factor estimated by the linear adsorption isotherms differed strongly from the zinc transport
data obtained by applying the highly concentrated potassium chloride solution to our column transport
experiments (potassium breakthrough curves). Therefore, to estimate the zinc desorption and transport from
these soils, it is necessary to include modeling approaches that account for the multi-component interactions
between ionic strength, pH, DOC, and concentrations of different ions that could interact with the reactive
zinc fractions. However, implementing the CD-MUSIC model for zinc adsorption in these volcanic soils

still requires evaluating the zinc adsorption process at higher solution concentrations; as for the
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concentrations obtained in our current batch adsorption experiments, the geochemical model was not able

to simulate the obtained results and overestimated the zinc adsorbed fraction.

Therefore, a logical step I should take after the conclusion of this thesis is the validation of coupled
reactive transport models (hydrological and geochemical), starting with controlled steady-state water fluxes
and then, depending on the results, implementing the models under field transient conditions. The Multi-
Step Flux Transport setup implemented for column transport experiments complies with the assumption of
steady-state water flow. Therefore, this experimental setup will allow the evaluation of the geochemical

model performance when coupled to water movement processes in soil column experiments.

A second step is validating coupled hydrological distributed and geochemical models under field
conditions. This kind of coupled code already exists (e.g., HYDRUS-PHREEQC), but as far as the author
is concerned, the available codes do not include the last version of the CD-MUSIC model. Therefore, the
upcoming software versions that include the ORCHESTRA coupled with hydrological models will be

advantageous for incorporating the last version of the CD-MUSIC model into reactive transport models.

Regarding the excess of N-P-K fertilizers applied to intensive agricultural production systems, to
avoid the fertilizer excess is necessary to estimate the kinetics of root nutrient uptake for highly demanding
crops to supply the correct amounts of fertilizer according to the root nutrient uptake capacity. For example,
implementing the Michaelis-Menten kinetics (Epstein and Hagen, 1951) or the Flow-Force model (Le
Deunff et al., 2016; Le Deunff and Malagoli, 2014; Malagoli and Le Deunft, 2014; Thellier, 1971, 1970)
for the estimation of root nutrient uptake. Such kind of Michaelis-Menten kinetics data is available for
extensive grain crops like wheat, barley, and rice (Botella et al., 1994; Fageria, 1976; Hasegawa and Ichii,
1994; Nielsen and Schjorring, 1983; Raman et al., 1995; Youngdahl et al., 1982), but it is scarce for
uncommon and highly demanding crops like papaya. In this way, the knowledge of root nutrient uptake
kinetics will define critical concentrations for each specific nutrient (e.g., the Cmin or Km parameters from
the Michaelis-Menten approach). The definition of critical concentrations for root nutrient uptake integrated
with the calculation of soil solution concentrations in the root zone area (by coupled geochemical and
hydrological models) should improve fertilizer dosage and timing, reducing the side environmental risks

and increasing the fertilizer use efficiency.
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SUMMARY

Volcanic ash-derived soils are important for agricultural production and sustain large populations
worldwide. The main reason for this is their favorable physical properties like low bulk density, high water
storage capacity, and high water permeability. Many of these volcanic soils are located in tropical and
subtropical regions under high precipitation (udic) regimes. Under such conditions, where leaching of
elements can be significant, the mobility of fertilizers in soil and their interaction with other nutrients is an
important factor to consider for the optimal fertilization management. In this Ph.D. thesis, we evaluated the
effect of high phosphate and high potassium solution concentration on the sorption interaction with
micronutrients (B and Zn), and the effect of high potassium solution concentration on the zinc transport in
alluvial volcanic ash soils. Additionally, we evaluated whether the increased saline concentrations in the
solution modify the values of the hydrodynamic solute transport parameters used for modeling solute

transport in porous soil systems.

In Chapter 2, we evaluated the effect of high phosphate solution concentration on boric acid
adsorption. For this experiment, we collected an alluvial volcanic ash soil from San Bosco, Pococi, Costa
Rica, and developed a series of batch adsorption experiments with and without the addition of phosphate
and employing boric acid as a boron source. To gain more insight into the process and mechanisms of boron
adsorption in these volcanic soils, we implemented a state-of-the-art multi-surface adsorption model (CD-
MUSIC-NICA-Donnan), employing adsorption parameters recently determined in pure suspension systems
(i.e., ferrihydrite and humic acids) and considering the directly optimized reactive surface area of this soil.
This experiment and the model results showed that the high phosphate rates commonly applied to this
volcanic soil have minor effects on boron adsorption at the typical low boron concentrations observed in
the sampled region. In addition, the experimental results showed a slight competition between the added
phosphate with boric acid only at high boron concentrations. The modeling results suggest that phosphate
does not affect the boric acid adsorption due to the difference in the principal adsorption mechanisms when
both nutrients are present in the soil system. Phosphate is adsorbed as inner-sphere species. In contrast,
boric acid can be adsorbed by both mechanisms (inner-sphere or outer-sphere), but under the presence of
phosphate, boric acid adsorbs as outer-sphere species, and due to its neutral charge, it is not affected by the

charge generated by inner-sphere adsorption of phosphate.

In chapter 3, we evaluated the effect of high potassium chloride (KCl) concentrations on the zinc
sorption process and its transport in undisturbed soil column experiments under unsaturated conditions. For
this experiment, we collected two volcanic ash soils from San Bosco and La Sonia, Pococi, Costa Rica.

First, considering that KCI additions modify the pH and the salt concentration in solution, we developed
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zinc batch adsorption experiments at different pH and different solution ionic strengths. For this experiment,
we found that a lower pH and a higher ionic strength promote increased zinc solution concentrations in both
volcanic soils. Also, we developed a zinc desorption-transport experiment using undisturbed soil cores
where we applied several pore volumes of the following treatments: 1). Initially, the columns were saturated
with a 0.001M CaCl.. 2). We loaded the KCl into the column by the addition of the 0.001M CaCl, + 0.064
M KCI solution. 3). We unloaded the potassium chloride from the column by applying a 0.001M CaCl,
solution. 4). We loaded the KCl solution to the column again by applying the 0.001M CaCl, + 0.064 M
KCl. 5) We unloaded the KCl solution from the soil column by applying the 0.001M CaCl, solution. This
set of experiments showed that adding highly concentrated potassium chloride solutions promotes zinc
desorption and leaching from these alluvial volcanic ash soils, which was related to the changes in solution

pH, ionic strength, and DOC content.

Chapter 4 evaluated the effect of solution concentration and flux rate on the values of the
hydrodynamic solute transport parameters using sodium chloride as a tracer solution and measuring the
changes in the raw electric conductivity (mV/V). For the experiment about the effect of flow rate, we used
undisturbed soil columns where we increased or decreased the solution concentration at different flow rates.
For this experiment, we found different values of hydrodynamic solute transport parameters at the different
flow rates and a strong hysteresis effect between the loading and unloading of the saline solution from the
columns. Consequently, we explored the effect of solution concentration on the hysteresis phenomena and
the effect of the solution concentration on the values of hydrodynamic solute transport parameters. For this
additional set of experiments, we started our experiments with undisturbed soil columns with an increased
sodium chloride concentration which was decreased by the application of sequential step inputs of a lower
concentration solution until the final application of deionized water. Later, we increased the concentrations
sequentially in the column, developing step inputs of NaCl breakthrough curves. The results of these
experiments showed that hydrodynamic parameters depend on the concentration of the solution flowing
through the column. Therefore, knowing these effects and the range of fitted parameter values is essential

when modeling and predicting soil nutrient transport.
The results of these experiments showed important physical-chemical interactions of nutrients

when applied at high rates in volcanic ash soil systems. These interactions should be considered for the

proper fertilization management in volcanic ash soil systems.
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