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Abstract  13 

Our knowledge of magma dynamics would be improved if geophysical data could be 14 

used to infer rheological constraints in melt-bearing zones. Geophysical images of the Earth’s 15 

interior provide frozen snapshots of a dynamical system. However, knowledge of a rheological 16 

parameter such as viscosity would constrain the time dependent dynamics of melt bearing zones. 17 

We propose a model that relates melt viscosity to electrical conductivity for naturally-occurring 18 

melt compositions (including H2O) and temperature. Based on laboratory measurements of melt 19 

conductivity and viscosity, our model provides a rheological dimension to the interpretation of 20 

electromagnetic anomalies caused by melt and partially molten rocks (melt fraction ~ >0.7).  21 

 22 
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 23 

1. Introduction  24 

Large volcanoes represent a significant societal risk because many are located in densely 25 

populated areas. Risk assessment is improved by monitoring (e.g., magma chamber inflation) but 26 

further improvements would be made if we could probe magma composition and properties (e.g., 27 

viscosity). An important clue as to the likelihood for explosive volcanism involves the 28 

rheological properties of silicate melts. Yet to date, geophysical constraints on magma chambers 29 

rarely go beyond rough estimates of temperature and, in some cases, melt fractions. 30 

Electrical conductivity is a tool with the potential for bridging different scales of 31 

observations since it is measured both in the laboratory and in the field. The dependence of 32 

conductivity on parameters such as temperature and composition make electrical measurements 33 

in the laboratory critical to probe the Earth’s interior, and therefore to interpret field-based 34 

electromagnetic surveys. However, magnetotelluric (MT) profiles are not generally interpreted in 35 

terms of the dynamics that characterize the geological process they probe. In a high melt fraction 36 

magma reservoir, such characterization would allow determination of the time-scale for 37 

buoyancy-driven motion and fractionation of crystals, melt segregation and magma mixing. 38 

Because viscosity governs any convective system, solid and/or fluid [Shaw, 1965; Vetere et al., 39 

2006; Karki and Stixrude, 2010], relating melt electrical conductivity to melt viscosity represents 40 

an opportunity to improve the interpretation of electromagnetic field results. 41 

Some attempts have been made to relate melt electrical conductivity to viscosity, 42 

principally in materials science because both physical parameters are critical for the design of 43 

industrial smelters [e.g., Zhang and Chou, 2010; Zhang et al., 2011]. However, further 44 

investigation is warranted, principally because existing models generally consider only simple 45 
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synthetic melt compositions [e.g., Grandjean et al., 2007; Zhang et al., 2011]. Therefore, 46 

because they do not embed the compositional dependence of conductivity for more complex 47 

compositions, they do not satisfactorily reproduce the physical properties of natural melts. 48 

 This study proposes a semi-empirical model that relates these two physical properties of 49 

melt (electrical conductivity and viscosity). Our model can be used to convert melt conductivity 50 

into viscosity and vice versa for a defined melt composition and temperature. On this basis, our 51 

model should significantly aid in the interpretation of field-based datasets.  52 

  53 

 54 

2. Relating electrical conductivity to viscosity for geophysical purposes 55 

 2.1. Electrical conductivity vs. viscosity of silicate melts  56 

The dependence of electrical conductivity and viscosity on melt composition is illustrated 57 

in Figure 1 for four kinds of natural melts (basaltic, andesitic, phonolitic, and rhyolitic 58 

compositions) as a function of temperature. Electrical conductivity values are from previous 59 

experimental measurements by Rai and Manghnani [1977], Tyburczy and Waff [1983], Gaillard 60 

[2004] and Pommier et al. [2008]. Viscosity values are from experimental studies by Bottinga 61 

and Weill [1972], Giordano and Dingwell [2003] and Ardia et al. [2008]. Melt electrical 62 

conductivity and viscosity are both dependent on chemical composition at the same temperature. 63 

Melt viscosity has a much higher dependence on chemical composition than does electrical 64 

conductivity; for instance, at 1400C, there is a difference of more than 4 log-units between the 65 

viscosity of a dry rhyolitic melt and that of a basaltic melt, whereas the conductivities of similar 66 

melts differ only by ~0.1 log-units (Figure 1). The effect of water is also greater on viscosity 67 

than on electrical conductivity: adding 5.6wt% H2O to a phonolitic melt increases its 68 
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conductivity by ~0.2 log-unit [Pommier et al., 2008] but will decrease its viscosity by 1 to more 69 

than 2 log-units, according to the model by Giordano et al. [2008] (Figure 1). Viscosity is a 70 

critical property controlling the behavior of magmas, and its strong dependence on melt 71 

composition highlights the need for independent constraints on magma composition within the 72 

crust.  73 

 74 

 2.2. Electrical conductivity-viscosity model 75 

Electrical conductivity and viscosity are both thermally activated transport properties and 76 

their temperature-dependence can be described by the empirical Vogel-Fulcher-Tammann (VTF) 77 

equation [e.g. Vogel, 1921]: 78 

     X=Aexp[B/(T-C)]     (1) 79 

where X is either the conductivity or the viscosity of melt, T is temperature, and A, B and C are 80 

adjustable parameters specific to a given material. However, conductivity and viscosity are 81 

controlled by and provide information about different characteristics of the melt. Electrical 82 

conductivity is essentially controlled by charge carrier diffusivity (i.e. mostly alkalis in natural 83 

silicate melts [Tyburczy and Waff 1983; Gaillard, 2004; Pommier et al., 2008]), involving ion 84 

displacements within the melt structure that require rearrangement of near-neighbor ions (local 85 

or short range dynamics). Electrical conductivity  is related to the diffusion coefficient D for 86 

ions in liquids through the Nernst-Einstein equation: 87 

      D/T      (2) 88 

The silica framework of the melt controls the viscosity and its deformation requires further 89 

change of the configuration (long-range dynamics) [Singh et al., 2005]. Using the Stokes-90 

Einstein equation, shear viscosity  is related to D as 91 
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      T/D      (3) 92 

Although diffusion processes in Equations 2 and 3 are governed by different species (alkali and 93 

Si/O, respectively), it is possible to define, as a first approximation, a unique coefficient D that 94 

expresses bulk diffusion processes in melt. Furthermore, as discussed by Grandjean et al. 95 

[2007], melt conductivity and viscosity can be related through the so-called modified Stokes-96 

Einstein equation: 97 

T = a(T/)
b
      (4) 98 

with a and b constants. As shown in Figure 2a, different trends in the proportionality between  99 

and  exist, which are likely explained by compositional differences and the resulting variations 100 

in interactions between ionic species in the melts.  101 

Equation (4) provides a relationship between  and . However, in order to be well 102 

suited to geophysical applications, it needs to clearly express the dependence on melt 103 

composition, water content and temperature. Therefore we propose a model that allows 104 

conversion of melt electrical conductivity into viscosity for defined composition and 105 

temperature. This model is based on laboratory studies of silicate melt conductivity and 106 

viscosity. The conductivity dataset corresponds to the SIGMELTS experimental database 107 

[Pommier and Le Trong, 2011 and references therein], updated with the recent data from Ni et 108 

al. [2011]. The viscosity of these melts is calculated using the model of Giordano et al. [2008] 109 

that spans the entire compositional range of the melts in the SIGMELTS database.  Melt 110 

compositions range from rhyolite to basalt to latite, water contents range from 0 to ~6wt % H2O, 111 

and temperatures range from 900 to 1600ºC [Pommier and Le Trong, 2011]. 112 

In our model, melt composition (including its water content) is expressed through the 113 

parameter of silicate melt optical basicity (OB) [e.g., Duffy and Ingram, 1976; Duffy, 1993; 114 
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Zhang and Chou, 2010; Mathieu et al., 2011], which is a semi-empirical estimation of oxide ion 115 

activities, as detailed in the Auxiliary Materials. Based on the current databases of silicate melt 116 

conductivity (S/m) and viscosity (Pa·s), we propose the following expression that best 117 

reproduces the existing dataset of measured melt conductivity. This model is obtained from 118 

simple multiple linear regression for dry and hydrous silicate melts ranging from basaltic to 119 

rhyolitic compositions: 120 

Log  = 1.315 - 4.8x10
3
/T + 9.1x10

-2
H2O + 4.46OB – 3.2x10

-2
 log         (5) 121 

Or conversely: 122 

Log  = 41.09 – 1.50x10
5
/T + 2.84H2O + 139.4OB – 31.25 log                (6) 123 

in which T is temperature (K), H2O is water content (wt%) and OB is optical basicity. 124 

Experimental conductivity data (log ) are reproduced with a standard error of estimate <0.029 125 

(Figure 2b) and modeled viscosity data (log ) are reproduced with a standard error of estimate 126 

<0.42 (Figure 2c). This equation is valid in the T range from 1173 to 1773K and for water 127 

contents up to ~6 wt.%. Extrapolation of the model to water contents exceeding 6 wt.% is not 128 

recommended because of a lack of appropriate experimental data. Efforts to fit conductivity-129 

viscosity data to expressions of the form of Eq. 4 with compositionally-dependent parameters a 130 

and b yielded poorer fits than Eq. 5 and 6. 131 

The effect of pressure is not directly taken into account. To a first approximation, the 132 

pressure dependence of both viscosity and conductivity can be considered to be similar (between 133 

10 and 20 cm
3
/mol, depending on melt composition [e.g., Tinker et al., 2004; Ardia et al., 2008 134 

for viscosity measurements, and Gaillard, 2004; Pommier et al., 2008 for conductivity 135 

measurements]). Both properties decrease in dry melts with increasing pressure. A similar 136 

pressure dependence allows relative comparison of both properties at pressures to perhaps 1-2 137 
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GPa. At crustal depths, pressure has a smaller effect on melt conductivity compared to 138 

temperature [Gaillard, 2004; Pommier et al., 2008] and viscosity [Allwardt et al., 2007], 139 

allowing our model to be used over crustal depths without requiring a pressure correction. This 140 

model is appropriate for high melt fractions (Xmelt ~> 0.7), i.e. where bulk conductivity is 141 

controlled by melt conductivity and bulk viscosity is controlled by melt viscosity. For lower melt 142 

fractions, computation of bulk conductivity or bulk viscosity necessitates the use of two-phase 143 

formalisms, such as the Hashin-Shtrikman bounds (see ten Grotenhuis et al. [2005] for partial 144 

melt electrical conductivity and Costa et al. [2009] for partial melt viscosity) and accounting for 145 

changes in melt composition with melt fraction [Roberts and Tyburczy, 1999; Gaillard and 146 

Iacono Marziano, 2005]. 147 

 148 

 149 

3. Application to the field: imaging magma chambers with magnetotellurics (MT) 150 

MT surveys have been used to image the structure of volcanic edifices [e.g., Muller and 151 

Haak, 2004; Aizawa et al., 2005; Hill et al., 2009]. The resulting images of shallow magma 152 

reservoirs consist of conductive bodies having an essentially homogeneous bulk conductivity 153 

value; this is true even where petrological knowledge suggests substantial chemical 154 

heterogeneity. This is explained by the fact that electrical conductivity is not strongly dependent 155 

on melt composition (Figure 1a), but also reflects the resolution of MT data, which primarily 156 

constrain the total conductance of a magma reservoir rather than smaller scale heterogeneity 157 

within the reservoir.  158 

Our goal in developing the conductivity-viscosity model for silicate melts is to improve 159 

the interpretation of eletromagnetic field data. Therefore, the usefulness of the model depends on 160 
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the capacity for field data to detect magma reservoirs at crustal depth. Here we explore the 161 

potential for detecting and characterizing magma chambers using forward modeling of electrical 162 

conductivity. We consider a set of chemical and physical parameters (melt composition and 163 

temperature, melt viscosity and conductivity, volume and structure of the reservoir) that are 164 

representative of typical magma reservoirs (Table 1). Each scenario is expressed as a 165 

hypothetical conductivity structure, to which we apply a forward modeling in order to simulate 166 

the corresponding field electrical response, and therefore estimate the magnitude of the 167 

conductivity anomaly. 168 

Hypothetical conductivity properties of a volcanic edifice [e.g., Pommier et al., 2010] are 169 

presented in Table 1 and highlight the fairly small range of conductivity variations expected. The 170 

models consider three types of melt at different temperatures, including: 1) a basaltic andesite, 2) 171 

a rhyolitic melt, and 3) a hybrid melt resulting from mixing. Four different scenarios have been 172 

considered regarding the structure of the magmatic reservoir: a homogenous chamber, a zoned 173 

chamber (evolved melt on the top of mafic melt), magma mixing, and magma mingling (Table 174 

1). The simulation of magma mingling corresponds electrically to a reservoir whose bulk 175 

conductivity can be estimated using the Hashin-Shtrikman upper bound [Hashin and Shtrikman, 176 

1962] (the volume proportions of the two melts are assumed to be equal). The background 177 

conductivity for each simulation is 0.01 S/m. 178 

Melt conductivities have been calculated using our model (Eq. 5). It is worth noticing that 179 

our model requires precise constraints on each parameter, in turn allowing accurate calculations 180 

of conductivity (Eq. 5) or viscosity (Eq. 6). For instance, as shown in Figure 3, a change of 50C 181 

and 1 wt% water will imply non-negligible viscosity variation. Sensitivity analysis on the 182 

model’s capacity to predict viscosity shows that if melt conductivity is known to within 8% 183 
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(uncertainty on conductivity measurements in the laboratory ranges typically between ~5 and 184 

10% [e.g., Pommier et al. 2008]), then an uncertainty on the calculated melt viscosity to within a 185 

factor of 10 would require an uncertainty in temperature of less than ~20C, on water content of 186 

less than 35% and on melt composition (OB) of less than 0.7%.  187 

Our forward modeling shows that for models based on chambers at 4 km depth and 188 

having volumes of either 10 or 20 km
3 

(parallelepiped geometry with dimensions of 5*2*1 km
3
 189 

and 5*2*2 km
3
, respectively), the presence of the conductive magma chamber results in a 190 

detectable 2-5 phase shift in the MT responses at around 1 s period, but the phase differences 191 

between the reservoir types are less than 1, making the discrimination between distinct models 192 

difficult for present-day MT acquisition systems. This is not surprising given the small 193 

conductivity variations for each magma type and the limited extent of the 3-D magma chambers 194 

considered here. Also, these models do not consider heterogeneity in the surrounding host rock. 195 

A particular and frequent issue in imaging magma chambers regards the effect of overlying 196 

hydrothermal fluids which themselves are conductive and inhibit the ability of MT surveys to 197 

well constrain the conductivities within the chamber [e.g., Manzella et al. 2004; Pommier et al., 198 

2010]. As a consequence, typical MT measurements would be hard pressed to discriminate 199 

between these models, even if they imply strong chemical variations in melt composition. This 200 

statement is in agreement with previous findings by Pommier et al. [2010], who performed 3-D 201 

forward modeling considering different magma reservoirs (chamber volume up to 1000 km
3
 and 202 

magma resistivity varying from 2 to 2000 ohm-m) and showed that the electrical response was 203 

only slightly affected by magma conductivity. 204 

The similarity of electrical responses between various forward models highlights the fact 205 

that, while MT is a useful tool, there is a strong need for additional geologic information such as 206 
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melt composition in order to extend the interpretation to quantify viscosity. Chemical 207 

compositions of previous eruptions provide clues as to the likely chemistry of current melts. 208 

Electrical conductivity at shallow crustal depths can also be imaged using controlled-source 209 

transmitter-receiver systems that offer higher resolution, but little work has been done for 210 

studying crustal magma chambers with these methods. Seismology has been used to image 211 

chambers [e.g., Everson et al., 2011; Paulatto et al. 2011], and provides first order estimates of 212 

temperature using heat flow data from boreholes adjacent to the caldera. At present, the 213 

usefulness of the MT technique in volcanic contexts lies in the fact that it provides an acceptable 214 

conductivity range for the magma reservoir. When combined with other information (from 215 

surface petrology, seismic data), conductivity data can significantly reduce uncertainties 216 

regarding melt temperature, chemical composition, and therefore viscosity. Our model allows the 217 

conversion of melt conductivity values into viscosity estimates for defined storage conditions 218 

(melt chemical composition, including water content, and temperature). We have not attempted 219 

to test how MT imaging would be improved through adding constraints such as limiting the 220 

boundaries of a seismically defined chamber, but such constraints are known to improve 221 

interpretations. The addition of further constraints would allow hypothesis testing regarding 222 

chemical heterogeneity of the reservoir and dynamic processes, such as magma mixing and 223 

comingling. 224 

  225 

4. Conclusions 226 

We propose a simple model that relates melt conductivity to viscosity in order to promote 227 

rheological considerations as part of electromagnetic data interpretation in volcanic regions. This 228 

model is a function of temperature and composition, expressed through the concept of optical 229 
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basicity of melt, and successfully reproduces experimental conductivity and viscosity data from 230 

the literature.  231 

Although the resolution of the MT method does not allow discrimination between two 232 

compositionally different melts in a same reservoir, the conversion of melt conductivity 233 

(calculated for relevant compositions) into melt viscosity allows constraints to be placed on the 234 

dynamics of the reservoir and to test the hypothesis of magma mixing. It is a fair statement to say 235 

that advances in data density and quality are required before detailed images of the internal 236 

structure of magma chambers are achievable, but in instances where the potential risk is high, the 237 

investment is likely worthwhile.  238 

Because density is, like viscosity, an important physical property of magmas that 239 

determines their migration in the Earth’s interior and constrains the occurrence of mixing [e.g. 240 

Sparks et al., 1980], future experimental and computational challenges could consist of including 241 

density-viscosity relationships for melts [e.g. Hack and Thompson, 2011] as part of a 242 

conductivity-viscosity-density-composition model for natural melts. 243 

 244 
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