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  Abstract 
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Abstract 

 A series of experiments were performed to determine the rheological and 

physical properties of crystal-bearing magmas at confining pressures between 250 and 

300 MPa and temperatures between 20 and 1000 ¡C. The data were used to compute 

flow laws able to describe the rheological behavior of partially crystallized magmas 

inside volcanic conduits and to quantify the effect of the suspended solid fraction on 

the propagation velocity of seismic waves.  

  

 The rheology of crystal-bearing magmas was studied in a system composed of 

a haplogranitic silicate melt and quartz particles. The high chemical stability of this 

system enables rigorous control on the parameters relevant for rheology such as the 

degree of crystallinity and the composition of the melt phase. The experiments 

provided the possibility to separate and determine the effects of crystal fraction and 

deformation rate on the viscosity of magma. The results were summarized in a system 

of equations that account for the complex non-Newtonian behavior of partially 

crystallized magmas and that were implemented in a numerical code used to simulate 

the flow dynamics inside volcanic conduits. The numerical modeling revealed that 

previous codes, which considered magmas as Newtonian fluids, largely overestimated 

the depth at which the fragmentation of magma takes place. This implies that the 

recalculated physical properties of magma at the fragmentation depth (e.g. magma 

vesicularity) were incorrect, inducing significant errors on the reconstruction of 

eruptive scenarios.  

 

 The rheological behavior of natural samples from the 1538 AD eruption of 

Monte Nuovo volcano (Phlegrean fields, Italy) was investigated for two principal 

reasons: i) The Phlegrean Fields are a highly populated area (about 1 million 

inhabitants) and the knowledge of the rheological properties of a potential eruptive 

magma is fundamental for volcanic risk assessment; ii) The material is characterized 

by the presence of elongated feldspar crystals (about 40-45 vol. %) making it ideal for 

the study of the effect of elongated crystals on magma rheology. The rheological 

behavior was characterized as a function of temperature and strain rates. The presence 

of elongated suspended crystal reduced sensibly the maximum packing fraction 

(crystal fraction at which the viscosity increases exponentially) of the system. The 
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viscosity resulted 1-1.5 order of magnitude higher with respect to the viscosity of 

materials with comparable crystal fractions containing sub-spherical particles. 

 

 Data obtained in this study were combined with literature data to define a 

mathematical algorithm describing the rheological properties of crystal-bearing 

magmas over a wide range of crystal fractions and strain rates. Experimental data 

from each publication were analyzed to extract information on crystallinity, strain 

rates and crystal shapes. The knowledge of the experimental conditions and the 

geometrical properties of the particles provided the possibility to assign a physical 

meaning to the fitting parameters employed in these equations. This, in turn allows 

describing the variations of viscosity for a variety of different suspensions as a 

function of crystal fraction, crystal shape and stress conditions.  

 The advancements made on the understanding of the rheological behavior of 

crystal-bearing materials were supplemented with a study aimed to determine the 

physical properties of magmatic suspensions. The propagation velocities of shear (Vs) 

and compressional (Vp) waves were measured on material covering a wide range of 

crystal fractions (from 0 to 0.7) at 200 MPa confining pressure and temperatures up to 

1000 ¡C. These data, in turn, were utilized to compute elastic moduli. The results 

reveal a remarkable correspondence between the principal increase of the elastic 

moduli of the material as function of the crystal fraction, and the onset of an 

exponential increase of viscosity. Propagation of shear waves, increase of Vp, and a 

dramatic increase of viscosity are caused by the transition from a liquid-solid 

suspension to a crystal mush (particles generate a continuous framework) with 

increasing crystal fraction. The strong differences in elastic properties between solid-

liquid suspensions and crystal mushes allow the distinction between a liquid 

dominated and a relatively highly crystallized magmatic reservoir using the inversion 

of seismic data. Highly crystallized magmas have very high viscosity that reduces 

their potential to erupt. Thus, the dataset presented here, combined with seismic 

inversion tools, could potentially represent a powerful tool to evaluate the probability 

of a volcanic eruption from a given subvolcanic magma reservoir. 
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Riassunto 

 Sono stati realizzati una serie di esperimenti per determinare la reologia e le 

proprietˆ fisiche di magmi parzialmente cristallizati, a pressioni confinanti tra 250 e 

300 MPa e temperature comprese tra 500 e 1000 ¡C. I dati sono stati utilizzati per 

produrre equazioni in grado di descrivere il comportamento reologico di magmi 

parzialmente cristallizzati allÕinterno di condotti vulcanici e capaci di quantificare 

lÕeffetto della frazione di cristalli sulla velocitˆ di propagazione delle onde sismiche. 

 

 La reologia di magmi contenenti cristalli • stata studiata in un sistema 

composto di un melt silicatico di composizione aplogranitica nel quale erano sospese 

particelle di quarzo. Il sistema in questione • stato scelto per la sua stabilitˆ chimica 

che permette di controllare con estrema accuratezza i parametri rilevanti per la 

reologia dei magmi: la frazione di cristalli e la composizione del liquido silicatico. Gli 

esperimenti hanno permesso di determinare lÕeffetto del contenuto di cristalli e del 

tasso di deformazione sulla viscositˆ del magma. I risultati sono stati riassunti in un 

sistema di equazioni che tengono conto del comportamento non-Newtoniano di 

magmi parzialmente cristallizzati. Le equazioni sono state utilizzate in modelli 

numerici che calcolano le dinamiche di flusso allÕinterno di condotti vulcanici. Queste 

simulazioni hanno dimostrato che i codici precedenti, che considerano i magmi come 

fluidi Newtoniani, sovrastimano ampiamente la profonditˆ di frammentazione.  

 

Il comportamento reologico di campioni provenienti dallÕeruzione del 1538 

del vulcano Monte Nuovo  (Campi Flegrei, Italia) • stato investigato per due 

ragioni principali: i) I Campi Flegrei sono una regione altamente popolata (circa 1 

milione di abitanti) e quindi la conoscenza delle caratteristiche reologiche dei magmi 

che potrebbero essere potenzialmente eruttati • fondamentale per la valutazione del 

rischio vulcanico. ii) Le lave provenienti da questa eruzione sono caratterizzate dalla 

presenza di cristalli allungati di feldspato (circa 40-45 % in volume), che sono ideali 

per lo studio dellÕeffetto della forma dei cristalli sulla reologia dei magmi. La reologia 

• stata studiata in funzione della temperatura e del tasso di deformazione. La presenza 

di cristalli allungati riduce sensibilmente la frazione di massimo impacchettamento 

(frazione di cristalli alla quale la viscositˆ aumenta esponenzialmente) del sistema. Il 

risultato di questo effetto • una viscositˆ 1-1.5 ordini di grandezza pi• alta rispetto 
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alla viscositˆ di magmi parzialmente cristallizzati contenenti particelle sub-sferiche, 

per cristallinitˆ comparabili. 

 

 I dati presenti in letteratura e quelli prodotti in questo studio sono stati 

utilizzati per definire algoritmi matematici che descrivono le proprietˆ reologiche di 

magmi contenenti cristalli per una gamma continua di frazioni di cristalli e tassi di 

deformazione. I dati di ogni pubblicazione sono stati analizzati per ottenere 

informazioni sulla cristallinitˆ, tassi di deformazione applicati e forma dei cristalli. 

LÕinterpolazione dei dati ha permesso di assegnare un significato fisico ai parametri 

utilizzati per tenere conto degli effetti del tasso di deformazione, geometria e forma 

delle particelle sulla viscositˆ dei magmi parzialmente cristallizzati. Queste equazioni 

permettono di generalizzare il comportamento reologico ad una vasta gamma di 

sospensioni di un solido in un liquido. 

 

 Lo studio del comportamento reologico dei materiali parzialmente 

cristallizzati • stato implementato con uno studio delle proprietˆ fisiche delle 

sospensioni magmatiche. Le velocitˆ di propagazione di onde di taglio (Vs) e di 

compressione (Vp) • stata misurata in magmi contenenti diverse frazioni di cristalli 

(0-0.7) a 250 MPa di pressione confinante e temperature fino a 1000 ¡C. Questi dati 

hanno permesso di calcolare i moduli elastici. I risultati hanno dimostrato una 

rimarchevole corrispondenza tra il forte aumento dei moduli elastici dei magmi, in 

funzione del grado di cristallinitˆ, e lÕinizio dellÕaumento esponenziale della viscositˆ. 

La propagazione di onde di taglio, lÕaumento delle Vp e il drammatico incremento di 

viscositˆ sono dovute alla transizione, con lÕaumento della cristallinitˆ, da sospensioni 

di particelle in un fuso a materiali nei quali i cristalli sono in reciproco contatto. La 

forte differenza di proprietˆ elastiche tra sospensioni di un solido in un liquido e 

magmi altamente cristallizzati permette di distinguere, utilizzando lÕinversione dei 

dati sismici, tra magmi totalmente fusi e ricchi in cristalli. La presenza di elevati 

contenuti di cristalli aumenta in maniera drammatica la viscositˆ dei magmi e questo 

riduce la loro possibilitˆ di eruttare; quindi i dati presentati combinati con lÕinversione 

dei dati sismici potrebbero essere usati come uno strumento per assegnare la 

probabilitˆ di un eruzione vulcanica. 
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1. General introduction 

Magmas are suspensions of silicate liquids, gas bubbles and crystals. Their 

flow behavior and their physical properties are consequently controlled by the relative 

content and the interactions between these different phases. Rheology (from the Greek 

rheos: to flow) is the science of deformation and flow of matter, it controls the rise 

and emplacement of magma within the Earth and to the Earth surface, and the 

dynamics of volcanic eruptions. The knowledge of the physical properties of magma 

allows localization, tracing and characterization of magmas in the earth crust. Several 

materials such as glasses and ceramics share their fundamental properties with 

magmas; as a consequence, rheology and physical properties of magmatic 

suspensions find application also in the production of industrially manufactured 

goods. 

In the last 15-20 years considerable efforts have been concentrated studying 

the properties of silicate melt at different temperatures, water contents and applied 

stresses (Dingwell and Webb 1990; Bagdassarov et al. 1993; Richet et al. 1996; 

Dingwell 1998; Richet et al. 2006). The most striking feature of silicate melts is that 

they can exhibit liquid-like and solid-like behavior depending on their chemistry and 

applied stress conditions. The visco-elastic behavior of silicate liquids can be 

conveniently approximated and described with of the behavior of a Maxwell body 

introducing the concept of relaxation time (! ): 

 

!  

" =#0 /G$          (1.1) 

where 0!  is the viscosity of the melt phase and !G  is the shear modulus at infinite 

frequency. The relaxation time describes the time span that a silicate liquid requires 

before its structure can equilibrate after a perturbation has been applied (e.g. 

mechanical, or thermal). Since viscosity increases with decreasing temperature !  is an 

inverse function of temperature. The fact that !G  independent of the composition 

(e.g. Dingwell and Webb 1990) allows the calculation of the relaxation time solely 

from the Newtonian viscosity. At temperatures above the glass transition (Moynihan 

1995), a silicate liquid experiences the transition from Newtonian to non-Newtonian 

and finally to brittle behavior with increasing deformation rate or increasing 

frequency of a propagating perturbation (1/! ),. Newtonian behavior is characterized 

by the independence of viscosity from the strain rate, or referring to the frequency of 

applied perturbation, by a zero shear modulus. At these relatively low applied strain 
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rates or frequencies the material deforms in a relaxed state (pure viscous) and the 

material structure does not change during deformation. Non-Newtonian behavior is 

identified by the dependence of viscosity from the strain rate or by a non-zero shear 

modulus. This implies that the material deforms in a non-relaxed state (visco-elastic), 

or more in detail, that its structure is not able to rearrange during deformation and 

changes as function of the applied strain rate or frequency. The brittle behavior 

corresponds to a fully unrelaxed deformation (elastic). 

The studies presented in this thesis focus on the effects of suspended crystals 

on the rheology and physical properties of magmatic suspensions. Previous work on 

magmas and on colloidal suspensions provided important insights in the rheology of 

particle bearing liquid suspensions (Thomas 1965; Chong et al. 1971; Bagdassarov et 

al. 1994; Lejeune and Richet 1995; Deubener and BrŸckner 1997). It has been 

demonstrated previously that the presence of crystals most significantly influences the 

viscosity of magmas with variations up to 9 orders of magnitudes from pure melt to 

crystal fractions of about 0.8. However, the lack of systematic investigations on the 

effects of solid particles, especially at high crystal fraction (" >0.6), rendered it 

difficult to obtain equations able to describe the rheology of magmas over a 

continuous range of crystal fraction and applied deformation rate. This difficulty 

transferred into the impossibility to consider accurately the complex crystal-induced 

rheological behavior of magmas in modeling of volcanic eruptions. Magma has, 

therefore, been assumed to behave as a Newtonian liquid (Papale 1999; Costa et al. 

2007) even though experimental evidences testify the non-Newtonian nature of crystal 

bearing magmatic suspensions (Lejeune and Richet 1995; Deubener and BrŸckner 

1997; Sato 2005). Numerical modeling is a valuable tool for the assessment of 

volcanic hazard; thus the simplifying assumption is not sufficiently accurate to 

evaluate carefully the risk related to volcanic eruptions. Another fundamental aspect 

regarding the assessment of volcanic risk is related to the characterization of 

magmatic reservoirs present below active volcanoes. The inversion of seismic data is 

widely used to characterize the degree of crystallinity of magmas, which is inversely 

proportional to their mobility. The effect of crystals on the propagation velocities of 

compressional (Vp) and shear waves (Vs) and on the elastic moduli of magmas has so 

far mainly been addressed by theoretical approaches (e.g. Mavko 1980; Schmeling 
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1985; Taylor and Singh 2002). In the present thesis, a dataset of Vp, Vs and elastic 

moduli has experimentally been measured over a wide range of crystallinities.  

The present thesis has been organized in individual chapters; most of them are 

manuscripts published, accepted, or submitted. As a consequence, each of the 

chapters has its own introduction and, therefore, here I will only provide a brief 

overview. 

1.1 Objectives, approaches and achievements 

 The main scopes of the thesis are twofold: i) Generate systematic data on the 

variations of rheological and physical properties of magma as function of crystal 

content; ii) Utilize the experimental data to constrain equations for the rheological and 

physical properties of magma, which can easily be implemented in numerical- 

modelling codes applied to volcanic hazard assessment. In order to characterize 

carefully the effect of solid particles, the investigated samples and the experimental 

conditions, were selected to provide chemically stable samples during the course of 

the experiments. This approach ensures constancy of the relative proportions of 

particles and liquid and of the viscosity of the suspending melt over the length of the 

experiments. 

 Chapter 2 provides a detailed description of the experimental and analytical 

techniques used for the characterization of the physical properties and the preparation 

of the samples, accompanied by a discussion of problems encountered during the 

experimental and analytical work.  

 Chapter 3 reports the results of a systematic study on the effect of different 

crystal fractions on the rheology of magmas at different strain rate conditions. The 

results have been summarized in a semi-empirical set of equations, which can easily 

be implemented in numerical codes utilized to simulate volcanic eruptions. In the 

same Chapter we present the results of such numerical modelling (in collaboration 

with Prof. Paolo Papale and Dr. Melissa Vassalli of the Italian National institute for 

Geophysics and Volcanology (INGV) in Pisa), illustrating how the application of our 

equations, which include the non-Newtonian behaviour of crystal bearing magmas, 

modify to a large extent the dynamics of magma flow inside volcanic conduits. 

[Published in Earth and Planetary Science Letters, 264, 402-419, 2007] 

 Chapter 4 is dedicated to the effects of non-spherical, elongated particles that 

have been investigated on a natural material from Monte Nuovo volcano (Phlegrean 

Fields, Italy). Elongated particles reduce sensibly the maximum packing fraction 
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(crystal fraction at the onset of the exponential increase of viscosity) inducing a 

stronger viscosity increase already at relatively low crystal fractions (0.4) when 

compared with magma containing spherical particles. [In press in Chemical Geology, 

2008] 

 In Chapter 5, making use of the experimental data presented in Chapters 3 and 

4, the system of equation presented in Chapter 3 has been improved and a physical 

meaning has been assigned to the parameters used for the fitting of the data. 

[Submitted to G3, 2008] 

 Chapter 6 is dedicated to the effect of the suspended solid fraction on the 

physical properties of magmas. The Vp, Vs and elastic moduli obtained 

experimentally can be used to invert seismic data obtained for magmatic reservoirs 

and constrain their crystallinity. The principal variations observed for the physical 

properties (strong increase of Vp and presence of Vs) coincide with a strong increase 

of magma viscosity that reduces considerably the mobility of magma from depth to 

the Earth surface. This relationship between physical properties and rheology allows 

applying the inversion of seismic data to volcanic hazard assessment. [Submitted to 

Journal of Volcanology and Geothermal Research, accepted with minor revision, 

2008] 
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2. Experimental and analytical techniques 

2.1 Starting materials 

The first step for the preparation of the starting materials employed for the 

experiments of Chapters 3 and 6 was the synthesis of large quantities of chemically 

homogeneous, hydrated glasses with different H2O contents (2.7 wt. % and 5.2 wt. 

%). A mixture of oxides and hydroxides (AlOOH and Al(OH)3) was used to obtain an 

haplogranitic composition with the desired Al and H2O content. The powders were 

cold pressed into stainless steel canisters with approximately 200 MPa pressure, 

isolated from the contact with the metallic walls using Molybdenum foils that is 

characterized by very low chemical reactivity with haplogranitic liquid. During 

welding, the capsules were cooled with water for almost the entire length to avoid 

decomposition of the hydroxides, which would have resulted in water loss. After 

welding, the containers were immersed in ethanol under vacuum to check complete 

tightness. 

Glasses were obtained through hot isostatic pressing (HIP) of the canned 

powders in a large volume internally heated pressure vessel with a capacity of 42 

liters of Argon used as confining pressure medium. The syntheses were performed at 

1100 ¡C and 180 MPa confining pressure for a duration of 24 hours. Pressure was 

raised at room temperature up to about 50 MPa; subsequently, the temperature was 

increased to the target value thereby allowing the pressure to rise to the desired 

pressure. The HIP experiments were terminated by switching off the power supply in 

order to attain the fastest possible cooling rate that was about 100¡C/min between 

1100 and 900¡C and about 60¡/min down to 200 ¡C. The homogeneity of the glasses 

was checked by electron microprobe analyses (see Paragraph 2.2 of this Chapter). 

There were no problems encountered with the formation of quench crystals during 

cooling, at least for the high silica-content composition synthesized for the presented 

experiments. However, the combination of relatively slow cooling rates attainable in 

the large volume HIP apparatus, low thermal conductivity of silicate glasses, and the 

strong effect of cooling on pressure decrease were responsible for the presence of 

H2O micro-bubbles especially in the highest water content glasses (5.5 wt.% H2O).  In 

fact, during the cooling stage the pressure decreased with a very high gradient while 

the samples cooled much less efficiently resulting in bubble nucleation. The 

outermost 50 µm of material that was in contact with the Molybdenum foil was 
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contaminated with ~200 ppm of MoO2; consequently, this portion of the material was 

not utilized for the experiments. 

The containers were opened at both extremes after synthesis and the pure glass 

samples were directly drilled out from the canister (Chapter 6). To prepare particles-

bearing samples, the glass was ground to fine powders (5-10 µm diameter) using a 

planetary mill. Density data for solid particles (quartz for the experiments presented in 

Chapter 3 and alumina for the experiments reported in Chapter 6;  (Chung and 

Simmons 1968) and for the glass (Lange 1994) were used to convert volumes to 

weight proportions. Mixing of different weight proportions of particles and glass 

powders allowed obtaining samples containing different volume proportions of 

particles and glass. The mixtures (particles-glass) were subsequently hot isostatically 

pressed in a Paterson-type apparatus (Paterson and Olgaard 2000) to produce 

cylindrical sample that were employed in  the deformation experiments. 

2.2 Glass synthesis 

 A crucial aspect for the synthesis of homogeneous glass devoid of cooling 

cracks, which would impede the coring of cylindrical specimens, was the choice of 

the heating rates applied during the different phases of the synthesis (Fig. 2.1). The 

starting powders were initially heated to a temperature higher than the liquidus (1373 

K) with a heating rate of 20 K/min. The specimens were maintained at 1373 K and 

180 MPa for 24 hours to homogenize the material. Crystal free glasses were obtained 

by cooling the liquid at the fastest possible cooling rate that, for the apparatus used, 

was about 60 K/min. This cooling rate was maintained down to a temperature 

corresponding to a viscosity of 1012 Paás. This viscosity has been demonstrated to 

correspond to the calorimetric glass transition temperature (Dingwell 1998). To avoid 

the formation of cracks due to the accumulation of elastic energy upon cooling, once 

the glass transition temperature was reached, the material was cooled with a rate that 

allowed for thermal relaxation of the glass. The thermal relaxation time has been 

calculated using the Maxwell relationship ( !"=# G/ ; where !  is the relaxation time, 

"  is the viscosity of the liquid and G!  is the shear modulus at infinite frequency). G!  

is about 1010 Pa for liquids from basalt to rhyolite (Dingwell and Webb 1990). This 

implies that the relaxation time at the glass transition temperature (corresponding to 

1012 Paás of viscosity) is about 100 seconds. To allow thermal relaxation, the 
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temperature was consequently varied every 100 seconds (1K/100s=0.01 

K/s=0.6K/min). 

Figure 2.1: Sketch of the various phases of glass synthesis reported in a time versus inverse 

temperature diagram.  

2.3 Electron microprobe analyses 

 The chemical compositions of all samples were determined using a JEOL JXA 

8200 microprobe at the Institute for Mineralogy and Petrology at ETH Zurich. The 

analytical conditions for mineral phases were 15 keV acceleration voltage and 20 nA 

beam current. In order to minimize alkali-loss during analysis of the glassy matrix, the 

acceleration voltage was kept constant but the beam current was lowered to 5 nA and 

the beam diameter increased to 10-20 µm. Standards used for the calibration of the 

electron microprobe were: Wollastonite (H055; natural) for silica and calcium, 

corundum (D006; synthetic) for aluminum, rutile (D015 synthetic) for titanium, 

hematite (D014; natural) for iron, pyrolusite (D023; synthetic) for manganese, 

periclase (D044; synthetic) for magnesium, aegirine (H091; natural) for sodium, 

chromite (D028; natural) for chromium, bunsenite (D042; synthetic) for nickel, and F-

apatite (G002; natural) for phosphorus. The electron microprobe was additionally 
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employed to collect back-scattered electron (BSE) images of the samples that were 

used for image analyses to determine crystal sizes and crystal size distributions. 

2.4 Karl-Fisher Titration (H2O determination) 

The water content of the glassy samples was checked using the Karl-Fisher 

Titration method (KFT) at the Institute for Mineralogy and Petrology at ETH Zurich. 

The apparatus is a Coulometric KFT and the reagents used are: Methanol, sulfur 

dioxide-Aquamicron Ax and Methanol-Aquamicron CXU both supplied by 

Mitsubishi. Samples are heated to 1200-1300 ¡C employing an induction furnace to 

extract H2O. The extracted hydrogen is carried by a high purity Argon flux in contact 

with a solution containing the chemical reagents. The reaction stabilizes charge 

carriers with a known proportionality relative to hydrogen. The charges present in 

solution, and consequently the amount of extracted hydrogen, are quantified 

measuring the current between an anode and a cathode.    

Prior to any analytical session, the sample holder (inside the induction furnace) 

was kept at 1000 ¡C for at least two hours, followed by a blank measurement without 

sample to confirm the absence of adsorbed water in the system. Analytical 

reproducibility was tested by supplementary measurements performed on a white-

mica that was previously analyzed and resulted a water content of about 4.5 wt. % 

(±0.1). Prior to analysis, samples were kept at 220 ¡C for one day. Aliquots of about 

80 milligrams of both, natural (Chapter 4) and synthetic (Chapter 3 and 6) starting 

materials, were placed in a Platinum crucible and inserted in a Platinum induction 

furnace. Temperature was raised up to 300 ¡C within two minutes and kept constant 

for two additional minutes. This first step was necessary to remove eventual 

absorption water present on the surface of the samples. Subsequently, the temperature 

was raised to 800 ¡C in two minutes and kept constant for three minutes. In the last 

step the temperature was raised to 1200 ¡C in two minutes. Titration started two and 

half minutes after the beginning of the temperature ramp. The measurement stopped 

automatically when the measured hydrogen titration rate was lower than10 µg/s; the 

typical background values were about 0.1-0.2 µg/s. 

 A difficulty related to this analytical procedure is the formation of H2O micro-

bubbles upon heating of the sample at ambient pressure, which causes partial 

retention of water in the samples. This experimental/analytical problem is rather well 

known and several publications provide correction factors for material containing 
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different amounts of total H2O (Behrens and Stuke 2003; Del Gaudio, Behrens et al. 

2007); see also Chapter 4). 

2.5 Experimental deformation tests 

 Both torsion and compression experiments were performed in a high-pressure, 

high-temperature Paterson-type apparatus (Paterson and Olgaard 2000). The 

apparatus consists of an internally heated pressure vessel with a large region of 

constant temperature (4 cm long with temperature differences of ±2 K). The 

temperature profile was calibrated periodically using a hollow assembly that allows 

for the movement of a thermocouple along the vessel length. The stresses related to 

the presence of the iron jacket were calculated using the iron flow laws reported by 

Barnhoorn (2003) and by Frost and Ashby (1982) in torsion and compression tests 

respectively. 

Fix strain rates were applied to the specimens in all the experiments. The 

applied shear or compressional stresses are recorded using a load cell, which is placed 

inside the pressurized vessel (internal load cell). The stress resolution of the internal 

load cell is 1kN in compression and 1Nm in torsion tests.  

2.5.1 Torsion tests 

In torsion configuration the deformation occurs only on the specimen because 

it is the weakest part of an assembly composed of very strong materials such as 

alumina, partially stabilized zirconia (PSZ) and steel. The only limit is that the 

maximum applied shear stress cannot be higher than the friction at the sample-

ceramic interface (Paterson and Olgaard, 2000). This would in fact produce slip at the 

interface with no transmission of stress to the specimen. 

During the tests internal torque and twist rate were recorded. Twist rates (!&) 

were converted in shear strain rates (!&) at each radius (r) in samples with length (l) 

using Equation 2.1 (Paterson and Olgaard, 2000): 

l
r

r

!
="

&
&          (2.1) 

The same equation can be used to convert the angular displacement into shear strain. 

All shear stress and shear strain rate values reported in this study refer to those 

recorded at the outer rim of the samples. At the outer rim (r=R) the measured internal 

torque (M) was converted in shear stress (! ) using Equation 2.2:  
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where n is the stress exponent of the material under investigation. The response of the 

internal torque to the variations of the twist rate provides the stress exponent 

(Equation 2.3; Paterson and Olgaard, 2000; see also Figure 3.1): 

Mlnd
lnd

n
!

=
&

         (2.3) 

 In order to determine the elastic behavior of the deformation apparatus during 

torsion deformation tests, two experiments were performed on two steel bars of 

known shear modulus (G=82.95) and different diameter (bar1=15±0.03 and 

bar2=26±0.03 mm; Barnhoorn, 2003). The elastic constant for both bars can be 

calculated according to Paterson and Olgaard (200) as: 

l32
Gd

k
4

b

!
=          (2.4) 

where d is the diameter and l is the length of the bar.  

 The calibration is based on the principle that during torsion, both the bar and 

the apparatus deform, consequently, knowing the elastic constant of the bars, it is 

possible to calculate the amount of deformation suffered by the apparatus and 

consequently its elastic constant. The elastic relationship for all the components 

involved in the calibration experiments can be used to calculated the elastic constant 

of the apparatus: 

1b1bkM !=          (2.5) 

2b2bkM !=          (2.6) 

apapkM !=          (2.7) 

ap1b
I !+!=!          (2.8) 

ap2b
II !+!=!          (2.9) 

where kb1 and kb2 are the elastic constant of the bars, 1b! , 2b! , ap!  are the twist angles 

of bar 1, bar 2 and of the apparatus respectively. I!  and II!  are the total recorded 

twist angles during the calibration experiments using bar 1 and 2 respectively. The 

twist angles at each applied torque can be fitted with a linear equation: 
I

1
I Mm=!          (2.10) 
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where m1 is the slope of the curve and MI is the torque applied during the deformation 

of bar 1. MI is the sum of the torque necessary to deform bar 1 and the apparatus. The 

same relationship can be written for bar 2. The substitution of equations 2.5, 2.6, 2.7 

and 2.10 in equations 2.8 and 2.9 results in: 

ap1b

I
1 K

M
k
M

Mm +=  and 
ap2b

II
2 K

M
k
M

Mm +=     (2.11) 

Solving these equations for MI equal to MII gives: 

2b1b
2b21b1

12
ap kk

kmkm

mm
k

!

!
=        (2.12) 

that finally allows calculating the elastic constant of the apparatus (Fig. 2.2). 

The calibration for the angular displacement-rate transducer was supplied by 

the manufacturer (Australian Scientific Instruments, Pty, Ltd). 

 

Figure 2.2: Measured internal 

torque values versus twist angles in 

the experiments for the calibration 

of the torsion apparatus. The 

measured elastic distortions for both 

the big and the small bar are given 

in black circles and grey triangles 

respectively. Solid lines are the best 

fits through the data points. With 

these best fits the real elastic 

distortion is calculated subtracting 

the elastic distortion of the 

apparatus (black -á- line). 
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Figure 2.3: Diagram of applied force (IF) plotted against 

deformation for a test performed at 100 MPa confining pressure. 

Both parameters correspond to the values recorded by the 

instruments of the apparatus. The slope of the recorded points 

represents the elastic constant of the deformation apparatus. 

Figure 2.4: Internal force against position recorded during the 

deformation of a spring at 100 MPa confining pressure. The slope 

represents the elastic constant of the spring without correction for 

the deformation of the apparatus. 
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2.5.2 Compression test 

 Two calibration 

tests were performed to 

determine the elastic 

behavior of the apparatus 

under uniaxial 

compression. In the first 

test a nominally 

undeformable stainless 

steel cylinder was inserted 

in the vessel and loaded 

up to about 110 kN while 

measuring the 

deformation (Fig. 2.3). 

The recorded 

displacement was related 

to the elastic deformation 

of the Paterson apparatus.  

The relation between the 

applied force and the 

deformation allowed for 

the calculation of the 

elastic constant of the 

vessel (101.6 kN/mm; 

given by the slope of the IF 

vs Position curve; Fig. 2.3). These measurements were repeated at different confining 

pressures (CP=5, 100, 200, 300 MPa) resulting independence between confining 

pressure and the elastic constant. A second test was performed to check the accuracy 

of the elastic constant previously determined. A metallic spring of known elastic 

constant (11.065 kN/mm) was inserted in the vessel and loaded up to 100 kN while 

recording the deformation (Fig.2.4). The deformation of the spring was corrected for 

the deformation of the apparatus at each applied force using the elastic constant of the 
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Figure 2.5: Internal force recorded during the deformation of 

the spring plotted against the value of displacement corrected 

for the distortion of the apparatus. 

vessel. Plotting applied force during deformation of the spring against the 

displacement corrected for the distortion of the apparatus (Fig. 2.5), we obtained a 

value (11.245 kN/mm), very close to the known elastic constant of the spring 

confirming the accuracy of the calibration for the distortion of the vessel. 

 For all the 

experiments an iron jacket 

was employed to isolate the 

sample from contact with 

the argon gas used as 

confining medium. The 

resistance of the jacket at 

different temperatures and 

strain rates applied was 

calculated using the flow 

law reported by Frost and 

Ashby (1982). The 

accuracy of the load cell including the iron jacket constrained the lower measurable 

viscosity to 1010 Paás. 



Chapter 2                                                           Experimental and analytical techniques 

 15 

Figure 2.6: Sketch of the experimental assembly 

used for measurements of elastic properties of 

materials. 

2.6 Measurements of elastic properties 

The elastic properties of pure glasses and particle-bearing samples were 

measured in the Paterson-type internally heated pressure vessel using the pulse-

transmission technique (Birch 1960). 

Compressional and shear pulses were 

generated using piezoelectric 

transducers, which were placed at both 

ends of the experimental assembly 

were temperature was lowest (Fig. 

2.6). The entire assembly (transducers 

and ceramic buffer rods; Fig. 2.6) was 

inserted in an iron jacket. 

Measurements were initiated by 

pressurizing the entire assembly to 

450 MPa in order to ensure good 

mechanical contacts between the 

different components and maximize 

the signal produced by the 

transducers. The transducers were 

calibrated to measure travel times of 

the pulses along the ceramics 

composing the experimental assembly 

(Fig. 2.6). A sapphire crystal cut 

parallel to [0001] was used as 

calibrant (see also Burlini, Arbaret et 

al. 2005) specimen. The elastic 

constants and, consequently, the propagation velocities of compressional and shear 

waves for sapphire have been studied by Gieske and Barsch (1968). The arrival time 

of the pulses at different frequencies (0.1-1-3 MHz) were collected at different 

pressures and temperatures. The data were subsequently fitted with an empirical 

equation using the package ÒSolverÓ included in the Excel Program (Microsoft 

Corporation; e.g. Fig. 2.7).  
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Figure 2.7: Example of the fitting procedure used for the pressure calibration data. 

The travel times in the sapphire crystal were recalculated at the different conditions 

using elastic constants obtained from literature. The difference between the total time 

resulting from the fitting equation at different pressures and temperatures, and the 

travel times measured in the sapphire crystal resulted the travel time in the ceramic 

parts below and above the specimen. 

 

 

References 

Barnhoorn A. (2003). ÒRheological and microstructural evolution of carbonate rocks 

during large strain torsion experiments.Ó  PhD thesis, ETH Zurich, dissertation 

Nr. 15309. 

Barnhoorn, A. (2003). Ò Rheological and microstructural evolution of carbonate rocks 

during large strain torsion experimentsÓ PhD thesis, ETH Zurich diss. N¡ 

15309. 

Behrens, H. and A. Stuke (2003). "Quantification of H2O contents in silicate glasses 

using IR spectroscopy-a calibration based on hydrous glasses analyzed by 

Karl-Fisher tritation." Glass Science Technology 76(4): 176-189. 

Birch, F. (1960). "The Velocity Of Compressional Waves In Rocks To 10-

Kilobars.1." Journal Of Geophysical Research 65(4): 1083-1102. 

Burlini, L., L. Arbaret, et al. (2005). High-temperature and pressure seismic 

properties of a lower crustal prograde shear zone from the Kohistan Arc, 

Pakistan. High-Strain Zones: Structure And Physical Properties: 187-202. 



Chapter 2                                                           Experimental and analytical techniques 

 17 

Chung, D. H. and G. Simmons (1968). "Pressure And Temperature Dependences Of 

Isotropic Elastic Moduli Of Polycrystalline Alumina." Journal Of Applied 

Physics 39(11): 5316-&. 

Del Gaudio, P., H. Behrens, et al. (2007). "Viscosity and glass transition temperature 

of hydrous float glass." Journal Of Non-Crystalline Solids 353(3): 223-236. 

Dingwell, D., B. and S. Webb, L. (1990). "Relaxation in silicate melts." European 

Journal of Mineralogy 2: 427-449. 

Dingwell, D. B. (1998). "The glass transition in hydrous granitic melts." Physics of 

the Earth and Planetary Interiors 107: 1-8. 

Frost, H. J. and M. F. Ashby (1982). Deformation-Mechanism Maps. 

J.H. Gieske and G.R. Barsch (1968). "Pressure dependence of the elastic constants of 

single crystalline aluminum oxide." Phys. Status Solidi 29: 121Ð131. 

Lange, R. A. (1994). The effect of H2O, CO2 and F on the density and viscosity of 

silicate melts. Volatiles In Magmas. 30: 331-369. 

Paterson, M. S. and D. L. Olgaard (2000). "Rock deformation tests to large shear 

strains in torsion." Journal of Structural Geology 22: 1341-1358. 

 

 



Chapter 3                                                               Rheology of crystal-bearing magmas 

 18 

3. Non-Newtonian rheology of crystal-bearing magmas and 

implications for magma ascent dynamics 

Published in Earth and Planetary Science Letters, 264, 402-419 (2007). 

Luca Caricchi a, *, Luigi Burlini a, Peter Ulmer a, Taras Gerya a, Melissa Vassalli b, c, 

Paolo Papale b 
a Department of Earth Sciences, ETH Zurich, Clausiusstrasse 25, CH-8092, Zurich, 

Switzerland 
b Istituto Nazionale di Geofisica e Vulcanologia, Via della Faggiola 32, 56126 Pisa, 

Italy 
c Physics Department, Universitˆ di Bologna, Via Berti Pichat 6/2, 40127 Bologna, 

Italy 

3.1 Abstract 

The eruptive dynamics of volcanic systems are largely controlled by the 

viscosity of deforming magma. Here we report the results of a series of high-

temperature, high-pressure experiments at conditions relevant for volcanic conduits 

(250 MPa confining pressure and temperature between 500 ¡C and 900 ¡C) that were 

undertaken to investigate the rheology of magma with crystal fractions varying 

between 0.5 and 0.8 (50 to 80 wt.%) at different strain-rate conditions. The 

experiments demonstrate that the presence of crystals increases the relative viscosity 

(ratio between the viscosity of the mixture and the viscosity of the melt phase) of 

magmas and additionally induces a decrease of the relative viscosity with increasing 

strain-rate (shear thinning, non-Newtonian behavior). The experimental results, 

combined with existing data at low crystal fractions (0Ð0.3), were used to develop a 

semi-empirical parameterization that describes the variations of relative viscosity for 

crystal fractions between 0 and 0.8 and accounts for the complex non-Newtonian 

rheology of crystal-bearing magmas. 

The new parameterization, included into numerical models simulating the 

magma ascent dynamics, reveals that strain-rate dependent rheology significantly 

modifies the dynamic behavior inside volcanic conduits, particularly affecting the 

magma fragmentation conditions. 

3.2 Introduction 

The volcanic eruption dynamics are intimately related to the rheological 

behavior of magma (Dingwell 1996). The knowledge of the rheology of such 
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materials is therefore prerequisite for volcanic hazard assessment, as it directly 

contributes to the eruptive behavior of volcanic systems. Magma consists of a mixture 

of a silicic liquid, crystals and gases and the flow behavior of magmatic mixtures is 

ultimately determined by the presence of these different components. While magmas 

have been extensively investigated with respect to the solubility of gases, viscosity of 

the melt fraction and the rheological effect of gas bubbles (e.g. Webb and Dingwell 

1990; Lejeune et al. 1999; Llewellin and Manga 2005; Papale 2005), an equation able 

to account for the influence of crystals on magma rheology is still unavailable. The 

simplifying assumption of pseudo-fluid Newtonian behavior (viscosity not depending 

on strain-rate, !&) implemented in numerical models designed to simulate volcanic 

eruption (Melnik and Sparks 1999; Papale 1999; Melnik 2000), could indeed induce 

significant errors in the estimation of the flow dynamics inside the conduit. We have, 

therefore, conducted a series of experiments on a water bearing (2.7 wt.% H2O) 

rhyolitic melt containing quartz particles, which closely represents a magma rising 

inside a volcanic conduit, employing different crystal fractions, temperature and strain 

rate conditions to study potential non-Newtonian effects related to the presence of 

crystals.  

Our experimental results are combined with literature data obtained for low 

solid-fraction materials (Thomas 1965) and used to constrain a system of equations 

that account for the variations of !r (ratio between the viscosity of the mixture and the 

viscosity of the suspending liquid phase) over a wide range of crystal fractions ! (0Ð

0.8) and strain-rates (10"7Ð100.5 s"1 ). By introducing these equations in the numerical 

model described by Papale (2001), which considers the variations of the physical 

properties of magma during flow in the volcanic conduit (e.g. decompression induced 

exsolution of volatiles, variations of densities, presence of bubbles in the mixture), the 

effect of crystals on the conduit dynamics of magmas can adequately be quantified.  

The new set of equations provides two principal advances for volcanic 

eruption modeling: (1) the possibility to simulate eruptions of crystal-rich magmas 

(! >0.4) that are characteristic of highly explosive eruptions, such as for example the 

eruptions of the Fish Canyon Tuff (Bachmann et al. 2002), the 1631 BC eruption of 

Mount Vesuvius (Rosi et al. 1993) or the 1991 eruption of Pinatubo (Rutherford et al. 

1993). In the past, it was very difficult to perform appropriate simulations of these 

volcanic eruptions due to the lack of equations describing !r of magmas containing 
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such high crystal volume fractions. (2) In addition, the new set of equation provides 

an adequate description of the complex !&-dependent rheology of natural magmas that 

can now be taken into account in numerical simulations of magma flow dynamics. 

3.3 Experimental procedure 

3.3.1 Sample preparation 

Powdered oxides and hydroxides were thoroughly mixed to obtain a fine-

grained powder of haplogranitic composition (Table 3.1), containing 2.7wt.% H2O 

added as AlOOH and Al(OH)3. These two hydroxides were mixed in appropriate 

proportions to balance the Al2O3 and H2O content of the glass. The powdered mixture 

was melted for 24 hours in a large volume-internally heated pressure vessel at 1100 

¡C and 180 MPa, producing approximately 1 kg of homogeneous glass (confirmed by 

electron microprobe analysis, Table 3.1). The H2O content of the glass was verified 

after synthesis by FTIR (Fourier Transform infrared spectroscopy) at LMU-

University of Munich and resulted 2.7±0.1 wt.% H2O. The equilibrated glass was 

subsequently ground to a very fine grain-size powder (2Ð4 µm) and mixed with 

appropriate proportions of crushed quartz to obtain the desired crystal fractions (! ).  

The quartz particles were sieved and the grain size class between 65 and 125 

µm was selected. The mixtures of particles and glass were subsequently hot-

isostatically pressed (HIP) at 250 MPa and 800 ¡C for 1 h to re-melt the glass and 

remove the porosity. Cylindrical specimens of about 1.8 cm3 were drilled from the hot 

pressed material. The chemically and texturally homogeneous material contained 

neither visible gas bubbles nor crystal-clusters. The particular compositions of starting 

materials were selected because the viscosity of the melt phase is well known (e.g. 

Hess et al. 1996) and the system is chemically very stable. The very steep slope of the 

quartzÐliquidus surface in the ternary quartzÐalbiteÐorthoclase system for the 

pressureÐtemperature range investigated minimizes the amount of reactions between 

melt and suspended quartz-grains during the course of the deformation experiments. 

Electron microprobe analyses of the glasses conducted before and after the 

experiments with duration between 1 and 6 h, revealed insignificant variations in 

glass composition (#SiO2="0.09, #Al2O3=+0.16, #Na2O="0.37, #K2O="+0.31; all 

within standard deviation of multiple analyses; Table 3.1). For the purposes of this 

work, chemical stability of the investigated system is fundamental because it allows 

rigorous control on the degree of crystallinity and on the viscosity of the suspending 
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liquid. Chemical reaction would produce variations in the degree of crystallinity and 

in the viscosity of the liquid, thereby inducing significant errors in the resulting values 

of ! r. For these reason we favored synthetic samples over natural materials. The 

viscosities of the haplogranitic melt at different temperatures were estimated using the 

equations reported in Hess et al. (1996) and Giordano et al. (2007). 
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Table 3.1: Representative electron microprobe analyses of synthetic glasses before and after the deformation experiments   

Experiment / Synthesis T (¡C) P (MPa) duration (min)    SiO2      Na2O      K2O       Al2O3    Total   
79.19 4.28 4.33 11.40 99.20 
76.76 4.66 4.62 12.76 98.80 
78.50 3.97 4.25 11.00 97.72 
77.50 4.32 4.34 11.67 97.83 
77.55 4.23 4.39 11.52 97.69 
78.02 4.17 4.38 11.61 98.18 
77.46 4.14 4.42 11.71 97.73 
78.79 3.93 4.30 11.10 98.12 
78.02 4.07 4.27 10.90 97.26 

Starting glass before experiments  800 250 60 

78.45 3.96 4.28 11.09 97.78 
Average       78.02 4.17 4.36 11.48 98.03 
Standard Deviation    0.73 0.22 0.11 0.54  

recalculated to 100%       79.59 4.26 4.45 11.71 100.00 

PO663 850 250 318 77.99 3.53 4.44 11.57 97.53 
PO663 850 250 318 78.14 3.62 4.57 11.16 97.49 
PO663 850 250 318 77.69 3.92 4.63 11.20 97.44 
PO658 800 250 60 77.10 3.91 4.59 11.65 97.25 
PO658 800 250 60 76.49 4.36 4.54 12.06 97.45 
PO658 800 250 60 75.85 3.60 4.92 12.23 96.60 
PO658 800 250 60 77.12 3.52 4.66 10.80 96.10 
Average       77.20 3.78 4.62 11.52 96.89 
Standard Deviation    0.83 0.31 0.15 0.51  
recalculated to 100%       79.68 3.90 4.77 11.89 100.00 

The labels for individual the experiments (e.g. PO663) refer to Table 3.2. Standard deviations are 1!  errors. 
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3.3.2 Experimental methods and apparatus 

All experiments were conducted in a high-temperature, high-pressure 

internally heated Paterson-type deformation apparatus (Paterson and Olgaard 2000) at 

250 MPa confining pressure and temperatures varying between 500 and 900 ¡C. The 

sample diameter for all experiments was 12 mm; the sample length varied between 4 

and 5 mm in torsion and between 12 and 15 mm in uniaxial compression tests. The 

cylindrical specimens are placed between alumina cylinders that transmit the 

differential stress on the sample. The assembly is composed of 4 alumina cylinders, 2 

on each side used to transmit the differential stress to the sample, and two alumina 

spacers that are used to separate the transmitting cylinders from direct contact with 

the partially molten sample. Temperature is measured by a shielded K-type 

(ChromelÐAlumel) thermocouple at the top of the upper spacer that is 3 mm thick. 

The temperature difference along the entire sample length does not exceed 2 K. The 

entire sample assembly is inserted in an iron tube in order to isolate the sample from 

the confining argon gas. The resolution of the load cell is 1 Nm in torsion (Paterson 

and Olgaard 2000; Barnhoorn et al. 2004) and 1 kN in compression, which induces 

uncertainties in reported stress values of 3 MPa and 5 MPa respectively (Table 3.2). 

3.3.3 Carrying out the deformation experiments 

Torsion and compression experiments were performed at constant strain-rates 

that varied between 1á10!6  and 1á10!4  s!1  in torsion and up to 1á10!3  s!1  in 

compression configuration. In the case of torsion experiments, the relation between 

torque (applied force given by the reading of the internal load cell of the apparatus) 

and stress is dependent on the stress exponent (n) of the material under investigation 

(Paterson and Olgaard 2000). In the experiments reported here, the n-values for 

comparable ranges of strain rate were similar for all crystal fractions (Table 3.2; Fig. 

3.1). The appropriate n values required to convert the torque in stress were selected 

from logarithmic plots displaying the maximum torque versus strain rate. In such a 

plot the slopes of the fitting lines for different torque values correspond to the stress 

exponent (Fig. 3.1). Total strain reached up to gamma 0.8 in torsion (shear strain; 

Paterson and Olgaard 2000) and 20% shortening in compression configuration. Two 

to three deformation tests were performed for each different degree of solid fractions 

(0.5, 0.6, 0.7 and 0.8) to investigate the effect of variable temperatures and to cover a 

wide range of strain rates. Several experiments were repeated at the same strain rate to  
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Figure 3.1: Logarithmic diagram of torque (Nm) versus strain rate (s-1) used to constrain the stress 

exponent (n) that was utilized to convert torque values into stress values. The thick continuous lines 

represent the trends of torque-strain rate for material with the stress exponent reported close to the 

lines. The thin dashed lines are parallel to the thick line and highlight the relationship between the 

experimental data and derived exponent n for samples with ! =0.5 at 500¡C and != 0.6 at 600¡C 

respectively. 

evaluate the reproducibility in peak stress that resulted within 5MPa (e.g. Fig. 3.2, 

! =0.6, T=600 ¡C) that converts to an average error in viscosity of about 0.05 log 

units.  

Stepping strain rate tests, i.e. increasing the strain rate in a stepwise manner, 

were only conducted after steady state stress conditions were achieved for a given 

strain rate (Fig. 3.2a). The stress values presented in Table 3.2 are corrected for the 

strength of the iron jacket applying the flow law reported by Frost and Ashby (1982) 

that is in accordance with calibrations performed in our laboratory by Barnhoorn et al. 

(2004), and that is also favored by Rutter et al. (2006). This correction results in a 

decrease of the viscosities between 0.2 and 0.01 log units compared to the raw data 

for the lowest and the highest stresses measured respectively. The presence of the iron 

jacket and the resolution of the load cell allow accurate measurements of the viscosity 

for values higher than 109 Paás. In fact, an applied stress of 3 MPa corresponding to 

the resolution of the internal load cell in torsion configuration at 1á10!3  s!1  shear rate, 

results an apparent viscosity of 109.5 Paás. In order to obtain viscosities larger than 109 
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Pa s for all our samples, the temperatures of the experiments had to be adjusted as a 

function of the solid fraction (500 ¡C for !  =0.5, 600 ¡C for !  =0.6, 850 ¡C for ! =0.7 

and 900 ¡C for ! =0.8). In order to compare strain rates and stresses from torsion and 

compression experiments, uniaxial strain rate and stress values were converted to 

shear strain-rates and shear stresses using the conversion laws 38Ð42 reported in 

Paterson and Olgaard (2000). Compression and torsion experiments performed at 

similar strain rate, !  and temperature compare well in terms of peak stresses (e.g at !  

=0.7 and T=850 ¡C, Fig. 3.2). 

 

Table 3.2: Summary of results of deformation experiments at 250 MPa confining pressure. 

 
Log! r  Exp. N¡ n Gamma Torque 

(Nm) 

Shear 
stress 
(MPa) 

Shear 
strain rate 

(s.-1) 

Log ! app  

(Paás) 
Log ! r  
(Paás) 

Log! r(Newtonian) 

! =0.5 T=500 ¡C "0=90.6 MPa 

PO770 1 0.036 7.1 36.45 3.12E-06 13.07 2.60 0.92 

PO770 1 0.049 12.2 62.40 6.12E-06 13.01 2.59 0.92 

PO751 1 0.152 15.6 79.61 4.92E-06 13.21 2.63 0.98 

PO751 1 0.167 17.3 87.98 7.79E-06 13.05 2.47 0.92 

PO751 1 0.144 18.6 94.63 1.14E-05 12.92 2.34 0.87 

PO751 2 0.139 23.6 100.19 2.07E-05 12.68 2.10 0.78 

PO751 2 0.221 25.5 108.36 2.71E-05 12.60 2.02 0.75 

PO751 2 0.425 32.8 139.36 6.21E-05 12.35 1.77 0.66 

! =0.6 T=600 ¡C "0=20.9 MPa 

PO674 1 0.010 1.7 5.01 4.76E-06 12.02 3.50 0.91 

PO674 1 0.023 3.2 9.39 8.97E-06 12.02 3.50 0.91 

PO674 2 0.055 5.0 14.82 3.09E-05 11.68 3.08 0.80 

PO674 2 0.068 6.0 17.58 6.28E-05 11.45 2.85 0.74 

PO674 2 0.011 6.9 20.38 9.43E-05 11.33 2.74 0.71 

PO674 2 0.163 6.5 19.08 9.14E-05 11.32 2.72 0.71 

PO674 c 4 0.167 " 27.54 4.25E-04 10.81 2.29 0.60 

PO674 c 4 0.335 " 38.46 8.84E-04 10.64 2.12 0.55 

! =0.7 T= 800 ¡C "0= 86.9 MPa 

PO670 1 0.021 5.0 14.61 5.12E-06 12.46 6.59 1.04 

PO670 1 0.037 7.9 23.32 8.68E-06 12.43 6.57 1.04 

PO670 3 0.101 15.5 38.08 2.52E-05 12.18 6.32 1.00 

PO670 3 0.148 20.8 50.98 4.64E-05 12.04 6.18 0.97 

PO670 3 0.190 22.6 55.89 5.25E-05 12.03 6.16 0.97 

PO670 c 4 0.162 " 84.62 1.25E-04 11.83 5.97 0.94 

PO670 c 4 0.243 " 108.71 3.24E-04 11.53 5.66 0.89 

PO670 c 4 0.399 " 117.18 6.77E-04 11.24 5.38 0.85 

! =0.7 T= 850 ¡C "0=38.4 MPa 

PO669 1 0.021 4.2 12.45 5.01E-06 12.40 7.01 0.99 

PO669 1 0.064 9.2 27.08 9.19E-06 12.47 7.09 1.00 

PO669 3 0.145 13.6 33.46 2.98E-05 12.05 6.67 0.94 

PO669 3 0.187 15.6 38.24 6.06E-05 11.80 6.42 0.90 

PO669 3 0.238 16.9 41.50 9.33E-05 11.65 6.27 0.88 

PO669 c 4 0.080 " 39.50 6.03E-05 11.82 6.43 0.91 

PO669 c 4 0.093 " 48.48 1.65E-04 11.47 6.09 0.86 

PO669 c 4 0.119 " 54.17 4.44E-04 11.09 5.70 0.80 
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Table 3.2: Continued 
! =0.8 T=850 ¡C "0=110.7 MPa 

PO673 3 0.047 20.7 86.69 5.55E-06 13.19 7.81 0.97 

PO663 3 0.065 24.5 105.37 8.25E-06 13.11 7.72 0.96 

PO673 4 0.057 23.9 100.10 9.21E-06 13.04 7.65 0.95 

PO673 4 0.080 26.9 112.66 3.17E-05 12.55 7.15 0.89 

PO673 4 0.095 28.8 120.53 6.40E-05 12.27 6.87 0.85 

PO673c 4 0.208 Ò 120.16 1.11E-04 12.03 6.65 0.82 

PO673 c 4 0.212 " 123.83 1.76E-04 11.85 6.47 0.80 

PO673 c 4 0.222 " 135.82 4.70E-04 11.46 6.08 0.75 

! =0.8 T=900 ¡C "0=79.7 MPa 

PO672 3 0.112 18.2 78.18 8.82E-06 12.95 7.91 0.89 

PO660 3 0.230 19.1 82.09 2.59E-05 12.50 7.54 0.85 

PO660 3 0.263 22.6 96.94 5.27E-05 12.26 7.30 0.82 

PO660 3 0.281 23.6 101.52 7.94E-05 12.11 7.15 0.80 

PO660 c 4 0.503 " 104.01 1.35E-04 11.89 6.93 0.78 
The data presented in italics are values converted from compression experiments according to equations (38-42) in Paterson 

and Olgaard (2000); "0 is the fictive yield strength obtained by extrapolating the stress - strain rate curves at high shear strain 

rate to zero strain rate; the maximum strain attained in these experiments (gamma) is the shear strain rate calculated in torsion 

multiplied by the duration of the experiment in seconds. Abbreviations: n = stress exponent; gamma = maximum strain; log 

#app = logarithm of the apparent viscosity; log #r=logarithm of the relative viscosity; log #r/ log #r(Newtonian) = the ratio of the 

logarithms of the relative viscosity at a given strain rate divided by the logarithm of the relative viscosity in the Newtonian 

field, i.e. at very low strain rate. The definitions of the apparent and relative viscosities are given in the text. 

 

3.4 Experimental results 

All torsion and compression experiments exhibit identical behavior of an 

initial linear increase of stress with strain (elastic behavior), followed by a yielding 

stage and finally flow at a constant value of stress (Fig. 3.2a). The elastic response of 

the sample was restricted to a relatively short interval of strain, followed by longer, 

progressively decreasing strain-hardening (stress increase with respect to strain) until 

flow at constant stress was attained. The strain-hardening phase extended over a 

larger strain interval in torsion than in compression tests for comparable strain rates 

(e.g. at ! =0.7 and T=850 ¡C, Fig. 3.2a). Values reported in Table 3.2 represent the 

maximum stress attained for the applied strain-rate during the flow stage. The stress 

and strain rate values were used to calculate the apparent viscosity (Eq. 3.1): 

!"=# &/app          (3.1) 

where " is the peak shear stress and !& is the corresponding shear rate (Fig. 3.2b). 

In order to test if strain could affect the rheology of the investigated material, 

we performed several experiments (e.g. ! =0.6 and T=600 ¡C; Fig. 3.2a and b) where 

the sample was unloaded after a series of strain stepping tests and subsequently 

reloaded applying a previously used strain rate. No variations were observed in the 

peak stress and thus in the resulting viscosity of the material (Fig. 3.2a and b) 
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testifying to the absence of thixotropic behavior (variation of viscosity with the 

increase of applied strain). 

Figure 3.2: 

Selected examples of 

experiments 

performed in torsion 

and compression 

configuration at 250 

MPa confining 

pressure. The 

relevant conditions 

for each experiment 

(crystal fraction (! ), 

temperature and 

strain rates (!&) in s-1 

are indicated as 

labels attached to 

each curve. a) 

Recorded stress 

values plotted against 

strain. The steps in 

the individual curves 

represent the increase 

of stress due to an 

increase of strain rate 

during the 

experiments (i.e. 

strain rate stepping experiments, for details see text). The Inset illustrates the fitting procedure 

performed to obtain the apparent viscosity with respect to the strain rate applying Equation 4. The data 

represent the maximum stress reached during the flow of the material for each strain rate. The stress 

values tend to decrease to zero at zero strain rate testifying the absence of yield strength. TheÒfictive 

yield strengthÓ ("0, Table 1; see text for more details) is obtained by extrapolation of the stress values at 

relatively high strain rate (>10-4 s-1) to zero strain rate (dashed line). b) Calculated apparent viscosities 

obtained from individual strain rates (#app= !" &/ ) plotted versus strain. Increasing the strain rate for 

any given crystal fraction (! ) and temperature induces a decrease of viscosity interpreted as shear 

thinning behavior. 
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3.4.1 Effect of temperature 

The strength of the samples decreased with increasing temperature (Fig. 3.2a, 

! =0.7 T=850 ¡C and T=800 ¡C): a 50 ¡C temperature increase leads to a decrease of 

the viscosity of approximately 0.2 log units. However, the same temperature increase 

results in a viscosity decrease of 0.4 log units for the pure melt phase (Hess and 

Dingwell 1996; Giordano et al. 2007). This difference indicates that for such high 

crystal fractions the rheological behavior of the system is controlled by both, the 

viscosity of the melt and the interactions between the suspended particles. 

3.4.2 Effect of crystal fraction 

The effect of the crystal fraction can be evaluated by comparing the stresses 

and apparent viscosities of experiments performed on samples with ! =0.7 and 0.8 at 

850 ¡C temperature (Fig. 3.2a): an increase of the solid fraction by 0.1 induces a 

considerable increase in the peak stress values, which results in an increase of the 

apparent viscosity of 0.6Ð0.7 log units (Fig. 3.2a and b, Table 3.2). In order to 

separate the effects of temperature and the effects of crystal fraction on the viscosity 

we plot the relative viscosity (#r) of the samples for the different solid fractions (Fig. 

3.3). The relative viscosity is given as: 

!  

" r = " app /" melt         (3.2) 

where #app is the measured apparent viscosity of the sample and #melt is the viscosity 

of the suspending melt phase at a given temperature. #r is therefore independent of 

temperature, because the change in temperature induces only a change in the viscosity 

of the suspending melt that is implicitly included in the definition of the relative 

viscosity.  

The increase of suspended solid fraction produces an increase of the relative 

viscosity (Fig. 3.3) that is particularly dependent on solid fraction between ! =0.5 and 

! =0.7. The !  where viscosity starts to increase exponentially is defined as the 

Òmaximum packing fractionÓ of the system (! max; Krieger 1972). This parameter is 

dependent on several factors related to crystal size, shape, distribution and orientation 

(Chong et al. 1971; Garboczi et al. 1995; Saar et al. 2001). The lines displayed in Fig. 

3.3 represent the results of the fitting procedure outlined in detail in Section 3.6. 



Chapter 3                                                               Rheology of crystal-bearing magmas 

 29 

 

Figure 3.3: Logarithmic values of relative viscosity (#r) as a function of solid fraction (!) .  Symbols 

represent experimental data from this study except the black crosses that are data taken from literature 

(Thomas 1965).  The average error in relative viscosity indicated by a bar on the diagram represents the 

uncertainty of the calculated viscosities based on repeat experiments performed with the same crystal 

fractions at different temperature and considering the differences in the calculated viscosities of the 

suspending liquids using the algorithms provided by Hess and Dingwell (1996) and Giordano et al. 

(2007). Continuous lines represent calculated #r obtained from Equations 3, 6-9 and a viscosity of the 

suspending melt melt phase calculated with algorithm provided by Hess and Dingwell (1996). The 

relative viscosities (#r) increases non-linearly with increasing suspended solid fraction. ! max 

corresponds to the onset of the exponential increase of #r and increases with increasing !& as indicated 

by the vertical, broken lines for low and high strain rates respectively. 

3.4.3 Effect of strain rate 

In all experiments viscosity was independent from strain rate for values lower 

than 10!5  s!1  i.e. Newtonian behavior was observed (Fig. 3.2b). Above this threshold, 

an increase of strain rate always induced a decrease of viscosity (Fig. 3.2b); this 

behavior is defined as Òshear thinningÓ (e.g. Webb and Dingwell 1990) and is an 
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expression of non-Newtonian behavior. Note that shear thinning results in an increase 

of ! max (Fig. 3.3) with increasing strain rate. The effects of strain rate on the relative 

viscosity are highlighted in Fig. 3.4a. The magnitude of decrease of relative viscosity 

is directly proportional to !  Fig. 3.4b displays the logarithmic value of #r (relative 

viscosity) for any given value of strain rate normalized to the logarithmic value of #r 

at low strain rates (i.e. in the Newtonian field). This normalization allows evaluation 

of the relative effects of shear thinning on the relative viscosity. Fig. 3.4a and b reveal 

that the absolute magnitude of decrease of the relative viscosity is higher for the 

higher crystal fractions, whereas the relative decrease of #r is higher for lower crystal 

fractions of ! =0.5 and !  =0.6. The principal experimental results can be summarized 

as follows: 

1. In all experiments flow at constant value of stress and absence of strain 

weakening was observed. 

2. Strain did not influence the rheology of the samples implying the absence of 

thixotropic behavior. 

3. The relative viscosity (#r) increased by about 5 orders of magnitude with 

increasing solid fractions (quartz crystals) from 0.5 to 0.8 (Fig. 3.3). 

4. Two different dependencies of apparent viscosity from the strain-rate 

corresponding to Newtonian and non-Newtonian behavior (Fig. 3.4a and b) 

were observed. The Newtonian regime is characteristic for low strain-rates and 

the apparent viscosity in this regime is independent of the strain-rate (although 

it depends on solid fraction). In the non-Newtonian regime the apparent 

viscosity decreases with increasing strain-rate (shear thinning behavior). 

5. The absolute magnitude of the apparent viscosity decrease is larger for larger 

solid fractions (Fig. 3.4a). However, the relative magnitude (i.e. log 

#r/log#r(Newtonian), of the shear thinning-induced decrease of viscosity is larger 

for lower solid fractions (! =0.5 to !  =0.6, Fig. 3.4b). The experiments, thus, 

imply that the introduction of solid particles into a viscous liquid results in two 

principal rheological effects: (i) increase of relative viscosity of the suspension 

with increasing solid fraction, and (ii) the enhancement of non-Newtonian 

behavior. 
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Figure 3.4: a) Logarithmic values of relative viscosity (#r) plotted as a function of the logarithm of 

the strain-rate (!&, s-1). This diagram illustrates the dependence of #r on solid fraction and highlights 

the shear thinning behavior of crystal bearing samples with increasing!&. b) Variation of the 

logarithmic values of the relative viscosity at a given strain-rate divided by the relative viscosity in the 

Newtonian region (Log#r/Log#r(Newtonian)), i.e. at very low strain-rates) as a function of the logarithm of 

the strain rate. Details of the experiments are provided in Tables 3.2. 
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3.4.4 Microstructures 

The microstructures generated during the deformation experiments were 

analyzed by back scattered electron (BSE) imaging of polished sections cut through 

the recovered, deformed samples (Fig. 3.5). Investigated samples from torsion 

experiments were cut out from the external portion of the specimens, with the short 

axis parallel to the cylinder axis, where simple shear geometry is best appreciated and 

shear is maximal (Paterson and Olgaard 2000). Samples deformed in uniaxial 

compression were cut along the centre, parallel to the cylinder axis. In all experiments 

(torsion and compression) planar features were observed. However, we concentrate 

our discussion on the microstructures obtained in torsion experiments, because, for 

the aspect ratio of the samples deformed in compression (1Ð1.25), the internal stress is 

not homogeneously distributed and this renders the interpretation rather complicated 

(Kulkarni and Kalpakjian 1969). 

The planar features are oriented at about 30¡ and 150¡ with respect to the 

shear plane. These features were observed in all deformed specimens and their 

geometry is independent of the total strain applied. These bands are highlighted in 

Fig. 3.5 by arrows and consist of melt and crystals elongated parallel to the planar 

structures. The crystals in these clusters have average grain sizes that are smaller than 

in the rest of the sample. The thickness of these bands appears to correlate inversely 

with the crystal fraction (i.e. the higher the crystal fraction the thinner the bands). 

Comparable planar features have previously been observed in torsion experiments 

conducted by Holtzman et al. (2005) at higher !  (0.94Ð0.96). They used a viscous 

energy dissipation function to argue that the minimum of total work required to 

produce deformation is obtained for angles of the localization bands of 25¡ with 

respect to the shear plane. 
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Figure 3.5: Back scattered electron (BSE) images of recovered, deformed samples. The glass phase 

is light grey and the quartz particles are dark grey. For each individual image, a scale bar, the crystal 

fraction (! ), the experimental temperature, a sketch of the orientation of the applied stress field, and the 

total applied strain are indicated in the lower left corner. The white bars drawn in the sketched samples 

indicate the portions of the samples where the images were taken. The arrows in the BSE images 

indicate the strain localization bands. The localization bands are oriented at around 30 and 150¡ with 

respect to the direction of flow in all samples regardless of the solid fraction and total applied strain. 
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3.5 Discussion on the effects of crystals on magma rheology 

Previous studies have shown that very different types of solidÐliquid 

suspensions regarding composition (e.g. hard sphere colloidal suspensions or lithium 

disilicate melt plus lithium disilicate crystals) and fraction of suspended solid particles 

(0.1$! $0.8; Krieger 1972; Dekruif et al. 1985; Ryerson et al. 1988; Vanderwerff and 

Dekruif 1989; BrŸckner and Deubener 1997; Deubener and BrŸckner 1997; Sato 

2005; Rutter et al. 2006; Scott and Kohlstedt 2006) display very similar dependence 

of the relative viscosity (#r) on !  and !&: the relative viscosity #r increases with !  in a 

sigmoidal fashion (Fig. 3.3). With increasing strain rate solidÐliquid suspensions can 

display Newtonian, non-Newtonian and Binghamian behavior (Krieger 1972; 

Vanderwerff and Dekruif 1989; BrŸckner and Deubener 1997; Deubener and 

BrŸckner 1997; Sato 2005). At relatively low strain rates (<10!5  s!1 ; BrŸckner and 

Deubener, 1997; Scott and Kohlstedt, 2006 and from this study; Fig. 3.4a and b) the 

behavior is Newtonian. An increase of strain rate induces shear thinning (non-

Newtonian behavior) where the viscosity decreases until a minimum value is reached 

(Fig. 3.4). This minimum represents the onset of Binghamian behavior, which is 

characterized by a viscosity that is lower than the Newtonian viscosity but likewise 

independent from the strain rate. Here the definition of Binghamian behavior is not 

strictly related to the presence of yield strength but refers to the independence of the 

viscosity from the strain rate.  

In our experiments, the Binghamian behavior was not reached but only 

approached (Fig. 3.2a and b) due to the limitation of the maximum strain rates (10!3  

s!1 ) attainable. However, the existence of this rheological behavior at high %ú has 

clearly been demonstrated previously (Krieger 1972; Dekruif et al. 1985; Vanderwerff 

and Dekruif 1989; BrŸckner and Deubener 1997; Deubener and BrŸckner 1997). In 

the Binghamian region a value of Òfictive yield strengthÓ("0) can be obtained by linear 

extrapolation of the flow stress values at high strain rate to zero strain rate (the 

principle is illustrated in the Inset in Fig. 3.2a). "0 can be associated to the stress value 

at which macroscopic deformation starts in the material, for this reason it could be 

interpreted as a yield strength that is strongly dependent on crystal fraction and 

temperature. The values of fictive yield strength at the conditions of the experiments 

are reported in Table 3.2. The flow law results in a linear decrease of stress with 

decreasing strain rate at high deformation rates (>10!4  s!1  Binghamian behavior). For 
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intermediate strain rates (10!4 Ð10!5  s!1  non-Newtonian behavior) the stress decreases 

exponentially. For strain rates lower than 10!5  s!1  the stress decreases linearly towards 

zero (Newtonian behavior; Inset Fig. 3.2a).  

Viscous heating is unable to account for the large decrease of viscosity (1-2 

orders of magnitude) observed in our experiments: The strain rates and the 

dimensions of the specimens are far too low to induce a substantial production of heat 

and, consequently, a considerable thermal gradient between the sample and the 

thermocouple used to control the temperature during the experiments. In case the 

temperature would rise, the thermocouple would register this temperature increase 

and the temperature-controller would readjust the power output to bring the 

temperature immediately back to the target value. Considering the maximum 

measured viscosity (1013 Paás) and an applied strain rate of 5á10!6  s!1  (e.g. ! =0.8; 

T=850 ¡C; Table 3.2), the heat production per unit time would result in 1á10!2  K/s. 

Taking in account thermal diffusivity for silicic magmas as reported in Eriksson et al. 

(2003), viscous heating would not produce any appreciable (0.01 ¡C) gradient 

between the centre of the sample and the thermocouple located at a distance of 8 mm 

from the center of the sample (5 mm half specimen length and 3 mm spacer). 

Increasing the strain rate in our experiment to 1á10!4  s!1  we observed a decrease of 

viscosity to 1012 Paás. If we repeat the same calculations, keeping the viscosity 

constant at the highest observed value of 1013 Paás and applying a strain rate 1á10!4  

s!1 , this would induce a maximum temperature increase of 3 ¡C after about 180 s 

corresponding to a decrease in viscosity of 0.03 log units. For longer periods, the 

temperature will be constant over the entire sample length and the temperature will be 

adjusted by the furnace to a constant value of 850 ¡C.  

We would like to emphasize that we have chosen temperature and !& 

conditions that keep the melt phase in the ÒrelaxedÓ Newtonian region (Webb and 

Dingwell 1990). For these reasons, the observed shear thinning effects can 

exclusively be attributed to the presence of the solid quartz particles. This, in turn, 

implies that the presence of particles induces non-Newtonian behavior in temperature 

and strain rate ranges where the suspending medium itself behaves Newtonian. 
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Figure 3.6: Diagram illustrating the relationships between observed rheological behavior and 

microstructures. a) Apparent viscosity plotted against strain. The strain rate increases from the left to 

the right. In the low strain rate region (left panel) the viscosity does not vary with strain rate 

corresponding to Newtonian behavior (i.e. viscosity is independent of strain rate). Increase of strain 

rate first leads to a region of non-Newtonian and ultimately Binghamian behavior (for detailed 

explanations see text). The pictures inserted in the lower part of the diagram visualize the 

microstructures generated during the experiments that are responsible for the observed rheological 

transitions. b) Rheological behavior of crystal bearing magmas in torsion and compression experiments 
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interpreted in terms of differential stress and effective mean stress; Figure redrawn from Rutter et al. 

(2006). The paths OY and OYI represent the loading trajectories for torsion and compression 

experiments, respectively. At Y or YI, depending on the imposed stress field (simple shear or pure 

shear), the loading path intersects the yielding surface where irreversible deformation of the sample 

starts. The deformation induces dilation that decreases the melt pressure thereby driving the loading 

path to the right toward the critical state line. In F, the flow of the material continues at constant 

differential stress and constant effective mean stress. Increasing crystal fractions or applied strain rates 

expand the yielding surface; i.e. for material with constant crystal fraction and constant temperature, an 

increase of strain rate shifts the onset of flow from F to FI (for more detail see Rutter et al., 2006). The 

amount of dilation is inversely proportional to the melt pressure and directly proportional to strain rate. 

Consequently, with increasing strain rate, dilation increases concomitantly with the difference in melt 

pressure between the yielding point (Y, YI) and the flow (F, FI). The increase of dilation with strain 

rate promotes the localization features observed in our microstructures, which are responsible for the 

transition from Newtonian to non-Newtonian behavior. The microstructures corresponding to different 

rheological behaviors (Newtonian at low strain rates and non-Newtonian at high strain rates) are 

sketched as inserts on the right hand side of the Figure. 

 

3.5.1. Flow mechanics of crystal-bearing magmas 

The visco-plastic deformation of magmas with !  up to 0.8 is due to the flow of the 

melt phase and consequently the plastic deformation of the suspended particles is 

negligible (Rosenberg and Handy 2005; Rutter et al. 2006). This implies that the 

suspended particles move passively in response to the flow of the melt phase. In order 

to understand the mechanics of magma deformation it is fundamental to reconcile the 

microstructural observations and the rheological data:  

¥ a) It has been demonstrated that the micro-structural ordering (redistribution 

of melt and crystals) coincides with the transition from Newtonian to shear 

thinning and finally to Binghamian behavior with increasing strain rate (Fig. 

3.6a) for hard-sphere, relatively diluted, colloidal suspensions and for silicate 

melt suspensions with ! <!  max (0.1<! <0.6; Dekruif et al. 1985; Vanderwerff 

and Dekruif 1989; BrŸckner and Deubener 1997; Deubener and BrŸckner 

1997; Lyon 2001; Smith and Zukoski 2004). In this range of crystal fractions 

the application of relatively high stress (or high strain rates) leads to the 

generations of particles aggregates, which align according to the flow 

directions (Lyon 2001); Fig. 3.6a). A lower limit of stress or strain rate has to 
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be overcome before these structures generate; this threshold corresponds to the 

transition from Newtonian to non-Newtonian (shear thinning) behavior. The 

alignment produces a smaller disturbance of the melt flow lines relative to a 

system that contains randomly distributed particles (Fig. 3.6a). The occurrence 

of a viscosity minimum obtained at high strain rates via shear thinning reflects 

the presence of a Binghamian region that corresponds to the attainment of the 

maximum or optimum possible ordering in the system (Fig. 3.6a).  

¥ b) For !>! max the deformation mechanisms are different than far more dilute 

suspensions because the suspended particles are in reciprocal contact. The 

flow in such material is, therefore, only possible if a certain amount of dilation 

occurs, which allows the particles to move relative to each other. The 

relationships between experimental data and mechanics of deformation for 

concentrated suspension (!>!  max) has been elegantly described by Rutter et 

al. (2006) in terms of effective mean stress (total mean stress minus melt 

pressure) and differential stress (Fig. 3.6b redrawn from Rutter et al., 2006). 

At the beginning of our experiments the confining pressure is completely 

transferred to the melt phase and, consequently, the effective pressure is zero. 

During the elastic loading of the sample in simple shear experiments the 

differential stress increases while the effective pressure remains constant at 

zero because the maximum compressive stress is equal to the tensional stress. 

Under conditions of pure shear during the elastic loading, the effective mean 

stress increases by one-third relative to the differential stress, following the 

no-tension line. This line separates the field of entirely compressive stress on 

the right hand side from the field of differential stress where at least one 

tensile component is present on the left hand side (Rutter et al. 2006). The 

irreversible deformation of the material (yield point, Y or YI in Fig. 3.6b) 

initiates when the yield surface is encountered. At this point, since all the 

crystals are in reciprocal contact, a certain amount of dilation has to occur to 

accommodate the deformation. The dilation induces a decrease of the pore-

fluid pressure and, consequently, the effective stress path starts to deviate to 

the right (Fig. 3.6b). Differential stress and effective mean stress rise until the 

critical state line is reached and deformation continues at constant volume, 

constant differential stress and constant melt pressure (F in Fig. 3.6b) (Rutter 
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et al. 2006). From the yielding point (Y or YI) to the flow at constant 

differential stress, the evolution of the microstructures induces a certain 

amount of strain hardening, as observed in our experiments, both in torsion 

and compression tests (Fig. 3.2 and 3.6b). Due to the shape of the yielding 

surfaces (Rutter et al. 2006) and to the different loading paths followed by 

simple and pure shear tests, the total strain required to reach flow is less in 

compression experiments (Figs. 3.2 and 3.6 and Table 3.2). The dilation that is 

required to produce flow in the system produces local compaction of the 

grains (Holtzman et al. 2005), which in turn induces a local increase in the 

melt pressure. These local pressure gradients force the melt to move relative to 

the crystals toward regions that are under higher effective pressure (lower melt 

pressure) where the deformation rates are higher (Rutter et al. 2006).  

 In simple shear experiments the maximum compressive stress is oriented at 

45¡ with respect to the shear plane; compaction is expected to occur at high angle 

with respect to this component and dilation at low angle. This process could well be 

responsible for the generation of crystal and melt-rich bands observed in our 

experiments, which we consequently interpret as strain localization features. The 

angle of the localization bands of ±30¡ reflects minimization of work required to 

deform the material for such a configuration (Holtzman et al. 2005). Once the melt-

enriched bands are established, any further deformation localizes along these zones of 

weakness (Fig. 3.6). The amount of dilation required to reach flow at constant 

differential stress is a function of both, the crystal fraction and the applied strain rate 

(FÐFI in Fig. 3.6b). Thus, we infer that in the Newtonian region the melt-pressure 

gradients (due to local dilation and local compaction) are insufficient to induce 

significant segregation of melt from crystals. At the onset of shear thinning the strain 

rate or the stress are high enough to induce the generation of localization bands that 

facilitate the flow and are responsible for the shear thinning behavior observed in our 

experiments. Increasing the strain rate increases the melt pressure gradient thereby 

favoring the segregation of the melt phase from the crystals. This melt-crystal 

segregation can be envisaged as a reordering of the material, which tends to minimize 

the energy required for flow. When this reorganization has achieved an optimal 

configuration, any further increase of strain rate will not lead to an additional decrease 

of the viscosity; such a micro-structural configuration reflects the attainment and 
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existence of the region of Binghamian behavior at high shear strain rates. The link 

between weak, melt-rich zones and the rheological transitions can, in turn, explain the 

observation that the relative decrease of viscosity due to shear thinning (Log 

#r/Log#r(Newtonian)) is higher for lower crystal fractions (Fig. 3.2b). In the case of high 

solid fractions (! =0.7 and ! =0.8), there is an insufficient amounts of melt contained in 

the localization bands to avoid particles interactions, whereas for solid fraction close 

to the maximum packing (! =0.5 and ! =0.6), the segregation of melt from crystals is 

able to produce localization bands with thicknesses that are sufficient to strongly 

reduce the contacts between the crystals. The substantial reduction of particle 

interactions produces, therefore, a higher relative decrease of viscosity, with 

increasing strain rate, compared to the high solid fraction materials. 

3.6 Rheological Model 

In order to implement the complex rheology of crystal-bearing magmas in 

numerical codes utilized to simulate conduit flow dynamics, the rheological data 

obtained from the experiments were mathematically treated with a system of 

equations that account for both, (i) the increase of the #r with increasing crystal 

content, and (ii) the decrease of #r with increasing !&. The effect of temperature on the 

relative viscosity (#r) is implicitly included in the definition of #r, i.e. increasing 

temperature results in decreasing viscosity of the melt-phase. The sigmoidal increase 

of #r as a function of increasing !  is described with a modified version of the semi-

empirical Eq. (3.3) given by Costa et al. (2007): 
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where &, ', ! max (maximum solid packing fraction), and % are adjustable parameters. B 

is the Einstein coefficient that was kept constant during the fitting to its theoretical 

value of 2.5 (Einstein 1906). A continuous trend of #app as a function of !& was 

obtained from our stress Ñ  strain-rate data by fitting them with a phenomenological 

flow law that accounts for the !&-dependent rheology of magmatic suspensions (Eq. 

(3.4) as proposed by BrŸckner and Deubener (1997):  

( ) ( )[ ]1c01 /exp1m !!""#$+!%=!$ & &&&&       (3.4) 
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where " is the shear stress, m is a geometrical factor that is equal to 1 in shear 

experiments, #( 1 is the limiting viscosity at high !&-values prior to the onset of the 

visco-elastic behavior of the suspending liquid phase, "0 is the fictive yield strength 

(value of shear stress at relatively high strain rates, extrapolated to zero !&; see inset 

Fig. 3.2), and !&c1 is the critical !& where the first non-Newtonian transition takes 

place. Dividing Equation (3.4) by %ú gives the apparent viscosity at each value of !&: 

( ) ( ) ( )[ ]1c01app /exp1/ !!""#!$+%=!% & &&&&      (3.5) 

The numerical results from the fitting procedure using Eq. (3.5) and the parameters 

#(1 , "0 and !&c1, are displayed as solid lines in Fig. 3.4a and b. 

3.6.1 A 3D equation for !  - !& dependent viscosity of partially crystallized magmas 

In order to describe changes in the relative viscosity (#r) over the entire range 

of solid fractions between 0b/$0.8 the new experimental data produced in this study 

were combined with literature data obtained at low degrees of solid fraction (0<! $0.3; 

Thomas 1965). The crystal-induced shear thinning effects for !  $0.3 are very weak 

(around 0.1Ð0.2 log units; Ryerson et al. 1988; Sato 2005) and, thus, for 0<!  $0.3 #r 

was assumed to be independent of !&. Using Equation (3.5), #r values were computed 

for strain rates between 10!7  to 10!0.5  s!1 . These relative viscosity data were fitted 

with Equation (3.3) as a function of !  at different values of !& to constrain the 

variations of the fitting parameters (&, ', ! max, and %) with respect to !& (Fig. 3.3). 

Variations of the fitting parameters as a function of !& were then approximated with 

the following set of equations: 

591806.0)850623.3)(10log913424.0tanh(066499.0max ++!""=# &   (3.6) 

462405.7)86.2)(10log818496.0tanh(301095.6 ++!""#=$ &   (3.7) 

999572.0)92.3)(log148101.1tanh(000378.0 10 ++!""#=$ &    (3.8) 

099645.5)24.3)(10log8908.0tanh(987815.3 ++!""=! &    (3.9) 

Calculated relative viscosities obtained from the model (Equations (3.3), (3.6)Ð(3.9)) 

are compared with our experimental data in Fig. 3.3. The combination of Equations 

(3.3) with (3.6), (3.7), (3.8), and (3.9) results in a complete (3D) rheological model 

describing #r as a function of both, !  and !& (Fig. 3.7). Incorporating rheological 

models that describe the viscosity of the suspending liquid phase (e.g.; Hess and 

Dingwell 1996; Giordano et al. 2007) furthermore allows the prediction of the 
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temperature and strain rate dependence of the apparent magma viscosity. This, in turn, 

can be used to calculate the dependence of the fictive yield strength ("0) on crystal 

fraction and temperature by fitting the apparent viscosity of the magma as a function 

of strain rate to Equation (3.5). It is important to note that our experiments only 

approached the Binghamian field, therefore, an additional decrease of the viscosity 

could occur when the strain rate is increased to values higher than 10!3  s!1  (maximum 

value reached in our experiments). Furthermore, viscous heating effect could start to 

play an important role for such high strain rate values and this phenomenon would 

further decrease the viscosity. These observations imply that for strain rates higher 

then 10!3  s!1  our equation only provides an upper limit of viscosity. 

The errors of the predicted #r values as a function of !  and !& were evaluated 

by using two different models to estimate the viscosity of the pure melt phase (Hess 

and Dingwell 1996; Giordano et al. 2007) and by performing experiments at different 

temperatures but identical crystal fraction, where the only difference was the viscosity 

of the melt phase. The error on the #r calculation due to experimental uncertainty, the 

viscosity of the suspending melt phase, and the fitting procedure amounts to a 

maximum value of 0.3 log units as illustrated in Fig. 3.3 by the differences between 

the experimental values and the curves obtained from the model (Equations (3.3), 

(3.6)Ð(3.9)). 
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Figure 3.7: Variation diagram showing the logarithm of the relative viscosity (log #r) as a function 

of crystal fraction (!)  and the logarithm of the strain-rate (log!&) (s-1). The #r values are calculated 

using Equations (3.3), and (3.6-3.9). The viscosity of the pure melt phase is computed from the 

equation reported in Hess and Dingwell (1996). The heavy line on the right side depicts the projection 

of the log #r at a strain-rate corresponding to10-7 s-1 and highlights the influence of !& on the maximum 

packing fraction and the shear thinning behavior of crystal bearing magmas. 

3.7. Numerical modeling 

3.7.1. Physical modeling of magma flow 

The parameterization for non-Newtonian viscosity of crystal-bearing magmas 

expressed by Equations (3.3), (3.6)Ð(3.9) was introduced into the numerical code 

utilized to model multiphase magma ascent (Papale 2001). The model describes the 

1D, steady, isothermal, separated flow of multiphase magma along a cylindrical 

volcanic conduit. The flowing magma is described as a homogeneous mixture of 

liquid and solid phases, mechanically interacting with a gas phase. The gas phase is 

contained in the form of bubbles below the fragmentation level and it is modeled as a 

continuous phase with dispersed pyroclasts above this level. The properties ofmagma 

depend on the local pressure-composition conditions. Volatile saturation is 

determined by modeling the non-ideal gas-liquid thermodynamic equilibrium (Papale 

et al. 2006). Liquid-crystal density is computed with the model given by Lange (1994) 
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and standard mixing rules were applied (as reported in Rosi et al., 1993). Gas density 

is calculated through the Modified RedlichÐKwong equation provided by Kerrick and 

Jacobs (1981). The friction terms in the momentum equations require a description of 

mixture viscosity. This in turn depends on the flow regime (either bubbly flow below 

magma fragmentation, or gas-particle flow above it), on the viscosity of the 

continuous phase (liquid magma below fragmentation, gas above it), and on the 

volume fraction of the dispersed phases (crystals and gas bubbles below 

fragmentation, pyroclasts above it). Liquid viscosity is modeled through semi-

empirical TVF-like equation (Hess and Dingwell 1996; Romano et al. 2003). Gas 

bubbles, assumed for simplicity to be undeformable, are accounted for as described in 

(Papale 2001). The effects of crystals on the rheology are taken into account by either 

using the new parameterization presented here (Equations (3.3), (3.6)Ð(3.9)) that 

includes the effects of non-Newtonian !&-induced decrease in #app, or the simpler 

Newtonian model proposed by Costa et al. (2007). 

3.7.2 Numerical simulations 

The numerical simulations were conducted to evaluate the effects of non-

Newtonian behavior of crystal-bearing magmas on the dynamics of magma ascent and 

fragmentation along volcanic conduits during explosive eruptions. In order to assess 

the role of high crystal contents and !&-induced decrease of #app of the liquid+crystal 

homogeneous mixture, we conducted parametric simulations by comparing the results 

obtained with the present model of suspension rheology with those obtained with the 

Newtonian model given in Costa et al. (2007) for crystal-bearing magmas.  

In order to evaluate the results over a wide spectrum of conditions, we 

repeated the simulations by determining the occurrence of magma fragmentation by 

either the visco-elastic criterion in Papale (1999) or the gas bubble overpressure 

criterion in Melnik (2000), and by using two different magmas of rhyolitic and 

trachytic composition, each with a corresponding typical eruptive temperature. For 

each set of conditions, the crystal fraction of the erupted magma were let to vary from 

zero up to ! =0.55 (relative to the degassed magma). These crystal fractions represent 

the most interesting range of crystallinity at which the most explosive eruptions occur 

(e.g. Rosi et al., 1993; Rutherford et al., 1993; Bachmann et al., 2002). Moreover, as 

the experiments demonstrate, already for ! =0.5 the non-Newtonian character of 

magma starts to exert a strong control on the magma viscosity. The highest crystal 
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contents reflect conditions over which numerical convergence is not achieved, due to 

very high mixture viscosity hence very large gradients of flow variables along the 

volcanic conduit (Papale, 1999). 

Figure 3.8: Diagrams 

illustrating the results of 

numerical modeling of volcanic 

conduit dynamics: Computed 

variations of the logarithm of the 

viscosity of the mixture (log #mix, 

left side) and the logarithm of the 

relative viscosity (log #r, right 

side) as a function of depth below 

the surface for two crystal 

fractions, a) ! =0.25 and b) ! =0.55, 

for a trachytic magma 

(composition given in Romano et 

al. 2003) with a temperature of 

947 ¡C. The solid and dashed lines 

refer to the crystal-melt non-

Newtonian rheological model 

presented in this paper and to the 

Newtonian model given in Costa 

et al. (2007), respectively. 

Calculations reported in this 

Figure and in Figures 3.9 and 3.10 

have been conducted with a 

conduit length and diameter of 

8000 and 50 m, respectively, a stagnation pressure of 200 MPa, 6 wt. % water content (= H2O-content 

of the melt phase) and crystal fractions relative to the degassed magma ranging from ! =0 to ! =0.55. 

Further details of the dynamic conduit model are given in Papale (2001). 

3.7.3 Results of numerical simulations 

The numerical results illustrate the effects of incorporating non-Newtonian 

rheology of crystal-bearing magmas in magma ascent modeling on the dynamics of 

magma ascent and on the occurrence of magma fragmentation. In addition, these 

models show the different dynamics associated with the discharge of magmas having 

different crystal contents. Differences in the calculated magma flow dynamics due to 

different composition of the liquid magma are not discussed here, since they are the 

subjects of previous work (Papale et al. 1998; Polacci et al. 2004).  
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Fig. 3.8 shows the calculated distribution of the mixture viscosity and of #r 

along the volcanic conduit for conditions pertaining to trachytic magma; the 

viscoelastic fragmentation criterion of Papale (1999) has been adopted, and two 

crystal fractions, ! =0.25 and ! =0=0.25 (Fig. 3.8a), the rise of the fragmentation level 

is only about 250 m and fragmentation occurs for a #r more than 1 order of magnitude 

lower than for the case where Newtonian behavior is assumed. With ! =0.55 (Fig. 

3.8b), the uplift of the fragmentation level becomes as large as 2360 m. In this case, 

the #r strongly decreases due to non-Newtonian rheology. Contrarily, with Newtonian 

rheology, the #r increases approaching fragmentation, reflecting an increase of crystal 

volume fraction due to density increase of the liquid phase upon degassing. At the 

level where fragmentation occurs the #r determined with non-Newtonian rheology is 

about 2 orders of magnitude lower than for Newtonian rheology.  

In spite of the contrasting trends in #r, the viscosity of the multiphase magma 

always increases below fragmentation, mainly due to the large effect of H2O 

exsolution from the liquid on viscosity (Hess and Dingwell, 1996; Romano et al., 

2003; Giordano et al., 2007). Above the magma fragmentation level, the mixture 

viscosity suddenly decreases by many orders of magnitude approaching that of the 

continuous gas phase. This is a consequence of the fundamental change in the 

continuum properties of the magmatic mixture upon fragmentation. Fig. 3.9 shows the 

calculated mass flow-rate and pressure at the conduit exit level obtained for the 

simulations pertaining to the trachytic magma, the fragmentation criterion as given by 

Papale (1999), and crystal fractions varying from ! =0 to ! =0.55. The numerical 

results indicate that over the range of crystal contents considered, the mass flow rate 

decreases by a factor of 6Ð10 and the exit pressure decreases by about a factor of 10. 

Non-Newtonian effects tend to reduce mass flow rates and pressure decreases; these 

effects vanish when zero crystal content is approached. However, in spite of the large 

variations in the distribution of magma viscosity (and other flow variables such as gas 

volume fraction and phase velocities and densities) inside the volcanic conduit in Fig. 

3.8, these quantities change only a small fraction even at large crystal content. Other 

flow variables (not reported in the Fig. 3.8) show similar small variations when 

comparing their values at the conduit exit obtained by either Newtonian or non-

Newtonian rheology of the crystal-bearing magma. Fig. 3.10 summarizes the 

conditions calculated at magma fragmentation in terms of depth and magma 
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vesicularity for all simulations performed. In all cases, increasing crystal contents in 

the discharged magma result in a deepening of the fragmentation level and in a 

decrease of magma vesicularity at fragmentation. The use of non-Newtonian rheology 

strongly restricts the range of such variations. As an example, fragmentation depth 

and magma vesicularity at fragmentation computed for Newtonian rheology and the 

fragmentation criterion given by Melnik (2000) amounts to about 6.6 km and 20 

vol.% for a trachytic magma.  The same quantities become 3.6 km and 50 vol.% when 

using non-Newtonian rheology. It is remarkable that the overall vesicularity range 

covered by all the simulations performed with the two fragmentation criteria is largely 

reduced by the use of non-Newtonian rheology: The total range is <5Ð90 vol.% with 

Newtonian rheology and reduced to 40Ð90 vol.% with non-Newtonian rheology. 

  

Figure 3.9: Diagram 

illustrating the calculated 

mass flow rate a) and 

conduit exit pressure b) as 

a function of variable 

crystal fractions of the 

erupted magma for a 

trachytic magma 

(composition given in 

Romano et al., 2003) with a 

temperature of 947 ¡C. The 

solid lines and circles, and 

the dashed lines and stars, 

refer to the crystal-melt 

systems employing the 

non-Newtonian rheological 

model reported in this 

paper and to the Newtonian 

model given in Costa et al. 

(2007), respectively. 

 

 

 

 



Chapter 3                                                               Rheology of crystal-bearing magmas 

 48 

Figure 3.10: Diagram illustrating the calculated fragmentation conditions, in terms of depth and 

magma vesicularity (volume of gas) for a) rhyolitic (reported in Polacci et al. 2004), temperature of 

827 ¡C); and b) trachytic magma compositions (reported in Romano et al. 2003), temperature of 947 

¡C) for different crystal fractions (= numbers close to the symbols), and different fragmentation criteria 

according to Melnik (2000) and Papale (1999). The solid lines and circles, and the dashed lines and 

stars, refer to the crystal-melt systems employing the non-Newtonian rheological model reported in this 

paper and to the Newtonian model given in Costa et al. (2007), respectively. 

3.8 Conclusions 

The experiments reported here demonstrate that the introduction of suspended 

crystals in a melt phase produces an increase in the relative viscosity #r and enhances 

!& dependent rheology. The shear thinning behavior observed in our experiments is 

caused by a geometrical redistribution of suspended particles and melt that facilitate 

the flow of magma resulting in a reduction of viscosity with increasing !&. The 

generation of melt-enriched bands requires additional, more detailed investigation 

because these processes could exert strong controls on processes such as the 

distribution of gas bubble upon volatile exsolution.  

The coincidence between the maximum applied stress and the direction of the 

flow parallel to the walls in volcanic conduits is optimal to produce melt-enriched 

bands parallel to the flow direction. The alignment of bubbles parallel to the direction 
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of the flow could, in turn, result in a strong effect on magma permeability and 

consequent exsolution of volatiles during rise from the magma chamber.  

The system of Equations (3.3), (3.6)Ð(3.9) presented in this contribution 

successfully describes the complex rheological behavior of crystal-bearing magmas. 

These equations provide the basis to evaluate the effects of micro-scale deformation 

processes occurring during magma flow on the macroscopic behavior of magmas 

rising inside volcanic conduits during explosive eruptions.  

The numerical simulations of magma ascent and fragmentation along volcanic 

conduits infer that the introduction of non-Newtonian rheology of crystal-bearing 

magma results in large variations in the fragmentation conditions and distribution of 

flow variables along the conduit. However, the restricted variation of the calculated 

mass flow-rate and conduit exit conditions do not reflect the large changes observed 

within the conduit. This is most probably related to the counter-acting effects of 

reduced #app and increased length of the highly viscous region below fragmentation 

(Polacci et al. 2004) resulting from the introduction of non-Newtonian rheology.  

In conclusion, the present results suggest that non-Newtonian behavior 

significantly affects the internal conduit dynamics and the physical characteristics of 

magmas at the fragmentation level, while the general eruption dynamics are more 

sensitive to Newtonian viscosity of the liquid fraction. The introduction of non-

Newtonian rheology has the effect of largely decreasing the extent to which crystals, 

and in general solid particles transported in the magma (e.g. xenoliths or lithics), 

affect the fragmentation conditions, although the general trend due to increasing 

amount of crystals does not change. The crystal content of the erupted magma, which 

resulted to be the magma characteristic that most significantly decreased the 

vesicularity of the magma at fragmentation, now turns to be much less effective when 

taking into account non-Newtonian rheology. Finally, it must be stressed that the 

present simulations are performed under the simplifying assumption of 1D magma 

flow. It is likely that other complexities due to non-Newtonian rheology may arise 

when considering multi-D phenomena. As an example, it may be expected that non- 

Newtonian rheology plays a significant role in decreasing the local #app close to 

conduit walls where shear stress concentrates. In such a case, the process of viscous 

dissipation and local increase of temperature (Costa and Macedonio 2003; Costa and 

Macedonio 2005; Vedeneeva et al. 2005) would become important, requiring specific 

numerical simulations to be performed to evaluate these additional effects. 
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4.1 Abstract 

The rheology of natural, partially crystallized samples from Monte Nuovo 

(1538 AD) eruption have been investigated using a high temperature, high pressure 

internally heated pressure vessel. Within the temperature interval of investigation the 

samples exhibited Newtonian rheology at deformation strain rates up to 10-4 s-1. At 

higher strain rates a decrease of viscosity with increasing strain rate (shear thinning), 

eventually terminating in a sudden viscosity drop (stress weakening), was observed. 

Stress weakening occurred at higher applied strain rates and stresses with increasing 

temperature. The microstructural analyses of the samples revealed that stress 

weakening resulted from strain localization, which occurred in brittle and viscous 

regimes at the lowest and highest temperatures investigated respectively. The 

different rheological behaviors of the investigated material is likely responsible for 

the changes in the dynamics of magma ascent within the volcanic conduit during the 

eruption of Monte Nuovo volcano. We infer that the occurrence of syn-eruptive 

decompression driven crystallization, observed in previous studies, induced strong 

variations in the rheological properties of magma, which in turn was responsible for 

the changes of eruptive style observed during the Monte Nuovo eruption.  

4.2 Introduction  

This study targets the investigation of the rheological properties of the 

trachytic magmas of the 1538 AD eruption of Monte Nuovo in the Phlegrean Fields. 

This event was characterized by two eruption phases with contrasting eruptive styles: 

a first stage of phreatomagmatic activity that produced a tuff cone, followed by a 

second, explosive phase that deposited Strombolian-type tephra on top of the tuff 
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cone (D'Oriano et al., 2005; DiVito et al., 1987; Piochi et al., 2005). The second phase 

was distinctly more magmatic and despite similar bulk chemistry of the products, the 

textures of the scoria and the crystal contents (phenocrysts + microlites) were more 

variable, with crystallinity reaching in some case up to 100 vol. % (D'Oriano et al., 

2005). A detailed description of the eruption dynamics and chronology can be found 

in Piochi et al. (2005), DÕOriano et al. (2005) and references therein. The different 

crystallinities of the products most probably reflect changes in the conduit flow 

dynamics, which were in turn responsible for significant variations of the viscosity of 

the rising magma. Magma mixture viscosity mainly depends on the chemical 

composition of the residual liquid phase and the content of dissolved volatiles (e.g., 

H2O, CO2), the temperature, and the bubble and crystal contents (e.g. Giordano et al., 

2004; Caricchi et al., 2007; Llewellin et al., 2002). Since magma rheology exerts a 

strong control on the eruptive dynamics (Caricchi et al., 2007; Diller et al., 2006; 

Gonnermann and Manga, 2007; Koyaguchi and Mitani, 2005; Melnik et al., 2005; 

Melnik and Sparks, 1999), the lack of understanding of the rheological behavior of 

magmatic suspensions during the ascent inside the volcanic conduit seriously limits 

our ability to forecast eruptive scenarios. In densely populated regions such as the 

Phlegrean Fields area, where hazard assessment is a primary concern, the accurate 

characterization of the parameters governing eruption dynamics, above all magma 

rheology, is of critical importance to implement numerical simulations aiming to 

promote civil protection tasks (Piochi et al., 2008). 

Previous studies focused on the rheological characterization of crystal bearing 

magmas (Caricchi et al., 2007; Lejeune and Richet, 1995) containing almost spherical 

particles. Yet it has been demonstrated  that the rheological behavior of two-phase 

magmatic suspensions additionally depends on crystal shape (Saar et al., 2001) and 

crystal size distribution (Chong et al., 1971). Since the volcanic products of the Monte 

Nuovo eruption contain a large majority of elongated crystals with a relatively wide 

variety of crystal sizes (Fig. 4.1), the rheology of this material is likely to be different 

with respect to the behavior predicted by models currently present in the literature. In 

order to characterize the rheology of partially crystallized trachytic magmas 

characteristic of the second stage of activity of the 1538 AD Monte Nuovo eruption, 

we performed a series of controlled deformation rate experiments using a Paterson-

type deformation apparatus to investigate the rheological response of (vesicle-free) 

cylinders of natural samples. 
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4.3 Sample collection and characterization 

A detailed description of the deposits can be found in previous studies 

(D'Oriano et al., 2005; Piochi et al., 2005). Scoriaceous products of 10 to 50 cm in 

diameter were collected from the so called Upper Member (UM; D'Oriano et al., 

2005), distinctive for the second stage of activity of the 1538 AD Monte Nuovo 

eruption. Sample color varies from light grey to black depending on textural features. 

Grey scorias are less porous and frequently angular in shape (Monte Nuovo Dense; 

sample MND), whereas the black scorias contain rounded vesicles and exhibit higher 

vesicularity values (UM2, UM2-1, UM2-2, UM2-3, UM4; Piochi et al., 2005; 

DÕOriano et al., 2005).  

4.3.1 Density measurements 

Sample cores of 22 mm diameter and 20-30 mm in lengths were drilled from 

samples collected in the field. The faces of the cylinders were parallelized by grinding 

to perform accurate geometrical measurements of the sample volumes. Open porosity 

was computed by taking the difference between the calculated volume of the 

cylindrical samples and the volume measured for the same sample using a helium 

picnometer. The density was quantified from the weight of the sample and the volume 

measured by the helium picnometer and amounted for all analyzed specimens to 

2.55±0.02 gácm-3. The experimental investigations were conducted on five cores with 

a limited variation in open porosity ranging between 45 and 46 % (UM2-1, UM2-2, 

UM2-3, UM4) and on one core exhibiting a lower porosity of 40 % (MND).  

4.3.2 Chemistry of mineral phases and glassy matrix 

The determination of the bulk and mineral chemical compositions of the 

samples UM2 were performed with a JEOL-JXA-8200 electron microprobe using 

beam conditions of 15 kV acceleration voltage and 20 and 5 nA beam current for 

minerals and glasses respectively. The glassy matrix of the partially crystallized 

samples (UM2) was analyzed with variable beam diameters ranging between 10 and 

20 µm depending on the size of the interstitial glass pockets. The bulk composition of 

the sample was determined by analyzing a glass that was prepared by melting of the 

collected scoria in a Pt80Rh20 crucible at a temperature of 1600 ¡C and room pressure. 

Stirring of the molten specimen ensured bubble removal. The bulk and matrix glass 

compositions are trachytic (Table 4.1) with the bulk sample being nepheline-

normative (7% normative nepheline), whereas the matrix sample is just about at the 

SiO2-saturation/undersaturation limit depending on adopted ferric/ferrous iron ratio. 
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The mineral assemblage of UM is composed of dominantly plagioclase and K-

feldspar, clinopyroxene, magnetite and biotite (Table 4.1). The transition from silica-

undersaturated bulk sample to basically saturated matrix glass is due to the silica 

undersaturated compositions of Ti-magnetite, biotite and clinopyroxene. The 

mineralogical assemblage of the MND sample is identical, but contains a higher 

proportion of magnetite relative to the UM samples. 
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Table 4.1: Representative electron microprobe analyses (wt.%) of bulk and mineral phases and matrix glass of sample UM2 used as starting material 
  matrix glass magnetite biotite clinopyroxene feldspar feldspar feldspar feldspar feldspar feldspar feldspar feldspar 

SiO2   61.66 (0.03) 0.56 (0.42) 36.73 (0.52) 43.72 (0.32) 62.88 64.64 64.21 64.01 64.86 65.16 65.85 65.48 
TiO2   0.57 (0.04) 7.54 (0.57) 4.97 (0.06) 2.68 (0.07) 0.06 0.08 0.08 0.08 0.06 0.11 0.07 0.06 
Al2O3  19.48 (0.46) 1.84 (0.09) 13.32 (0.13) 4.68 (0.08) 23.57 22.12 21.62 21.73 21.11 20.56 19.59 19.51 
FeO    3.55 (0.13) 86.47 (1.00) 20.78 (0.49) 19.89 (0.45) 0.48 0.51 0.61 0.47 0.37 0.45 0.38 0.30 
MgO    0.34 (0.03) 1.09 (0.11) 11.69 (0.59) 6.23 (0.35) 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
MnO    0.25 (0.02) 1.95 (0.04) 0.60 (0.04) 1.20 (0.06) 0.01 0.01 0.00 0.02 0.00 0.00 0.01 0.02 
CaO    1.11 (0.25) 0.11 (0.08) 0.03 (0.01) 18.61 (0.07) 5.06 3.22 3.03 3.23 2.33 1.86 0.83 0.84 
Na2O   4.85 (0.37) 0.01 (0.04) 0.62 (0.02) 1.75 (0.04) 6.34 6.07 5.58 4.82 4.76 4.73 4.19 3.87 
K2O    7.85 (0.52) 0.14 (0.01) 8.93 (0.06) 0.24 (0.03) 2.36 4.07 5.32 6.51 7.48 8.16 9.94 10.14 
P2O5   0.04 (0.01) 0.01 (0.01) 0.01 (0.02) 0.01 (0.01) 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
total 99.69 99.72 97.67 99.01 100.78 100.72 100.47 100.87 100.97 101.03 100.88 100.21 
                          
xMg 0.146 0.022 0.501 0.358                 
xAn     0.262 0.169 0.156 0.164 0.117 0.092 0.041 0.042 
xAb     0.593 0.577 0.519 0.443 0.434 0.425 0.375 0.352 
xKf          0.145 0.254 0.325 0.393 0.449 0.483 0.585 0.606 
Numbers in parantheses represent standard deviations of multiple analyses. Feldspar analyses illustrate the rather large variations of the phenocrysts and microlites 

ranging from ternary albitic feldspar to Na-bearing sanidine. 
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4.4 Experimental methods 

4.4.1 Sample preparation and characterization 

 The cylindrical cores used for the density measurement (section 4.2.1) were 

first annealed at temperature and pressure to remove the porosity.  

 

For the annealing the experimental assembly consisted of the sample core plus 

ceramic cylinders placed at both ends that were jacketed with stainless steel (Paterson 

and Olgaard, 2000) to isolate the specimens from contact with argon gas used as 

confining pressure medium. The samples were hot isostatically pressed (HIP) for 1 

hour at 600 ¡C and 250 MPa. This procedure is critical to maintain the sample 

geometry during the deformation experiments and avoid continuous closure of the 

pores during the deformation that would render the interpretation of the rheological 

data very difficult or impossible.  

Images of the UM2 samples were converted into binary, black (crystals) and 

white (glassy matrix) images to quantify the amount of residual glass present. Two 

BSE images were analyzed for each sample before and after the deformation 

experiments; the crystal fractions were constant and resulted around 0.47 for all UM 

samples with uncertainties in the order of ±0.02 that were evaluated by analyzing 

different portions of the same samples. The maximum length of the suspended 

Figure 4.1: Characteristic X-

ray distribution maps of 

experimental run product PO729; 

brighter areas represent higher 

concentrations of the respective 

elements a) Calcium K!  X-ray 

distribution map; b) Iron K!  X-

ray distribution map; c) 

Superposition of calcium and iron 

K!  X-ray distribution maps 

allowing identification of crystals 

and glassy matrix respectively; d) 

binary, black and white image of 

the calcium and iron K!  X-ray 

distribution maps utilized for 

image analysis. 
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crystals measured from the BSE images were about 300 µm, sizes that are much 

smaller than the sample diameter (10-15 mm). 

In the case of the MND sample, the determination of the crystal fraction was 

considerably more difficult due to the smaller crystal sizes of the volumetrically 

dominant feldspar phase relative to the UM samples, as well as due to the reduced 

chemical contrast between the feldspar crystals and the glassy matrix. Sample MND 

(experiment PO729) was therefore evaluated by using characteristic X-ray 

distribution maps for calcium and iron: the Ca-K!  X-ray map (Fig. 4.1a) allows 

distinction of feldspar and clinopyroxene from the glassy matrix, magnetite and 

biotite, which have lower Ca-contents; likewise, the Fe K!  X-ray map (Fig. 4.1b) 

allows distinction of magnetite, biotite and clinopyroxene from the glassy matrix. 

Superimposing the two distribution maps rendered it possible to unequivocally 

determine the crystal fraction (dark phase in Fig. 4.1d) that resulted around 0.52 with 

a similar uncertainty (±0.02) as the UM samples. 

4.4.2 Determination of water contents 

The H2O contents of the starting materials were determined by Karl-Fischer-

titration (KFT). All analyses were conducted to a maximum temperature of 1200 ¡C. 

After KFT the samples were recovered and inspected with an optical microscope to 

verify  if all water could be extracted. All specimens were glassy and contained 

numerous small bubbles, embedded in a glassy matrix, indicating that part of the H2O 

contained in the material was not extracted during analysis. This problem is well 

known and has been already reported previously by Behrens and Stuke (2003), Del 

Gaudio et al. (2007) and Leschik et al. (2004). According to these authors, the amount 

of non-extractable H2O for glasses containing less than 1.5 wt.% is about 0.17±0.04 

wt.% and decreases to 0.10±0.05 for glass containing more than 1.5 wt.%. H2O 

contents reported in Table 4.2 are corrected accordingly. Measurements performed on 

samples before and after the initial HIP procedure evidenced no detectable water loss 

during the annealing of the material. In order to ensure sample stability during the 

deformation experiments, H2O contents of the samples were measured prior to and 

after the experimental runs. No detectable H2O loss was observed. H2O contents 

reported in Table 4.2 refer to the water contents of the glassy matrix, i.e. weight 

fractions of anhydrous crystals present in the samples and the previously discussed 

correction for unextracted H2O were taken into account. Weight fractions were 
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obtained from the measured volume fractions of crystals and glassy matrix (by BSE 

image analysis) and the density of feldspar crystal (major crystalline phase present in 

the samples) and the glassy matrix. A density of 2.65 g/cm3 was used for feldspar 

while the density for the glass has been calculated using the model presented by 

(Lange, 1996; Lange, 1997; Lange and Carmichael, 1987). The anhydrous crystal 

content has been considered equal to the total crystal fraction because only in one 

sample subordinate amounts of water bearing crystals (biotite) were identified. The 

water content of the glassy matrix was finally calculated using equation 4.1: 

matrixtot2matrix2 wfraction/)17.0OH(OH +=      (4.1) 

where H2Otot is the total extracted water (wt. %), 0.17 is the correction for non-

extractable H2O, and wfractionmatrix is the weight fraction of the glassy matrix. Values 

reported in Table 4.2 represent averages of at least two analyses conducted on the 

same material before the experiments. 
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4.4.3 Experimental techniques and strategies 

The samples were deformed in simple (torsion) and pure shear (compression) 

experiments using an internally heated, high pressure and temperature, Paterson-type 

apparatus (Paterson and Olgaard, 2000). The sample diameter for all experiments was 

10 mm; sample length varied between 4 and 5 mm in torsion and was 15 mm in the 

uniaxial compression test. The confining pressure during the deformation experiments 

was kept constant for all experiments at 300 MPa; temperature varied between 525 

and 700 ¡C and the applied strain rates between 10-6 and 4á10-4 s-1 (Table 4.2). The 

temperature difference along the sample length never exceeded 2 K. The temperature 

gradient was estimated by conducting regular temperature calibration of the furnace 

employing a hollow specimen that was inserted in the pressure vessel and a 

thermocouple that was moved along the length of the assembly to record the 

temperature profile. The resolution limit for the internal load cell is 1 Nm for torsion 

and 1 kN for compression experiments (Barnhoorn et al., 2004; Paterson and Olgaard, 

2000). All stress values were corrected for the presence of the iron jacket surrounding 

the sample assembly and accounted for about 2 MPa at the lowest (525¡C) and 0.4 

MPa at the highest (700¡C) temperatures investigated. Further details on the 

experimental assembly and the technique employed are reported in Caricchi et al. 

(2007). 

The temperature and strain rate adopted have been chosen to avoid 

crystallization of the material during the experiments and to ensure that the glassy 

matrix behaves as a Newtonian liquid using the empirical relationship presented by 

Webb and Dingwell (1990) as a guide. Additionally, the temperature range was 

selected to ensure minimum viscosities of 1010 Paás. At these conditions, the relative 

resistance of the iron jacket surrounding the sample is about 1-5 % of the total applied 

stress, which results in an accuracy of the measurements of about 0.1 log units in 

viscosity. A relatively high confining pressure (300 MPa) was applied during the 

experiments to increase friction between the ceramic parts of the assembly and the 

specimen to avoid slipping at the ceramic-sample interface (Paterson and Olgaard, 

2000). 
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Table 4.2: Summary of the performed experiments 
Name Material T (¡C) H2O* Strain rate (s-1) Flow stress (MPa) Total strain (gamma) log  ! matrix log ! app log ! rel 

PO759 UM2-1 600 0.86 (0.05) 3.02E-05 34.37 0.08 10.04 12.06 2.02 
  600  6.33E-05 80.44 0.30 10.04 12.10 2.06 
  600  9.47E-05 127.55 0.47 10.04 12.13 2.09 
  600  3.15E-04 218.79 0.65 10.04 11.84 1.80 
  600  3.15E-04 142.00 0.80 10.04 11.65 1.61 
    600   3.15E-04 164.2 1.83 10.04 11.72 1.68 
PO760 UM2-1 550 0.086 (0.05) 3.16E-06 45.92 0.02 11.14 13.16 2.02 
  550  6.15E-06 59.80 0.04 11.14 12.99 1.85 
    550   8.35E-06 167.45 0.24 11.40 13.30 1.90 
PO761 UM2-1 630 0.86 (0.05) 9.36E-05 119.65 1.39 9.44 12.11 2.67 
    630 back 7.30E-05 179.61 1.90 9.44 12.39 2.95 
PO762 UM2-1 575 0.86 (0.05) 6.12E-06 15.06 0.05 10.57 12.39 1.82 
    575   9.07E-06 22.57 0.08 10.57 12.40 1.83 
PO763 UM2-1 575 0.92 (0.07) 6.26E-06 18.43 0.03 10.47 12.47 2.00 
    575   8.46E-06 26.54 0.06 10.47 12.50 2.03 
PO764 UM2-3 525 0.92 (0.02) 1.42E-06   0.02       
PO765 UM2-3 630 0.92 (0.04) 3.00E-05 26.30 0.02 9.43 11.94 2.51 
    630   6.00E-05 74.12 0.06 9.43 12.09 2.66 
PO807 UM2-2 575 1.54 (0.02) 8.93E-06 13.52 0.03 9.60 12.18 2.58 
PO808 UM2-3 630 0.90 (0.1) 5.98E-05 132.87 0.10 9.38 12.35 2.97 
  630  9.26E-05 143.64 0.14 9.38 12.19 2.81 
    630   3.79E-04 258.09 0.78 9.38 11.83 2.45 
PO812 UM4 575 1.41 (0.04) 1.09E-05 16.10 0.04 9.77 12.17 2.40 
  575  2.12E-05 27.97 0.07 9.77 12.12 2.35 
  575  6.30E-05 121.67 1.11 9.77 12.29 2.52 
  575  1.05E-04 171.64 1.35 9.77 12.21 2.44 
    575   1.05E-04 122.20 1.73 9.77 12.06 2.29 
PO813 UM4 575 1.41 (0.05) 1.00E-04 179.42 1.47 9.77 12.25 2.48 
  575  1.00E-04 141.28 1.75 9.77 12.15 2.38 
    575  1.00E-04 195.41 1.98 9.77 12.29 2.52 
PO729 MND 700 0.98 (0.03) 3.00E-05 6.08 0.07 8.04 11.31 3.27 
Values in bold print represent the maximum shear stress reached before the onset of shear weakening; values in italic print refer to shear stress obtained after 
the inversion of the shear sense in experiment PO761. H2O* is the H2O content in wt.% corrected for the unextracted amount during KFT and recalculated to 
the weight % of the glassy matrix present in the samples (see text for more details). The values in parenthesis represent the standard deviation of the different 
analyses performed. 
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4.5 Experimental results 

Constant and strain rate stepping tests (increase of strain rate in a stepwise 

manner) were carried out by deforming crystal-bearing, bubble-free cylindrical 

specimens in torsion (simple shear) at controlled shear strain rates. In only one case 

(experiment PO729), pure shear deformation conditions, equivalent to shear strain 

rate of 3á10-5 s-1, were employed by uniaxial compression; for this experiment 

uniaxial strain rate and stress values were converted to shear strain-rates and shear 

stresses using the conversion laws 38-42 reported by Paterson and Olgaard (2000). 

The adopted experimental conditions, measured H2O content (KFT) and resulting 

stress and viscosity values are reported in Table 4.2. Apparent viscosity (" app) is 

calculated as follows (Eq. 4.2): 

" app= !" &/          (4.2) 

where # is the shear stress and !& is the shear strain rate.  

The relative viscosity (" r) is computed by equation 4.3: 

" r=" app/" melt         (4.3) 

where " melt is the viscosity of the suspending (pure) melt phase, calculated according 

to the model proposed by Giordano et al. (2004).  
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Figure 4.2: a) Diagram illustrating applied stresses plotted against strain (gamma) for a selection of 

experimental tests at low total strain. b) Variation of the apparent viscosity (" app) as a function of 

strain. The " app is calculated by dividing the applied stress (in Pascal) by the strain rate (s-1). The value 

of " app becomes constant during flow at constant stress of the material. The strain rates increase in both 

Figures 4.2a and 4.2b from left to right (strain-stepping experiments). 
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Figure 4.3: a) Plot of the stress values applied during the experiment as a function of strain (gamma) 

for a selection of experimental tests at high total strain; b) Variation of the apparent viscosity (" app) as a 

function of strain. The strain rates increase in both Figures 4.3a and 4.3b from left to right (strain-

stepping experiments). 
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4.5.1 Experiments at 410!<"&  (Newtonian behavior) 

Tests performed at relatively low strain rates ( 410!<"& ) exhibited an elastic 

response followed by strain hardening (increase of stress with increasing strain) and 

final flow at constant stress (Fig. 4.2a). The only exception is represented by 

experiment PO764, where flow at constant stress was not attained. These experiments 

are characterized by an increase of the shear stress (#) value at flow with increasing 

strain-rate (Fig. 4.2a). The apparent viscosity (" app) of the material is independent of 

strain rate for !& up to about 10-4 s-1 (Fig. 4.2b) testifying Newtonian behavior of the 

material.  

4.5.2 Experiments at 410!>"&  (shear thinning and stress weakening) 

Experiments performed at higher strain rates showed the same sequence of 

rheological responses but were additionally characterized by shear thinning (decrease 

of viscosity with increasing strain rate) and in some cases by stress weakening 

(sudden decrease of the applied shear stress value with increasing strain) at the 

highest applied strain rates (Fig. 4.3a). The stress at the onset of shear weakening is 

an important value because beyond this threshold the application of fixed stress to the 

material induces a strong acceleration of the flow process.  

In experiments PO808 the increase of the strain rate from 6á10-5 s-1 to 9á10-5 s-1 

produced a decrease of the viscosity (shear thinning) that was followed by stress 

weakening at the highest applied strain rate of 4á10-4 s-1 (Fig. 4.3b). In all other 

experiments shear thinning was not observed and the Newtonian behavior of the 

material at low strain rates (<10-4 s-1) was followed by stress weakening at the highest 

applied strain rates (Fig. 4.3b). Stress weakening was observed in experiments 

PO759, PO808, PO812 and PO813, all reported in Figure 4.3a and b. Experiment 

PO808 was stopped after the onset of shear weakening while the others were run until 

failure of the iron jacket made it impossible to continue the experiments. Runs 

PO759, PO808, and PO812 were performed with a series of strain rate stepping tests 

before the onset of the stress decrease was observed (Fig. 4.3a, b).  
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Figure 4.4: Diagram illustrating stress (left axis) and strain rate (right axis) conditions obtained at 

the onset of shear weakening as a function of temperature. 

 

In order to evaluate if stress weakening was affected by the strain rate stepping 

procedure adopted during experiment PO812, a second experiments (PO813), not 

undergoing strain rate stepping procedure, was performed at the same T and applying 

!&conditions for which stress weakening was observed in PO812 (i.e., !&= 10-4 s-1). 

As shown in Fig. 4.3a, comparable peak stress values (peak stress PO812=171.64 

MPa; peak stress PO813=179.42) were observed after similar amount of strain 
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(gamma PO812=1.35; gamma PO813=1.47) was achieved. More detailed inspection 

of the experiments reveals that in experiments PO812 and PO813 stress weakening 

behavior produces a minimum stress value followed, upon further deformation, by an 

increase of stress eventually reaching stress values close to those attained before the 

onset of weakening (Fig. 4.3a). For the other experiments, different results are 

obtained: for experiment PO759, stress weakening is observed at !&= 3á10-4 s-1 

followed by a minimum value of flow stress that only slight increases upon further 

increase of strain (Fig. 4.3a). Stress values for this experiment decrease from ~218 

MPa to ~142 MPa (strain between 0.65 and 0.80) followed by a successive slow 

increase to values of about 155 MPa at a total strain of 1.83.   

The onset of stress weakening as a function of experimental temperature is a function 

of both the applied strain rate and the applied stresses (Fig. 4.4). 

4.5.3 Direct and inverse sense of shear experiment 

In one experiment (PO761), the sense of shear was inverted once flow at constant 

stress was reached (Fig. 4.5). The inversion of the shear sense first resulted in the 

complete unloading of the applied stress on the specimen and subsequently the 

loading of the specimen started in the opposite shear sense following the identical 

sequence of elastic response, strain hardening and finally flow at constant stress 

value. After the inversion of the shear sense, the total gamma required to reach flow at 

constant stress was higher than during the first stage of the experiment (Fig. 4.5). 

Additionally, the apparent viscosity increased by about 0.3 log units upon inversion of 

the deformation direction, corresponding to an increase on the peak stress during the 

flow of about 60 MPa (Table 4.2).  
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Figure 4.5: Diagram displaying the logarithmic value of the apparent viscosity plotted against the 

applied strain (gamma) for experiment PO761. During the course of this experiment, the shear sense 

was inverted; at this stage, the stress decreases to zero until loading on the opposite shear sense starts. 

The inversion causes an increase of the viscosity under flow condition and an increase of the applied 

strain required to reach flow at constant stress. 

 

4.5.4 Macroscopic aspect of deformed samples and microstructures 

Before the start of each deformation experiment the jacket surrounding the sample 

assembly was marked with incisions along the length of the experimental assembly 

(see Figure 4.6 for details). This allows quantification of the total amount and the 

distribution of strain undergone by the specimens after recovering the charges at the 

end of the experiment. The deformed assemblies were investigated by optical 

microscopy. Samples deformed at strain rates lower than 10-4 s-1 show homogeneous 

deformation in the direction perpendicular to the shear direction (Fig. 4.6a). 

Conversely, the jackets surrounding the samples of experiments PO812, PO813 and 

PO759 (i.e. the samples were stress weakening was observed at high strain rates) 

show clear evidences of strain localization (concentration of strain in a discrete 

portion of the material). In PO812 and PO813 planar structures (fractures) oriented at 

about 10¡ with respect to the shear plane accommodate a relative displacement 
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between the two portions of the sample separated by these planar features (Fig. 4.6b). 

In PO759, the markers on the iron jacket are continuous and do not show any relative 

displacement of the two sides of the planar structure (Fig. 4.6c). Yet the change in 

slope of the incisions in the iron-jacket used as strain markers evidences strain 

localization on a plane with an orientation about 10 ¡ with respect to the shear plane 

(Fig. 4.6c).  

Samples deformed in torsion were investigated in sections cut from the external 

portion of the specimens. In this portion of the specimens the simple shear geometry 

is best appreciated (Paterson and Olgaard, 2000). A comparison of the BSE images 

taken from the starting material with those taken from samples PO759, PO762 and 

PO764 after deformation reveals no significant variation of the crystal size 

distribution (Fig. 4.7).  
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Figure 4.6: Combined Figure displaying back-scattered electron images (BSE, left hand side) and a 

photomicrograph of the experimental assembly (right hand side) of the deformed samples. The sketch 

on top of the Figure illustrates the orientation of the stress components applied during the experiments. 

The dashed red lines contour the section of the sample where the BSE images were taken. a) Example 

of an experiment (PO762) performed at strain rates <10-4 s-1 where neither fracturing nor shear 

weakening was observed. The dashed white line marks the initial position of the strain marker (incision 

on the iron jacket). b) Experiment PO813: a clear discontinuity (fracture) oriented at about 10 ¡ with 
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respect to the shear plane is visible in both, the photomicrograph of the assembly and the BSE image. 

The markers drawn on the iron jacket display a relative displacement. The same features were observed 

in experiment PO812. c) Experiment PO759: shear weakening was observed during deformation. The 

BSE image lacks evidence of a clear discontinuity, but a strong crystal alignment is recognized in the 

area labeled 1 that shows the same orientation as the fracture observed in PO813 (6b). Additionally, the 

change in slope of the strain markers on the iron jacket (right hand side in Figure 4.6c) testifies strain 

localization (along the plane indicated by the dashed line).  

 

Figure 4.7: Crystal size 

distribution (CSD) of starting 

material and a selection of 

experimental run products. 

The crystal size is expressed 

as Feret diameter in 

micrometers. The Feret 

diameter is the diameter of 

the circle with a surface 

equivalent to the surface of 

the analyzed crystal.  

 

 



Chapter 4                                                                  Rheology of Monte Nuovo magma 

 74 

As illustrated in Figure 4.8a, the starting material did not present any 

preferential orientation of crystals. In contrast, all samples recovered after the 

experiments show a tendency of the crystals to align around 20-40¡ with respect to the 

shear plane (Fig. 4.8b, c). The orientation of the crystals, however, is not a function of 

the total strain and/or the strain rate applied to the sample. Orientation of suspended 

crystals around 30 ¡ with respect to the shear plane, not related to the total applied 

strain, was already observed by Caricchi et al. (2007), Holtzman et al. (2003) and 

Holtzman et al. (2005) on different crystal-silicate liquid suspensions.  

Figure 4.8c clearly shows that the deformation is not homogeneous within the 

sample but is rather confined to discrete portions of the sample: the arrows labeled 1 

in Figure 4.8c highlight regions where feldspar crystals are monotonically aligned at 

an angle of about 30¡ with respect to the shear plane. In contrast, in the portion of the 

sample denoted by the arrow labeled 2, no evidence for a preferred orientation of the 

crystals is discernible.  

The inspection of the BSE images of samples PO812 and PO813 (shear weakening; 

Fig. 4.6b) reveals a clear discontinuity in correspondence with the macroscopic strain 

localization structures. In PO759 (shear weakening; Fig. 4.6c) no macroscopic 

fractures were observed (Fig. 4.6c); nevertheless, the alignment of feldspar crystals 

along a plane orientated at around 10¡ with respect to the shear plane testifies 

localization of strain in discrete portions of the sample. 
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Figure 4.8: Figure combining back-scattered electron (BSE) images of the starting material (a) and 

the deformed samples (b, c, d) on the left hand side and associated distributions of crystal orientations 

measured in the horizontal shear plane on the right hand side. Figures b) and c) are images of 

experiments performed with a single sense of shear at different total strain, represented by the 

deformed rectangle on the bottom left side on the BSE images. Experiment PO764 (c) did not reach 

flow conditions during the experiment; nevertheless, the crystals show some preferential orientation 

around 20-40 ¡ with respect to the shear plane. The numbers in Figure 4.8c) highlight portions of the 

sample where the crystals show strong preferred orientation (1) and portions where no preferred 

orientation is visible (2). These microstructures testify that the strain is not homogeneously distributed 

in the deforming samples. d) Image of experiment PO761 where the sense of shear was inverted after 

flow was reached during the first deformation stage. 
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In PO761 (Fig. 4.8d), the experiment where the direction of shearing was 

inverted after flow at constant stress was reached, the analysis of the crystal size 

distribution could not be performed by image analysis because the very fine grain size 

of the minerals rendered it very difficult to separate single particles (crystals) from 

each other. Inspection of the BSE image clearly reveals that during deformation of 

this sample the crystal sizes considerably decreased resulting in a homogenization of 

the crystal size distribution. Only a small number of crystals did not break to form 

components of crystal aggregates. These few crystals were used in our image analysis 

to determine if any preferential orientation could be recognized in the sample and 

revealed that the aggregates and particles show an opposite alignment relative to the 

crystal orientation in the other experiments where a single shear direction was applied 

(Fig. 4.8b to d). 

4.6 Discussion 

The principal results of this study indicate that the Monte Nuovo magma 

behaves Newtonian up to strain rates of 10-4 s-1 (Fig. 4.2b). Higher strain rates induce 

non-Newtonian behavior, in particular shear thinning (decrease of viscosity with 

increasing strain rate) and stress weakening due to strain localization, both in brittle 

and viscous regime (Fig. 4.3b). Shear thinning was only observed in experiment 

PO808 at 630 ¡C and an applied strain rate of 9.3á10-5 s-1 just before the onset of shear 

weakening at a strain rate of 3.8á10-4 s-1. In all other experiments conducted at lower 

temperature, Newtonian behavior (at strain rates lower than 10-4 s-1) was directly 

followed by shear weakening. In effect, PO808 was the only experiment performed at 

630¡C and relatively high strain rate. Experiment PO761, performed at the same 

conditions, resulted identical non-Newtonian viscosity as PO808 (Table 4.2). 

Provided that increasing temperature expands the viscous field relative to brittle 

behavior, Newtonian behavior at low strain rates (lower than 10-4 s-1) followed by 

non-Newtonian and finally brittle behavior has to be expected with increasing strain 

rates at magmatic temperature (~800 ¡C for the Monte Nuovo eruption).  

At a temperature of 575 ¡C (experiments PO812 and PO813), the presence of 

macroscopically observable fractures in the recovered samples (Fig. 4.6a) suggests a 

rheological changeover from plastic to brittle behavior.  

Experimental uncertainties in the viscosity measurements of the order of 0.2-

0.3 log units have to be considered that are mainly related to sample inhomogeneities 

in H2O contents and crystal fractions and the errors associated with the determination 
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Figure 4.9: a) Plot of the logarithm of melt viscosity as function of 

temperature. Lines are calculated according to the model presented in 

Giordano et al. (2004).  

 

of the crystal fractions. Evidence for inhomogeneity of the crystal fractions and its 

effect on the flow stresses can be recognized by comparing experiment PO765 and 

PO808: both runs were performed at an identical temperature of 630 ¡C using starting 

materials that nominally contain identical water and crystal contents. Applying an 

identical strain rate of 6á10-5 s-1, the measured flow stresses change from 74.12 MPa 

for PO765  to 132.87 MPa for PO808, which, in turn, results in an increase of the 

apparent viscosity by 0.25 log units. Application of the model presented by Caricchi 

et al. (2007) for magmatic, crystal-bearing suspensions behaving Newtonian (i.e. 

applied strain rate are lower than 10-4 s-1),  reveals that such a viscosity increase 

corresponds to an increase of the crystal fraction from 0.47 to 0.49, i.e. within the 

error inherent to the determination of the crystal fractions (see above). 

4.6.1 Viscosity of pure 

melts  

In order to evaluate 

the effect of crystals 

on the rheology of 

Monte Nuovo magma 

our data had to be 

supplemented with 

data on the viscosity 

of the matrix present 

in our samples. The 

viscosity of the glassy 

matrix of the Monte 

Nuovo scoria was 

previously investigated as function of temperature and water content by Giordano et 

al. (2004). Figure 4.9 displays the calculated viscosity values of the glassy matrix for 

different water contents as a function of temperature employing their equation. While 

H2O leads to a general decrease of viscosity, the effect is considerably more 

pronounced at lower temperatures. The H2O contents used to calculate the viscosities 

correspond to the quantity measured by Karl-Fisher Titration (KFT) corrected for the 

weight fraction of the melt phase, plus the 0.17 wt% H2O estimated by Behrens and 

Stuke (2003) and Del Gaudio et al. (2007), i.e. the non-extractable portion of H2O 

during KFT analysis . The strongest effect of H2O on the melt viscosity is observed 
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between nominally anhydrous melts (0.02 wt% H2O) and 0.86 wt. % H2O. Further 

increase of H2O from 0.86 to 1.54 wt. % results in a smaller additional decrease of the 

viscosity. 

 

Figure 4.10: a) Logarithmic values of the relative viscosities as a function of temperature. The grey 

scale represents different viscosity ranges of the glassy matrix. The relative viscosities are higher for 

the lowest viscosity of the glassy matrix. The data point at 700 ¡C is for a sample with a crystal fraction 

of 0.52 while all other data are for material with a crystal fraction of 0.47. b) Logarithmic values of the 

relative viscosity (" rel) as a function of crystal fraction ($). Continuous lines represent Log " rel 

variations calculated with the model presented by Caricchi et al. (2007) for strain rates of 10-6 s-1 

(black; Newtonian behavior) and 10-4 s-1 (grey; shear thinning behavior). The filled symbols indicate 

the range of relative viscosities obtained experimentally in this study for Newtonian-flow conditions. 

The grey scale represents different values of the glassy matrix viscosity. The elongated shape of the 
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feldspar crystals present in the Monte Nuovo magma is responsible for the shift of $max with respect to 

the data presented in Caricchi et al. (2007) where sub-spherical particles have been used. Grey arrows 

indicate the effects of crystal shapes and homogeneity of crystal size distributions on  $max. The spread 

of the data reflect the experimental errors due to sample inhomogeneity and reproducibility. 

 

4.6.2 Strain rate lower than 10-4 s-1 

The effects of temperature on the viscosity of the partially crystallized Monte 

Nuovo magma can be evaluated by comparing experiments PO759, PO760, PO762, 

PO763, PO765, and PO808 that were conducted with starting materials containing 

nearly identical water contents: temperature increase results in an apparent viscosity 

decrease that is comparable with the temperature dependant decrease of the viscosity 

of the glass matrix alone. However, at 630 ¡C there is a larger difference between the 

viscosity of the melt phase and the apparent viscosity of the crystal-bearing melts, 

which translates in a higher relative viscosity (Table 4.2; Fig. 4.10a). Interestingly, in 

all the experiments the highest relative viscosity values are associated with the lowest 

viscosity of the melt phase (Fig. 4.10a). This, however, could be the result of 

inhomogeneity in the crystal fraction or water content of the samples or it could be 

related to the enhancement of the rheological difference between crystals and matrix. 

Higher water contents of the matrix (e.g. in PO807) or increasing temperature (e.g. in 

PO765) decrease the viscosity of the matrix while affecting much less significantly 

the flow resistance of the feldspar crystals (Rybacki and Dresen 2004). The enhanced 

viscosity difference between the matrix and the suspended crystals in the samples 

with the lowest matrix viscosity could, therefore, result in an increase of the relative 

viscosity (" r, Fig. 4.10a and b). The difference in rheological behavior between the 

suspending silicate melt and the crystals can be quantified through the activation 

energy for viscous flow: in our system, feldspar is the dominant crystalline phase 

having an activation energy (Q) for plastic flow, at the strain rate and temperature of 

interest, of 332±23 kJ mol-1(Rybacki and Dresen, 2004). The activation energy for 

viscous flow of the suspending melt was calculated from the data of Giordano et al. 

(2004) for the glassy matrix composition containing 0.86 wt. % H2O. Between 500 

and 600 ¡C, Q results almost constant at about 303 kJ mol-1 and decreases to 293 kJ 

mol-1 between 600 and 700¡C. The activation energy decrease is rather prominent 

between 500 and 700 ¡C and thereafter decreases less markedly between 700 ¡C and 

the eruptive temperature of Monte Nuovo (850±40 ¡C). These calculations infer that 
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the activation energies of the suspended crystals and the suspending melt are 

comparable thus implying that the deformation is not totally account for by the 

suspending melt alone, but partly by the suspended feldspar too. In fact, it is evident 

from Figures 4.6 and 4.8 that the feldspar crystals in the strained samples are slightly 

deformed. The decrease in activation energy of the suspending melt phase with 

increasing temperature implies that the deformation becomes more focused to the 

melt phase than to the crystals, which in turn enhances the effect of crystals in 

increasing the relative viscosity with decreasing melt viscosity. Consequently, at 

magmatic conditions (T=850±40¡C for Monte Nuovo eruption; Piochi et al., 2005), 

the presence of 47 vol. % of crystals would induces an increase of viscosity of about 

2.5-3 orders of magnitude (values of relative viscosity for the samples UM with the 

lowest matrix viscosity) with respect to the viscosity of the pure melt phase. This 

values are 0.5-1 orders of magnitude higher than the values obtained on magmatic 

solid-liquid suspensions containing non-elongated crystals (Caricchi et al., 2007; 

Costa et al., 2007; Lejeune and Richet, 1995;  Fig. 4.10). It has previously been 

shown that solid-liquid suspensions containing elongated particles reach the 

maximum packing fraction ($max=solid fraction at which the viscosity begins to 

increase exponentially (Krieger, 1972) at lower solid fraction than suspensions 

containing spherical particles (Saar et al., 2001). A lower $max for Monte Nuovo 

magma with respect to suspensions containing subÐspherical particles (Caricchi et al., 

2007) would account for and explain the higher " rel observed in our experiments (Fig. 

4.10b). 

The depressing effect of water on the viscosity of the partially crystallized 

samples, evidenced by comparing experiments PO762, PO763, PO807, and PO812, is 

less than the effect on the melt phase alone (Table 4.2), but this result could be related 

to a slight inhomogeneity in the crystallinity of the different sample which could mask 

the effect of H2O on the viscosity.  

The higher relative viscosity measured on the MND sample (3.27; Table 4.2, 

Fig. 4.10a and b) is due to the higher crystallinity of the material with respect to UM 

(MND $=0.52, UM $=0.47). Figure 4.11 illustrates the existence of a direct 

relationship between applied strain rate and stress reached under flow conditions: for 

strain rates less than 10-4 s-1 the stress decreases linearly with decreasing strain rate to 

zero as expected for Newtonian material and, thus, testifies to the absence of any 
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observable yield strength (Caricchi et al., 2007; Lejeune and Richet, 1995). The 

absence of yield strength indicates that Monte Nuovo magma does not exhibit 

Binghamian but rather Òfictive BinghamianÓ behavior at high strain rates.  

 

Figure 4.11: Diagram illustrating the maximum stress reached during flow of the material at 

different temperatures for a selection of experiments. At zero strain rate the data extrapolate to zero 

stress testifying the absence of any observable yield strength. The inset sketch illustrates the different 

rheological behaviors in terms of relationships between stress and strain rate by simulating an 

experiment where a material having the flow law shown by the continuous line is loaded by increasing 

stress (grey area) by the same amount in a stepwise manner. Once the fictive yield strength value is 

overcome the strain rate increases dramatically for a given stress increment compared to the effect in 

the Newtonian and non-Newtonian field.  

 

This rheological concept has already been introduced in several studies on 

solid-liquid suspensions (Barnes, 1999; BrŸckner and Deubener, 1997; Dekruif et al., 

1985; Deubener and BrŸckner, 1997; Krieger, 1972): the fictive Binghamian behavior 
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is characterized by the independence of viscosity from the strain rate, as for 

Binghamian material, and the definition of yield stress (stress that needs to be 

overcome to deformation irreversibly a material) is replaced by a fictive yield stress 

(inset Fig. 4.11). This value corresponds to the stress values at which a strong increase 

in the rate of deformation is observed. The concept can be clarified with an example: 

the application of stress that is much lower than the fictive yield stress value, will 

result in deformation at relatively low deformation rates (inset Fig. 4.11). Doubling 

the applied stress will induce a small increase of the strain rate if the total applied 

stress is still lower than the fictive yield stress. If the applied stress is increased 

incrementally, the deformation rate will increase dramatically once the fictive yield 

stress is overcome (inset Fig. 4.11). While the concept of yield stress implies that 

below this stress no deformation occurs, the fictive yield stress represents the stress at 

the transition from ÒmicroscopicÓ to ÒmacroscopicÓ deformation.   

4.6.3 Shear thinning  

The deformation of crystal bearing magmas with solid fractions higher or very 

close to $max, as it is the case for the Monte Nuovo magma, is only possible if a 

certain amount of local compaction and dilation occurs in the material (Caricchi et al., 

2007; Holtzman et al., 2005; Rutter et al., 2006). In portions where compaction 

occurs, the pressure acting on the melt phase increases and vice versa for local 

dilation. This produces melt pressure gradients that allow melt movement and 

segregation from the solid fraction of the material. Since dilation and compaction are 

proportional to the applied stress (and consequently strain rate; Rutter et al., 2006), 

this process of melt-crystal separation could be responsible, under conditions of high 

strain rate, for the generation of melt-enriched bands where deformation localizes. 

The localization could, in turn, be responsible for the shear thinning behavior 

observed in our experiments at high strain rate. The geometrical distribution of melt 

enriched bands is a function of the applied stress field, and, under simple shear 

condition, the optimal configuration is about 25 ¡ with respect to the shear plane 

(Holtzman et al., 2005). This value corresponds to our microstructural observations. 

The fact that even in experiments where only Newtonian behavior was observed 

crystals show a general alignment around 30 ¡ with respect to the shear plane suggests 

that only when high stress (or strain rates) are reached the pressure gradients in the 

melt are high enough to produce sufficient strain localization resulting in shear 

thinning. 
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4.6.4 Stress weakening 

Experiments PO812 and PO813 conducted at 575 ¡C exhibit macroscopically 

identifiable strain localization when a strain rate of 10-4 s-1 was reached. The 

microstructural analysis of experiment PO759 conducted at 600¡C reveals the 

presence of a shear viscous zone rather than a marked discontinuity as observed in 

experiments PO812 and PO813 (Fig. 4.6b and c). Since increasing temperature favors 

viscous instead of brittle behavior (Ohnaka, 1995; Paterson, 1978), we argue that we 

encountered the viscous-brittle transition for temperature lower than 600 ¡C in our 

experiments.  

The most striking difference observed in samples showing shear weakening, with 

respect to samples deformed in the Newtonian and shear thinning regime, is the 

presence of evident strain localization structures oriented at 10¡ relative to the shear 

plane (Fig. 4.6b and c). The angle between this structure and the maximum 

compressive stress applied in our experiments is in agreement with the Mohr criterion 

for brittle failure of materials (Fig. 4.6; Mohr, 1900). The observed localization 

features imply the proximity of the transition from ductile to brittle behavior for 

Monte Nuovo magma at the temperatures and strain rate conditions where stress 

weakening was observed. The stress recover after shear weakening observed at 575¡C 

(Fig. 4.3a) is most probably the result of stick slip along the fracture generated at the 

onset of shear weakening. Since the stress recovers after weakening to values equal or 

higher to the stress measured at the onset of the shear weakening, a certain degree of 

healing of the fractures has to be considered. However, the microstructural 

observation of the specimens where we observed stress recovery (PO812 and PO813) 

did not provide any clear evidence for healing processes. Periodic transitions from 

viscous to brittle behavior occur in volcanic conduits and the respective field 

evidences have been documented in literature (e.g. Tuffen and Dingwell, 2005). 

These rheological transitions have been demonstrated to correlate with periodic cycles 

of volcano-seismicity; thus, it is of critical importance to evaluate the conditions 

under which understand under which viscous or brittle responses of magma have to be 

expected. 
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Figure 4.12: Stress Ð strain rate diagram illustrating stress values obtained during flow for any given 

value of applied strain rate. Filled symbols represent minimum flow stress values reached after the 

onset of shear weakening. At 575 ¡C healing of fractures occurred; therefore, minimum values reached 

after shear weakening are plotted in the diagram (see also Figure 4.3). At both experimental 

temperatures, 575 ¡C and 600 ¡C, flow stresses decrease to similar values indicating that once shear 

weakening takes place the rheology of the material becomes independent of strain rate. 

 

4.6.5 Direct and inverse sense of shear experiment 

Experiment PO761 was conducted by inverting the direction of shear after steady 

state flow was attained and resulted in a decrease of the crystal sizes (Fig. 4.8d); one 

can reasonably assume that the crystals were oriented in a similar fashion as in the 

experiments where a single shear direction was imposed. The inversion of the shear 

direction induced brittle fracturing of the crystals, which in turn resulted in a 

homogenization of the crystal size distribution (CSD). The CSD is one of the factors 

influencing the maximum packing fraction obtainable in a magmatic suspension: an 
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homogeneous CSD results in lower values of $max (Chong et al., 1971), i.e. the onset 

of the exponential increase in viscosity as a function of crystal content is shifted to 

lower crystal fractions. Consequently, the decrease of the crystal size leading to size 

homogenization at fixed crystal fraction induced an increase of the apparent and 

relative viscosity in the second stage of this experiment (see Fig. 4.10 b).  

4.7 Rheological summary 

 The presence of suspended crystals in a silicate liquid results in an 

increase of the apparent viscosities and induces complex rheological behaviors, 

namely non-Newtonian and brittle rheology. 

 For strain rates up to 10-4 s-1 and temperatures varying between 575 and 

630 ¡C, the Monte Nuovo magma behaves as a Newtonian material where the 

presence of crystals induces an increase of viscosity relative to the pure melt phase of 

about 2.0 at the lowest and up to 3 orders of magnitude at the highest temperatures 

investigated (630¡C; Fig. 4.10a and b). This rather large variation of the relative 

viscosity is due to the similarity of the activation energies between the suspending 

melt and the volumetrically dominant feldspars crystals at the lowest temperature 

investigated. The activation energy of the melt phase at 630 ¡C is close to the 

activation energy at the eruption temperature of Monte Nuovo. Consequently, the 

effect of a crystal fraction of 0.47 is an increase of the viscosity of the magma by 

about 3 orders of magnitude compared to fully molten magma (Fig. 4.10b). The 

crystal fraction of the magma producing the Upper Member deposit UM (0.47) is very 

close to the inferred maximum packing fraction and, thus,  implies that small variation 

of the crystal content of the magma can produce substantial variations of the magma  

viscosity. In fact the slightly more crystalline (0.52) MND material results a higher 

relative viscosity (0.3-0.5 log unit of viscosity higher) with respect to UM. 

For strain rates higher than 10-4 s-1 a rheological transition from viscous to visco-

elastic behavior is observed (Fig. 4.12). This transition has been extensively discussed 

in literature on silicate melts (Webb and Dingwell, 1990; Tuffen et al., 2003; 

Bottinga, 1994; Romano et al., 1996) and it can conveniently be described by the 

MaxwellÕs equation (Maxwell, 1867): viscoelastic behavior characterizes magma 

rheology when the product of applied strain rate and viscosity exceeds the strength of 

the magma (Eq. 4.4): 

!&" app>#s         (4.4) 
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Where !& is the shear strain rate, " app is the apparent viscosity and #s is the shear 

strength of the magma. The product of " app and !& for which shear weakening was 

observed gives #s (shear strength) of the material. In our experiments the logarithm of 

#s can be fitted as a linear function of temperature (T, Eq. 4.5; Fig. 4.13):  

Log #s=3.1á10-3áT (¡C) +6.4692      (4.5) 

The linear relation between temperature and #s can be utilized to establish the 

relationship between temperature and the maximum possible stress applicable before 

the onset of shear weakening. The apparent viscosity can be calculated combining the 

Giordano et al. (2004) model for the viscosity of the melt phase with our relative 

viscosity values (see Eq. 4.3). The resultant apparent viscosity (viscosity of melt 

phase plus the relative effect due to the presence of crystals) of the system at a given 

temperature is then used to compute the critical strain rate required for shear 

weakening by substituting Equation 4.5 into Equation 4.4.  

 

Figure 4.13: Diagram depicting the onset of shear weakening described in terms of shear strength of 

the material (#s; see equation 4.5) as a function of temperature. The linear equation reported in the 

Figure provides the relationship between #s and temperature in ¡C (see text for more details). 
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Figure 4.14: Mohr circle diagram constructed for the conditions where shear weakening was 

observed. The minimum shear stress reached after the onset of shear weakening was always about 140 

MPa (Mohr circle radius) and the strain localization planes were oriented at about 10 ¡ (2$=20¡) with 

respect to the shear plane. These constraints are utilized to recalculate the friction on the shear plane 

(131 MPa at 300 MPa confining pressure), its dependence on confining pressure and the cohesive 

strength (shear stress at zero sigma = 39.8 MPa). The inset indicates the orientation of the stresses in 

torsion experiments (simple shear) and the orientation of the strain localization plane ($=10¡). 

 

Figure 4.12 reveals that the minimum stress reached after shear localization is 

insensitive to the applied strain rate, thus implying that once the stress condition for 

stress weakening is achieved and applied stress is maintained at this level, the 

deformation rate will increase indefinitely causing a strong acceleration of the flow 

rate that can result in the fragmentation of magma. Though shear heating produced by 

sliding on portions of the material where shear localization occurs, could result in the 

healing of the fractures, which would terminate the acceleration of the magma toward 

catastrophic fragmentation.  

The minimum stress reached after the onset of stress weakening and the orientation of 

the fractures (10¡ with respect to the shear plane) can be used to calculate friction on 

the shear plane (Fig. 4.14). Our calculations provide values of 131 MPa at 300 MPa 
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confining pressure, that reduces to 67 MPa if confining pressure is lowered to 100 

MPa. To summarize, equations 4.4 and 4.5 allow calculating the onset of stress 

weakening, which is probably largely independent on the confining pressure (Rutter 

et al., 2006), while the equation reported in Figure 4.14 provides the minimum shear 

stress required to move the material along the shear localization plane once fractures 

are established. The decrease of the shear stress with decreasing confining pressure 

(Fig. 4.14) could further accelerate the magma ascent velocity inside the volcanic 

conduit.  

We have neglected the presence of gas bubbles in the present study. The 

bubble fraction of the erupted Monte Nuovo magma was about 0.4-0.5 (Piochi et al., 

2005); for such bubble fractions the relative viscosity is estimated to increase or 

decrease by a factor 5 up to 70, depending on the strain rate conditions (Llewellin and 

Manga, 2005).  Thus, this effect is of second order compared to the effect of crystals 

on magma viscosity. However, the presence of bubbles could favor strain localization 

and reduce the stresses required for stress weakening. Additional studies should 

address the important aspect of the combined effects of crystals and bubbles on the 

rheological behavior of magmas. 

4.8 Summary and implications for the eruptive dynamics 

 The presented data demonstrate that crystals induce a strong increase of 

magma viscosity. The effects of crystals on magma rheology is strongly non-linear 

and depends on several factors such as applied stress and crystal size distribution 

(Caricchi et al., 2007; Costa, 2005; Lejeune and Richet, 1995). Combining our data 

on crystal bearing magma with those of the viscosity of variously hydrated Monte 

Nuovo liquids as provided by previous study (Giordano et al., 2004) we have 

estimated the increase of viscosity due increasing crystallinity (Fig. 4.10). Our data 

confirm that the presence of elongated feldspar crystals induces a stronger viscosity 

increase with respect to magmatic suspensions containing sub spherical particles (Fig. 

4.10). The collected data can be used to constrain the control that rheology exerted on 

the change of the eruptive style of Monte Nuovo. 

The initial stages of eruption at Monte Nuovo started with the opening of the vent that 

occurred between September 29 and 30, 1538 and was characterized by 

hydromagmatic activity producing the Lower Member Deposits (DÕOriano et al. 

2005; (DiVito et al., 1987; Piochi et al., 2005). In the following two days, 

Strombolian activity and more vigorous fire fountaining took place (Upper Member 1; 
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DÕOriano et al., 2005). After two days of quiescence the activity renewed and ended 

on the 6th of October with a violent explosive phase (Upper Member 2; DÕOriano et 

al., 2005). The crystal fraction ($) of the erupted material increased from less then 

0.2-0.3 in the Lower Member and in the Upper Member 1 deposits to around 0.4-0.6 

in the Upper Member 2 (D'Oriano et al., 2005). The water content of the products 

erupted during the second stage of activity (measured in this study) was lower with 

respect to the material erupted during the first phreato-magmatic phase (Piochi et al., 

2005).  

During the first stage of magmatic activity about 90 % of the total volume of 

discharged magma was erupted (D'Oriano et al., 2005), testifying a decrease of the 

overpressure in the magma chamber. The decrease of the ascent rate, due to 

decreasing overpressurization, favored degassing-induced crystallization (Blundy and 

Cashman, 2005; Cashman, 1992).  

Some basic calculations were conducted to quantify the possible effects of increasing 

crystallization on the last, strongly explosive eruption that concluded the activity of 

Monte Nuovo. The calculations were carried out by considering a magma containing 

1 wt. % of dissolved H2O at a temperature of 800 ¡C and a conduit diameter of 30 m. 

Three different volume contents of crystals were considered: 0.00, 0.47 and 0.52, 

characterizing the first (0.00) and the second eruptive phase (0.47 and 0.52) 

respectively (Fig. 4.15 a, b).  

The viscosity of the melt phase was computed with the equation proposed by 

Giordano et al. (2004). The apparent viscosity of the partially crystallized magmas at 

800 ¡C was calculated by multiplying the relative viscosity (measured at the highest 

experimental temperature: 630 ¡C and 700 ¡C for the material containing 47 vol.% 

and 52 vol. % crystals respectively) by the viscosity of the melt phase at 800 ¡C and 1 

wt. % H2O. The variation of stress and viscosity for the partially crystallized samples 

as a function of the applied strain rate has been quantified using Equation 4.6 and 4.7 

respectively (BrŸcker and Deubener, 1997): 

[ ])/exp(1)( c0 !!""#+!$=!# % &&&&       (4.6) 

[ ])/exp(1)/()( c0app !!""!#+$=!$ % &&&&      (4.7) 

where !  is the shear stress, !"  is the viscosity at infinite applied strain rate, !& is the 

shear stress, 0!  is the fictive yield strength (see inset Fig. 4.11 and BrŸcker and 
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Deubener, 1997), c!  is the strain rate at the onset of shear thinning (non-Newtonian 

behavior, 10-4 s-1 for Monte Nuovo magma), and app! is the apparent viscosity of the 

partially crystallized system. The parameters of the equations have been obtained by 

fitting the data of experiments PO765 and PO808 (bold line in Figure 4.11), both 

performed at 630 ¡C. The shear strain rate along the conduit walls was computed as: 

4Q/%r3 (Tuffen et al., 2003) where Q is the effusion rate (m3/s) and r is the conduit 

radius (15 m). The ascent velocity of the magma has been calculated as follows: 

overpressure/app! . Q was obtained by multiplying the ascent velocity by the surface 

area of the conduit. Thus, each ascent velocity corresponds to an effusion rate, which 

in turn converts to a shear strain rate along the conduit walls. 

The results of the computation indicate that at eruptive temperature the transition 

from viscous to brittle behavior would not occur for the magmas tested in the 

experiments (Fig. 4.15 a) for overpressures up to 10 MPa. On the other hand, the 

strong increase of viscosity due to the higher crystallinity of the magma erupted in the 

second stage of activity, results in a significant decrease of the eruptive rate therby 

favoring the stagnation of magma in the volcanic conduit (Fig. 4.15 b). The 

generation of a high a viscosity magma-plug inside the conduit was most probably 

responsible for increasing pressurization (Melnik, 2000). Considering the 

experimental data of Spieler et al. (2004), 5-7 MPa overpressure would be sufficient 

to fragment a magma containing about 40 vol. % of connected porosity (as measured 

in the Monte Nuovo products).  

In conclusion, the change in the eruptive style during the last stage of the 1538 Monte 

Nuovo eruption is presumably related to the two days of magma residence at low 

pressure inside the volcanic conduit. Degassing-induced crystallization produced a 

strong increase of the viscosity of magma leading to the formation of a plug clogging 

the conduit exit. The overpressure generated inside the plug could ultimately be 

responsible for the final vulcanian explosion that terminated the Monte Nuovo 

eruption (D'Oriano et al., 2005; Tait et al., 1989; Spieler et al., 2003). 
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Figure 4.15: a) Logarithmic value of the magma ascent velocity as a function of overpressure inside 

a volcanic conduit of 15 m radius. Bold lines illustrate the variation of the ascent velocity for magmas 

containing 0, 47 and 52 vol. % crystals. The dashed and continuous thin lines represent the conditions 

for strain rate induced transition from viscous to brittle deformation (shear weakening). b) Effusion 

rates as a function of overpressure. The presence of 52 vol. % crystals induces a strong increase of 

magma viscosity that, in turn, results in the stagnation of magma inside the volcanic conduit (strong 

decrease of the effusion rates). The shaded area designates conditions, where magmatic overpressure 

will cause explosion (fragmentation) of the plug. 
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5.1 Abstract 

This contribution presents a model describing the effective relative viscosity of 

crystal-bearing magmas as function of crystal fraction and strain-rates. The model was 

applied to an extensive data set of magmatic suspensions and partially molten rocks 

providing a range of values for the fitting parameters that control the behaviour of the 

relative viscosity curves as function of the crystal fraction. The analysis of the results 

and of the characteristics of the materials used in the experiments allows evaluating 

the physical meaning of the parameters of the proposed parameterizations. We show 

that the model, by varying the parameters within the ranges obtained during the fitting 

procedure, is able to describe satisfactory the effective relative viscosity as a function 

of crystal fraction and strain-rate for suspensions having very different properties.  

Key words: melts, concentrated suspensions, viscosity, strain-rate 

5.2 Introduction 

A quantitative description of the rheology of solid-liquid suspensions is of a 

great interest in many application fields, encompassing extremes such as moulding 

processes in industry or magma flow in geosciences. The knowledge of the rheology 

of magmas and partially molten rocks is important to define the dynamics of magma 

rise inside volcanic conduits, the time scales of flow and of relaxation processes in the 
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lower crust, lithosphere, mantle and asthenosphere of the Earth. The rheological 

transition of geomaterials from creep-type in solid rock, to suspension-type in partially 

molten systems, determines the time scale and the effectiveness of melt extraction 

from igneous bodies, melt accumulation in mid-oceanic ridges, melt enhanced 

deformation in continental collision zones, and melt transport during subduction of 

oceanic plates under continents or in island arcs. 

The pioneering works of Goetze (1977) and Arzi (1978) dominated the view 

on the transition from a solid-state to a melt-dominated creep rheology, setting the 

threshold at a melt fraction about 0.25-0.30 (rheological critical melt percentage, 

RCMP). Successively, a number of experimental studies focused on the rheological 

behaviour of melt-bearing materials. The rheology of partially molten rocks, with melt 

fractions lower than 0.12, was explored thoroughly by Kohlstedt and Zimmerman 

(1996). The rheology of magma with solid fractions lower than 0.35-0.40 was 

investigated by Pinkerton and Stevenson (1992). These observations highlighted the 

necessity to address the physical meaning of the critical melt fraction (transition from 

melt-dominated to solid-state creep rheology). Creep data on partially molten granites 

collected by Rutter and Neumann (1995) raised the question about the rapidity of the 

transition approaching the RCMP in a two-phase system. Vigneresse et al. (1996) 

argued that the RCMP during crystallization differs from the RCMP during melting. 

The review of Ji and Xia (2002) explored a few different models of two-phase mixture 

rheology concluding that the relative viscosity of crystal supported systems and melt 

supported materials can be described using the Reuss (1929) and Voigt (1928) 

bounds. The exponential decrease of relative viscosity at the critical melt fraction was 

interpreted as a transition from iso-strain-rate (solid-phase dominated; Voigt bound) to 

iso-stress (melt-phase dominated; Reuss bound) deformation conditions (e.g. Takeda 

and Obata, 2003). Petford (2003) reviewed the existing literature and experimental 

data on rheology of magmatic suspensions and partially molten rocks. He pointed out 

the crucial role of the relationship between tortuosity and porosity for various packing 

densities in determining the position of the RCMP. Rosenberg and Handy (2005) 

identified two major rheological transitions occurring in partially molten rocks: the 

melt connectivity transition (MCT) occurring at melt fraction around 0.07, which 

induces a major decrease of the strength of the fully crystallized rock, and the second 

transition, defined as solid-liquid transition (SLT), occurring at melt fraction around 

0.5 corresponding to the previously described RCMP. However, all these models did 
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not include directly the effect of stress (or strain-rate) on the rheological behaviour of 

solid-liquid suspensions. 

The present model, dealing with a more sophisticated mathematical description 

of the available data, provides a consistent interpretation and description of the 

experimental results. The parameterization includes the strain-rate-dependent rheology 

of partially crystallized materials. The analysis of the fitting results, taking into 

account the characteristics of the materials employed in the experiments and the 

application of some theoretical concepts on the rheology of two-phase mixtures, 

allows assigning a physical meaning to the parameters of the proposed equations. 

5.3 Parameterization for solid fraction dependence 

A quantitative description of the variations of viscosity as function of the solid 

fraction present several problems and, in many cases, the effective relative viscosity 

(ratio between the effective viscosity of the solid-liquid suspension and the viscosity 

of the liquid phase) needs to be introduced (see Costa, 2005). Since viscosity controls 

magma transport, modelling of volcanic processes such as dome growth requires to 

estimate the viscosity dependence on crystal-content, even in the limit of high solid 

fractions where few experimental observations are available (see e.g., Melnik and 

Sparks, 1999, 2005; Costa et al., 2007a).  

A parameterisation describing the relative viscosities of a melt-solid mixture, 

valid for relatively large solid fractions, was proposed by Costa (2005). At low solid 

content the parameterisation is approximately reduced to the well-established 

formulation of Krieger and Dougherty (1959). However, for large particle volume 

fractions (! ), the parameterization suggested by Costa (2005) tends quickly to a 

constant value, because the non-linear term in the error function (erf) rapidly saturates 

as !  approaches unity. The Costa (2005) relationship for relative viscosity of 

concentrated suspensions was later improved and generalized in Costa et al. (2007a) 

(see also http://arxiv.org/pdf/physics/0512173). The parameterization used in Costa et 

al. (2007a, b) is adopted also in the current study. The relationship between the 

relative-viscosity and the particle-volume-fraction is described by:  

!  

" (#) =
1+$%

1&F($,' ,( )[ ]B)#*
       (5.1) 

where  
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!  

F = (1" #)$erf
%

2$(1" #)
&$1+&'( )

( 

) 
* 

+ 

,  
-   with  & =

.
. *

;         (5.2) 

Here 

!  

" *  represents the critical solid fraction at the onset of the exponential increase of 

" ; # (<<1), $ and % are empirical parameters and B is the Einstein coefficient (i.e. the 

intrinsic viscosity) with a nominal value of 2.5. The parameter $  is a measure of the 

rapidity of relative viscosity increase with crystal fraction, as !  approaches 

!  

" * . % 

controls the increase of "  at 

!  

" > " * . As demonstrated below, % can be expressed in 

terms of $ as 

!  

" = A# $ where A = 13 is an empirical constant. For large %, the second 

term in the numerator represents a negligible correction when 

!  

" < " * , while it 

becomes important when 

!  

" > " * . At 

!  

" = " *  "  depends on # and 

!  

" *  only: 

!  

" * = " (#* ) = 2$1%(1%&)$erf
'

1%&

( 

) 
* 

+ 

,  
- 

.  

/  
0 
0 

1 

2 
3 
3 

%B$#*

     (5.3) 

Expanding F in Equation (5.2) as a Taylor series (see Costa, 2005), it can be noticed 

that with decreasing !,  at 

!  

" < " * , Equation (5.1) tends exactly to the Krieger and 

Dougherty (1959) relationship:  

!  

" = 1#
$
$*

% 

& 
'  

( 

) 
* 

#B+$*

        (5.4) 

and when 

!  

" # 0, it recovers exactly to the Einstein equation:  

!  

" (#) = 1+ B$#( )        (5.5) 

Finally, let us emphasize that for practical purposes, the ÒerfÓ function in Equation 

(5.2), for 

!  

0 < x <1, can be well approximated by: 

!  

erf(x) " 1# exp #x2 $
4 + c$x2

%+ c$x2

& 

'  
( 

) 

* 
+      with   c = 0.4398616   (5.6) 

5.4 Strain-rate effects 

Caricchi et al. (2007) experimentally showed that at relatively low strain-rates 

(

!  

10" 6 " 10" 5s" 1) particle-silicate melt suspensions behave as a Newtonian liquid. 

Increasing strain-rate (

!  

ú " ), and consequently the applied stress, beyond these values 

induces a transition to non-Newtonian behaviour (shear thinning) caused by a 

decrease of the degree of randomness of the particle distribution. At high enough 
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strain-rates (

!  

~10" 3s-1), a maximum degree of ordering is reached and the effective 

viscosity is no longer strain-rate dependent. This high strain-rate rheological 

behaviour was observed in several particles-bearing suspensions and was defined as 

pseudo-Binghamian behaviour (e.g. Krieger 1972, van der Werff and de Kruif 1989, 

Barnes 1999). However for the case of magmas, at large strain-rates (

!  

ú " >10#3s#1), 

viscous heating can lead to an additional decrease of the melt viscosity (Hess et al., 

2008). The proposed formulation considers the existence of a pseudo-Binghamian 

rheological field for 

!  

ú " >10#3s#1 (for 

!  

ú " >10#3s#1 the viscosity is lower than the 

Newtonian viscosity and is independent from the strain rate)  and does not include the 

effect of viscous heating, as a consequence, the model provides only an upper limit of 

effective relative viscosity for 

!  

ú " >10#3s#1. The rheological transitions occurring with 

increasing strain-rate from Newtonian to non-Newtonian and finally pseudo-

Binghamian behaviour, influence the parameters of Equation (5.2). The parameters

!  

" * , 

#, $ and % are nearly constant up to the transition to non-Newtonian behaviour and 

they become almost constant at a strain-rate of about 

!  

10" 3s-1 where the mixture 

behaves as a pseudo-Bingham material. Parameters in Equation (5.2) were 

empirically described in Caricchi et al. (2007) as a function of 

!  

ú "  by:  

!  

" *  = " t + #"  tanhb" Log10(ú $ ) + c"[ ],
%   =%t + #% tanhb%Log10(ú $ ) + c%[ ],
&   = &t + #&  tanhb&Log10(ú $ ) + c&[ ],
'    = ' t ( #'   tanhb' Log10(ú $ ) + c'[ ]

       (5.7) 

(for the numerical values of the empirical constants see Equations (6)-(9) in Caricchi et 

al. 2007; in Caricchi et al. 2007 

!  

" =1#$). Results from Caricchi et al. (2007) show 

that

!  

" * , #  and $ increase with increasing strain-rate while % decreases with increasing 

strain-rate. Their experimental data also show that 

!  

c" /b" # c$ /b$ # c%/b% # c& /b& ' 1, 

indicating the occurrence of two characteristic strain-rates 

!  

ú " c and 

!  

ú " d #10$ú " c that 

should be functions of the material properties. Moreover, their data suggest an 

approximately constant exponent for the dependence on 

!  

ú "  in Equations (5.7). After 

some analytical manipulations, Equations (5.7) can be rewritten as: 
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!  

" *  = " m + #"  
ú $ ú $ c( )n

% ú $ c ú $ ( )n

ú $ ú $ c( )n
+ ú $ c ú $ ( )n

&   =&m + #& 
ú $ ú $ d( )n

% ú $ d ú $ ( )n

ú $ ú $ d( )n
+ ú $ d ú $ ( )n

'    = ' m + #'  
ú $ ú $ d( )n

% ú $ d ú $ ( )n

ú $ ú $ d( )n
+ ú $ d ú $ ( )n

(    = ( m %#(  
ú $ ú $ d( )n

% ú $ d ú $ ( )n

ú $ ú $ d( )n
+ ú $ d ú $ ( )n

      (5.8) 

where 

!  

" m = (" # + " 0) /2, 

!  

" # = (#$ %#0) /2, 

!  

" m = (" # + " 0) /2, 

!  

" # = (#$ %#0) /2, 

!  

" m = ("# + " 0) /2, 

!  

" # = (#$ %#0) /2, and 

!  

" m = (" # + " 0) /2, 

!  

" # = (#0 $#%) /2 with 

subscript !  indicating the values at very large 

!  

ú "  and subscript 0 those at very low 

!  

ú " . 

The best fit of the data of Caricchi et al. (2007) results 

!  

n " 0.33, 

!  

Log10(ú " c) = #4.30, 

!  

Log10(ú " d ) = #3.37, and the other parameter values as reported in the caption of Fig. 

5.1.  
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Fig. 5.1: Strain-rate dependence of parameters in Equation (5.8) with 

!  

n " 0.33, 

!  

ú " c=10#4.3s#1, 

!  

ú " d =10#3.37s#1. a) 

!  

" *  vs  ú #  with 

!  

" m = 0.591, 

!  

" #* = 0.069; b) 

!  

"  vs ú #   

!  

" m = 4.63#10$4 ; c) 

 

!  

" vs ú #  with 

!  

" m = 5.76, 

!  

" # = 4.46; d) 

!  

"  vs ú #  with 

!  

" m = 6.78, 

!  

" # = 6.66. 

5.5 Dataset for the calibration of the model 

 Bagdassarov and Dorfman (1998) reported a noteworthy dataset of effective 

relative viscosities of partially molten granite. Their study includes data from Rutter 

and Neumann (1995), Auer et al. (1981), Rushmer (1995), Arzi (1978), van der Molen 

and Paterson (1979). Effective relative viscosity was thereby considered as the ratio 

between effective viscosity of the partially molten rock and the viscosity of the melt 

phase.  

In order to calibrate the parameterization described by Equation (5.2) we used 

all data mentioned above for large !  including data from Lejeune and Richet (1995), 

which measured relative viscosity of melt-particle suspensions up to solid fractions of 

0.65 (Mg3Al2Si3O12), and results from Caricchi et al. (2007) for a water-bearing 

haplogranititc melt with suspended quartz particle fraction varying between 0.5 and 

0.8. Additional data for a system containing particles with aspect ratios of 1:2.5 

(Li 2Si2O5; Lejeune and Richet, 1995) were included. These data allow investigating 

the particle shape effects on the fitting parameters. Additional data from Champallier 
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et al. (2007) and Caricchi et al. (2008) were considered in the dataset for comparison. 

Champallier et al. (2007)Õs conducted experiments on a system similar that 

investigated by Caricchi et al. (2007) in a strain-rate range between 6á10-4 and 2á10-3 s-

1. Caricchi et al. (2008) investigated a natural material containing elongated 

plagioclase particles. The data at medium to high crystal fraction were combined with 

the values predicted by the Einstein-Roscoe relationship for !  < 0.1 and data of 

Thomas (1965) for ! < 0.2 to encompass the variation of the effective viscosity over 

the full range of solid fractions. 

The available information on applied strain-rate and geometrical 

characteristics of the suspended particles were extracted from each set of data 

considered for the fitting procedure. However, there are some limitations for the data 

reported by Arzi (1978), and Rutter and Neumann (1995) that is worth stressing. Arzi 

(1978) reported values of relative viscosity of 108, 108 and 106 for samples having 

melt fractions of 0.06, 0.12, and 0.17 respectively. The experiments on the different 

specimens were performed at different temperatures and the relative viscosity was 

calculated using melt phase viscosity values reported by Shaw (1963). Unfortunately, 

the temperature effect on the viscosity of the silicate melt was not carefully 

considered during the calculation of the relative viscosity. Using the Hess and 

Dingwell (1996) model, which is more general and also able to reproduce Shaw 

(1963)Õs data, to calculate the appropriate values of the melt viscosity at the 

experimental conditions investigated by Arzi (1978), the values of relative viscosity 

result 109, 108.6 and 106.9 for the sample with melt fraction 0.06, 0.12 and 0.17 

respectively. Additionally, the applied stresses or strain-rates are not reported for each 

experiment creating difficulties in evaluating the strain-rate effect on the effective 

viscosity. The data of Rutter and Neumann (1995) present some uncertainties 

regarding the amount of melt present during the experiments. They used natural 

samples that are not in equilibrium at experimental conditions and, therefore, tend to 

react producing either melt or crystallizing mineral phases. Additionally, the authors 

report the difficulty to estimate the viscosity of the sample with the lowest !  (0.53-

0.67) because the applied stress at flow was within the experimental error. 

Consequently, the reported value of viscosity for ! =0.53 is only an upper limit.  
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5.6 Fitting results 

 In Fig. 5.2 and Table 5.1 we present the results obtained by best fitting 

Equation (5.2) with the dataset described above. The results show that most of the 

available experimental data are within the range predicted by Caricchi et al. (2007) for 

different applied stress (or strain-rate) conditions. 

 One of the most important parameters determining the rheological behaviour 

of a dense solid-liquid mixture is the critical solid fraction 

!  

" * . This critical fraction 

delimits the transition from a system where the viscosity of the suspension is 

controlled by the viscosity of the liquid phase to a system where particle-particle 

interactions induce a strong increase of viscosity (Caricchi et al., 2007). The 

considered dataset, summarized in Table 5.1, shows values of 

!  

" *  over a wide range of 

crystal fractions ranging from 0.38 to 0.74 with an average value around 0.57. The 

dependence of 

!  

" *  on the shear stress (Caricchi et al., 2007; Wildemuth and Williams, 

1984) can partly explain this variation. The particle aspect ratio (Solomon and Boger, 

1998; Yue et al., 1999; Pabst et al., 2006) is additionally influencing 

!  

" * . More 

specifically elongated particles tend to decrease 

!  

" *  as confirmed by the data collected 

by Lejeune and Richet (1995) and Caricchi et al. (2008) (Fig. 5.2). Experimental data 

for polymer melts with different volume fraction of fibers suggest a linear dependence 

of 

!  

" *  on the average aspect ratio (e.g., Pabst et al., 2006) but further more accurate 

experimental data are necessary for better describing this problem. The intrinsic 

viscosity B can also change with the aspect ratio (e.g., Pabst et al., 2006). However, for 

lack of experimental data at high solid fraction, and for sake of simplicity, in Equation 

(5.1) we assume B as a constant (B=2.5). Finally, experiments for bi-dispersed 

systems show that the smaller the particle diameter ratio between small and large 

particles the higher the critical solid fraction (e.g., Chong et al., 1971). 
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Table 5.1: Parameters obtained by the best fit of experimental data. 

(1a) = Lejeune and Richet (1995) (for Li2Si2O5); (1b) = Lejeune and Richet (1995) (for Mg3Al2Si3O12); 

(2) = Rutter and Neumann (1995); (3) = van der Molen and Paterson (1979); (4) = Rushmer (1995); (5) 

= Arzi (1978); (6) = Caricchi et al. (2007). For all calculation, 

!  

" = A# $ with A=13. n.s. means Ònot 

specifiedÓ by the authors. 

Figure 5.2: Variation of the logarithm of the effective relative viscosities with respect to the solid 

fraction for the dataset reported in the inset. Dashed lines represent the bounding limits predicted by 

Caricchi et al. (2007). 

!  

" = A# $ with A=13. 

Parameter (1a) (1b) (2) (3) (4) (5) (6) 

! & 0.379 0.489 0.451 0.652 0.706 0.736 0.592  (0.52 Ö 0.66) 

$ 7.701 1.440 6.220 1.912 5.142 3.679 7.462  (13.76 Ö 1.16) 

# á10" 4 2.0 0.3 0.5 1.0 2.0 0.5 4.75 (0.32 Ö 9.18) 

Log10( !&) s-1 -8Ö-6 -8Ö-6 -7Ö"4 -5 n.s. n.s. -6Ö-3 
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5.7 Discussion 

The proposed model provides good fitting results of the experimental data 

(Fig. 5.2) but to identify the physical significance of the adjustable parameters it is 

important to identify their effects on the relative viscosity versus crystal fraction curve 

and to interpret the results on the basis of the theory of two-phase suspensions. 

The bulk viscosity of a mixture of two phases is bounded by two curves 

defined as iso-strain-rate bound (called upper or Voigt bound) and the iso-stress 

bound (called lower or Reuss bound). A more accurate description of the variation of 

the effective viscosity against the crystal fraction can be obtained from Hashin-

Shtrikman bounds. Assuming the analogy between elastic and viscous deformation, 

the Hashin-Shtrikman bounds for viscosity can be calculated substituting the shear 

modulus with the shear viscosity into the expression of the shear modulus of a two-

component mixture (Mavko et al., 1998):  

!  

µHS

±

= µ1 +
"

µ2 # µ1( )#1
+

2
5

$
1# "( )

µ1

$C±

      (5.9) 

where !  is the volume fraction of the more viscous phase, 

!  

µ1 denotes the soft phase 

viscosity, 

!  

µ2 represents the viscosity of the more viscous phase 

!  

µHS

+

 and 

!  

µHS

"

 denote 

the upper and the lower bound for shear viscosity of the two phase system, and 

!  

C± is 

a constant (for a melt and solid mixture 

!  

C+ =1 and 

!  

C" = 9/7; see Ji and Xia (2002) 

and Takeda and Obata (2003) for further details). Upper and lower bounds are 

calculated interchanging the indexes of phase 1 and 2. Considering the ratio of the 

bulk viscosity to the soft phase viscosity (

!  

µ1) we obtain the two bounds for the 

relative viscosity as: 

!  

" HS

+

=
µ2

µ1

#
1# $

1
µ2 µ1 #1

+
2
5

%C+ %$ %
µ1

µ2

" HS

#

=1+
$

1
µ2 µ1 #1

+
2
5

%C# %(1# $)

        (5.10) 

The viscosity for the case of solid-phase supported flow is computed as the 

upper Hashin-Shtrikman boundary (or iso-strain model); the flow in this case is 

controlled by the strain-rate of the solid matrix. Conversely at high melt fraction the 
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stress is equal for both solid and melt phase and the flow is controlled by the soft 

phase. In this condition the viscosity corresponds to the lower Hashin-Shtrikman 

bound (or iso-stress case). Therefore, we know the two limits to which relative 

viscosity tends as 

!  

" # 0 and 

!  

" # 1 respectively. The variations of relative viscosity 

in an intermediate range of solid fractions are related to the geometrical characteristics 

and size distribution of the suspended particles, and to the applied strain-rate 

conditions. More precisely the applied strain-rates influence the degree of randomness 

of the suspended particles, which, in turn, results in different trends of relative 

viscosity variation as function of the particle fraction. 

Fig. 5.3 summarizes the effects of the parameters used in Equations (5.1) and 

(5.2) on the variations of viscosity with respect to crystal fraction. The critical solid 

fraction 

!  

" *  defines the limit of the regime where the viscosity is mainly controlled by 

the melt phase from the regime where interactions among particles have a pivotal role. 

The lowest values of 

!  

" *  are characteristic for suspensions containing elongated 

particles (Fig. 5.2). Increase of particle sphericity, strain-rates or poly-dispersion 

(wider distribution of particle sizes) results in an increase of 

!  

" * , which produces 

trends similar to those shown in Figure 5.3c.  

As mentioned above, % controls the maximum value of effective relative 

viscosity as !  tends to 1 (Fig. 5.3a and b). Consequently, large values of % are 

expected for suspensions containing particles with high resistance to deformation (i.e. 

high viscosity). The parameter $ controls the sharpness of the viscosity increase 

around the critical particle fraction (Fig. 5.3b). The increase of the viscosity at the 

critical solid fraction is related to a strong increase of the tortuosity of the melt flow 

patterns (Gibilaro, 2001) due to the achievement of a continuous crystal framework. 

Suspensions containing randomly oriented particles are characterized by higher 

tortuosity of the melt flow patterns and consequently by relatively high values of $. 

This observation is confirmed by the Caricchi et al. (2007) data in which the ordering 

of the particles, caused by higher applied strain-rates, induces a strong decrease of $ 

(from ~14 at 10-6 s-1 to ~1 at 10-3 s-1).  

As previously reported, experimental data show an empirical relationship 

between % and $ (

!  

" = A# $ with A=13), allowing for reducing the number of free 

parameters. 
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Concerning #, Equation (5.3) shows that, for a given 

!  

" * , it determines the 

value of the characteristic viscosity 

!  

" * = " (#* ) . Like %, also #  plays an important role 

in determining the relative viscosity at very high solid fraction. In fact, from 

Equations (5.1) and (5.2) we can show that in the limit 

!  

" # 1: 

!  

" ~
1

#B$*
1+

$%

$*
%

& 

'  
( 

) 

* 
+ ,

1
#B$*

1+ $*
- %( )           (5.11) 

These indications provide some constraints on the physical significance of the 

variations of the adjustable parameters. The additional effect due to strain-rate are 

illustrated in Fig. 5.2 and mathematically formulated in Equation (5.8).  

These relationships are valid up to the percolation limit of the solid matrix, ! C, 

i.e. the maximum solid fraction to obtain liquid interconnection (Zhou et al., 1995). 

For higher ! , particles start to deform substantially under the application of stress 

thereby inducing a rheological change from two-phase suspension to solid rock 

deformation. 

Additional experimental data exploring the effects of crystal size distributions, 

crystal shapes, and viscous heating at high strain-rates are required to define more 

accurately the range of variation of the fitting parameters as a function of the 

geometrical properties of the suspended particles. 

 

Fig. 5.3: Effect of the variation of single parameters on the effective relative viscosities with respect 

to the solid fraction for the specific values reported in the inset.  
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5.8 Conclusions 

The effects of crystal fraction and strain-rate on the rheology of partially 

crystallized magmas was presented and discussed. The proposed parameterization 

allows for describing variations of 6-9 orders of magnitude of the relative viscosity 

due to the presence of crystals and up to 3 orders of magnitude due to shear thinning 

for a large experimental dataset. The uncertainties in the relative proportions of melt 

and crystals and the lack of information on important experimental conditions (e.g. 

applied strain-rate), result in 1-2 orders of magnitude uncertainty for effective relative 

viscosity at high crystal fractions. The influence of the parameters on the relative 

viscosity curve with respect to the crystal fraction is presented and their variations 

associated with changes of the geometries of the suspended particles and different 

applied stress (or strain-rate).  
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6.1 Abstract 

Increasing amount of crystals tends to reduce the mobility of magmas and 

modifies its elastic characteristics (e.g. Caricchi et al., 2007; Bagdassarov et al., 

1994). To quantify the effect of crystals on the elastic properties of magmas the 

propagation speed of shear and compressional waves have been measured at pressure 

and temperatures relevant for natural magmatic reservoirs. The measurements have 

been performed in aggregates at variable particle fractions (!  = 0-0.7). The 

measurements were carried out at 200 MPa confining pressure and temperatures 

between 300 K and 1273 K (i.e. across the glass transition temperature (Tg) from 

glass to melt). The specimens were mixtures of a haplogranitic melt containing 5.25 

wt.% H2O and variable amounts of sub-spherical alumina particles. Additional 

experiments were carried out on a sample containing both, crystals and air bubbles. 

The temperature derivatives of the shear (dVs/dT) and compressional wave (dVp/dT) 

velocities for pure glass and samples with a crystal fraction of 0.5 are different below 

and above the glass transition temperature. For a crystal fraction 0.7, only dVp/dT 

changed above the Tg. In the presence of gas bubbles, Vp and Vs decrease constantly 

with increasing temperature. The bubble bearing material yields a lower bulk modulus 

relative to its shear modulus. The propagation velocities of compressional and shear 

waves increase non-linearly with increasing crystal fraction with a prominent raise in 

the range 0.5<! <0.7. The velocity variations are only marginally related to the density 

increase due to the presence of crystals, but are dominantly related to the achievement 

of a continuous crystal framework. The experimental data set presented here can be 

utilized to estimate the relative proportions of crystals and melt present in a magmatic 

reservoir, which, in turn, is one of the fundamental parameters determining the 

mobility of magma and, consequently, exerting a prime control on the likelihood of an 

eruption from a sub-surficial magma reservoir. 
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6.2 Introduction 

In the making of an eruption, the ascent of magma from a reservoir is strongly 

controlled by the viscosity of the magma which is in turned strongly influenced by its 

crystal fraction (Caricchi et al., 2007; Costa et al., 2007; LavallŽe et al., 2007; 

Lejeune and Richet, 1995; Sparks et al., 2000). For this reason, the quantification of 

the crystallinity of magmatic reservoirs below active volcanoes is a fundamental 

prerequisite for successful volcanic risk assessment. The inversion of seismic data is 

the prime tool to obtain information on the physical state of magma reservoirs (e.g. 

Singh et al., 1998). Systematic experimental investigation of shear (Vs) and 

compressional wave velocities (Vp) in magmatic suspensions containing different 

crystal fractions has not been conducted. Several studies have focused on the 

characterization of the elastic moduli and Vp and Vs in silicate glasses and melts of 

different compositions (e.g. Askarpour et al., 1993; Bagdassarov et al., 1993; Faul et 

al., 2004; Jackson et al., 2004; Scheu et al., 2006; Schilling et al., 2003; Webb and 

Courtial, 1996; Webb and Dingwell, 1990). Forced torsion experiments have been 

performed to determine shear moduli and attenuation variations as a function of 

crystal fractions and a limited number of experiments were conducted on crystal-

bubble-melt suspensions (Bagdassarov et al., 1994; Bagdassarov, 1999; MŸller et al., 

2003). These experimental data combined with theoretical models (Mavko, 1980; 

Schmeling, 1985; Taylor and Singh, 2002) have demonstrated that the microstructures 

and, in particular, the distribution of melt relative to minerals, play a fundamental role 

in determining the elastic properties of a melt-bearing material. In this study, 

suspensions of particles and melt containing 5.25 wt.% water were synthesized to 

represent four states that may characterize the microstructure of magma: a fully 

molten state, a suspension of crystals in a melt phase (50 vol. % crystals), a crystal 

supported mush (70% crystal), and a bubbly crystal mush (74% crystal and 18% 

bubbles). P and S waves determination for these four suspensions were carried out at 

a pressure of 200 MPa and temperatures from room to 1273 K, which is within the 

range of conditions inferred to be typical for magmatic reservoirs present below 

active volcanoes (e.g. Bachmann and Dungan, 2002; Rutherford and Devine, 2003). 

The measurements were performed with the pulse transmission technique applying a 

frequency of 3 MHz. The dependency of the measured elastic moduli and, 

consequently, Vp and Vs on frequency is considered and taken into account in the 

discussion of the data. 
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Table 6.1        
  ! =0 st.dev. ! =0.5 st.dev. ! =0.7 st.dev. ! =0.5; 10 hours experiment st.dev. 

SiO2   75.57 0.63 74.85 0.74 74.90 0.71 73.82 0.79 

Al2O3  10.76 0.52 10.98 0.52 11.58 0.68 13.35 0.53 
Na2O   3.97 0.57 3.86 0.16 3.86 0.22 3.94 0.14 
K2O    4.39 0.35 3.78 0.19 3.75 0.17 4.00 0.09 

Total 94.69   93.48   94.09   95.11   

Microprobe analyses of the matrix glass used in the experiments after hot isostatic pressing. Last two 
columns report analyses of the glassy matrix of a sample after 10 hours of experiment. 
Abbreviations: f = crystal fraction; st.dev. = standard deviation (2s). 

6.3 Preparation and characterization of synthetic samples 

Weighted aliquots of powdered oxides and hydroxides were thoroughly mixed 

to obtain a fine-grained mixture of haplogranitic composition containing 5.25 wt.% 

H2O; the nominal composition is given in Table 6.1. Powders were pressed into 

stainless steel, can-shaped canisters and separated from steel by chemically less 

reactive molybdenum foils. The containers were welded shut; during welding they 

were cooled to prevent water escape from the starting material by immersing them for 

almost their entire length in water. After welding, the tightness of the closure was 

checked under water in vacuum condition. To synthesis the glass, the containers were 

hot isostatically pressed (HIP) at 180 MPa and 1373 K for 24 hours in a large volume 

internally heated pressure vessel. The resulting product was a chemically 

homogeneous glass that was free of microlites visible in back scattered mode in an 

electron microprobe (Table 6.1). The H2O content of the starting glass after synthesis 

in the large volume internally heated pressure vessel was measured by Karl-Fisher 

titration, Fourier-Transform Infrared spectroscopy and micro-Raman spectroscopy 

and was found to be in agreement with the nominal value of 5.25 wt.% within 

analytical uncertainty (Ardia et al., 2008). H2O contents were not determined after 

physical property measurements, but there is no reason to suppose that H2O was lost 

during the measurements at the experimental conditions employed. In fact the water 

saturation for the haplogranitic composition used at the experimental pressure (200 

MPa) and at the maximum experimental temperature (1273 K; 6.1 wt. %) is well 

above the amount of water dissolved in the starting material (5.25 wt. %; Moore et al., 

1998).  

A cylinder of 20 mm length and 15 mm diameter was drilled from the glass to 

perform elastic property measurements on the crystal free melt. The remaining glass 

was subsequently powdered to a grain size of about 5 !m using an agate mortar and a 

sphere mill. Samples containing 50, 70 and 90 vol.% crystals were prepared by 
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mixing the powdered glass with corundum particles (supplier: Friatec AG) having a 

grain size of about 150 µm.   

Table 6.2    
!  (Crystal 

fraction) nominal 0.5 0.7 0.9 

5.154 4.733 4.075 

5.159 4.732 4.071 

5.157 4.730 4.069 

5.159 4.737 4.077 

measured volume 
(cm3) 

5.159 4.732 4.078 

average (cm3) 5.158 4.733 4.074 

Std. Dev. 0.002 0.003 0.004 

weight grams 16.025 16.622 15.667 

Measured density 3.107 3.512 3.846 

Calculated density 3.040 3.417 3.795 

Geometrical Vol. 5.169 4.877 4.947 

Open porosity % 0.228 2.950 17.648 
Volumes were measured with a helium picnometer. The densities of the suspended particles and the glassy matrix were 
calculated with algorithms taken from the literature (see text for more details).  

The relative volumetric proportions of corundum and glass were calculated 

using density data for polycrystalline alumina aggregates as given by Chung and 

Simmons, (1968) and for the hydrous glass using the models of Lange (1994) and 

Ochs and Lange (1999) . The mixtures of glass and particles were hot isostatically 

pressed at 200 MPa and 1023 K for one hour producing samples of 40-45 mm length 

and 22 mm diameter. Cylindrical specimens of 35-40 mm length and 15 mm diameter 

were drilled from the hot pressed material and double polished to obtain parallel 

faces. The density (! ) of the specimens was measured prior and after the experiments 

by weighing the cylinders and measuring the volume with a helium picnometer (Table 

6.2). No significant differences were noticed in the densities before and after the 

experiments. The densities of the hot pressed samples were in good agreement with 

the calculated densities used to prepare the glass-crystals mixtures (Table 6.2). The 

difference between the bulk volume measured with the caliper and the volume 

determined with the picnometer represents the interconnected porosity of the 

specimens. While the samples containing 0, 50 and 70 vol. % crystals had a porosity 

very close to zero, the synthesis of the sample with nominally 90 vol. % of crystals 

resulted in a residual porosity of 18 vol. % (Table 6.2). Based on this value, we 

recalculated the proportions of crystals, glass and open pores, in the specimen 

containing nominally 90 vol.% crystal and obtained actual values of 74 vol. % 

crystals, 8 vol. % glass and 18 vol. % open pores respectively 
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6.3.1 Electron microprobe analysis and microstructure determination 

All glasses were analyzed with a JEOL JXA-8200 electron microprobe 

employing a 20 !m beam diameter, 15 kV acceleration voltage and 5 nA beam 

current (Table 6.1). The pure glass obtained after the synthesis was analyzed to 

confirm its homogeneity. The matrix glasses in the particle-bearing samples were 

analyzed to detect eventual contamination during the annealing process and/or during 

the physical property measurement experiments. All electron microprobe 

measurements revealed Na2O contents that are lower than the nominal composition, 

most probably due to Na loss during analyses. At the employed analytical conditions 

and for the glass composition measured, the sodium loss should amount to about 10 

% (Morgan and London, 2005). The glass of the sample containing a crystal fraction 

of 0.5 resulted in a composition close to the starting glass, with some minor 

differences in potassium that could be related to evaporation during analysis (Morgan 

and London, 2005). The sample with a crystal fraction of 0.7 showed an additional 

slight discrepancy expressed by higher Al2O3 content relative to the pure glass 

sample. Table 6.1 additionally reports the analyses of a sample analyzed after 10 

hours of experiment, which exhibits the highest Al 2O3 contents measured. The partial 

reaction of suspended alumina particles is most probably responsible for the slight 

increase of the Al 2O3 content in the glassy matrix. However, these minor differences 

between actual and nominal composition, which are likely to be responsible for a 

minor variation of the viscosity of the liquid, are considered of minor importance for 

the scope of this study. 

Back scattered electron images of the particle-bearing samples reveal that no 

visible crystal size reduction occurred during the hot isostatic pressing of the samples 

and during the experiments. In addition, the particles clearly exhibit angular shapes 

testifying to the low reaction rate between alumina and suspending melt  (Fig. 6.1). 
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Figure 6.1: (a) Back scattered electron image (BSE) of experimental sample with volume crystal 

fractions (! ) of a) 0.5; and b) 0.7.  

6.4 Experimental setup and measurement details 

P- and S-wave propagation velocities were measured by 

the pulse transmission technique (Birch, 1960) at a confining 

pressure of 200 MPa and at temperatures ranging between 298 

K to 1223 K. The experiments were performed in a high 

temperature, high pressure, internally-heated Paterson-type 

apparatus (Paterson and Olgaard, 2000). The specimens were 

symmetrically placed between pairs of alumina disks (3 mm 

tick), alumina rods (50 mm in length) and zirconia rods (30 mm 

in length) (Fig. 6.2). Both rods had a 2-mm diameter central 

outlet for the insertion of thermocouples. Two R-type 

thermocouples (Pt-Pt87Rh13) were positioned on both side of the 

sample in contact with the alumina disks (3 mm from the sample 

ends) to monitor continuously the temperature difference 

between both sample ends. The temperature difference between 

top and bottom of the sample never exceeded 5 K.  

 

 

Figure 6.2: Schematic representation of the assembly used for the 

experiments. 
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The piezoelectric transducers were in contact with the zirconia at the cold ends 

of the assembly (Fig. 6.2; see Burlini et al., 2005 and Ferri et al., 2007 for additional 

details). The sample and all the ceramic rods and discs were inserted in a pure iron 

jacket, which isolates the sample from the argon gas used as confining pressure 

medium (Fig. 6.2). The propagation velocities of P- and S-waves were measured with 

at a vibration frequency of 3 MHz. The delay caused by the assembly at different 

temperatures and at the pressure of interest was calibrated using a sapphire crystal cut 

parallel to [0001]. Additional details on the calibration tests can be found in Burlini et 

al. (2005). The travel time was obtained 

by selecting the first arrival of waves 

and subtracting the delay due to the 

experimental assembly (buffer rods). In 

all the experiments was selected as first 

arrival the first waveform clearly out of 

the background noise (Fig. 6.3). To 

estimate the error associated to this 

choice two possible waveforms were 

considered to obtain the travel time. The 

associated error on the propagation 

speed of the waves is of the order of 

0.25 km/s (Fig. 6.3). 

Figure 6.3: Examples of the picking of the 

first arrival of the signal for the sample 

containing 50 vol. % crystals. The bold arrows 

highlight the picks chosen as first arrivals, the 

dashed lines indicates the second possible 

choices. On the bottom of each figure is given 

the error in km/s associated to the choice of the 

two different picks. a) Waveform obtained at 

T=308 K b) Waveform at 1023 K c) Waveform 

at 1073 K.  
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The samples were first pressurized to the target pressure of 200 MPa at room 

temperature and thereafter heated to the desired temperature at constant pressure and 

cooled down again. The temperature was raised and kept constant for about 10 

minutes before measuring the travel time of the waves. At least 500 traces were 

collected and averaged at each temperature to maximize the statistical significance of 

the data. In fact, processes like thermal cracking could affect the velocity of 

propagation of the signal trough the specimen. On the other hand thermal cracking is 

likely to occur during and immediately after the increase of temperature and in 

discrete events, consequently the procedures adopted during the experiments should 

minimize possible errors on the arrival time.  

The measurements were performed during both heating and cooling cycles 

and resulted in a difference of the measured velocity of about 1 %. The Vp and Vs 

were measured in two separated sets of experiments. 

6.5 Results 

6.5.1 Effect of temperature 

Temperature exerts a strong control on the propagation velocity of P and S 

waves (Fig. 6.4), but its variation strongly depends on the relative fractions of melt, 

crystal and air bubbles. The glass transition temperature (Tg) for the melt phase was 

calculated using the viscosity computed with the algorithm of Hess and Dingwell 

(1996) and assuming that Tg correspond to a viscosity of 1012 Paás (Dingwell, 1998).  
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Figure 6.4: Compressional (Vp; filled symbols) and shear wave propagation velocities (Vs; open 

symbols) as a function of temperature at 200 MPa for a) pure melt; b) 74% crystal and 18% air filled 

pores; c) 50% crystals; and d) 70 % crystals. Numbers correspond to the derivatives of the velocity 

with respect to temperature. The dashed, verical lines refer to the glass transition temperature, which 

affects in particular the propagation velocity of compressional waves.   

6.5.2 Pure glass sample 

The compressional wave velocity (Vp) varied from 5.6 to 3.4 km/s with 

increasing temperature from 471 to 1098K. The shear wave velocity (Vs) decreased 

from 2.8 to 1.6 km/s for temperatures between 471 and 998 K. The temperature 

derivatives of Vp (dVp/dT) and Vs (dVs/dT) significantly changed around 700 K with 

a more pronounced velocity decrease above 700 K. While at temperatures lower than 

700 K, Vp and Vs decreased with similar slopes, the shear waves velocity diminished 

with a flatter dV/dT compared to the compressional waves at higher temperatures. 

The Vs signal was recorded up to 998 K while Vp was recorded up to 1098 K (Fig. 

6.4a).  
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6.5.3 Crystal fraction of 0.5 

The compressional wave velocity varied from 6.9 to 4.5 km/s with increasing 

temperature from 308 to 1123 K. The shear wave velocity decreased from 3.9 to 2.5 

km/s for temperatures between 320 and 1023 K. The variation of Vp and Vs as 

function of temperature showed clear similarities with the behavior of the pure glass 

sample. In fact, the temperature derivatives of the compressional and shear wave 

velocities were very close to that recorded in the pure glass sample (Fig. 6.4a and c). 

In this suspension, the upper detection limit temperature of the S- and P-wave signals 

both increased by 25 K and reached 1023K and 1123 K, respectively.  

6.5.4 Crystal fraction of 0.7 

The Vp decreased from 8.4 to 5.8 km/s with increasing temperature from 303 

to 1223 K. Vs decreased from 4.5 to 3.2 for temperatures between 397 and 1198 K. 

The most significant difference in the behavior of this sample with respect to samples 

containing lower crystal fractions was the absence of a change in dVs/dT for 

temperatures higher than 700 K (Fig. 6.4d): Vp varied as function of temperature with 

a near identical gradient as the sample containing a crystal fraction (! ) of 0.5. 

Between 1124 and 1223 K the decrease of Vp was strongest amongst all specimens 

with a dVp/dT of -6.5á10-3. The addition of 70 % crystal resulted in a relatively 

stronger increase in the upper detection limit of the Vs signal, which was present up 

to 1198 K while the Vp signal was recorded up to 1223 K (Fig. 6.4d).  

6.5.5 Crystal fraction of 0.74, fraction of open pores of 0.18 and melt fraction of 0.08 

Vp varied from 4.85 to 4.7 km/s with increasing the temperature from 308 to 

923 K. Vs decreased from 3.7 to 2.8 for temperatures between 308 and 1274 K. This 

sample showed a different behavior of compressional and shear waves with respect to 

the other three specimens: dVp/dT and dVs/dT were constant at all temperature 

investigated (Fig. 6.4c) and Vp were the lowest amongst all the sample investigated, 

whereas Vs were very similar to the sample with ! =0.5 and higher than that recorded 

in the pure glass sample. The Vs were recorded up to 1273 K while the compressional 

signal stopped at 923 K due to the failure of the piezoelectric transducer. 
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Figure 6.5: Variations of Vp and Vs as a function of sample density containing different crystal 

fractions. Vp and Vs are calculated at each temperature using the linear fits displayed in Figure 6.4. 

Lines connect data points collected at identical temperatures (indicated by the numbers close to the 

curves on the left hand side). Temperature exerts a stronger control on the propagation of 

compressional and shear waves than density does. Temperature effects decrease with increasing crystal 

fraction. 

6.5.6 Effect of crystal fraction 

The comparison between data measured in this study and results obtained on 

polycrystalline aggregates of alumina (Chung and Simmons, 1968) allows the 

identification of several effects related to the presence of increasing proportions of 

crystals on P- and S-waves velocity. Increasing proportions of crystals significantly 

increase the propagation velocity of compressional and shear waves. Moreover, the 

effect of increasing crystal fraction on the propagation velocities was lower for shear 

waves than for compressional waves (Fig. 6.5). The velocity decrease resulting from 

increasing melt fraction was not primarily related to the lower density of the melt 

phase with respect to the solid particles. Figure 6.5 reveals that a density increase 

from about 2 g/cm3 (pure glass sample) to about 3 g/cm3 (specimen with a crystal 

fraction of 0.5) results only in moderate velocity increase. In contrast, the increase of 

the crystal fraction from 0.5 to 0.7 produced a significant velocity increase 

accompanied by a density increase of only 0.3-0.4 g/cm3. 



Chapter 6                                          Elastic properties of partially crystallized magmas 

 125 

 

Figure 6.6: Shear (a) and bulk (b) modulus variations as functions of temperature. The shear 

modulus has been calculated according to Equation (6.1) and is used to calculate the bulk modulus with 

Equation (6.2). 

6.5.7 Elastic moduli 

The measured values of Vp and Vs have been utilized to calculate the elastic 

moduli of the material employing the following Equations (6.1) and (6.2) for shear 

(G) and bulk modulus (K) respectively: 

!"= 2VsG          (6.1) 

G3/4VpK 2 !"#!=         (6.2) 

Values of G as a function of temperature were fitted with a linear function to 

calculate the bulk modulus at each temperature (Fig. 6.6). The squared error (R2) 

associated with the fitting procedure amounted to about 2 % relative. The error on the 

shear modulus, calculated by propagating error obtained from fitting Vs amounts to 

about 1 GPa and the error on the bulk modulus, obtained by propagating the errors on 

Vs, Vp, and shear modulus resulted in the order of 10 GPa. It was impossible to 

record shear waves at the highest investigated temperatures and, thus, the values of 

the shear modulus were extrapolated to these temperatures in order to calculate the 

corresponding bulk modulus (Fig. 6.6). The shear moduli (G) for all samples decrease 

with increasing temperature. Whereas samples containing crystal fractions of ! =0 and 

! =0.5 reveal a change in the dG/dT slope at temperatures between 650 and 700 K, the 

samples with crystal fractions of ! =0.7 and ! =0.74 (containing air bubbles) display a 

constant decrease of the shear modulus with increasing temperature. In general, G 

increased with increasing crystal fraction with the exception of the sample containing 

bubbles, which results in a shear modulus lower than the sample with ! =0.7 (Table 
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6.3; Fig. 6.6). The bulk moduli (K) are nearly constant up to about 650-700 K for 

crystal fractions of ! =0, ! =0.5 and ! =0.7 and decreases markedly for T>700K. The 

bubble-bearing sample resulted the lowest bulk modulus, which lacks any clear 

temperature dependence.    

6.6 Discussion 

Figure 6.5 reveals that for crystal fractions higher than 0.5, temperature has a 

reduced effect on the decrease of Vp and Vs testifying a substantial increase of the 

contribution of the solid phases to the elastic properties of the suspension; an effect 

similarly noted on the temperature dependence of viscosity for highly crystalline 

melts with a strong elasticity (LavallŽe et al., 2007). In fact, the elasticity of the solid 

phase is much less sensitive to temperature than the glassy matrix (Figs. 6.5 and 6.7). 

The experimental data set further demonstrates that increasing temperature decreases 

both Vp and Vs but with different net effects at temperatures below and above the 

glass transition temperature (Tg; Fig. 6.7). Tg corresponds to a temperature-frequency 

range where the physical properties of glass change from solid-like (structurally 

unrelaxed; low temperature-high frequency) to liquid-like (structurally relaxed; high 

temperature-low frequency).  
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Figure 6.7: Comparison of the propagation velocities of the experimental samples containing 

variable crystal fractions and a polycrystalline aggregate of pure alumina (used in the experiments as 

suspended solid particles). a) Compressional wave velocities. b) Shear wave velocities. Both, Vp and 

Vs, increase with increasing crystal fraction. The presence of air bubble decreases the Vp more 

efficiently than the Vs. 

Below Tg a glass behaves as an isotropic solid, while at higher temperature 

(T>Tg~650K; Hess and Dingwell, 1996) the elastic properties become more liquidÐ
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like (Bagdassarov et al., 1994; Bagdassarov et al., 1993; Webb and Dingwell, 1995). 

Nevertheless, silicate melts above Tg can behave either as fully viscous material or as 

elastic bodies at low and high applied mechanical perturbation frequencies 

respectively (Fig. 6.8). The viscoelasticity of silicate melts can conveniently be 

explained by introducing the concept of relaxation time ("), which is calculated from 

the Maxwell relationship (Maxwell, 1867) given in Equation (6.3): 

!"=# G/          (6.3) 

where !  is the viscosity of the material and !G  is the correspondent shear modulus 

at infinite frequency. The relaxation time is the time for the melt structure to re-

equilibrate in response to a perturbation that is mechanical in our experiments (Webb 

and Dingwell, 1995), and is an inverse function of temperature (expressed in terms of 

Newtonian viscosity in Equation (6.3). In the frequency region where the inverse of 

the relaxation time (i.e. relaxation frequency; Webb and Dingwell, 1995) approaches 

the frequency of perturbation, the shear modulus (G) decreases with decreasing 

frequency approaching a value of zero, i.e. impeding shear wave propagation 

(Bagdassarov et al., 1994; Webb and Dingwell, 1995).  

 

Figure 6.8: Schematic illustration of the frequency dependence of the shear modulus: The 

dependence of the relaxation frequency on temperature and crystal fraction has been demonstrated by 

Bagdassarov et al. (1993), Bagdassarov et al. (1994) and Bagdassarov (1999). 

In the pure glass sample shear waves propagation is observed up to 998 K. 

The relaxation frequency (1/") at this temperature amounts to about 3á104 s-1 

calculated with equation (6.3) using the Newtonian viscosity calculated with the 

model proposed by Hess Dingwell (1996; viscosity=105.4 Paás) and the G value 
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obtained from the experiment. This value is two orders of magnitude lower than the 

experimental frequency (3á106 s-1). This discrepancy is in agreement with the 

observations of Bagdassarov et al. (1993) that silicate melts do not display a single 

value of relaxation time with respect to frequency, but rather a distribution of 

relaxation times described by an asymmetric peak with an onset located at about 2 

orders of magnitude higher frequency that the one resulting from the Maxwell 

relationship. The peak maximum corresponds to the value calculated for a perfect 

Maxwell body (Fig. 9 in Webb and Dingwell, 1995). The complete disappearance of 

the shear wave signal from our experiment is, therefore, caused by strong attenuation 

of the propagating signal (Table 6.3 and Fig. 6.7) when the experimental frequency 

approaches the onset of relaxation. The presence of particles could, however, generate 

additional, slower, relaxation processes, which potentially result in the propagation of 

shear waves at even lower frequencies (1-10 Hz; Bagdassarov et al., 1994; 

Bagdassarov, 1999). In order to determine the relative contribution of matrix glass 

and solid particles to the elastic properties and to the relaxation processes of the 

material used in the experiments, the data are compared with two models representing 

extremes in elastic behavior for solid-liquid suspensions: The Voigt upper bound 

(Voigt, 1910) and the Reuss lower bound (Reuss, 1929) that represent a simple way to 

calculate the upper and the lower bounds of the elastic moduli of two phases mixtures 

where the two constituents have different elastic properties. The Voigt bound is the 

arithmetic average of the constituent moduli; all two-phase mixtures are weaker than 

this average. The Reuss bound exactly describes the elastic moduli of solid grains in a 

fluid (Avseth et al., 2005). The upper and lower bounds for the shear and the bulk 

modulus are calculated by Equations (6.4) and (6.5) and results are presented in 

Figure 6.9: 
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where fi is the volume fraction of the ith constituent phase and Ei is the elastic 

modulus of the ith constituent phase measured in our experiments for the glass and 

from literature (Chung and Simmons, 1968) for the alumina particles. With increasing 

temperature, the shear modulus of the sample with ! =0.5 approaches the value of the 
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Reuss bound (Fig.  6.9a) while the shear modulus of the sample with ! =0.7 is 

constantly decreasing with increasing temperature without approaching the Reuss 

lower bound (Fig. 6.9b).  

 

Figure 6.9: Comparison of the shear (a, b) and bulk (c, d) moduli variations for samples with crystal 

fractions of ! =0.5 (a, c) and 0.7 (b, d). The short dashed black lines illustrate the variation of the elastic 

moduli of the pure glass sample. Between 0.5 and 0.7 crystal fraction the elasticity of the suspensions 

becomes increasingly dependent on the solid fraction and less dependant on the glassy matrix. This is 

due to the achievement of a continuous crystal framework that adds additional relaxation processes 

such as crystal rotation and sliding that are slower than the relaxation in the viscous matrix. 

These observations infer that with increasing temperature the behavior of the 

material with 50 vol.% crystals approaches that of a suspension, while for 70 vol.% 

particles the solid phase is dominating the elastic behavior even at the highest 

temperature investigated. The variation of the bulk modulus confirms that increasing 

the crystal fraction above 0.5 completely changes the elastic properties of magma. In 

fact, material with ! =0.5 is behaving very closely to a perfect suspension 

superimposing the Reuss bound (Fig. 6.9c), while the presence of a larger crystal 

fraction increases the bulk modulus considerably above the values of the Reuss bound 

(Fig. 6.9d). The Reuss bound for G is zero for a silicate melt above Tg that is 

subjected to a mechanical perturbation with a frequency lower than the relaxation 
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frequency (relaxed viscous behavior (Avseth et al., 2005; Fig. 6.8). As illustrated in 

Figure 6.9 (a and b), the G values for the matrix glass extrapolate to zero at about 

1200 K implying that 3 MHz (applied mechanical perturbation frequency) is close to 

the relaxation frequency at this temperature. The sample with a crystal fraction of 0.5 

displays a moderate increase of the shear modulus at this temperature relative to the 

pure glass sample. This increase is much more pronounced for the sample with a 

crystal fraction of 0.7. Therefore, increasing the crystal fraction tends to decrease the 

relaxation time of the system. A similar observation was made by Bagdassarov et al. 

(1994) performing forced torsion experiments on particle-bearing silicate melts at 

frequencies between 5 mHz and 20 Hz (frequencies that include the natural seismic 

frequency). In their experiments, they could never attain a relaxed state (i.e. G=0) for 

samples containing 45 vol.% particles while the suspending melt alone was in the 

relaxed state at identical temperature and frequency conditions. At identical 

experimental condition, a non-zero shear modulus has been measured in a ceramic 

compound containing 55 vol. % mica crystals at temperatures higher than Tg of the 

matrix (Bagdassarov, 1999). The propagation of shear waves (G"0) at seismic 

frequency is related to the generation of a continuous crystal network that results in 

additional mechanical relaxation processes (e.g. crystal sliding and rotation), which 

occur at lower frequencies then the relaxation of the viscous matrix (Bagdassarov, 

1999). The solid fraction required to achieve a continuous crystal framework (i.e. 

maximum packing fraction; ! max; (Krieger, 1972), and hence, a non-zero shear 

modulus at natural seismic frequencies (1-10 Hz), is strongly dependent on crystal 

shape and size distribution (Bagdassarov, 1999; Caricchi et al., 2007; Chong et al., 

1971; Krieger, 1972; Lejeune and Richet, 1995; Saar et al., 2001).  

The stronger relative decrease of the bulk modulus compared to the shear 

modulus in the bubble-bearing sample is due to the stronger effect of gas filled pores 

on compressional waves compared to shear waves (Figs. 6.6 and 6.7; Anderson et al., 

1974).  
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Table 6.3: Summary of the performed experiments 
!  P (MPa) T (K) Vp (km/s) P (MPa) T (K) Vs (km/s) # (kg/m3) G (GPa) K (GPa) 

253 471 5.616 246 373 2.799 2.089 22.45 39.90 
254 673 5.364 257 474 2.651 2.077 20.07 39.22 
255 723 5.388 264 673 2.364 2.074 15.87 42.37 
251 748 5.307 256 723 2.282 2.073 14.78 41.19 
253 773 4.960 259 748 2.231 2.071 14.11 34.27 
255 797 4.901 250 798 2.058 2.070 13.10 33.66 
258 847 4.720 254 848 1.990 2.067 12.27 31.31 
254 898 4.555 258 898 1.832 2.064 11.38 29.45 
257 948 4.056 253 948 1.701 2.061 9.65 21.68 
253 998 3.944 256 998 1.644 2.058 9.03 21.15 
255 1048 3.637 Ö Ö Ö 2.055 Ö 17.60 

0 

257 1098 3.367 Ö Ö Ö 2.052 Ö 14.99 
202 308 6.945 212 320 3.962 3.044 47.76 82.58 
209 473 6.586 190 473 3.738 3.030 42.35 74.76 
215 573 6.741 200 573 3.619 3.022 39.59 85.21 
212 623 6.644 196 623 3.534 3.018 37.70 83.41 
210 673 6.476 200 673 3.459 3.014 36.06 78.88 
210 723 6.278 205 722 3.377 3.010 34.33 73.39 
213 773 6.353 197 773 3.286 3.007 32.45 78.35 
217 823 6.003 201 822 3.092 3.003 28.70 67.46 
209 874 5.771 204 873 2.878 2.998 27.46 61.46 
212 922 5.343 201 973 2.665 2.995 26.21 49.30 
208 973 5.162 204 1023 2.528 2.991 23.73 45.83 
211 1023 4.978 Ö Ö Ö 2.987 22.73 42.43 
208 1073 4.894 Ö Ö Ö 2.983 Ö 42.14 

0.5 

210 1123 4.591 Ö Ö Ö 2.979 Ö 35.74 
199 303 8.376 198 397 4.556 3.422 70.84 79.69 
201 473 8.081 202 497 4.402 3.407 65.96 65.55 
200 573 8.005 198 598 4.262 3.398 61.67 140.11 
205 673 8.086 199 697 4.104 3.389 57.03 133.66 
207 723 8.018 199 798 3.941 3.385 52.46 132.54 
209 773 7.857 201 898 3.785 3.381 48.25 86.34 
206 823 7.621 204 948 3.857 3.376 50.02 143.37 
208 873 7.497 204 998 3.640 3.372 44.51 115.13 
210 923 7.417 201 1049 3.567 3.367 42.67 126.65 
205 972 7.230 202 1098 3.482 3.363 40.60 93.35 
207 1024 6.704 204 1149 3.269 3.359 35.75 142.29 
210 1073 6.721 207 1198 3.208 3.354 34.38 123.04 
205 1124 6.420 Ö Ö Ö 3.350 32.71 136.31 
197 1174 6.197 Ö Ö Ö 3.345 Ö 96.79 

0.7 

198 1223 5.775 Ö Ö Ö 3.341 Ö 121.69 
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Table 6.3: continued 
!  P (MPa) T (K) Vp (km/s) P (MPa) T (K) Vs (km/s) # (kg/m3) G (GPa) K (GPa) 

197 308 4.850 192 308 3.712 3.336 47.76 25.13 
216 473 4.915 210 474 3.568 3.322 43.71 25.10 
212 523 4.875 215 523 3.516 3.318 42.31 25.25 
217 573 4.840 206 573 3.469 3.314 41.07 25.07 
212 623 4.794 200 623 3.422 3.309 39.86 26.23 
216 673 4.788 201 673 3.382 3.305 38.81 26.92 
220 723 4.768 202 724 3.336 3.301 37.64 26.87 
211 773 4.725 203 773 3.295 3.297 36.63 28.27 
214 823 4.727 202 824 3.240 3.292 35.31 28.79 
217 873 4.701 202 874 3.112 3.288 32.47 29.23 
209 923 4.672 204 923 3.093 3.284 31.98 Ö 

206 974 3.045 3.280 30.91 Ö 
209 1023 2.991 3.275 29.72 Ö 
211 1073 2.935 3.271 28.54 Ö 
214 1124 2.908 3.267 27.93 Ö 
210 1174 2.885 3.263 27.40 Ö 
211 1223 2.888 3.258 27.39 Ö 

0.
74 

Transducers failure 

213 1274 2.781 3.254 25.32 Ö 
Summary of experimental data (VP and VS) and calculated elastic moduli (G and K) obtained at the reported 
experimental conditions. 

 

6.6.1 Frequency scaling      

In the present experimental study, we did not attempt to investigate the effect of 

frequency on the propagation velocities of Vp and Vs. However, as outlined in the 

previous paragraph, frequency plays a major role on the elasticity of magmatic 

suspensions (Fig. 6.8). The elastic parameters measured in our experiments can 

potentially be scaled for frequency by introducing the following assumptions to 

account for the effect of crystallinity on the propagation velocity of Vp and Vs at 

seismic frequency (e.g. 1-10 Hz): 

1. The relaxation time (and relaxation frequency 1/") of the crystal-bearing 

material can be calculated by the Maxwell relationship (Eq. (6.3)) substituting 

the Newtonian viscosity of the melt phase by the Newtonian viscosity 

obtained for crystal-bearing magmas (Caricchi et al., 2007). 1/" is calculated 

by taking the G values measured in our experiments, for the correspondent 

crystal fraction, as G# . 

2. The investigated samples are considered to behave as Maxwell bodies, with a 

frequency dependence of the elastic moduli given by Equations (6.6) and (6.7) 

taken from Webb and Dingwell (1995): 

22

22

1
GG
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where !  is the frequency, K0 is the bulk modulus at zero frequency and K#  is 

the bulk modulus at infinite frequency. 

3.  K0 is set equal to G#  which implies that the volume relaxation ("v) time is 

equal to the shear relaxation time ("s) and the volume viscosity is equal to the 

shear viscosity (Webb and Dingwell, 1995): 
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Employing these assumptions, the elastic moduli were scaled and Vp and Vs 

were computed at seismic frequencies (Fig. 6.10). 

  

Figure 6.10: Calculated frequency dependence of Vp and Vs: The experimental data obtained at 

high frequency (3MHz) are extrapolated to seismic frequencies (1-10 Hz) using assumptions explained 

in detail in Section 5.1. The strong decrease of the relaxation time in the suspension containing 70 vol. 

% crystals induces a strong increase of Vp and is responsible for the propagation of shear waves in the 

range of natural frequencies. 

The generation of a crystal framework that, according to our results, occurs at 

crystal fractions between 0.5 and 0.7, produces two major effects: i) a strong increase 

of Vp; and ii) the propagation of shear waves (Fig. 6.10). 

The data obtained at 3 MHz frequency and the values computed after scaling to 1 Hz 

frequency have been fitted with a modified version of the empirical relationship 

suggested by Raymer et al. (1980) for fluid saturated isotropic rocks (Eqs. (6.8), (6.9), 

(6.10); Fig. 6.11): 
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where V is the propagation velocity in the rock, Vfl the propagation velocity in the 

fluid and V0 the propagation velocity in the solid phases. The terms! , fl! , and 0!  are 

the densities of rock, fluid, and solids respectively, and !  is the fraction of fluid 

saturated pores. In the original formulation, the velocities are calculated for 37 vol. 

% <!< 47 vol. % with a simple interpolation between the two terms. In Figure 6.11 

we calculated Vp and Vs for magmas at 1123 K substituting the terms referring to 

fluid with the values measured for melt and considering the volume of fluid saturated 

pores as the melt fraction. The values used in Figure 6.11 are reported in Table 6.4. 

The best fitting results were obtained by considering Equation (6.8) to be valid up to 

! =0.47 without any intermediate interpolation between Equations (6.8) and (6.9) 

(Fig. 6.11). The proposed model results from a series of approximations and is valid 

only for systems where all the minerals have identical propagation velocities (Mavko 

et al., 1998). Despite this, arguably strong, limitations, we propose that the presented 

model can conveniently be used to provide a semi-quantitative estimation of the melt 

fraction present in a magmatic body from the inversion of Vp and Vs measurements. 

Additionally, the model is able to describe the most important variations of Vp and Vs 

due to the achievement of a continuous crystal framework, i.e. the transition from a 

magmatic suspension to a crystal mush. A more sophisticated physical model 

describing the variation of Vp and Vs as function of the crystal fraction was not 

within the aims of this work, however it would give solid bases to account for the 

effect of crystals on the velocity of propagation of seismic waves. 
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Figure 6.11: Vp and Vs 

as a function of melt 

fraction at the measured 

frequency of 3 MHz (a) and 

extrapolated to a frequency 

of 1 Hz (b). The grey lines 

represent the variation of the 

relative viscosity (=viscosity 

of the partially crystallized 

system divided by the 

viscosity of the melt phase) 

as a function of melt 

fraction. Velocities are 

recalculated from the elastic 

moduli at a constant 

temperature of 1123 K. The 

elastic moduli for the pure 

glass sample are linearly 

extrapolated from 998 K 

(temperature where the 

signal was lost in the 

experiment). The black, 

solid and dashed lines 

represent the results of the 

fitting with the modified Equations (6.8) and (6.9). The onset of shear wave propagation and the strong 

increase of Vp between crystal fractions of 0.5 and 0.7 enables the distinction between a suspension of 

crystal in a viscous melt and a crystal-sustained mush. This transition is accompanied by a strong 

increase of the relative viscosity (Caricchi et al., 2007) that strongly reduces the mobility of magmas. 

6.7 Summary and volcanological implications 

The new set of experiments provides the basis to evaluate the fundamental 

variations of the elastic properties of magmas as a function of the degree of 

crystallinity.  The presence of suspended particles (crystals) exerts only a minor 

control on the elastic behavior of magmas up to a crystal fraction that is high enough 

to generate a continuous crystal framework.  The onset of shear waves propagation, 

accompanied by a significant increase of Vp, coincides with a significant increase of 

magma viscosity (5 orders of magnitude; Caricchi et al., 2007; Costa et al., 2007) 

over a small range of crystal fractions. This pronounced viscosity increase 

considerably reduces the likelihood of magma ascent to the Earth surface.  
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The coincidence of a significant physical (crystal fraction, elasticity) and 

rheological (viscosity) change related to progressive crystallization of magmas in sub-

surficial magma reservoirs, which might even be driven by decompression during 

ascent (e.g. Blundy and Cashman, 2001), provides the opportunity to link the 

inversion of seismic data with the probability of an eruption from a subvolcanic 

magma reservoir. Additionally, recent studies demonstrated that part of the seismicity 

present during volcanic eruptions is associated to the fracturing of magma during its 

rise to the surface (LavallŽe et al., 2008; Tuffen et al., 2008). Since this study 

demonstrates that the increase of crystal fraction induce an increase of the elasticity of 

magma, highly crystallized magma could display an higher tendency to fracturing and 

allow the propagation of both compressional and shear waves inside the volcanic 

conduit. 

The experimental data collected in this work highlight the relationships between 

crystallinity and elastic properties of magmatic mixtures and allow capturing the 

physical state of magmas by using the inversion of seismic data. 

Table 6.4: Values of velocity used in Figure 6.11     

3 MHz 1 Hz 
!  Vp (Km/s) Vs (Km/s) G (GPa) K (GPa) Vp (Km/s) Vs (Km/s) G (GPa) K (GPa) 

0 3.21 1.87 8.28 19.00 2.02 0 0 8.37 
0.5 4.56 2.62 23.68 44.29 2.82 0 0 23.68 
0.7 6.40 3.45 43.16 100.54 6.80 3.54 42.04 99.05 
1 10.47 6.07 - - 10.47 6.07 - - 

The elastic moduli at 1 Hz were recalculated using equations 7-8 making the assumpions reported in the 
text. The velocities for the policrystalline aggregate of alumina are from Chung and Simmons (1968). The 
densities, used to recalculate the velocities from the moduli (using equations 1-2), were obtained from 
Lange (1994) and Ochs and Lange (1999) for the melt and from Chung and Simmons (1968) for the 
particles. 
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7. Summary and conclusions 

  The principal findings of this thesis highlight that the presence of crystals in 

silicate melts exerts a strong control on the rheological and physical properties of 

magmas. Additionally, the major variations in viscosity and elastic properties of 

crystal-bearing magmas have been found to occur in the same range of solid fractions.  

The rheological experiments focused on the effect of the volume and shape of 

the suspended particles, and applied strain rate on the flow behavior of magma. 

Viscosity varies in a sigmoidal fashion with respect to the solid fraction with a major 

increase occurring in correspondence of the maximum packing fraction (!  max; particle 

fraction at which all the crystals are in reciprocal contact). The presence of elongated 

particles induces a reduction of ! max and, consequently, suspensions containing non-

spherical particles tend to have higher viscosity than mixtures with suspended 

spherical particles in the intermediate range of crystal fraction. Experiments were 

performed by applying temperature and strain rate conditions appropriate to maintain 

the silicate melt in the Newtonian field. However, particle bearing magmas were 

characterized by Newtonian behavior only at relatively low strain rates (10-6-10-5 s-1), 

while the increase of strain rate produced a decrease of viscosity (shear thinning, non-

Newtonian behavior) approaching constant viscosity at strain rates of about 10-3 s-1. 

Thus, the presence of particles stimulates non-Newtonian behavior. The observed 

rheological transitions are related to an increasing ordering of particles with 

increasing strain rate (or applied stress). In relatively diluted systems (! <! max), the 

reduction of the degree of randomness of the particles with increasing applied strain 

rates, reduces the tortuosity of the melt flow patterns, which results in a decrease of 

viscosity with increasing strain rate. At high crystal fractions, plastic deformation is 

only possible if under the application of a stress, local compaction and dilation takes 

place. In regions of compaction, the pressure of the melt phase increases, while it 

decreases in areas where dilation takes place. This results in the generation of 

pressure gradients in the melt, which necessarily leads to relative movement of melt 

from regions of high pressure to regions of low pressure. This tends to produce a 

redistribution of melt and crystals. Dilation and compaction and the consequent 

pressure gradients are directly proportional to the applied stress or strain rate. As a 

consequence increasing strain rates tends to generate melt-enriched planes. Since the 

viscosity of the melt is lower than the viscosity of the partially crystallized material, 
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the deformation localizes in the melt-enriched planes resulting in the reduction of the 

viscosity of magma with increasing strain rate. The data, additionally, testify for the 

absence of any observable yield strength of crystal bearing magmas. 

The experimental results have been summarized in a system of equations that 

considers the effect of particle volume and the rheological transitions observed in 

magmas at different strain rates. These equations can easily be included in numerical 

models used to quantify the dynamics of magma rise inside volcanic conduits. 

Numerical modeling reveals that taking into account the complex dependencies of the 

viscosity of magmatic suspensions on crystal content and strain rate changes 

dramatically the dynamics of magma flow inside volcanic conduit, particularly 

affecting the fragmentation depth.  

The elastic properties of magmas have been measured as function of crystal 

content using the pulse transmission technique. Increasing solid content results in an 

increase of the propagation velocity of compressional (Vp) and shear waves (Vs), 

which translate in an increase of the elastic moduli. Similarly to viscosity, a strong 

increase of Vp and Vs occurs at crystal fractions close to the maximum packing 

fraction and is related to the generation of a continuous crystal framework. Scaling of 

the data obtained at high frequencies (3MHz) in the laboratory to natural seismic 

frequencies (1-10 Hz) reveals that also under natural conditions, the generation of a 

crystal framework is responsible for the propagation of shear waves. This new dataset 

can be utilized to invert seismic data from shallow subvolcanic magma reservoirs to 

characterize the degree of crystallinity of such reservoirs under active volcanoes. 

Provided that the crystal content is the most influential parameter controlling magma 

mobility and, consequently, the likelihood of an eruption, available seismic 

measurements can be used as a tool for volcanic hazard assessment. 

The combination of experiments conducted to quantify physical properties as 

well as the rheology of crystal bearing magmas allow characterizing the physical state 

of magmas contained in crustal reservoirs and permit to determine with much 

improved accuracy the modality of magma rise and emplacement in the Earth crust. 
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7.1 Suggestions for future research 

 The scientific effort of the last two decades resulted in a substantial 

contribution to the knowledge of the physical and rheological properties of silicate 

melts, bubbly magmas and crystal bearing magmatic suspension. However, magmas 

are by definition three-phase suspensions of silicate melt, bubble and crystals and 

their physical and rheological properties are controlled by the presence and the 

interactions between these components. Magma properties cannot be simply 

recalculated from the formulations used for the description of the properties of bubbly 

liquids and crystal bearing suspensions alone, because of the effects related to the 

interactions between the suspended phases. For this reason it is fundamental to drive 

the scientific effort toward the investigation of bubble and crystal bearing magmas. 

The knowledge acquired on the two end member (bubbly liquids and solid-liquid 

suspensions) properties will serve as a solid base for the interpretation of the rheology 

and physical properties of three-phase magmas. Though the laboratory experiments 

do not allow covering the entire range of natural conditions typical during magma 

emplacement and flow, on this respect numerical modeling and better theoretical 

constraints would provide a substantial input toward the understanding of magma 

flow. 
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Table A1: Summary of experiments performed for Chapter 3     

Ex. N¡  Compression/Torsion  P (MPa) T (K) Crystal vol.%  max strain  Torque (Nm)  Stress (MPa)  Strain rate (s -1) Notes  

PO658  C 250 1073 80 0.230 - 436.86 7.69E-05  
PO660 T 250 1173 80 0.230 19.11 82.09 2.59E-05  

PO660 T 250 1173 80 0.263 22.57 96.94 5.27E-05  

PO660 T 250 1173 80 0.281 23.63 101.52 7.94E-05  
PO660 C 250 1173 80 0.300 - 295.8 9.01E-05  
PO663 T 250 1123 80 0.169 24.89 128.33 3.00E-05 Slipped 
PO663 T 250 1123 80 1.432 30.85 159.02 9.29E-05 Slipped 
PO664 T 175 1123 80 0.061 15.91 82.04 1.62E-05  
PO664 T 175 1123 80 0.834 22.55 116.24 4.63E-05  
PO669 T 250 1123 70 0.00045 0.14 0.41 1.00E-06 No flow 
PO669 T 250 1123 70 0.021 4.22 12.45 5.01E-06 No flow 
PO669 T 250 1123 70 0.084 9.18 27.08 9.19E-06 No flow 
PO669 T 250 1123 70 0.145 13.62 40.16 2.98E-05  
PO669 T 250 1123 70 0.187 15.57 45.89 6.06E-05  
PO669 T 250 1123 70 0.238 16.89 49.8 9.33E-05  
PO669 C 250 1123 70 0.150 - 82.55 1.14E-04  
PO669 C 250 1123 70 0.176 - 91.49 2.67E-04  
PO669 C 250 1123 70 0.192 - 93.18 5.48E-04  
PO670 T 250 1073 70 0.021 4.95 14.61 5.12E-06  
PO670 T 250 1073 70 0.037 7.91 23.32 8.68E-06  
PO670 T 250 1073 70 0.101 15.50 45.7 2.52E-05  
PO670 T 250 1073 70 0.148 20.76 61.18 4.64E-05  
PO670 T 250 1073 70 0.190 22.57 66.53 5.25E-05  
PO670 C 250 1073 70 0.108 - 179.91 8.31E-05  
PO670 C 250 1073 70 0.162 - 217.34 2.16E-04  
PO670 C 250 1073 70 0.190 - 230.80 4.51E-04  
PO672 T 250 1173 80 0.033 3.06 15.77 4.97E-06 No flow 
PO672 T 250 1173 80 0.112 18.20 93.81 8.82E-06  
PO672 T 250 1173 80 0.152 24.36 125.57 3.02E-05 Slipped 
PO672 T 250 1173 80 0.181 26.56 136.91 6.25E-05 Slipped 
PO672 T 250 1173 80 0.215 27.12 139.79 8.68E-05 Slipped 
PO673 T 250 1123 80 0.047 20.7 106.7 5.55E-06  
PO673 T 250 1123 80 0.067 23.9 123.19 9.21E-06  
PO673 T 250 1123 80 0.080 26.9 138.66 3.17E-05  
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Table 1 continued.  

Ex. N¡  Compression/Torsion  P (MPa) T (K) Crystal vol.%  max strain  Torque (Nm)  Stress (MPa)  Strain rate (s -1) Notes  

PO673 T 250 1123 80 0.095 28.78 148.35 6.40E-05  
PO673 T 250 1123 80 0.108 30.08 155.05 9.42E-05 Slipped 
PO673 C 250 1123 80 0.026 - 148.74 7.41E-05  
PO673 C 250 1123 80 0.208 - 246.25 1.17E-04  
PO673 C 250 1123 80 0.266 - 346.45 3.14E-04 Localization 

PO674 T 250 873 60 0.010 1.69 5.01 4.76E-06  
PO674 T 250 873 60 0.023 3.18 9.39 8.97E-06  
PO674 T 250 873 60 0.055 5.02 14.82 3.09E-05  
PO674 T 250 873 60 0.068 5.96 17.58 6.28E-05  
PO674 T 250 873 60 0.109 6.92 20.38 9.43E-05  
PO674 T 250 873 60 0.163 6.47 19.08 9.14E-05  
PO674 C 250 873 60 0.018 - 19.09 2.56E-05 No flow 
PO674 C 250 873 60 0.052 - 45.34 1.34E-04 No flow 
PO674 C 250 873 60 0.106 - 55.08 2.83E-04  
PO674 C 250 873 60 0.210 - 76.92 5.89E-04  
PO751 T 250 773 50 0.139 23.61 120.23 2.07E-05  
PO751 T 250 773 50 0.144 18.58 94.63 1.14E-05  
PO751 T 250 773 50 0.152 15.63 79.61 4.92E-06 No flow 
PO751 T 250 773 50 0.167 17.28 87.98 7.79E-06  
PO751 T 250 773 50 0.221 25.53 130.03 2.71E-05  
PO751 T 250 773 50 0.425 32.84 167.24 6.21E-05  
PO770 T 250 773 50 0.038 7.11 36.45 3.12E-06  
PO770 T 250 773 50 0.087 12.18 62.40 6.12E-06   

Max strain refers to shear strain (gamma) in torsion experiments and to longitudinal strain in compression experiments. Shear strain rate and pure shear rate are reported 
for torsion and compression experiments respectively. The stress values for torsion experiments are calculated considering stress exponent (n) equal to 1.  
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Table A2: Summary of experiments performed for Chapter 4  

Ex. N¡  Compression/Torsion  P (MPa) T (K) Crystal vol.%  max strain  Torque (Nm)  Stress (MPa)  Strain rate (s -1) Notes  

PO729 C 300 973 52 0.018 - 18.026 1.82E-05  
PO729 C 300 973 52 0.190 - 52.04 1.11E-04 No flow 
PO759 T 300 873 47 0.079 6.51 34.37 3.02E-05  
PO759 T 300 873 47 0.282 15.23 80.44 6.33E-05  
PO759 T 300 873 47 0.474 24.15 127.55 9.47E-05  
PO759 T 300 873 47 0.650 41.43 218.79 3.15E-04 Weakening 
PO760 T 300 823 47 0.659 42.08 220.88 3.12E-05 No flow 
PO760 T 300 823 47 0.676 8.74 45.92 3.16E-06  
PO760 T 300 823 47 0.694 11.39 59.80 6.15E-06  
PO760 T 300 823 47 0.891 31.84 167.15 1.02E-05 No flow 
PO760 T 300 823 47 0.894 31.902 167.45 8.35E-06  
PO761 T 300 903 47 1.392 22.79 119.65 9.35E-05  

PO761 T 300 903 47 -1.900 -34.21 -179.61 -7.30E-05 
Inverted sense of 
shear 

PO762 T 300 848 47 0.051 2.86 15.06 6.12E-06  
PO762 T 300 848 47 0.086 4.30 22.57 9.07E-06  
PO763 T 300 848 47 0.031 3.61 18.43 6.26E-06  
PO763 T 300 848 47 0.056 5.21 26.54 8.46E-06  
PO764 T 300 798 47 0.018 2.58 13.65 1.42E-06 No flow 
PO765 T 300 903 47 0.020 5.01 26.30 3.00E-05  
PO765 T 300 903 47 0.060 14.12 74.12 6.00E-05  
PO807 T 300 848 47 0.033 2.91 14.91 9.08E-06 No flow 
PO807 T 300 903 47 0.093 7.81 39.94 9.37E-05 No flow 
PO807 T 300 903 47 0.208 11.91 60.82 3.10E-04 No flow 
PO807 T 300 903 47 2.037 23.65 120.83 9.29E-04 No flow 
PO807 T 300 848 47 2.049 2.64 13.52 8.93E-06  
PO808 T 300 903 47 0.106 25.16 132.87 5.98E-05  
PO808 T 300 903 47 0.137 27.19 143.64 9.26E-05  
PO808 T 300 903 47 0.777 48.87 258.09 3.79E-04 Weakening 
PO809 T 200 903 47 - - - - Slipped 
PO812 T 300 848 47 0.037 3.14 16.10 1.09E-05  
PO812 T 300 848 47 0.074 5.46 27.97 2.12E-05  
PO812 T 300 848 47 1.113 23.74 121.67 6.30E-05  
PO812 T 300 848 47 1.354 33.49 171.64 1.05E-04 Weakening 
PO813 T 300 848 47 1.986 37.18 190.55 1.03E-04 Weakening 

Max strain refers to shear strain (gamma) in torsion experiments and to longitudinal strain in compression experiments. Shear strain rate and pure shear rate are reported for torsion 
and compression experiments respectively. The stress values for torsion experiments are calculated considering stress exponent (n) equal to 1.  
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Table A3: Summary of experiments performed for Chapter 6   

Ex. N¡  Vp/Vs P range (MPa)  T range (K)  Crystal vol.%  Frequencies(MHz)  Notes  

PP522 Vs 250-400 398 70 0.1-1-3 P up 
PP522 Vs 200 474-1299 70 0.1-1-3 T up 
PP522 Vs 200 397-1258 70 0.1-1-3 T Down 
PP523 Vs 250-400 374 50 0.1-1-3 P up 
PP523 Vs 200 307-1123 50 0.1-1-3 T up 
PP523 Vs 200 1073 50 0.1-1-3 T Down 
PP524 Vp 54-500 310 70 0.1-1-3 P up 
PP524 Vp 200 303-1223 70 0.1-1-3 T up 
PP525 Vs 300-400 473 50 0.1-1-3 P up 
PP525 Vs 200 307-1274 50 0.1-1-3 T up 
PP525 Vs 200 313-1273 50 0.1-1-3 T down 
PP526 Vp 200 317-1298 50 0.1-1-3 Tup 
PP528 Vp 300-400 371 90* 0.1-1-3 P up 
PP528 Vp 200 312-1274 90* 0.1-1-3 T up 
PP528 Vp 200 371-1271 90* 0.1-1 T down 
PP529 Vs 200 311-1274 90* 0.1-1-3 Tup 

Vp and Vs indicate the measurements of compressional and shear waves respectively. *The 
reported values are nominal (see Chapter 6 for more details).  

 




