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Abstract: The present study analyzes the electrical and thermodynamic properties of the volcanic ash
deposits from the recent eruption that started on 19 September 2021 in the Cumbre Vieja area on the
island of La Palma. This work compares the analysis of the zeta potential and the surface free energy
components of representative samples of unaltered tephra deposits with samples affected by the
fumarolic activity near the emission zone, where sulfurous vapors were present. The results show that
fumarolic activity modifies both the zeta potential and the surface free energy components of volcanic
ash, decreasing its surface electrical charge and conferring less hydrophilicity on the deposit. Based
on this, the interaction energies between ash particles in an aqueous medium have been calculated,
in order to analyze the cohesion of the deposit and, where appropriate, its rheological properties,
ending with the analysis of the effect produced by different chemical species on the surface charge
and free energy of the ashes, and their influence on the cohesion of the deposit. The results confirm
an attractive interaction energy between the ash particles and therefore greater stability to the deposit
affected by fumarolic activity.

Keywords: tephra; surface free energy; zeta potential; cohesion; slope stability

1. Introduction

The stability of volcanic edifices is compromised over time with the changes that occur
with respect to the initial conditions of the deposits [1]. These initial conditions depend
largely on the type of eruption and on its geochemical nature. Knowledge of the initial
conditions in the formation of the volcanic edifice is essential for the sequential monitoring
of its geotechnical state and for the understanding of the mechanisms that justify its
stability evolution.

The case of the Tajogaite eruption of Cumbre Vieja (La Palma, Canary Islands,
September–December 2021) has had extensive and continuous monitoring of all the pa-
rameters that accompany the eruptive process since its inception. A continuous analysis
of the seismicity, the deformation, the gas emission, the morphology of the erupted ma-
terial, as well as its mineralogy and chemical composition, has been carried out [2,3]. In
particular, the characteristics of the tephra deposits and their evolution over time have been
analyzed [4,5].

In recent years, other lines of work have been added to the study of the dynamics of
the volcanic edifice, based on the analysis of the physicochemical properties of the eruption
materials, especially the more geotechnically unstable tephra deposits [6–8]. The superficial
physicochemical properties of the samples allow us, among other things, to determine the
states of aggregation and, therefore, to know the microstructure of these deposits, their
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water-retention capacity, as well as their cohesion and rheological properties if flows as
landslides or lahars [7–22].

The implications that the results of physical–chemical study have on the stability of
the volcanic edifice are especially interesting [6,8,9,20,21,23]. The lack of stability is usually
attributed to two processes, i.e., gravitational spreading and the inflation of a magma
chamber within the volcano [24,25].

The deformations in the volcanic edifice are not distributed homogeneously, causing
the morphology of the volcano to be varied. There is much evidence of landslides suffered
by large stratovolcanoes, such as Etna [26], or volcanic edifices, such as El Hierro [6],
Tenerife [8], or in Colima, Mexico [27]. These landslides are commonly produced using, as
a slide plane, volcanic-ash deposits that have undergone hydration, weathering, and metal
input by fumarolic activity or climate framework, which produce changes in the physical
and chemical properties of the material [19,20,28].

The state of these deposits depends largely on the weather conditions; therefore, there
will be different deposits from the same tephra type if it is subjected to different environ-
mental conditions. It would be important to know the physical–chemical characteristics of
the ashes from these deposits and their evolution with environmental parameters such as
pH, chemical species present in the medium, and their concentration. In all these studies,
there is a determining factor, poorly investigated, which is the modification experienced
by the cohesion of the soil in the aging process of the deposits, due to the contribution
of heavy metal salts from new eruptions [29], or from its release during the weathering
process of the parent material [30,31].

In this work, a physical–chemical, mineralogical, and morphological characterization
of ashes from a few stages of the Tajogaite eruption has been carried out. We have analyzed
the surface physical–chemical properties of distinct ash samples: some affected by fumarolic
activity and others unaltered from the early and late stages of the eruption. Based on
this characterization, the cohesion of the deposit has been estimated by calculating the
interaction energy between the ash particles that make it up. Moreover, we tested the
effects of cation electrolytes at different concentrations and pH on the interaction energies
between particles to simulate possible environmental scenarios that could alter the initial
properties of the tephra.

The interactions between the smallest particles that constitute a soil are included
in the extended DLVO theory (Derjaguir, Landau, Verwey and Overbeek), which also
considers the acid–base structural interactions [32]. The quantification of these interactions
requires an electrical and thermodynamic characterization of the material involved. The
electrical characterization is carried out with the surface electrical charge determined from
electrophoretic mobility measurements [33] and thermodynamics with the surface free
energy obtained using the thin layer Wicking technique [34–36].

2. Materials and Methods

A first sampling was carried out on 27 September 2021, shortly after the onset of
the eruption, at the Jable Astronomical observatory viewpoint (sample Jable-A, Figure 1),
1.7 km east of the pyroclastic vents, corresponding approximately to the first third of the
so-called lower tephra unit [4]. The second survey was completed on 17 March 2022, three
months after the end of the eruption, avoiding places where it could have started any
incipient weathering process, but ensuring a sufficient period of time for the fumarolic
activity to be effective on the tephra [37]. The field survey showed that the ash distribution
around the volcano was homogeneous throughout the affected area, which has been
confirmed by later work [4,5]. Three additional samples were collected (Figure 1): one in
the proximity of the Jable-A sample, but in the upper tephra unit (Jable), to characterize
unaltered ash, and the others around the craters located more to the southeast, where
intense and extensive fumarolic activity has been described [38].
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cence (XRF) using an S4 Pioneer Prior XRF (Centro de Instrumentación Científico-Técnica, 

Figure 1. Tephra thickness distribution of the 2021 Tajogaite eruption. The white and yellow areas of
the orthoimage represent fumarolic deposits with a predominance of sulphates and sulfur respectively,
except in the NW corner which represents a cloud. The La Palma hillshade map is obtained from
IGN MDT 25 m (WGS84, UTM Zone 28 N). The isolines depict isopachs of total tephra deposits
(after [4] and IGME-CSIC map 28 September 2021). The shaded inner isopachs indicate successively
thicknesses of 20, 50, 100, and 200 cm. The lava flow is drawn from COPERNICUS (2021). The
orthoimage is from Google Earth (13 January 2022). The large tephra stratigraphic column (left)
represents a reference point located 1 km SW from the tephra vents where three different volcano-
sedimentary units have been identified (redrawn from [4,5]; the shorter stratigraphic column (right)
was obtained in this work.

Fumarolically modified tephra outcrops in patches where sulfur and sulphate min-
erals are predominant [37]. Thus, samples FUMA 1 and FUMA 2 (Figure 1) correspond
respectively to areas with a predominance of sulfur and sulphates that can be distinguished
in outcrop by the intense yellow color of the sulfur.

The protocol for sampling was the following: the samples were superficial and corre-
sponded to a square area with a side of 40 cm and a thickness between 1 and 2 cm; these
were homogeneous in terms of grain size and color; samples were stored in a zip-lock bag
and properly labeled.

2.1. Compositional and Textural Characterization

Tephra sample compositions were analyzed by wavelength dispersive X-ray fluores-
cence (XRF) using an S4 Pioneer Prior XRF (Centro de Instrumentación Científico-Técnica,
CICT, Universidad de Jaén, Jaén, Spain). Samples were crushed to ensure a uniform texture
and particle-size distribution, and then pressed into tablet form using a hydraulic press
(model MIGNON SS, Nannetti, Faenza, Italy). All reagents and chemicals were of analytical



Geosciences 2023, 13, 346 4 of 16

grade (Merck KGaA and Sigma-Aldrich Co. LLC, Darmstadt, Germany). The quantitative
analysis of the material was done via X-ray fluorescence (XRF) spectrometry.

For mineralogical characterization, X-ray diffraction (XRD) patterns of samples were
obtained from powders with an Empyrean diffractometer (PANalytical) equipped with
a θ/θ goniometer (CICT, Universidad de Jaén, Jaén, Spain). The CuKα radiation with a
voltage of 45 kV and a current of 40 mA was used with a step size of 0.01◦ 2θ and a count
time of 40 s per step. Samples were scanned from 4◦ to 64◦ 2θ. Following the XRD, the
volcanic ashes were carbon coated and examined by scanning electron microscopy (SEM)
with a Merlin Carl Zeiss SEM (CICT, Universidad de Jaén, Jaén, Spain).

Morphological analysis was done using secondary electron imaging (SE) and energy-
dispersive X-ray (EDX) analysis to obtain textural and chemical data.

2.2. Zeta Potential

To study the electrical properties of the particles, the technique of electrophoretic
mobility was used. This method requires working with particles of the order of micrometers,
which has required the use of the finest fraction of the samples obtained by sieving.

For the electrical surface properties of the volcanic material, we have used the zeta
potential, a parameter determined by the particle surface charge. To obtain the zeta
potential, a small quantity of sample (0.05 g) was immersed in 20 mL of solutions of different
electrolytes and concentration. The pH was adjusted between 2 and 10 using NaOH and
HCl additions. Upon fitting with the pH measurements, we obtained electrophoretic
mobility at 20.0 ± 0.5 ◦C in a Malvern Zetasizer 3000 HS; the zeta potential was calculated
based on the Smoluchowski approximation [33].

2.3. Surface Free Energy

To obtain the surface free energy components, the thin layer Wicking technique was
used, for which the same fraction obtained by sieving was used. This method is based
on measurement of the time t that a liquid of viscosity η and surface tension γ takes to
penetrate a distance x through a thin, porous wall of a volcanic ash sample. The description
of the process is given by a generalized form of equation of Washburn [7,21,34,35,39].

3. Results and Discussion
3.1. Compositional and Textural Characterization

The geochemical composition of the volcanic products of Tajogaite eruption corre-
spond to basanite –tephrite with a content of SiO2 ranging between 41% and 47% and total
alkalis between 4% and 8% [40–42]. Lavas show a decrease of the alkalis, particularly in the
first 20 days, from 6.4% to 4.6%, which is balanced by an analogous increase in MgO [41].
Our data (Table 1) agree with this evolution. Sample Jable-A, obtained one week after the
start of the eruption, has 5.9% Na2O + K2O and 6.7% MgO, while in sample Jable, at the
end of the eruption, alkalis decrease to 4.7% and MgO increases to 8.8%. Also, the unaltered
samples show high aluminum, iron, and calcium contents (13–15% Al2O3; 13% Fe2O3; 11%
CaO), and a negligible volatile content. Nevertheless, it should be noted that the samples
collected in areas with fumarolic activity differ significantly in the major elements, with the
introduction of sulfur and a proportional decrease of other elements (Table 1).

Table 1. Major element composition (wt.% XRF) of ash samples.

% Oxides SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SO4 Cl− Total

Jable-A 43.9 14.7 13.0 0.2 6.7 10.6 4.1 1.8 3.8 0.9 0.0 0.0 99.64
Jable 43.6 13.2 13.2 0.2 8.8 11.6 3.3 1.4 3.6 0.7 0.0 0.0 99.67

FUMA-1 47.1 10.7 9.9 0.1 6.6 9.8 2.5 1.0 3.6 0.8 5.2 1.1 98.46
FUMA-2 41.2 12.1 12.3 0.2 8.1 11.6 2.9 1.3 3.3 0.7 3.7 0.5 97.65
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Mineralogically, the fresh ash samples studied are generally composed of clinopy-
roxenes, plagioclase, forsteritic olivine, and Fe oxides immersed in a glassy matrix with
vesicular texture (Figure 2a,b). X-ray diffractograms show a high background, probably
motivated by the presence of this amorphous vitreous material. Vesicles are very abundant,
with rounded shape and a diameter of no more than several dozen of µm, except for
some cases that reach around 100 µm (Figure 2a). Zeolites are present only in some ashes.
Specifically, those ashes affected by the fumarolic activity have as well as the native S and
salts (halite, gypsum, hexahydrite, jarosite) and some Fe oxyhydroxides (Figure 2c).
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Figure 2. Secondary electron images of the studied ashes: (a) ash particles with a predominant
diameter < 0.5 mm and with abundant vesicles; (b) detail of a fresh ash fragment with well-developed
microphenocrysts of pyroxene (Cpx), plagioclase (Pl), and Fe-Ti oxides (Fe-ox.); (c) detail of an ash
affected by the fumarolic activity with salts in its surface (gypsum, Gp) and an S coat.

3.2. Zeta Potential

In a first stage of the investigation, superficial ash collected one week after the start
of the eruption (Jable-A) were compared with others collected three months after its end
(Jable). The values of zeta potential for these two samples are negative for all pH values
and positively correlated with its value, these being between −5 and −50 mV (Figure 3).
This behavior is probably due to adsorption of H+ and OH− in the diffuse electric double
layer; similar results appear in the bibliography [6,8,43,44]. It is also observed that the
zeta potential values obtained for the Jable sample (after the eruption ended) are higher in
absolute value than those corresponding to the first phases of the eruption, with differences
of up to 10 mV for some pHs.
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This gain in electrical charge that occurs over time is probably due to the different
chemical nature of the expelled lava, since the first materials emitted by the volcano drag
materials from the crust and the last ones correspond to a more basaltic material [40]. To
avoid this variability in the value of the zeta potential over time, contemporary surface
samples collected after the end of the eruption were studied, allowing us to compare the
samples from the emission center with those located on the periphery.

With respect to the effect that the ionic strength of the medium has on the zeta potential
values, it is noted that the ash has a negative surface electric charge and that this increases
when the pH increases, as a general behavior in our samples (Figure 4). As expected, the
zeta potential decreases with increasing ionic strength of the medium, due probably to
double layer compression phenomena [7,45]. Also, it can be observed that the sample has
an isoelectric point (IEP) at pH around 2. In the absence of ionic strength, the behavior of
the graph is justified by the variation experienced by the ionic strength due to the variations
in concentrations of H+ and OH−.
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In relation to the samples from the interior of the emission zone (FUMA 1 and 2)
compared with those from the area around the volcano (Jable sample), the former presents
a charge inversion with positive values for pH lower than 7.5 (IEP) (Figure 5). It can also be
seen that the precipitate of sulfides and chlorides (FUMA 2) has a charge slightly higher
than that of sulfur (FUMA 1) in absolute value, probably due to the presence of Al3+ and
Fe3+ ions that give the material a positive charge at pH acids [8]. However, the general
trend and the isoelectric point are the same and well differentiated with respect to the
samples from the volcanic environment.

It can be seen that for FUMA 1 (inside the emission zone) the zeta potential reverses
to positive and the zeta value of the ionic strength has no influence on the surface charge
for pHs below the IEP, while for ashes outside the emission zone (Jable) they are clearly
appreciable (Figure 6).

In the volcanic environment, the contribution of chemical species is common due to
fumarolic activity; in addition, the ash is subjected to a continuous weathering process
where the contribution of cations is significant. As a consequence, we have studied the effect
on the surface charge of the ash of the more abundant mono-, di-, and tri-valent cations in
the medium. The presence of these counter-ions demonstrates that volcanic ash particles
undergo a charge neutralization at the IEP and then a charge reversal at high valence.
Thus, a new electric double layer, where the mono-, di-, and tri-valent ions represent the
counter-ion, is formed. With higher counter-ion valence, the charge neutralization occurs
at higher pH values and the charge reversal is pronounced. These trends can be explained
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by the larger screening effect of high-valence ions and the larger adsorption capability of
high-valence counter-ions to the surface [23,45,46].
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Jable and fumarolic places.

The zeta potential values of volcanic ash (FUMA 1 and Jable) treated with NaCl
(monovalent), CaCl2 (divalent), and FeCl3 (trivalent) are shown in Figure 7. For the ash
from the volcano environment (Jable sample), the zeta potential values in the case of mono-
and di-valent ions are negative for the entire pH range (Figure 7a). Appreciable differences
between these two ions are only seen at basic pH. For the iron ion, the values obtained are
positive for pH less than 7, observing a charge inversion with an isoelectric point around
pH = 6.3. At higher pH, negative but small zeta potential values are observed, of less than
10 mV.
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As we analyze the effect of the different cations studied in the samples from inside
the crater (FUMA 1 and 2) (Figure 7b), it can be seen that in all cases there is an IEP for
pH values between 7 and 7.5. These samples have lower zeta potential values than those
outside (Figure 7a), so the surface charge conferred to the particles is also lower.

As has been shown in the previous results, the surface properties are very sensitive to
the contribution of different electrolytes in the medium. It is to be expected that over time
there will be a contribution of organic matter to the deposit. For this reason, the effect of
humic acids on the surface properties of the sampled deposits has been studied (Figure 8).
It can be seen that at pH greater than 3 there is a significant charge increase of up to 15 mV
when humic acids (HA) are present in the medium.
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Figure 8. Comparative zeta potential values for Jable sample without ionic strength and treated with
0.1 mM of NaCl and 0.5 g/L of humic acid.

The zeta potential increased its negative charge at pH greater than 7, probably because
of the ionization of HA molecules at basic pH. It is expected that the carboxyl groups are
dissociated and negatively charged [47,48].

3.3. Surface Free Energy

The values of the surface free energy components, the total surface free energy, and
the surface free energy LW and AB (∆GLW, ∆GAB) of the ash samples obtained from the
last eruption of the “Cumbre Vieja” volcano on the island of La Palma are shown in Table 2.
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The total surface energy is obtained as the sum of the dispersive component (γLW) and the
acid–base component, which is the geometric mean of the parameters γ+ and γ−.

Table 2. Surface free energy components, total surface free energy, and Gibbs free energy LW and AB
for ash samples of eruption of “Cumbre Vieja” 2021.

Samples γLW

(mJ/m2)
γ−

(mJ/m2)
γ+

(mJ/m2)
γTotal

(mJ/m2)
∆GLW

(mJ/m2)
∆GAB

(mJ/m2)

Jable-A 34 ± 3 75 ± 4 0.6 ± 0.7 48 ± 1 −2.8 ± 0.1 61.5 ± 1.2
Jable 55 ± 2 90 ± 3 0.15 ± 0.2 64 ± 5 −15.2 ± 1.1 115 ± 6

FUMA 1 61 ± 2 48 ± 4 0.15 ± 0.2 66 ± 9 −19.6 ± 1.0 35 ± 2
FUMA 2 41 ± 2 21 ± 2 6.7 ± 1.2 65 ± 4 −7.1 ± 1.2 −12.4 ± 0.8

In general, the ash has a monopolar nature (γ+ ≈ 0 and γ− 6= 0), with electron-
donor character, and these aspects do not change with the different treatments studied
(Table 3). We highlight that the electron-donor component takes very high values, higher
than 100 mJ/m2, in some cases, conferring a strong hydrophilic character to the deposit
and, therefore, a great water retention capacity.

Table 3. Surface free energy components, total surface free energy and Gibbs free energy LW and
AB for ash samples of eruption of Tajogaite 2021, treated and non-treated with solutions Na, Ca, Fe
and HA.

Samples γLW

(mJ/m2)
γ−

(mJ/m2)
γ+

(mJ/m2)
γTOT

(mJ/m2)
∆GLW

(mJ/m2)
∆GAB

(mJ/m2)
∆GIF

TOT

(mJ/m2)

Jable 55 ± 2 90 ± 3 0.15 ± 0.2 64 ± 5 −15.2 ± 1.1 115 ± 6 100 ± 7

Na 50 ± 4 105 ± 13 1.8 ± 0.3 78 ± 3 −12 ± 2 77 ± 8 65 ± 9
Ca 49 ± 5 45.6 ± 1.5 1.8 ± 0.1 67 ± 5 −11 ± 2 25 ± 5 14 ± 7
Fe 49 ± 5 125 ± 10 0.65 ± 0.1 66 ± 6 −11 ± 2 104 ± 7 93 ± 9

HA 58 ± 1 33 ± 2 6.9 ± 1.2 89 ± 4 −17.7 ± 0.5 7.0 ± 0.8 −10.7± 1.3

FUMA 1 61 ± 2 48 ± 4 0.15 ± 0.2 66 ± 9 −19.6 ± 1.0 35 ± 2 15 ± 3

Na 61 ± 3 118 ± 11 4.1 ± 0.5 105 ± 9 −20 ± 2 70 ± 1 50 ± 3
Ca 42.7 ± 2 87 ± 12 0.1 ± 0.1 48 ± 3 −7.1 ± 0.5 81 ± 5 74 ± 6
Fe 61 ± 3 117 ± 10 0.2 ± 0.1 69 ± 7 −20 ± 3 108 ± 6 88 ± 9

FUMA 2 41 ± 2 21 ± 2 6.7 ± 1.2 65 ± 4 −7.1 ± 1.2 −12.4 ± 0.8 −20 ± 2

Na 40 ± 1 36 ± 0.6 0.5 ± 0.1 48 ± 1 −5.3 ± 0.1 16.5 ± 0.5 11.2 ± 0.6
Ca 59 ± 1 70 ± 3 40 ± 3 165 ± 8 −18 ± 1 −17 ± 3 −35 ± 4
Fe 48 ± 1 67 ± 6 2 ± 0.5 68 ± 5 −10.2 ± 0.5 46 ± 4 36 ± 5

Table 2 also shows the sum total interaction energy of LW and acid–base interactions
at a fixed distance H0 = 1.58 Å. From these results, it can be seen that the effect of fumarolic
activity is significant in the boiler samples (FUMA 1 and 2) where sulfur is present, possibly
due to the formation of sulfides with these cations. These samples show an electron-donor
component (γ−) less than 50% with respect to the Jable sample. This behavior indicates a
decrease of the hydrophilic character (less water retention); even for the FUMA 2 it showed
an inversion in the character, reverting to the hydrophobic.

Table 3 shows the effect that different electrolytes have in the components of the
surface free energy of volcanic materials, in particular, the effects of mono- (Na+), di- (Ca++)
and tri-valent (Fe+++) cations, which are the most abundant cations in the material ejected
in the eruption (Table 1). Also, it shows the effect that humic acid has in the Jable sample,
where there is vegetation. We can see the great sensitivity that the components of the
surface free energy have to the presence of different chemical species present, highlighting
the effect that humic acids produce. In any case, all these variations will be reflected in the
interfacial component (LW + AB) of the total interaction energy between the ash particles.
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3.4. Interaction Total Energy between Ash Particles

We calculate from the previous data (Zeta potential and surface free energy) the
interaction energies between the sampled ash particles. The total interaction energy is
calculated as the sum of two terms: the electrostatic and the thermodynamic. In the context
of the van Oss model, the thermodynamic contemplates two contributions, a dispersive
type (LW) iteration and an acid–base interaction in the Lewis sense [6,32]. The results of
these energies will be presented as a function of the separation distance between the ash
particles, using a spherical geometrical approximation [8]. Knowledge of these interaction
energies will allow us to analyze the cohesion of a deposit, as well as its rheological
properties in the case of sliding. The theoretical description of this method can be found
in [32].

As expected between equal particles, the electrostatic component (∆GEL) is always
repulsive, the greater the charge of the particles. On the contrary, the Lifshitz–van der
Waals (∆GLW) interaction between peer entities is always attractive (Figure 9). And the
acid–base component (∆GAB) at short distances is repulsive, although it can take negative
values at longer distances depending on the nature of the acid–base interactions, which can
include hydrogen bonding, structural interactions, hydrophobic attractions, or hydrophilic
repulsions. The total interaction energy is also shown as the sum of the previous three
(Figure 9).

Geosciences 2023, 13, x FOR PEER REVIEW 11 of 17 
 

 

the effect that humic acids produce. In any case, all these variations will be reflected in the 

interfacial component (LW + AB) of the total interaction energy between the ash particles. 

3.4. Interaction Total Energy between Ash Particles 

We calculate from the previous data (Zeta potential and surface free energy) the in-

teraction energies between the sampled ash particles. The total interaction energy is cal-

culated as the sum of two terms: the electrostatic and the thermodynamic. In the context 

of the van Oss model, the thermodynamic contemplates two contributions, a dispersive 

type (LW) iteration and an acid–base interaction in the Lewis sense [6,32]. The results of 

these energies will be presented as a function of the separation distance between the ash 

particles, using a spherical geometrical approximation [8]. Knowledge of these interaction 

energies will allow us to analyze the cohesion of a deposit, as well as its rheological prop-

erties in the case of sliding. The theoretical description of this method can be found in [32]. 

As expected between equal particles, the electrostatic component (ΔGEL) is always 

repulsive, the greater the charge of the particles. On the contrary, the Lifshitz–van der 

Waals (ΔGLW) interaction between peer entities is always attractive (Figure 9). And the 

acid–base component (ΔGAB) at short distances is repulsive, although it can take negative 

values at longer distances depending on the nature of the acid–base interactions, which 

can include hydrogen bonding, structural interactions, hydrophobic attractions, or hydro-

philic repulsions. The total interaction energy is also shown as the sum of the previous 

three (Figure 9). 

 
Figure 9. Total interaction energy and its components as a function of the distance between two ash 

particles (Jable sample) at pH = 6 and ionic strength 0.1 mM of NaCl. 

The effect of the ionic force on the repulsions between particles is clearly observed, 

these being greater at a lower ionic force (Figure 10). On the other hand, it is significant to 

observe the potential well that occurs for acidic pH (Figure 10a) and at the highest ionic 

strength studied. This behavior is justified because the electrical component is almost null 

and the dispersive component LW (attractive) at these distances is the predominant one. 

 

 

 

Figure 9. Total interaction energy and its components as a function of the distance between two ash
particles (Jable sample) at pH = 6 and ionic strength 0.1 mM of NaCl.

The effect of the ionic force on the repulsions between particles is clearly observed,
these being greater at a lower ionic force (Figure 10). On the other hand, it is significant to
observe the potential well that occurs for acidic pH (Figure 10a) and at the highest ionic
strength studied. This behavior is justified because the electrical component is almost null
and the dispersive component LW (attractive) at these distances is the predominant one.

From the results presented in Figure 11a, it can be deduced that the cohesion inside
the crater (FUMA 1) is greater than the others, presenting a potential well between 50 and
170 kT depending on the pH. This well is less at acid pHs. Potential barriers are observed
for the ash furthest away from the source of emission, unaffected by fumarolic activity.
Figure 11b shows the total interaction energy of the three samples studied at pH = 7.2,
which is the isoelectric point of the crater samples. In this situation, the zeta potential is
zero, so the electrical component of the total energy is zero. Therefore, the differences in the
results are only justified by the different values of the dispersive and acid–base components.
Based on this, it can be affirmed that in the case of the precipitates of FUMA 1, due to
the fumarolic activity in the crater, they confer greater stability to the deposit than in the
distal samples.
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With respect to the interaction energies between ash particles when they are in different
ionic media (Na+, Ca++ and Fe+++) for the samples from Jable point view (Figure 12a) and
FUMA 1 (Figure 12b), in all cases there is a potential barrier except in the presence of Fe at
pH close to the isoelectric point, where there is a net attraction. In any case, if we consider
that below 200 kT the deposit is stable, it can be seen that there will be high instability with
Na and Ca cations for pH higher than 6; while with Fe it is only observed at acidic pHs
due to the excess of positive charge that the ash acquires in the presence of Fe at these pHs
(Figure 12a).

Considering the interaction energies between the ash particles, the apparently homo-
geneous tephra shows a marked heterogeneity, both by alteration due to fumarolic activity
and by simple washing by rain, in the case of unaltered samples. Furthermore, all samples
show a heterogeneous response to changes in the cation nature and concentration solution
for pH from 2 to 10. This variability implies that the tephra cohesion of a single eruption
event will also be heterogeneous, with abrupt decreases that can jeopardize the stability of
the deposit, e. g. when Fe is liberated in an acid environment, as can occur in an acid rain
event, common in some eruptions.
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4. Conclusions

The deposits of the 2021 Tajogaite eruption from Cumbre Vieja volcano are relatively
uniform in the basanite–tephrite field, but fumarolic activity altered their composition early
on with native S, salts (halite, gypsum, hexahydrite, jarosite), and some Fe oxyhydroxide.
The morphological analysis indicates that in general it is a much vesiculated material, and
that zeolites are present only in some ashes.

The zeta potential values of volcanic ash are negative, increase with increasing pH,
and decrease when the ionic strength of the medium increases. With fumarolic activity,
either sulfur and sulphate dominated, over the tephra deposits reverses the sign of the zeta
potential for acidic pH, and in this pH range the zeta potential is indifferent to the ionic
strength. The addition of different cations produces significant changes in the zeta potential.
Their values increase with the valence for acidic pH values; on the other hand, for basic
pH values they decrease. In the fumarolically altered samples, the charge generated at the
surface is considerably less. The addition of humic acids increases, in all the cases studied,
the zeta potential values of volcanic ash.

Regarding the surface free energy data, it can be deduced that fumarolically altered
samples have a reduction close to 50% in the electron-donor component compared to the
unaltered samples. This behavior indicates a decrease in hydrophilic character, that is,
less water retention. Even in one of the altered samples (FUMA 2), its characteristics are
reversed and it becomes hydrophobic.

With respect to the total interaction energy between ash particles, ash deposits are
generally more cohesive with lower pH and have higher ionic strength. Fumarolically
altered samples have potential wells (attractive interaction), which implies even greater
stability. Among the cations that can modify the interaction energies, the effect of Fe stands
out, which at acidic pH presents a large potential barrier that is not observed in the other
cations. In this situation, there would be little cohesion.

In short, our research shows that a single volcanic event with a near homogeneous
geochemical deposit can present heterogeneous distribution of particle interaction values
in a brief period after the eruption. These differences are due to an early weathering (rain
washing) or fumarolic alteration, which acts in the sense of destabilizing or stabilizing
respectively the ash deposits. On the other hand, the reduction of hydrophilicity in the
tephra affected by fumaroles will reduce the weight of the deposit in the rainy season, also
favoring its mechanical stability. Subsequent alterations in the environment due to the
contribution of metals could modify the interaction energies and therefore the cohesion,
which in the case of the iron at acid pH can strongly reduce the stability of the ash deposit.
Although there are other factors that influence the stability of the volcanic slope (e.g.,
particle size and geometry), the factors described in this work are also decisive. Therefore,
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a heterogeneous geomechanical behavior of the volcanic building is expected, with a rapid
and reactive evolution in the face of environmental changes, which should be taken into
account for stability studies.
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