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Abstract 

The island of Basse-Terre, part of the Lesser Antilles in the western Caribbean, has 

been affected for centuries by both magmatic and phreatic eruptions from the volcano 

La Soufrière de Guadeloupe. In particular, the hot and toxic circulating fluids affect 

the slope stability of the volcano and increase the risks for various landslides.  

The influence of these hydrothermal fluids on the geotechnical parameters of the 

material is explained in this thesis. For this purpose, ten samples of in-situ altered 

material were taken, sealed and later analyzed in a soil laboratory. Six of them came 

from the immediate environment of the summit (Cratère sud and Gouffre Tarissan), 

three from  the Faille la Ty fault zone south of the peak, and another from a landslide 

to the southeast of the peak.  

Sieve and sedimentation analysis, direct shear test, Atterberg limits, pH, grain 

density, water content, XRF, and XRD were used for classification of the material. 

The degree of alteration could be determined to range between argillic and advanced 

argillic, as represented by the alteration minerals kaolinite/halloysite, smectite and 

opal. 

Smectite is recognized only in the samples collected around the summit and is no 

longer represented in the more advanced altered samples. Samples with increasing 

content of this clay mineral show higher friction angles and cohesion, and thus higher 

strength. Their plasticity is also increasing. 

Kaolinite/halloysite-containing material shows higher cohesion while still lowering the 

friction angle. The higher the amount of kaolinite/halloysite, the higher the shear 

strength is.  

Amorphous silica phases, such as opal, have been found in the highly altered zones. 

The increasing content has a positive effect on the cohesion, a negative one on the 

friction angle and no consequence on the strength. The higher amount of amorphous 

silica decreases the plasticity of the material. 

The progression of alteration shows no influence on the grain density nor the 

proportion of fine particle size. It is spatially variable, with no clear link to distance 

from active craters, such that alteration-induced material weaking cannot be 

identified easily at the surface.  

 

 

 



 

Kurzfassung 

Die Insel Basse-Terre, die zu den Kleinen Antillen in der westlichen Karibik gehört, 

ist seit Jahrhunderten von magmatischen und phreatischen Eruptionen des Vulkans 

La Soufrière de Guadeloupe erschüttert. Vor allem die heißen und toxischen 

zirkulierenden Fluide beeinträchtigen die Hangstabilität des Vulkans und erhöhen die 

Risiken für diverse Hangrutschungen.  

Der Einfluss dieser hydrothermalen Gewässer auf die geotechnischen Parameter des 

Materials wird in dieser Arbeit erläutert. Zu diesem Zweck wurden zehn Proben von 

in-situ alteriertem Material entnommen, versiegelt und später in einem Bodenlabor 

analysiert. Sechs davon stammen aus der unmittelbaren Umgebung des Gipfels 

(Cratère sud und Gouffre Tarissan), drei aus der Störungszone Faille la Ty südlich - 

und eine weitere aus einem Hangrutsch im Südosten des Vulkangipfels.  

Zur Klassifizierung des Materials wurden Sieb- und Sedimentationsanalysen, direkte 

Schertests, Atterberg Grenzen, pH-Wert, Korndichte, Wassergehalt, RFA und RDA 

verwendet. 

Der Grad der Alteration konnte dabei auf argillisch bis fortgeschritten argillisch 

bestimmt werden. Die auftretenden Alterationsminerale sind vor allem 

Kaolinit/Halloysit, Smektit und Opal. 

Smektit ist nur in den Proben zu erkennen, die in der Nähe des Gipfels gesammelt 

wurden und ist in jenen mit fortgeschrittener Alteration nicht mehr vertreten. Proben 

mit zunehmendem Gehalt an diesem Tonmineral weisen höhere Reibungswinkel, 

höhere Kohäsion und eine höhere Festigkeit auf. Ihre Plastizität nimmt ebenfalls zu. 

Kaolinit-/Halloysit-haltiges Material weist eine höhere Kohäsion auf und senkt 

gleichzeitig den Reibungswinkel. Je höher der Anteil an Kaolinit/Halloysit, desto höher 

ist die Scherfestigkeit.  

Das amorphe Minerale Opal wurden in den stark alterierten Zonen gefunden. Der 

zunehmende Gehalt in den Proben wirkt sich positiv auf die Kohäsion und negativ auf 

den Reibungswinkel aus. Es hat keine Auswirkungen auf die Festigkeit. Der höhere 

Anteil an dieser Phase vermindert die Plastizität des Materials. 

Der Fortschritt der Alteration hat keinen Einfluss auf die Korndichte oder den Anteil 

der Feinkorngröße. Er ist räumlich variabel und steht in keinem eindeutigen 

Zusammenhang mit der Entfernung von aktiven Kratern, sodass eine 

alterationsbedingte Materialschwächung an der Oberfläche nicht ohne weiteres zu 

erkennen ist. 
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1 Introduction 

Volcanoes are often ticking time bombs due to their unstable structures that can pose 

a hazard to their surroundings in a variety of ways. Not only the effusive eruption 

itself, but also the creeping hazards should not be underestimated. In fact, partial 

flank collapses at about 200 volcanoes have resulted in at least 20,000 fatalities over 

the past 10,000 years (Siebert et al., 2010). About 52% of these flank collapses are 

associated with magmatic eruption, but 22% with phreatic and/or hydrothermal 

eruption (Siebert, 1984; Siebert et al., 1987; Siebert et al., 2010).  

 

Hydrothermal alteration is often an insidious process that accompanies volcanism for 

years and significantly affects stability. Many studies already show that such 

alterations can weaken a volcano strongly enough to promote collapse (Ball et al., 

2013; Ball et al., 2015; Ball et al., 2018; Cecchi et al., 2004; Del Potro and 

Hürlimann, 2009; Finn et al., 2007; John et al., 2008; López and Williams, 1993; 

Opfergelt et al., 2006; Reid et al., 2001; Rosas-Carbajal et al., 2016; Salaün et al., 

2011; van Wyk de Vries and Francis, 1997; Voight B., 2002; Watters and R. 

Zimbelman, 2000). 

 

The volcano La Soufrière de Guadeloupe situated in the Lesser Antilles, Eastern 

Caribbean, is a basaltic-andesite to andesitic arc volcano and has a long eruption 

history with both magmatic - as well as phreatic eruptions (Komorowski et al., 2005; 

Komorowski et al., 2013a; Komorowski et al., 2013b; Legendre, 2012). In 1976, the 

most violent phreatic eruption with 26 non-magnetic explosions forced 73,000 people 

to leave their homes for up to 6 months (Boudon et al., 1988b; Feuillard et al., 1983; 

Komorowski et al., 2005). After some quiet years it reawakened in 1992 by restarting 

its fumarolic and seismic activities (Komorowski et al., 2005). In April 2018, the 

largest volcano-tectonic earthquake with an magnitude of 4.1 (Moretti et al., 2020) 

took place.  

 

The unrest originates from an underlying magmatic body beneath the dome which 

causes the circulation of acid-chloride sulfate fluids. Degassing of the magma 

chamber supply CO2, SO2, H2S, HCl and HF to the hydrothermal system (Villemant et 

al., 2005; Villemant et al., 2014).  

The fluids are transported to the summit fumaroles and circulate through the dome 

structure along listric discontinuities that drain to the southwest (Brombach et al., 

2000; Rosas-Carbajal et al., 2016; Salaün et al., 2011; Villemant et al., 2014). 

This causes alteration of the country rock. Especially the shallow area shows 

advanced argillic alteration, which developed due to the circulation of cooled (150°C 

– 350°C), acidic (pH < 4) fluids, possibly mixed with meteoric waters (Heap et al., 

2021). 

 

The reawakening of La Soufrière de Guadeloupe in 1992 raised concerns about the 

stability of the southwest flank of the dome. It shows the largest displacements with 

up to 9  mm a year over the last 20 years (Moretti et al., 2020), therefore a lot of 

research has been done in the last couple of years.  
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The Montana university of Leoben started together with Université de Strasbourg, 

Institut Universitaire de France (IUF), Johannes Gutenberg University Mainz,  

Terrestrial Magmatic Systems (TeMaS) Research Platform in Mainz, Université de 

Paris, Technical University Munich, Observatoire Volcanologique et Sismologique de 

Guadeloupe and University College Dublin some geophysical, geomechanical and 

mineralogical investigations at the volcano. Also some numerical modelling had been 

done. To provide input parameters for the stability analyses, rock samples have been 

tested. As already mentioned, the volcano is not just built up out of solid rock, but 

also of converted, altered soil with different stability and hardness.  

 

For further research on the material comprising La Soufrière, ten samples of soil like 

material with different degrees of alteration were taken in May 2022. Six of them 

derived from the area around the summit. One was taken from a former land slide 

east of the peak of the summit dome, and three from a normal fault south-east of it. 

Sieve and sedimentation analysis, direct shear test, Atterberg limits, pH-value, grain 

density, water content, XRD and XRF have been used for the soil classifications.  

The goal was to find the correlations between porosity, shear strength, plasticity, pH-

value, grain size, clay minerals with increasing alteration. The results of the analysis 

are presented in this thesis.  
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2 Research and background 

2.1 Geographical setting 

Guadeloupe is one of the four oversea departments of France and is situated in the 

Eastern Caribbean. It consists of nine islands: Basse-Terre, Grande-Terre, La 

Désirade, Petite-Terre, Marie-Galante, Terre-de-Haut, Terre-de-Bas, Saint-

Barthélémy, Saint-Martin. The largest islands are Basse-Terre (848 km2) and Grand-

Terre (590 km2). They are shown in Figure 1. In the south of Basse-Terre is the active 

volcano La Soufrière de Guadeloupe, with 1.467m height and only 5 km N of the 

town Saint-Claude, with a population of about 10.500 people (Komorowski et al., 

2005).   

 

The volcano la Soufrière de Guadeloupe is part of the Grand Découvert-Soufrière 

volcanic complex and is the only part out of 7 eruptive fields on Basse-Terre, which 

have been active in the last 10.000 years (Komorowski et al., 2005). 

 

 

 

Figure 1: Map of Guadeloupe https://www.orangesmile.com/common/img_country_maps/guadeloupe-
map-0.jpg; 29.11.2022) 

 

2.2 Geological overview 

The island itself is part of the Lesser Antilles, which mark the eastern boundary of 

the Caribbean Plate. They are located at the eastern margin of the large igneous 

province-thickened oceanic crust of the Caribbean plate (Mauffret and Leroy, 1997). 

The Caribbean plate has been moving in eastward direction relative to the North and 

South American plate over the last 100 My (Schlaphorst et al., 2021).  

Typical structures like strike-slip boundaries joined the subduction of the plates. This 

resulted in a large shear zone through both continental and ocean crust, as well as 

in arc volcanism at various times and places on the plate margin (Boschman et al., 

2014). 
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The Lesser Antilles and its islands formed due to westward subduction of the North 

and South American plates beneath the Caribbean Plate (Wadge and Shepherd, 

1984). The boundary between these two is not located yet and probably diffused 

along the front of the Lesser Antilles arc (Bouysse and Westercamp, 1988). With an 

rate of 18-20 mm a year, the subduction is very slow (DeMets et al., 2000). 

The geodynamical setting of this is illustrated in Figure 2. 

 

 

Figure 2: (A) Map of the Lesser Antilles region highlighting the major tectonic features. Abbreviations: 
LAA—Lesser Antilles arc (red dashed line), LC—Limestone Caribbees (blue dashed line), AR—Aves 
Ridge (yellow dashed line), VI—Virgin Islands, BAP—Barbados accretionary prism, TBR—Tobago-

Barbados Ridge. Individual islands: Gu—Guadeloupe, Ma—Martinique, Gr—Grenada, Bb—Barbados, 

Tb—Tobago, May—Mayreau, Car—Carriacou; Ld—La Désirade; Do—Dominica. (Allen et al., 2019). 

The Arc forms an 800-km-long curve from Grenade to Anguilla, mostly north-south 

orientation (Schlaphorst et al., 2021). In the north, it is curved to the Greater Antilles 

and in the south to the South American continent. A back arc basin (Allen et al., 

2019, 2019; Bouysse, 1988; Padron C., 2020) called Grenada basin is located 

westwards of the arc, which border is build up by the Aves Ridge, an ancient Mesozoic 

volcanic arc (Boynton et al., 1979; Christeson et al., 2008).  

 

Nowadays the volcanic arc consists of 11 islands plus the smaller Grenadine islands 

between St. Vincent and Grenada. Northern to Dominica, the arc is separated into 

two parts: the eastern inactive - (the Limestone Caribbees) and the western active 

(the Volcanic Caribbees) part. Guadeloupe is situated in between these two sections, 

with the same subdivision (Schlaphorst et al., 2021).  

 

The Eastern part is of the so-called outer arc, its volcanic basement is buried under 

sediments of the Barbados accretionary prism (Allen et al., 2019). The curved form 

of the outer arc infer that there had been an increased strike-slip movement toward 

the north (DeMets et al., 1994; DeMets et al., 2000). 
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2.2.1 Regional setting 

According to Burke (1988) and Pindell et al. (1988) the oceanic crust of the Caribbean 

plate has its origins in the Eastern Pacific. During the break-up of Pangea between 

~200 and ~135 My the Central Atlantic and Proto-Caribbean oceans opened due to 

the rifting and drifting from Africa and South America away from North America 

(Boekhout et al., 2012; González, 2001; Litherland, 1994; Noble et al., 1997; Pindell 

and Kennan, 2009; Villagómez, 2008). 

 

West-dipping subduction of this Proto-Caribbean lithosphere by the Caribbean plate 

along the evolving Great Arc of the Caribbean (GAC) started between 135 – 110 My 

(Boschman et al., 2014; Burke, 1988; Escuder-Viruete et al., 2013; Hastie and Kerr, 

2010; Mann et al., 2007; Neill et al., 2012; Pindell and Kennan, 2009) and is 

illustrated in Figure 3a. It spanned the full length of the Proto-Caribbean, but also 

parts of the North and South American margins and formed an increasingly curved 

arc. Figure 4a shows this arc migration facilitated the forming of the back-arc basins 

~70 and 50-60 My, the Yucatán basin along the northern GAC (Pindell, 2009) and 

the Venezuelan basin behind the west-facing subduction below the Aves Ridge in the 

south (Allen et al., 2019).   

 

At the Caribbean plate itself, a short-lived magmatic event took place between 91 

and 88 My (Hauff et al., 2000; Hoernle et al., 2002; Kerr et al., 1997; Révillon et al., 

2000; Sinton et al., 1997; Sinton et al., 1998) when passing the plume-head of the 

Galápagos hotspot (Duncan and Hargraves, 1984; Hill, 1993). These flood basalts 

formed a major oceanic plateau, the Caribbean Large Igneous Province (CLIP) (Burke 

et al., 1978; Burke, 1988; Saunders et al., 1996). 

 

The separation of South America and Africa around 90 My initiated the opening of 

the Equatorial Atlantic and stopped the spreading ridge of the Proto-Caribbean shortly 

after that event (70My) (Figure 3b). Divergence between the North and the South 

American plate stopped. When the northern part GAC collided with the North 

American margin between 60 and 50 My, the subduction of this part ceased and 

changed the former north-easterly convergence direction of the southern GAC, the 

Aves Ridge, to easterly direction. This allowed the Caribbean plate to move eastward 

relative to North America along the Cayment ridge-transform boundary (Braszus et 

al., 2021). 
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Figure 3: Plate configurations Upper Cretaceous to Oligocene in the Caribbean sea. Reconstruction 
from (Müller et al., 2019) with modifications from (Braszus et al., 2021). Proto-Caribbean—PCar, 

Central Atlantic—CAtl, Equatorial Atlantic, EAtl) meet. MAR—Mid-Atlantic Ridge. 

According to Allen et al. (2019), a slab roll-back of the subducted lithosphere led to 

the extinction of Aves Ridge 59 My years ago. This implied upper-plate extension and 

formed the Granada back-arc basin. At the same time a new outer arc was formed 

between 40 and 25 My, the Outer Antillean Arc (Figure 4b). Today, only the northern 

part of this is exposed in the Limestone Caribbees.  

 

Shallowing of the slab around 25 My migrated the arc westward back into its own 

back-arc basin to form the Lesser Antilles Arc (LAA), which is illuminated in Figure 

4c. Another back-arc basin formed called the Tobago basin. The back arc- and forth-

arc jump is externally driven by the interaction between the Caribbean and adjacent 

North and South American plates (Allen et al., 2019). 

 

Figure 4: New tectonic model for the eastern Caribbean region. Locations of key tectonic blocks are 
based upon the reconstruction of Boschman et al. (2014). GAC - Great Arc of the Caribbean, CLIP—
Caribbean large igneous province, LAA - Lesser Antilles arc (LAA), TB - Tobago Basin, GB - Grenada 

Basin, BAP - Barbados accretionary prism (Allen et al., 2019). 
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2.3 Volcanological background 

The activity of recent arc since the upper Pliocene (Bouysse et al., 1990) formed the 

island of Basse-Terre. It consists out of 7 main eruptive fields: the Basal Complex, 

the Northern Chain, the Axial Chain, the Chaîne de Bouillante, the Monts des 

Caraïbes, the Trois-Rivières-Madeleine complex and the active Grande Découverte-

Soufrière massif, illustrated in Figure 5. La Soufrière de Guadeloupe is part of the 

last one, which originated in the last 445.000 years, comprising three 

stratovolcanoes: Grand Découverte, Carmichael and Soufrière (Komorowski et al., 

2005). 

 

Figure 5: Map of Basse-Terre showing the location of the volcano La Soufrière, volcanic complexes and 
location of each eruption (Metcalfe et al., 2022). 

La Soufrière is a basaltic-andesite to andesitic arc volcano and the most recent 

volcano on the island. Its history started 7.140 years ago, with both, magmatic and 

phreatic eruptions (Komorowski et al., 2005; Komorowski et al., 2013a; Komorowski 

et al., 2013b; Legendre, 2012). The latest magmatic eruption in 1530 CE caused a 

collapse of the complex, with a landslide which reached the 10 km far away coast. 

Ash, pumice fallout, pyroclastic flows and mud flows reached an area 5-7 km from 

the volcano (Boudon et al., 2008; Komorowski et al., 2008). The present dome 

formed during that event. 

 

Non-magnetic steam-driven (phreatic) eruptions occurred in 1797–1798, 1812, 

1836–1837, 1976–1977, minor ones in 1690 and 1956 (Hincks et al., 2014; 

Komorowski et al., 2005; Legendre, 2012; Lherminier, 1837c, 1837b, 1837a). The 

most violent phreatic eruption in 1976-1977 with 26 non-magmatic explosions forced 

the evacuation of 73.000 people for up to 6 months (Boudon et al., 1988b; Feuillard 

et al., 1983; Komorowski et al., 2005).  

A strong seismic unrest event, interpreted as a failed phreatic eruption (Moretti et 

al., 2020), took place in 2018 and raised concerns for the stability of the southwest 

flank of the dome.  
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The hydrothermal activities are caused by the underlaying magmatic body, 5-8 km 

beneath the dome (Figure 6). Acid sulfate-chlorite springs and degassing of the 

magma chamber supply hot acid fluids and CO2, SO2, H2S, HCl and HF to the 

hydrothermal system (Villemant et al., 2005; Villemant et al., 2014). Acid-chloride-

sulfate hydrothermal fluids which have its source in andesitic system are 

characterized by either propylitic alteration (Taran and Kalacheva, 2020) or 

intermediate to advanced argillic alteration (Heap et al., 2021). Especially the shallow 

area show advanced argillic alteration, which developed due to the circulation of 

cooled (150°C – 350°C), acidic (pH < 4) fluids, possibly mixed with meteoric waters 

(Heap et al., 2021). 

These fluids are transported to the summit fumaroles and circulate through the dome 

structure along listric discontinuities that drain to the southwest (Brombach et al., 

2000; Rosas-Carbajal et al., 2016; Salaün et al., 2011; Villemant et al., 2014).  

 

 

Figure 6: Conceptual model of La Soufrière de Guadeloupe and the 2018 unrest episode with its 
located epicenters between 1 and 3 km depths (Moretti et al., 2020) 
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The recent observed shallow deformations and seismic activities are the result of this 

shallow hydrothermal system. Deeper and higher activities are related to the increase 

of pore pressure response to the arrival of hot magmatic fluids along faults inside the 

dome structure (Moretti et al., 2020).  
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3 Samples 

For further analysis and classification of the altered soil like material of the volcano 

La Soufrière de Guadeloupe, ten samples have been taken in May 2022. The exact 

position where confirmed, is given in Table 1. 

 

Table 1: Coordinates of the samples  (WGS84) 

Sample Longitude Latitude Height [m] 

KSL_2 -61,663024 16,044068 1442 

KSL_4 -61,663101 16,043270 1436 

KSL_5 -61,663781 16,043723 1446 

KSL_7 -61,662966 16,044002 1442 

KSL_8 -61,66291 16,04403 1442 

KSL_9 -61,662888 16,044025 1442 

KSL_10 -61,660177 16,044768 1287 

KSL_11 -61,661775 16,038378 1154 

KSL_12 -61,661775 16,03837 1150 

KSL_13 -61,661716 16,038149 1145 

 

Sampling was chosen to ensure a wide range of samples with varying degrees of 

alteration. Shown in Figure 7, KSL_4 and KSL_5 are directly from the death zone 

surrounded by already dead vegetation associated with large, active fumaroles 

(Cratère sud and Gouffre Tarissan, respectively). Position KSL_7 is located in the 

proximity of a small active fumarole. KSL_2, KSL_8 and KSL_9 are still partially 

surrounded by living and dying plants.  

 

 

Figure 7: Overview of the sampling (May 2022) 

But not just the top area of the summit was sampled but also a landslide which 

occurred in the last couple of years (KSL_10) and material from a normal fault (Faille 

la Ty) in south direction to the summit (KSL_11-KSL_13) (Figure 8). 
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Figure 8: Positions of samples on map (www.earth.google.com; 06.01.2022) 

 

3.1 Macroscopic analysis 

For sampling either a circular cylindrical - sampler (diameter ~150 mm) or a trowel 

were used. The sampling depth ranged from 0 cm to 20 cm below the surface. The 

samples were wrapped with multiple layers of plastic wrap for transport off the 

volcano and to the laboratory in Austria. The samples were stored in a climate 

chamber in the laboratory at room temperature and 99% humidity to preserve the 

in-situ conditions of the material as much as possible. They have been unwrapped 

shortly before the shear test on a 43,3 x 29,3 cm platter.  
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3.1.1 KSL_2 

KSL_2 was taken close to the border of the dead zone (Figure 9 and Figure 16). There 

is still some vegetation growing, but it’s close to an active funnel.  

 

Figure 9: KSL_2 next to a funnel but nearby growing vegetation (May 2022). 

The material of this cake sample was brownish fine-grained material which was stuck 

together to bigger solid pieces of residual rock. Some areas in between remained 

greyish, as you can see on Figure 10. It was very dry and friable, which made the 

preparation difficult. The sample was taken from 30 – 50 mm depth.  

 

 

Figure 10: Cake sample KSL_2 (20.09.2022). 
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3.1.2 KSL_4 

Close to the Cratère Sud, this dry, not very friable cake sample was cut from the top 

to ~100 mm depth out of the ground. There are no active fumaroles in closer 

surroundings, neither are growing plants nearby (Figure 11).  

 

The material itself was dry and brittle when unwrapping it. The brownish, fine grained 

material had grey clay lenses in between, which were stuck together with the rest of 

the sample. The brittleness made it hard to handle with the material. As shown in 

Figure 12, the brown parts are very crumbling and weak.  

 

 

Figure 12: Cake sample KSL_4 (19.09.2022). 

  

Figure 11: Cake sample KSL_4  close to the Cratère Sud (May 2022). 
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3.1.3 KSL_5 

Like KSL_4, KSL_5 had been taken on the top of La Soufrière. No vegetation was 

close to it and the material seemed very influcened by the activity of the volcano. 

The cake sample compromise from the top to a depth of ~200 mm from the ground.  

It was very clamp and not friable as the samples before. Also the material was 

sensitive to remolting.  

The brown material was sticky and very fine grained, so it was easily to cut with a 

knife. Grey, more fine grained lenses appeared in the coarser grained brown fraction, 

shown in Figure 13.  

 

 

 

Figure 13: Cake sample KSL_5 with grey lenses inside of the brown sticky material (27.07.2022). 
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3.1.4 KSL_7 

This sample derived from a very active zone close to a small fumarole. Shown in 

Figure 14, the surrounding is greyish with no vegetation and clear precipitation of 

sulfur. The cake sample includes the topsoil to a depth of ~150 mm, where the 

temperature was so hot that it melted the sampler.  

 

 

Figure 14: Surrounding area of KSL_7 (May 2022). 

The top of it was friable and rocky and gets clayey in bottom direction. On the base 

of it there are sulfur crystals in the grey to black clayey material, which you can see 

in Figure 15a and b.   

 

 

   

 

a b 

Figure 15: Cake sample KSL_7 (a) with sulfur crystals inside the grey 
clayey material (b) (20.09.2022). 
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3.1.5 KSL_8 

To ensure a wide range of samples with varying degrees of alteration, samples 

KSL_2, KSL_8 and KSL_9 were taken in decline direction of the influence of the 

hydrothermal alteration (see Figure 16). KSL_8 is in between the other ones and 

close to a small fumarole.  

 

 

Figure 16: Sample positions of KSL_2, KSL_8 and KSL_9 (May 2022). 

The trowel sample reached from the topsoil to ~20 mm depth. It was moderately wet 

with a little vegetation in it, but not enough to pretreat the sample. The brown, sticky 

and silty material has darker browner areas in between which seemed more clayey.  

 

 

Figure 17: KSL_8 from bird view (a) and front view (b) (22.09.2022). 

  

a b 
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3.1.6 KSL_9 

This very stiff and brittle, dark grey sample derived from the border where live 

vegetation starts again (see Figure 16 and Figure 18). It was taken with a trowel. 

 

 

Figure 18: Sample KSL_9 with still some growing vegetation in proximity (May 2022). 

The dark brown soil has brown altered zones in between. The sandy to clayey sample 

was dry with no sticky lenses. Due to its stiffness it was hard to prepare and cut. A 

picture of KSL_9 is shown in Figure 19. 

 

 

Figure 19: KSL_9 from bird view (a) and front view (b) (22.09.2022). 

  

a b 
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3.1.7 KSL_10 

KSL_10 derived from a meanwhile inactive,  previously altered area ~15 m south of 

the landslide side scarp on a walking track, shown in Figure 20. 

 

 

Figure 20: (a) Landslide scarp; (b) Sampling position of remolded, greyish, clayey material of the 
landslide (KSL_10) (May 2022). 

There are still some relict textures visible, shown in Figure 21. The sample consists 

of very soft grey clay with brown alteration zone in between them. There are no 

coarser fractures in it. White layers follow the texture which seems to be the shear 

movement.  

 

 

Figure 21: Overview picture of KSL_10 (14.07.2022). 

  

a b 
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3.1.8 KSL_11 

Three samples, including KSL_11 were taken from a fault south-east of the summit 

of La Soufrière de Guadeloupe. Shown in Figure 21 is the surrounding area with a lot 

of vegetation, except in the fault itself. The fault contains active fumaroles. 

The short axis of the trowel sample showed towards the slope and the long axis 

parallel to the slope. 

 

 

Figure 22: KSL_11 - KSL_13 are taken from a normal fault in south direction to the summit (May 
2022). 

KSL_11 looked a lot different than the samples before. Shown in Figure 23, its color 

was lighter and kind of cream with light brown and greener zones in between. No 

coarser grains were visible. There were pieces of organic in it but not enough to 

pretreat the sample. The consistency is pretty crumbly, which makes the handling 

with the sample a bit difficult. 
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Figure 23: Trowel sample KSL_11 from bird’s view (a) and side view (b) (23.09.2022). 

 

3.1.9 KSL_12 

This block sample was taken close to the position of KSL_11 (see Figure 22).  

Looking like an intact rock, the sample was cuttable with a knife. The inner material 

was grey and clayey, with a high strength Figure 24b. The outside was covered with 

roots and organics, which made pretreating for further tests necessary. There were 

no visible components in the material.  

 

 

Figure 24: Roots and organic (a) are all over altered block sample (b) (26.09.2022). 

  

a b 

a b 
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3.1.10 KSL_13 

The position of this KSL_13 is shown in Figure 22. The sampling was oriented, with 

its short axis towards the slope and the long axis parallel to the slope. 

The first thing that is noticeable about this trowel sample is its light weight. It turned 

out that this will bring some problems for the following tests. 

The color is close to the sample KSL_11, which is very light with altered grey zones 

in between, as you can see in Figure 25. The difference is that KSL_13 is finer grained 

and feels like skin cream when deformed between the fingers. There are no coarser 

grains visible.  

 

 

Figure 25: KSL_13 turned out very brittle and remarkably light weight (27.09.2022). 
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4 Analytical methods 

To get results that cover the area of the summit with different alteration age, ten 

samples were taken. The samples were analyzed with analytical methods and 

geotechnical measurements. They are described in this chapter.  

4.1 Direct shear test on in situ samples 

The shear strength τf is an important parameter in soil mechanics. From the 

determined parameters of the shear strength τf of a soil, fracture processes or failure 

modes of the soil can be calculated. 

The general concept of shear strength τf is the resistance that a given solid body 

activates against an applied shear stress. After exceeding the maximum shear 

strength τf, the failure of the solid follows (ÖNORM EN ISO 17892-10, 2019). 

 

In addition to the shear strength of a soil, the residual shear strength τr is the 

minimum (constant) shear stress that occurs after the maximum shear stress is 

reached with increasing shear displacement. The residual shear strength is the value 

that occurs (in cohesive soils) after very large displacement and placement of the 

clay minerals. If, after an increase in shear stress, a continuous maximum shear 

stress occurs or does not decrease during the shear test, this soil has no 

(characteristic) residual shear strength (ÖNORM EN ISO 17892-10, 2019). 

 

The behavior at failure of a soil body is defined by the fracture condition according to 

Mohr Coulomb. The fracture line (failure envelope) represents the maximum effective 

shear stress τf’ in a sliding surface, according to a certain effective normal stress σ'. 

The slope of the straight line is equal to the effective friction angle φ'. The point at 

which the straight line intersects the shear stress axis τ' is called the effective 

cohesion c'. To represent the fracture line, it is necessary to determine the maximum 

effective shear stresses τf' for three different effective normal stresses (Schmitt et 

al., 2021). 

 

The Mohr-Coulomb failure criteria is defined by the effective normal stress σ’ and the 

occurring shear stress τ according Equation 1 (Schmitt et al., 2021): 

 

Equation 1:  𝜏𝑓 = 𝑐′ + 𝜎′ ∗ 𝑡𝑎𝑛𝜑 

 

τf ............................ shear strength  [kN/m2] 

c’ ............................ effective cohesion  [kN/m2] 

φ ............................ effective friction angle [°] 

 

In order to be able to determine effective shear parameters, three to four 

consolidated - drained test (CD test) were done. In the consolidated drained test 

conditions, an open system is present. The open system allows the pore water in the 

soil sample to escape, provided that the shear test is run "slowly" according to the 

soil sample. This is ensured by a water-permeable design of the shear apparatus and 
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a correspondingly "slow" shear rate. As a result, only effective stresses occur, since 

no pore water pressures are built up. 

 

For the direct shear test a shearbox apparatus of dating from 1981 was modified, as 

shown in Figure 26. The apparatus was equipped with digital measuring instruments. 

Two Linear Variable Differential Transformers (LVDT) (model WA10, constructed by 

HBM) in vertical and horizontal direction were installed to determine the shear 

displacement and the settlement of the sample in the shear box.  

 

 

Figure 26: Device setup for the direct shear test. 

Furthermore, a load cell (U2A 50kg, accuracy class 0,2 constructed by HBM) was 

added to measure the required shear force. A motor powered by a car battery driving 

a gear drive set the rotation time to one revolution per minute. This should avoid 

building up pore water pressure.   

The software used for the measurements was CatmanEasy-AP from HBM. 

The test was carried out according to the ÖNORM EN ISO 17892-10: Direct shear 

tests.  

The in situ samples were put into the shear box and consolidated with a force between 

60 - 200 N. The vertical settlements were measured and after the pore water was 

completely squeezed out, the shear test was done. Three to four measurements for 

each sample were conducted. In consideration of the mass of frame and the 

correction of the horizontal friction, the cohesion and the friction angle were  

calculated with Equation 1. 

 

Vertical LVDT 

Horizontal LVDT 

Normal load 

Load cell 

Drive system Shear box 
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4.2 Particle size distribution 

For the classification of soils samples, the particle size was determined by the 

combination of sieving and sedimentation (hydrometer test) according to the 

“ÖNORM EN ISO 17892-4: Determination of the particle size distribution”. 

4.2.1 Sieving 

Both dry and wet sieving were done, depending on the state of the sample. The sizes 

of the sieves used were 4 mm, 2 mm, 1 mm, 425 μm, 250 μm, 125 μm and 63 μm. 

The minimum mass was calculated with Equation 2 and yield 160 g.  

 

Equation 2:   𝑚𝑚𝑖𝑛 = [
𝐷𝑚𝑎𝑥

10
]
2
 

 

mmin ........................ minimum mass  [g] 

Dmax ........................ maximum particle diameter  [mm] 

 

A mechanical sieve shaker separated 10 minutes the different grain sizes. The 

residues on the sieves were weighted and converted into percentage of the total dry 

weight, using Equation 3. Afterwards a grain distribution line was created.  

 

Equation 3:   𝑓𝑛 = 100%− [
𝑚′𝑠𝑠1+𝑚′𝑠𝑠2+⋯+𝑚′𝑠𝑠𝑛

𝑚
∗ 100%] 

 

𝑓𝑛 ............................ fraction passing the given sieve size [%] 

𝑚′𝑠𝑠1 +𝑚′𝑠𝑠2 .............. masses of soil retained [g] 

𝑚 ............................ total dry mass [g] 

 

According to ÖNORM EN ISO 17892-4 (2017), one sample was pre-treated with 

hydrogen peroxide (20% V/V) to remove the organic material. Also, a dispersing 

agent for this one was needed, so 4 g/l of hexa-sodium hexametaphosphate, were 

used.  

4.2.2 Hydrometer method 

The fraction of each sample which passed the 63 μm sieve was collected and dried 

at 65°C again. 25 g were combined with 40 g/l hexa-sodium hexametaphosphate 

dispersing agent, and mixed four hours in a mechanical shaker with 7,5 revolutions 

per minute (ÖNORM EN ISO 17892-4, 2017). 

Hydrometer readings were taken after 30 s, 1 min, 2 min, 4  min, 8 min, 30 min, 1 

h,  2h, 6h and 24h. 

Using Stoke’s law from Equation 4, the equivalent particle diameter can be calculated. 
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Equation 4:   𝑑𝑖 = 0,005531 ∗ √
𝜂∗𝐻𝑟

(𝜌𝑠−𝜌𝑤)∗𝑡
 

di ............................ equivalent  particle diameter [mm] 

η ............................ dynamic viscosity of water  [mPa*s] 

Hr ........................... effective depth of hydrometer [mm] 

ρs ........................... particle density [Mg/m3] 

ρw ........................... density of sedimentation fluid [Mg/m3] 

t ............................. time elapsed from start of sedimentation [min] 

4.2.3 Particle size distribution 

For the classification of the soil like material, the grain size distribution was 

plotted in a diagram, on its x-axis the grain size [mm] and y-axis percentage 

that passed [%]. The particle diameters that passed at 10%, 30% and 60% 

were evaluated. With these values, the coefficient of uniformity U and 

coefficient of curvature Cc could be calculated according to Equation 5 and 

Equation 6. 

Equation 5:   𝑈 =
𝑑60

𝑑10
 

Equation 6:   𝐶𝑐 =
𝑑30

2

𝑑10∗𝑑60
 

 

U ............. coefficient of uniformity [] 

Cc ............ coefficient of curvature [] 

dn ............ diameter where n-% of the material passes through  [mm] 

 

The classification of the uniformity following González de Vallejo and Ferrer (2011) 

interpretates that if U is less than 5, the soil has a uniform grain size. A U between 

5 and 20 can be interpretated as slightly uniform, and a U > 20 that it is a well-

graded soil. 

The coefficient of curvature gives information about the course of the sieving line. A 

widespread and therefor well-graded sand is defined with Cc = 1-3 and U > 6, in 

contrast to a narrow-stepped and poorly graded one with Cc = <>1-3 and U < 6. 

Gap in graded soils can be interpreted as lack of grains in a particular size range 

and they cause steps in the curve. In this case the values for U > 6 and Cc <>1-3. 

 

The classification is made according to the United Soil Classification System (USCS) 

in Figure 27. 
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Figure 27: United Soil Classification System (González de Vallejo and Ferrer, 2011). 

4.3 Atterberg limits 

For better classification, the liquid and the plastic limit of the soil samples were 

determined according to the ÖNORM EN ISO 17892-12: Determination of liquid and 

plastic limit. 

4.3.1 Water content 

Based on the assumption that there are different clay minerals in the sample, which 

destruction should be avoided with excessive heating, the samples were dried at 

65°C until mass constancy.  

The sample was weighed before and after the drying. The water content was 

determined according Equation 7. 

Equation 7:   𝑤 =
𝑚𝑤

𝑚𝑑
∗ 100 

 

mw .......................... mass of water  [g] 

md .......................... dry mass sample [g] 

w ............................ water content  [%] 

 

4.3.2 Casagrande method 

The water content at which the soil changes from liquid to plastic is called the liquid 

limit (wL) and was measured with the Casagrande method. Therefore 200 g of the 

soil fraction <425 μm of the sample were used. After adding distilled water, the paste 

was put into a cup with a depth of at least 10 mm at its deepest point. A groove was 

cut in the soil paste. After that the cup was raised to a specific high by a cam and 
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then dropped on the base. The cam should be operated with 2 revolutions per second. 

The drops of the cup until the groove was closed over a length of 10 mm were 

recorded. Afterwards the water content was determined (ÖNORM EN ISO 17892-12, 

2021).  

Four tests of each sample were made and the liquid limit at 25 rotations was detected. 

4.3.3 Plastic limit test 

The water content at which the soil ceases to be plastic when dried further is called 

the plastic limit (wp). Therefore 15 to 20g of the <425 μm fraction of the samples 

were used. After adding distilled water, the paste was put on a mixing plate and 

rolled backwards and forwards until the diameter approaches 3 mm. The procedure 

was repeated until it started crumbling at this diameter. At least 6 g at this point 

were collected and the water content determined.  

4.3.4 Plasticity index 

With the liquid and the plastic limits, the plasticity index (IP) can be calculated 

according to Equation 8: 

Equation 8:   𝐼𝑝 = 𝑤𝐿 −𝑤𝑃 

 

wL ........................... liquid limit [%] 

wP ........................... plastic limit [%] 

 

It represents the moisture content interval for passing from a semi-solid to a semi-

liquid state. With this value, a classification according to the Casagrande plasticity 

chart was done. It is shown in Figure 28. The A-line defines various zones with organic 

content below the line while clays are found above it. According to Casagrande, soils 

with liquid limit above 50 % have high -, the one <50 % low plasticity. 

 

 

Figure 28: Casagrande plasticity chart: CL=clays with low plasticity; CH=clays with high plasticity; ML-
OL=silts and organic soils with low plasticity; MH-OH=silts and organic soils with high plasticity 

(González de Vallejo and Ferrer, 2011) 
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4.4 pH-value  

An eluate according to ÖNORM EN 14997:2015-03 with the ratio liquid and solid 10 

l/kg and the grain size of <10 mm was produced. The pH value was determined with 

WTW inoLab pH 7110. 

4.5 Grain density 

For further evaluations on the grain size, the grain density was determined with Anton 

Paar Ultrapyc 5000 helium pycnometer. Gas pycnometers are based on the fact that 

the solids to be measured displace their volume of a test gas in a sample chamber. 

This difference in the volume of the test gas compared to the empty sample chamber 

or a reference chamber is measured. Helium was used as a test gas. 

4.6 X-ray diffraction analysis  

To further analyze the mineral composition of the samples X-ray diffraction (XRD) 

was conducted on the samples. The measurements were done by the Technical 

University of Munic. The method is the powder-diffractometry, a destructive method 

where the sample is converted into powder for further analysis  (Rietveld, 1969). 

4.7 X-ray fluorescence spectrometry  

X-ray fluorescence analysis (XRF) is a non-destructive analytical method for 

determining the chemical composition of a wide variety of materials. These can be in 

powder form, as solids or as liquids. Generally, concentrations ranging from ppm 

range up to 100% are analyzed (Brouwer, 2006). 

The sample is exposed to X-rays of known wavelength and energy. As soon as it hits 

an element of the sample, a X-ray photon is emitted. The energy is characteristic for 

each atom. Together in the spectrum, an element can be identified (Brouwer, 2006). 

 

The same samples that have been used for the other measurements were crushed in 

a vibrating mill to a homogeneous powder. Then the sample was heated and pressed 

into a tablet together with lithium-tetraborate, which acted as a flux substance. The 

XRF spectrometry was conducted with a wave dispersive PANALYTICAL Axios max 

advanced at the Chair of Geology and Economic Geology at Montana university 

Leoben. 
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5 Results 

In the following results of the various methods to analyze the samples are presented.  

5.1 Evaluation of the direct shear test 

The direct shear test was done on all samples under in situ conditions. Depending on 

the shear behavior, three to four tests with a load between 4 – 20 kg were done. The 

weight of the frame and the correction of the horizontal friction have been considered. 

5.1.1 KSL_2 

The test for this sample was done with 12 kg, 16 kg and 20 kg. The consolidation 

time of KSL_2 was with 1 minute for every test very low, but it didn’t show any 

settlements after that time anymore.  

The results for the test reach from 46 kN/m2 up to nearly 63 kN/m2. The spreading 

around the failure envelope is little, as shown in Figure 29. The Cohesion of this 

sample was calculated with 20,02 kN/m2 and friction angle with 27,32°.  

 

 

Figure 29: Results direct shear test KSL_2. 

 

5.1.2 KSL_4 

Figure 30 illustrates the conclusion of the direct shear test of sample KSL_4. The 

weights for these tests were 4 kg, 8 kg, 12 kg, 16kg and 20 kg. The first evaluations 

were unsatisfying, so more shear tests were done. 

The range of the shear strength is between 38 kN/m2 and 75 kN/m2. The shear 

parameters are calculated from this, with a result of 24,93 kN/m2 for the cohesion 

and 24,39° for the friction angle.  
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Figure 30: Results direct shear test KSL_4. 

5.1.3 KSL_5 

Four shear tests with loads from 4kg, 8 kg, 12 kg and 16 kg were done for KSL_5. 

The shear stresses range from 35kN/m2 to 53 kN/m2. The spreading around the 

failure envelope is higher with the lower loads than with the higher ones, which can 

be seen in Figure 31. The calculated value for the cohesion is 22,06 kN/m2 and for 

the friction angle 22,54 kN/m2. 

 

 

Figure 31: Results direct shear test KSL_5. 

5.1.4 KSL_7 

The sample KSL_7 caused a long consolidation time (10 - 20 minutes) until the tests 

could be done. It built a perfect failure envelope and shear surface, which is shown 

in Figure 32, after every direct shear test.  



  Results 

Katharina-Sophie Langer  Seite 40 von 102 

 

 

Figure 32: Picture of KSL_7_12kg after the direct shear test. The arrow shows shear direction 
(19.09.2022). 

The evaluation showed peak shear stress values between 23 kN/m2 and 50 kN/m2. 

These are directly on the failure envelope, which can be seen in Figure 33.  

The slope of the line is 29,69° and the cohesion was calculated with 10,67 kN/m2. 

 

 

Figure 33: Results direct shear test KSL_7. 

5.1.5 KSL_8 

Figure 34 shows the results of the direct shear test for KSL_8 with 8 kg, 12 kg, 16 

kg and 20 kg. The peak shear stresses range from 39 kN/m2 up to 65 kN/m2. The 

cohesion was calculated with 15,22 kN/m2 and the friction angle with 28,94 °.  
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Figure 34  Results direct shear test KSL_8. 

5.1.6 KSL_9 

The test for this sample was done with 12 kg, 16 kg and 20 kg. The consolidation 

time of KSL_2 was with 1 minute for every test very low, but it didn’t show any 

settlements after that time anymore.  

The results for the test reach from 46 kN/m2 up to nearly 63 kN/m2. The spreading 

around the failure envelope is little, as shown in Figure 29. The cohesion of this 

sample was calculated with 20,02 kN/m2 and friction angle with 27,32°.  

 

 

Figure 35: Results direct shear test KSL_9. 

5.1.7 KSL_10 

With peak shear strength between 22 kN/m2 and 50 kN/m2 the direct shear test was 

successfully completed for KSL_10. As shown in Figure 36, four tests with 4 kg, 8 kg, 

12 kg and 16 kg were done due to the variance along the fracture line. 
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Figure 36: Results direct shear test KSL_10. 

The soil like material shows well defined shear surface, as shown in Figure 37.  

 

 

Figure 37: Concisely defined shear surface of KSL_10_12 kg. The arrow points in shear direction 
(18.07.2022). 

 

The friction angle for the sample was calculated with 31,96° and a cohesion 6,32 

kN/m2. 

5.1.8 KSL_11 

The test for this sample was done with 8 kg, 12 kg and 16 kg. The consolidation time 

of KSL_11 decreased from 17 to  10 minutes with each test.  

The shear strengths reach from 33 kN/m2 up to nearly 52 kN/m2. The spreading 

around the failure envelope is little, as shown in Figure 38 . The Cohesion of this 

sample was calculated with 8,67 kN/m2 and friction angle with 31,02°.  
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Figure 38: Results direct shear test KSL_11. 

5.1.9 KSL_12 

Compared to KSL_11, this sample shows higher shear strengths with values between 

57 kN/m2 up to nearly 75 kN/m2. The weights used were 8 kg, 12 kg and 16 kg. All 

results of peak strengths are lying along the friction line (Figure 39).  

The determined values for the friction angle and the cohesion are 29,41° and 34,62 

kN/m2. 

 

Figure 39: Results direct shear test KSL_12. 

5.1.10 KSL_13 

Figure 40 shows the results of the direct shear test of sample KSL_13. The shear 

parameters were calculated with c = 19,28 kN/m2 and φ = 24,27°. 

The test was executed with 8 kg, 12  kg and 16 kg. There is no spreading around the 

friction line, so no more than three tests were needed.  
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The consolidation time was shortened from 18 to 10 minutes with the increasing 

amount of tests. 

 

 

Figure 40: Results direct shear test KSL_13. 

 

5.1.11 Summarized results of the direct shear test 

Table 2 gives an overview of the calculated values for cohesion and friction angle of 

all samples. 

Table 2: Combined results of the shear tests of all samples. 

Sample 
Cohesion Friction angle 

[kN/m2] [°] 

KSL_2 20,02 27,32 

KSL_4 24,93 24,39 

KSL_5 22,06 22,54 

KSL_7 10,67 29,69 

KSL_8 15,22 28,94 

KSL_9 3,40 38,07 

KSL_10 6,12 31,96 

KSL_11 8,67 31,02 

KSL_12 34,62 29,41 

KSL_13 19,28 24,27 
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5.2 Results of the sieve analysis and hydrometer test 

The grains size distribution compiled from the sieving and the hydrometer test are 

presented in the following. 

5.2.1 KSL_2 

The dry-sieve – and the hydrometer analyses for KSL_2 are illustrated in Figure 41.  

 

 

Figure 41: Grain size distribution of KSL_2 and its determined U and Cc. 

The coefficient of uniformity and the coefficient of curvature are both very high (U = 

28,09 and Cc = 5,79). The sieve line is widespread, as seen in Figure 41. More than 

83 % are not passing the 63 μm sieve. 

5.2.2 KSL_4 

Just like KSL_2, KSL_4 was also dry sieved. Figure 42 shows the combined result of 

the dry-sieve and the hydrometer test. More than 77 % of the material is coarse 

grained and in the sand fraction. The sieve line spans over a wide range of the particle 

diameter. U reaches a high value of 70,61, so does Cc with 19,39. 
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Figure 42: Grain size distribution of KSL_4 and its determined U and Cc. 

5.2.3 KSL_5 

With a major of its grain size fraction (75 %) defined as sand, KSL_5 shows just a 

quarter of fines. The coefficient of uniformity and a coefficient of curvature result in 

the values of 53,96 and 26,87. The widespread sieve line is presented in Figure 43. 

 

 

Figure 43: Grain size distribution of KSL_5 and its determined U and Cc. 

5.2.4 KSL_7 

The first try to dry sieve sample KSL_7 dry failed and yielded wrong results. A second 

wet sieving delivered the results presented in Figure 44.  
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Figure 44: Grain size distribution of KSL_7 and its determined U and Cc. 

The amount of fine-grained material is 65 %. Unfortunately during the hydrometer 

test the testing time was not sufficient to get the exact amount of clay nor the particle 

diameter of d10. Hence no U and Cc were calculated for this sample.  

5.2.5 KSL_8 

The results of the dry-sieving and hydrometer analyses are shown in Figure 45.  

 

 

Figure 45: Grain size distribution of KSL_8 and its determined U and Cc. 
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The coefficient of uniformity was calculated with 57,47 and the coefficient of 

curvature with 14,95. The coarser grain fracture is with 73 % higher than the amount 

of fine grain fracture.  

5.2.6 KSL_9 

Figure 46 presents the results of the sample KSL_9. The major fraction amount 

(85%) is buildup of the coarser grain fraction sand and shows a steep slope in that 

range. The coefficients U and Cc reach a value of 14,40 and 6,11. 

 

 

Figure 46: Grain size distribution of KSL_9 and its determined U and Cc. 

5.2.7 KSL_10 

During the first dry sieving, it turned out that a wet sieving has to be applied. Though 

the amount of the sand fracture is with a value of 57 % predominant, the hydrometer 

test was not sufficient to obtain a distribution of the clay-sized particles. The 

coefficients could not be calculated due to the missing data. The clay content is very 

high (35 %), as shown in Figure 47.  
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Figure 47: Grain size distribution of KSL_10 and its determined U and Cc. 

5.2.8 KSL_11 

With a major of its grain size fraction (73 %) defined as sand, KSL_11 shows just a 

medium number of fines. Unfortunately the hydrometer test was not successful, and 

the coefficients could not be calculated due to the missing value of d10 . The 

widespread sieve line is presented in Figure 48. 

 

 

Figure 48: Grain size distribution of KSL_11 and its determined U and Cc. 
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5.2.9 KSL_12 

Pretreated with hydrogen peroxide, the wet sieving was successfully at the second 

try, in contrast to the hydrometer test. The density of the solution did not change, 

even after waiting over three days and 8 hours (Figure 49). The fine-grained material 

comprises 80 % of the sample.  

 

 

Figure 49: Grain size distribution of KSL_12 and its determined U and Cc. 
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5.2.10 KSL_13 

Figure 50 presents the results of sample KSL_13. A wet sieving was necessary. The 

major fraction amount (60 %) is built up of the finer grain fractions silt and clay. The 

coefficients U and Cc were calculated with a value of 84,52 and 0,69. 

 

Figure 50: Grain size distribution of KSL_13 and its determined U and Cc. 

5.2.11 Summarized results of the grain size distribution 

An overview over the results of the previous chapter is given in Table 3. 

 

Table 3: Results of sieve analysis and hydrometer test. 

Sample 
d60 

[mm] 

d30 

[mm] 

d10 

[mm] 
U Cc 

KSL_2 0,23 0,11 0,01 28,09 5,79 

KSL_4 0,19 0,10 0,00 70,61 19,39 

KSL_5 0,14 0,10 0,00 53,96 26,87 

KSL_7 0,04 0,00 - - - 

KSL_8 0,19 0,10 0,00 57,47 14,95 

KSL_9 0,17 0,11 0,01 14,40 6,11 

KSL_10 0,15 - - - - 

KSL_11 0,22 0,10 - - - 

KSL_12 - - - - - 

KSL_13 0,11 0,01 0,00 84,52 0,69 
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5.3 Results of Atterberg limits 

Table 4 presents the results of the Casagrande test, the plastic limit test, the water 

content and the value of the plasticity index.  

 

Table 4: Results of the liquid limit, plastic limit and water content, as well for the calculated plasticity 
index of all samples 

Sample 
Water content Liquid limit Plastic limit Plasticity index 

[%] [%] [%] [%] 

KSL_2 33,90 25,94 22,50 3,44 

KSL_4 38,57 30,24 25,63 4,60 

KSL_5 42,23 27,76 23,60 4,15 

KSL_7 175,32 31,90 25,53 6,37 

KSL_8 77,03 29,13 25,96 3,17 

KSL_9 26,15 18,43 15,96 2,47 

KSL_10 77,37 44,20 29,90 14,29 

KSL_11 124,07 51,66 42,74 8,92 

KSL_12 81,35 60,00 35,65 24,35 

KSL_13 268,42 61,15 58,73 2,42 

 

The water content of the samples varies between 26 % and 269 %. Especially the 

samples KSL_7, KSL_11 and KSL_13 are outstanding with a value of more than 

100%. 

The samples from the landslide and the fault zone are prominent with high liquid and 

plastic limits. While the average value of the samples from the two tests around the 

dome are 27 % and 24 %, those from the fault zone are around 54 % and 42 %.  

With 2,42 % plasticity index, KSL_13 stands out with the lowest value. On the other 

hand, KSL_10 and KSL_12 exhibit very high plasticity. 

5.4 Results of grain density and pH-value 

Table 5 lists the results of the grain density and pH of all samples.  

Table 5: Values of the grain density and pH measurements. 

Sample 
Grain density 

[g/cm3] 
pH 

Temperature 

[°C] 

KSL_2 2,62 3,28 19,0 

KSL_4 2,56 3,20 18,8 

KSL_5 2,55 3,83 18,8 

KSL_7 2,40 3,15 19,1 

KSL_8 2,54 3,58 18,9 

KSL_9 2,47 3,19 19,2 

KSL_10 2,55 2,87 19,7 

KSL_11 2,44 2,36 20,3 

KSL_12 2,54 2,77 19,6 

KSL_13 2,20 1,47 21,1 
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The average value for the grain density is around 2,52 g/cm3. KSL_13 has an 

outstandingly low density, which is only 2,20 g/cm3. 

When evaluating the pH values, a clear distinction can be made between the material 

around the summit and the samples from the landslide and fault zone. While the 

former range between 3,83 and 3,15, the latter are even more acidic, with a result 

below 2, and for KSL_13 even below 1,50. 

5.5 Results XRD 

X-ray diffraction was conducted on all ten samples. The results are summarized in 

Appendix A – Results XRD analysis. 

Except for KSL_7, which is fundamentally different from the others, the primary 

phases of plagioclase (andesine), pyroxene (oxp+cpx), amphibole (hornblende) and 

quartz were identified in the samples taken around the summit of the volcano.  

KSL_2 – KSL_5 have a high content of the residual plagioclase, clino- and 

orthopyroxene and a higher content of smectite than kaolinite/halloysite. They are 

also characterized by a high tridymite content. KSL_8 and KSL_9 differ in this respect 

by a higher kaolinite/halloysite content.  

KSL_7 has a very high opal content and no smectite, but halloysite/kaolinite. 

Tridymite, cristobalite and pyrites also occur in the mineral assemblage. Alunite is 

also included in the sample and clino- and orthopyroxenes are present. Similar to 

this sample is KSL_10, which differs by an even higher kaolinite content. It also lacks 

the residual pyroxenes and tridymite. 

Most interesting are the samples from the fault zone. KSL_11 has predominantly 

halloysite and less smectite. Some opal occurs as does cristobalite. Some residual 

pyroxenes are also appearing. KSL_12 consists mainly of kaolinite. Minor components 

are pyrite, anatase, marcasite and possibly ferrihydrite. 

No clay minerals are occurring in sample KSL_13. Consisting mainly of amorphous 

phases (opal-A) it also includes some traces of cristobalite, pyrite, quartz and possible 

ferrihydrite. Also, some anatase arises.  

5.6 Results XRF  

In Appendix B - Results XRF analysis, the chemical composition is listed of the 

investigated soil like material.  

There is a variability in the elemental analysis between the samples from the dome 

area and the landslide/fault area. Except KSL_7,  KSL_2 to KSL_9 have an average 

amount of SiO2 of 60 % and differ from the rest of the samples due to a higher 

content of MgO, CaO and Na2O. The Al2O3-content is significantly lower than that of 

samples KSL_10 - KSL_12, the latter additionally having a high V content (518 ppm). 

KSL_13 stands out due to the especially high Cu-Zn content of 0,1 % in each case. 

In terms of the loss on ignition (LOI), we can see an increase in values from about 

6% of the summit samples (except KSL_7), to ~13% of the samples from the fault 

zone. 
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6 Discussion 

Further evaluations and correlations of the previous chapter should shed light on the 

influence of the hydrothermal activities at the volcano La Soufrière de Guadeloupe. 

They are discussed in the following.  

6.1 TAS classification 

For the classification and nomenclature of volcanic rocks, where the modal mineral 

content could not be determined, a classification was made in the TAS diagram 

(Figure 51). 

 

 

Figure 51: Total Alkali Silica diagram of the samples. 

Komorowski et al. (2005) mentioned that the magma composition of the Grand 

Découverte-Soufrière volcanic center as homogenous and is represented by medium-

K calc-alkaline basaltic andesites and andesites. Some andesite to dacite (~59 to 69 

wt. % SiO2 (Boudon et al., 1988a)) lava flows had been produced. These observations 

can be supported by the results of the samples. Most of them can be classified as 

andesites, with KSL_10 and KSL_12 being more of a basaltic andesite. KSL_4, KSL_5 

and KSL_8 contain a higher SiO2-content and are already identified as dacite.  

However, the classification should be viewed with caution, as circulating fluids may 

have altered the chemical composition. For example, two samples, KSL_7 and 

KSL_13, are not listed in the diagram because their quartz content is 72% and 82%. 

They would therefore be referred to as rhyolites. In the case of the second, however, 
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it appears that it is very altered and therefore the high SiO2 content is not 

representative of the original composition. 

6.2 USCS classification 

In order to make a classification according to the unified soil classification system, 

the results of the particle size distribution are compared with those of the Atterberg 

limits. As the samples are in-situ altered samples and not sediments, this 

classification may differ because of the prevailing conditions on the volcano. Due to 

the ongoing hydrothermal alteration, the proportion of the fine-grain fraction could 

change and lead to a different result. 

First, the water content, the liquid and plastic limits were used to classify the soil in 

the plasticity chart. This is shown in Figure 52. It can be seen that all samples except 

KSL_9 are below the A-line. Most of them are classified as low plasticity silt, KSL_11, 

KSL_12 and KSL_13 as high plasticity silt. 

 

 

Figure 52: Casagrande plasticity chart; CL=clays with low plasticity; CH=clays with high plasticity; ML-
OL=silts and organic soils with low plasticity; MH-OH=silts and organic soils with high plasticity 

6.2.1 KSL_2 

Due to the high values of the coefficient of uniformity U and the coefficient of 

curvature Cc (U>6 and Cc>3), the sample is non-uniform and poorly graded.  

The amount of fine-grained particles (<63 μm) is smaller than 17 %. Considering the 

Atterberg limits, KSL_2 is plotted below the A-line. All these results classify the 

sample as silty sand, sand silt-mixture (SM). 

6.2.2 KSL_4 

With a value for U of 70,61 and Cc of 19,39, sample KSL_4 cannot be interpreted as 

well-graded.   
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The sample is situated in the plasticity chart under the A-line and therefore in the 

area for silts and organic soils with low plasticity. This fact, and the fact that only 23 

% of the sample are finer than 63 μm, KSL_4 is defined as silty sand, sand silt-

mixture (SM). 

6.2.3 KSL_5 

The particle size distribution of KSL_5 results in a sieve line, which spans over a wide 

range of the grain sizes, leading to U > 6 and a Cc > 3.  

75 % of the grains did not pass the 63 μm sieve. The plasticity chart shows that the 

values of the liquid limit and the plasticity index led to a position below the A line in 

the low plasticity area for silt and organic soils. The sample can be classified as silty 

sand, sand silt-mixture (SM). 

6.2.4 KSL_7 

The high amount of silt and clay (65 %), a liquid limit 31,90 and the fact that it plots 

below the A-line in the plasticity chart, defines sample KSL_7 as an inorganic silt, 

rock flour, silt of low plasticity (ML). 

6.2.5 KSL_8 

In the plasticity chart KSL_8 is situated below the A-line. Both coefficients U and Cc 

are higher than the limit for well-graded material. According to the USCS it is a silty 

sand, sand silt-mixture (SM). 

6.2.6 KSL_9 

Sample KSL-9 is the only sample, which is plotted over the A-line in the plasticity 

chart. It is in the range of clays with low plasticity.  

The amount of fine fraction is below 15 %. All these results classify KSL_9 as a clayey 

sand, sand-clay mixture (SC). 

6.2.7 KSL_10 

The high amount of sand (57 %) and the fact that it plots below the A-line in the 

plasticity chart, defines sample KSL_10 silty sand, sand silt-mixture (SM). 

6.2.8 KSL_11 

The particle size distribution of KSL_11 results in a sieve line, which spans over a 

wide range of the grain sizes. Due to the missing data, no statement can be made 

about the grading. 

73 % of grains did not pass the 63 μm sieve. The plasticity chart shows that the 

values of the liquid limit and the plasticity index led to a position below the A line in 

the high plasticity area for silt and organic soils. The sample can be classified as silty 

sand, sand silt-mixture (SM). 
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6.2.9 KSL_12 

The silt and clay amount of the sample is very high with 80 %. The failed hydrometer 

test could be explained by the high content of kaolinite/halloysite (96 %). Maybe the 

dispersion agent reacted with it and held the platelets in suspension.  

Nevertheless, KSL_12 is plotted in the plasticity chart below the A-line, in the range 

of silt and clay with high plasticity. The liquid limit reaches 60,00 %. According to the 

USCS it is a inorganic silt, micaceous silt, silt of high plasticity (MH). 

6.2.10 KSL_13 

The amount of fine-grained material (<63 μm) is 60 %. Considering the Atterberg 

limits, KSL_13 has a liquid limit of 61,15 % and lies below the A-line. All these results 

classify the sample as inorganic silt, micaceous silt, silt of high plasticity (MH). 
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6.3 Classification of the alteration type 

The secondary minerals, including silica polymorphs (cristobalite, quartz, tridymite 

and opal-A), hematite, pyrite, alunite, gypsum, kaolinite and talc occurring in our 

samples were interpreted by Heap et al. (2021) as the result of fluid-rock 

interactions. They were formed by cooled (150°C – 350°C), acidic (pH < 4) 

hydrothermal fluids, mixed with meteoric water. Faults and fractures allow the 

drainage of fluids and supergene and hypogene alteration. Intermediate to advanced 

argillic alteration form in these environments. For further classification of the 

alteration type of the samples, the pH and the secondary minerals were plotted in 

the chart by Corbett and Leach (1998), shown in Figure 53. 

 

All samples have experienced epithermal alteration at low temperature, which is 

expected given their occurrence at the surface. Samples KSL_2, KSL_4 and KSL_5 

can be assigned to the in the illite to illite-kaolinite group, based on the mineral 

assemblage and pH. Although the main constituent of the clay minerals is smectite, 

which forms at 100-150°C (Corbett and Leach, 1998) there is also a small amount 

of Kaolinite/Halloysite. Kaolinite/halloysite is the key mineral of argillic alteration 

facies and form at low fluid temperatures (<150°C – 200°C) and a pH of ~4,5 – 6 

(Fulignati, 2020; Inoue, 1995), but also occur in advanced argillic alteration (pH < 

3, temperatures <300°C). Furthermore, Corbett (2009) describes the Illite group as 

KSL_13 

KSL_11 

KSL_10 

KSL_7 

KSL_12 KSL_4, KSL_2, KSL_5 

KSL_9 

KSL_8 

Figure 53: Temperature vs. pH chart of any hydrothermal alteration associated with epithermal and porphyry 
mineralization (Corbett, 2009). Mineralization assemblages of the samples from volcano La Soufrière de Guadeloupe 

are marked. 
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having a pH of 5-6, but this is lower in the samples at ~3,4, which fits better to the 

Illite-kaolinite group. Those classes are interpreted as weak argillic alteration. 

The increasing acid sulfate alteration causes an increasing amount of 

kaolinite/halloysite and the simultaneous decrease in smectite. For this reason, 

KSL_8 and KSL_9 can be assigned the illite-kaolinite group. The decreasing pH value 

confirms this, which classify the alteration type as argillic. 

KSL_11 shows major acid sulfate alteration, due to its high content of 

kaolinite/halloysite and the occurrence of opal and cristobalite between the alunite-

kaolinite and alunite group, whereas the presence of smectite also places it in the 

illite-kaolinite and illite groups. The sulfate mineral alunite is produced by hypogene 

magmatic-hydrothermal and steam-heated alteration of supergene process (Rye et 

al., 1992). It is commonly found in alteration products of rhyolitic to andesitic rock 

compositions and forms usually at 200°C – 350°C, but is also stable at 380°C – 

450°C (Henley and Berger, 2011; Meyer C., 1967). According to the pH and the 

mineral assemblage, KSL_11 can be classified as advanced argillic alteration, possibly 

overprinting previous argillic alteration. 

Containing halloysite/kaolinite, alunite, cristobalite and opal, KSL_7 and KSL_10 are 

clearly advanced argillic alteration. The amorphous silica, including cristobalite, 

tridymite and opal, form within hot spring deposits at low temperatures <100 – 

150°C (Reyes, 1991), placing these in the alunite and alunite-kaolinite groups. 

KSL_10 together with KSL_12 show complete alteration with no primary minerals 

preserved. The latter consists out of 96 % kaolinite and with a pH value of 2,77, it 

can be assigned somewhere between kaolinite- and alunite-kaolinite groups. Due to 

the complete alteration, we assume that it experienced advanced argillic alteration. 

Given the combination of the minerals plus the low pH value of 1,47, sample KSL_13 

experienced advanced alteration to even silicification due to its mostly amorphous 

phase(s). According to Corbett and Leach (1998) it can be incorporated in the silica 

group. The high content of Cu and Zn (0,1%) makes it interesting if there are more 

low grade ores close to the sampling place.  

Considering the alteration (=percent of secondary minerals) according to Heap et al. 

(2021), the amount of alteration increases with the samples in the following order: 

KSL_5, KSL_9, KSL_2, KSL_8, KSL_4, KSL_11, KSL_7, KSL_13, KSL_12 and KSL_10.  

6.4 Correlation of geotechnical parameters and secondary 

minerals/alteration type 

Table 6 shows the summarized information about the samples from the volcano. The 

sorting is according to increasing alteration, determined in the previous chapter. The 

column “time of influence” refers to the location of the sample within an established 

alteration area (near the craters = Long) or adjacent to the progressing alteration 

front (near vegetation = Short). The tested material from the faults has an unknown 

time of influence and is therefore just called fault. KSL_10 has also been included for 

easier presentation, since it behaves similarly to the samples of the disturbance zone. 
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Table 6: Division of the samples due to their mineralogical composition, alteration type, sampling 
position and period of influence of the hydrothermal activity. 

Sample 
Dominant secondary 

mineral 
Alteration type 

Sampling 

position 

Time of 

influence 

KSL_5 
Smectite>Halloysite/ 

Kaolinite  
Argillic 

Dome near 

gouffre Tarissan 
Long 

KSL_9 
Mix Smectite & 

Halloysite/Kaolinite 
Argillic 

Dome nearest 

living vegetation 
Short 

KSL_2 
Smectite>Halloysite/ 

Kaolinite  
Argillic 

Dome near 

small fumarole 
Short 

KSL_8 
Mix Smectite & 

Halloysite/Kaolinite 
Argillic 

Dome in dead 

vegetation 
Short 

KSL_4 
Smectite>Halloysite/ 

Kaolinite  
Argillic 

Dome near 

cratère sud 
Long 

KSL_11 Halloysite/Kaolinite Advanced argillic 

Fault la Ty near 

very small 

fumarole 

Fault 

KSL_7 Opal-A Advanced argillic 
Dome over very 

small fumarole 
Short 

KSL_13 Opal-A Advanced argillic 

Fault la Ty near 

very small 

fumarole 

Fault 

KSL_12 Halloysite/Kaolinite Advanced argillic Fault la Ty edge Fault 

KSL_10 Halloysite/Kaolinite Advanced argillic Landslide Fault 

 

6.4.1 Correlation of secondary minerals vs. alteration  

Figure 54 shows the results of the XRD versus the alteration. Further graphical 

evaluations with the exact trends of the increasing or decreasing secondary minerals 

versus the alteration are attached in Appendix C – Diagrams of secondary minerals 

vs. alteration. Kaolinite/halloysite content initially remains constant during weaker 

argillic alteration and increases with advanced argillic alteration. Smectite increaes 

with the progression of argillic alteration, but it does not occur in samples with major 

acid sulfate alteration except for KSL_11. 

There are no opal-bearing samples with argillic alteration, except for KSL_11. Opal 

is one of the key minerals used to identify the type of hydrothermal activity in this 

sample set. Cristobalite occurs only in samples with advanced alteration and the 

content increases with increasing alteration. The samples taken in the dome area 

contain tridymite in contrast to the samples from the landslide and fault zone, which 

contain none.  
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Figure 54: Samples ordered along increasing alteration (=percent secondary minerals) versus mineral 
content. 

6.4.2 Correlation of secondary minerals vs. shear parameters 

The graphical results of Appendix D – Diagrams secondary minerals vs. shear 

parameter show that there is an increase in cohesion with increasing secondary 

mineral content, independent of the type of mineral.  

The friction angle decreases with increasing opal and kaolinite/halloysite content and 

increases with increasing smectite.  

For the comparison between the shear strength of the samples, the value at 70 kN/m2 

normal stress was used and plotted on the x-axis versus the secondary mineral 

content. There is no indication that opal influences the shear strength. Higher 

amounts of smectite or kaolinite/halloysite seem to increase it. 

6.4.3 Correlation of shear parameters vs. alteration  

The comparison of the shear parameters and the progress of the alteration can be 

taken from the charts in Appendix E – Diagrams shear parameter vs. alteration . 

The cohesion and the shear strength increase with the progress of argillic alteration, 

as well as for the samples with advanced argillic alteration. The opposite can be 

observed for the friction angle. It shows a negative trend within the argillic and the 

advanced argillic influenced samples.  

Considering the general trend of shear parameters with increasing alteration, it 

seems that neither the cohesion, nor the friction angle are influenced by the rock 

alteration. Only the shear strength seems to increase slightly with it.  

Gonzalez De Vallejo et al. (1981) and Campbell et al. (2009) attribute the frictional 

resistance to the particle shape of the halloysite clay minerals, and the aggregation 
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of the clay minerals. According to Skempton (1964), Morgenstern and Tchalenko 

(1967), Gylland et al. (2013) and (Gylland et al; 2014), the increase in halloysite and 

its tubular particle shape would lead to longer particle realignment, increasing 

frictional resistance. Due to the increase in kaolinite/halloysite with increasing 

alteration, this could also play a role in our samples. 

Heap et al. (2021) also found little variation of the the friction angle for slightly to 

heavily altered rock samples from La Soufrière. The opposite observation was made 

for the rock cohesion: it is decreasing with progressive alteration. It appears that 

cohesion decreases significantly with increasing alteration (from 46 to 17 MPa to 400 

kPa in rocks (from Heap et al. (2021), to ~18 kPa in our soil-like material), however 

once the rock has been altered to a soil-like material, the cohesion seems not to be 

influenced by further hydrothermal alteration. 

6.4.4 Correlation of secondary minerals vs. Atterberg limits 

As presented in the graphical evaluation in Appendix F – Diagrams of secondary 

minerals vs. Atterberg limits, the amount of the different secondary minerals 

influence the Atterberg limits in various ways.  

It can be said that the increasing amount of kaolinite/halloysite leads to an increase 

of the plasticity index and the liquid limit, but on the other hand lowers the water 

content and the plastic limit. Wesley (1973) and Bain (1971) already reported of high 

liquid and plastic limits of halloysite clays and halloysite-rich soils, which plot under 

the A-line in the plasticity chart, compared to other clay minerals. 

Opal on the other hand shows different correlations. The rise of the amount of 

amorphous silica also increases the liquid limit, the plastic limit, and is associated 

with increasing water content, but reduces the PI on the other hand. The PI is not 

affected by the content of smectite. But the higher amount of this type of clay mineral 

increases the liquid limit and the plastic limit but is associated with a reduction in the 

water content. 

6.4.5 Correlation of shear parameters vs. Atterberg limits 

considering clay minerals 

The question behind this correlation was whether the clay or silica minerals have 

different influences on the comparison between the cohesion or the friction angle and 

the water content, plasticity index and the liquid or plastic limit. The results are 

illustrated in Appendix G – Diagrams of shear parameter vs. Atterberg limits 

considering clay minerals. 

First, as the liquid limit - and plastic limit increase, the cohesion also increases. The 

exception seems to be the samples containing kaolinite/halloysite. Their cohesion 

seems to decrease with increasing water content.  Opal seems to have the same 

influence on the plasticity index. In contrast to the other weathering products, the 

cohesion of these samples decreases with increasing PI.  

A general trend can also be made when comparing the friction angle and the water 

content, liquid - and plastic limits. The latter seems to decrease with increasing 

percentage of Atterberg limits or water content. Only kaolinite/halloysite bearing 

samples seem to have no effect of increasing water content on the friction angle.  
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As before, the influence of opal is evident in the behavior of the samples with respect 

to PI. It seems that the presence of this mineral shows a simultaneous increase of 

the PI with the increase of the friction angle. In the other cases, the shear parameter 

decreases. Unfortunately it seems that there is a lack of comparable studies, which 

are focused on soil like material originated by hydrothermal fluids. It seems that they 

are behaving in a different way compared to volcanic-derived sediments. 

6.4.6 Correlation of shear parameters vs. Atterberg limits 

considering the alteration type  

If we now consider the alteration type instead of the individual altered minerals, 

similar trends as before can be seen. The results are shown in Appendix H – Diagrams 

shear parameter vs. Atterberg limits considering alteration type. As before, the 

cohesion and the friction angle (y-axis) are plotted on the axes against the Atterberg 

limits and the water content. 

In general, both the argillic and advanced argillic altered samples have increasing 

values in the cohesion, provided that the water content, plastic limit, and liquid limit 

also increase. This corresponds to the observation of previous evaluations. The 

exception is KSL_12 which has not been considered in the average due to outlying 

values. 

An exception shows up again for the plasticity index. While the argillic altered samples 

continue to show a positive trend, the opal in the advanced argillic alteration samples 

seems to decrease the cohesion with increasing PI.  

A similar observation can be made when comparing the parameters with the friction 

angles. Friction angle shows a reduction with the decrease of water content, liquid 

limit, and plastic limit. The plasticity index shows an increase of the shear parameter 

in the advanced argillic weathered samples, as well as a decrease in the zones argillic 

alteration. 

6.4.7 Comparison of dome vs. fault samples 

When comparing the clay mineral content of the dome and fault samples, which is 

visible in Table 6, higher proportion of kaolinite/halloysite content can be detected in 

the fault zone samples. These results are presented in Appendix I – Diagrams 

comparison dome vs. fault samples. Smectite, on the other hand, occurs only around 

the summit, except for KSL_11. Another observation is that opal is only present in 

KSL_7, the Faille la Ty and landslide samples. 

The percentage of clay sized particles increases only slightly in samples KSL_10 - 

KSL_13 from the landslide and fault. KSL_12 stands out strongly with a proportion 

of 80%.. There also appears to be no noticeable change between the two sampling 

locations in terms of grain density, except for KSL_13. 

6.4.8 Comparison of short-, long- and fault influence of hydrothermal 

alterations 

The aim of this comparison was to detect a difference in the content of secondary 

minerals, clay content or grain density versus the duration of alteration. For this 
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purpose, the samples were structured according to their ongoing hydrothermal 

influence.  This structuring is to be noted in Table 6. 

Results of this comparison showed that there is significant change in clay minerals. 

The corresponding diagrams are presented in Appendix J – Diagrams comparison 

short-, long and fault influence. Thus, the short- and long-term influenced samples 

from the dome show a lower kaolinite/halloysite content than those of the 

disturbance zones of the landslide and fault. In contrast, smectite can only be 

detected in the samples from the dome and KSL_11. Opal occurs only in the samples 

of the landslide and the Faille la Ty, with exception of KSL_7. 

A change with respect to the clay content and the grain content with increasing or 

decreasing alteration is not evident. 

6.4.9 Recommendations for future work 

When comparing soil-like material samples with correlation values in the literature, I 

noticed that most studies deal entirely with clay-bearing sediments. The focus is less 

on hydrothermally altered material, which seems different. La Soufrière is not the 

only volcano worldwide, where hot, acidic fluids circulate and transform the rocks. 

Therefore, further research with this overprinted material from volcanic domes, which 

has not mobilized yet, would definitely be interesting and promising for better 

parameterization of assessment of slope movements. Especially the samples from 

the landslide and shear zone (KSL_10 - KSL_13) proved to be exceptional. Further 

geotechnical and geochemical studies from these areas would be recommended. 

They would fill a lack in the literature. 

From raw material geology point of view, especially the area around sampling site 

KSL_13 would prove to be exciting, as the Cu and Zn grades stand out with 0,1 %. 

Such epithermal or hydrothermal systems often have smaller deposits. 
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7 Conclusion 

The following conclusions can be drawn: there is a direct correlation between the 

secondary minerals and the alteration types.  

While smectite occurs only in the argillic altered zones around the summit, the 

samples that could be assigned to advanced argillic alteration contain none.  

Smectite has a positive influence on the cohesion, the friction angle and the shear 

strength. A higher smectite content increases the liquid limit and plastic limit but has 

no effect on the plasticity. In contrast, the water content decreases with increasing 

amount of this clay mineral.  

 

In comparison, opal content has a negative effect on the plasticity and a positive one 

on water content and liquid limit or plastic limit. This amorphous silica occurs only in 

advanced argillic hydrothermally influenced material. KSL_7 was taken directly next 

to a fumarole and includes opal, as do the samples from the fault zones. It has no 

effect on the shear strength but increases cohesion and decreases the friction angle. 

This could explain why a lot of the mineral was found in the very zones of weakness 

of the volcano. 

 

Kaolinite/Halloysite has the same effect on the shear parameters. The higher the 

amount of the clay mineral is, the higher the cohesion but the lower the friction angle 

is. This has an overall positive effect on the shear strength.  

This clay mineral increases mainly with progressive hydrothermal influence. It shows 

no increase in samples with argillic alteration, but the amount raises drastically for 

samples with advanced argillic alteration.  

According to the results of the Atterberg limits, the plasticity index and the liquid 

limit also increase with the increase of this secondary mineral. In contrast, 

kaolinite/halloysite lowers the plastic limit and the water content. This could be 

related to the emplacement of water molecules in the crystal lattice. 

 

The progress of the alteration does not show any influence on the grain density or 

the distribution of the particle sizes. 

 

In general, it can be argued that the cohesion and the friction angle in the soil like 

material samples from La Soufrière are not influenced by increasing alteration. Only 

the shear strength shows slightly enhancing values with it. 

 

The progression of alteration is spatially variable, with no clear link to distance from 

active craters, such that alteration-induced material weaking cannot be identified 

easily at the surface. For example, KSL_4 and KSL_5, which were actually taken in 

the crater area and far from vegetation, were found to be less altered than samples 

taken closer to vegetated areas. Also the samples KSL_2, KSL_8 and KSL_9, which 

were considered to have a decreasing trend of alteration due to the increasing 

proximity to live vegetation, do not show this in the mineralogy. 
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Only the samples taken from an active fumarole (KSL_7), the landslide (KSL_10) and 

fumarolic fault (KSL_13) have advanced argillic alteration. Here the acid sulfate fluids 

seem to circulate more strongly to the surface. The mineral assemblages of the 

secondary minerals of all samples confirms they were formed by cooled (below 

350°C, and down to 150°C – 200°C), acidic (pH < 4) hydrothermal fluids, mixed with 

meteoric water. 
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Appendix 

11.1 Appendix A – Results XRD analysis 

Mineral KSL_2 KSL_4 KSL_5 KSL_7 KSL_8 KSL_9 KSL_10 KSL_11 KSL_12 KSL_13 

Plagioclase (and.) 31 30 41   32 37         

Pyroxenes (opx+cpx) 12 6 12 5 9 11   6     

Amphiboles (hbl) 3 2 2   <1 2         

Quartza) 2 2 1 1 2 2 <1     1 

Tridymite, low a) 11 18 14 22 18 16         

Cristobalite a)       2     8 1   5 

Opal - A a)       42     10 10   89 

Smectite - dioct. a) 35 37 24   23 14   23     

Kaolinite / Halloysite a) 6 5 5 18 10 6 69 60 96   

Na- Alunite a) <<1 <1   6 4 3 7       

Gypsum a)           1         

Pyrite a)       4   4 5   2 1 

Marcasite a)             1   <1   

Anatase a)                 1 2 

Ferrihydrite? a)             X   X X 

(9.4A broad Talc?) a) x x x   xx xx         

Note. Values in wt.% 
a) A secondary/alteration mineral 
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11.2 Appendix B - Results XRF analysis 

    KSL2 KSL4 KSL5 KSL7 KSL8 KSL9 KSL10 KSL11 KSL12 KSL-13 

Sum % 94,99 94,61 95,08 89,01 91,76 94,25 83,02 89,02 84,90 88,36 

LOI % 5,40 5,84 5,11 12,93 8,78 5,56 16,51 10,99 14,73 12,63 

SiO2 % 58,23 62,69 62,18 72,27 57,89 57,51 47,17 54,18 44,48 81,85 

TiO2 % 0,84 1,02 0,84 1,01 0,85 0,74 0,80 1,06 1,23 1,94 

Al2O3 % 16,28 12,33 14,44 8,24 15,84 17,10 23,77 23,49 33,07 1,04 

Fe2O3 % 11,84 11,77 10,65 3,99 9,45 9,18 9,18 6,28 4,98 2,09 

MnO % 0,10 0,11 0,08 0,05 0,10 0,10 0,02 0,10 0,03 0,01 

MgO % 2,74 2,85 2,10 1,21 2,58 2,67 0,20 3,27 0,80 0,30 

CaO % 2,67 1,80 2,45 0,66 2,69 4,37 0,46 0,38 0,02 0,66 

Na2O % 1,39 1,07 1,42 0,63 1,40 1,78 0,43 0,02 0,00 0,10 

K2O % 0,66 0,70 0,72 0,62 0,71 0,63 0,72 0,04 0,04 0,05 

P2O5 % 0,13 0,17 0,12 0,10 0,15 0,11 0,12 0,05 0,10 0,03 

Ba ppm 210 188 141 353 220 133 251 200 150 212 

Ce ppm <51 <51 70 <51 <51 <51 <51 <51 <51 <51 

Co ppm 24 8 <7 19 12 12 13 21 32 11 

Cr ppm 24 28 17 15 30 24 83 36 64 85 

Cu ppm 57 39 45 633 87 102 187 298 84 1007 

Ga ppm 19 21 19 27 19 16 34 27 30 5 

La ppm <40 <40 <40 <40 43 <40 <40 <40 <40 <40 

Nb ppm 5 4 7 7 5 5 5 5 7 6 

Ni ppm <4 <4 <4 <4 <4 <4 20 9 6 37 

Pb ppm 114 135 22 39 112 21 262 24 325 67 

Rb ppm 26 28 26 22 27 25 26 14 13 15 

Sr ppm 129 105 144 195 146 185 401 12 36 37 

Th ppm 13 11 15 <9 16 11 13 <9 17 12 
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V ppm 168 210 155 121 159 145 225 251 518 195 

Y ppm 8 10 6 <3 5 6 <3 <3 <3 <3 

Zn ppm 134 102 74 639 83 80 89 478 25 1038 

Zr ppm 85 98 93 139 99 81 102 92 123 180 

 

  



 

11.3 Appendix C – Diagrams of secondary minerals vs. 

alteration 
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11.4 Appendix D – Diagrams secondary minerals vs. shear 

parameter 
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11.5 Appendix E – Diagrams shear parameter vs. alteration  
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11.6 Appendix F – Diagrams of secondary minerals vs. 

Atterberg limits 
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11.7 Appendix G – Diagrams of shear parameter vs. Atterberg 

limits considering clay minerals 
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11.8 Appendix H – Diagrams shear parameter vs. Atterberg 

limits considering alteration type 
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11.9 Appendix I – Diagrams comparison dome vs. fault samples 
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11.10 Appendix J – Diagrams comparison short-, long and 

fault influence 
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