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Abstract  The combination of magnetotelluric survey and laboratory measurements of electrical conductivity is a powerful 
approach for exploring the conditions of Earth’s deep interior. Electrical conductivity of hydrous silicate melts and aqueous 
fluids is sensitive to composition, temperature, and pressure, making it useful for understanding partial melting and fluid activ-
ity at great depths. This study presents a review on the experimental studies of electrical conductivity of silicate melts and 
aqueous fluids, and introduces some important applications of experimental results. For silicate melts, electrical conductivity 
increases with increasing temperature but decreases with pressure. With a similar Na+ concentration, along the calc-alkaline 
series electrical conductivity generally increases from basaltic to rhyolitic melt, accompanied by a decreasing activation en-
thalpy. Electrical conductivity of silicate melts is strongly enhanced with the incorporation of water due to promoted cation 
mobility. For aqueous fluids, research is focused on dilute electrolyte solutions. Electrical conductivity typically first increases 
and then decreases with increasing temperature, and increases with pressure before approaching a plateau value. The dissocia-
tion constant of electrolyte can be derived from conductivity data. To develop generally applicable quantitative models of elec-
trical conductivity of melt/fluid addressing the dependences on temperature, pressure, and composition, it requires more elec-
trical conductivity measurements of representative systems to be implemented in an extensive P-T range using up-to-date 
methods. 
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1.  Introduction  

The solid earth contains a variety of silicate melts and aque-
ous fluids. They are crucial agents of transporting matter 
and energy in Earth’s interior, and have played a key role in 
the geochemical cycling of elements including H and in the 
formation and evolution of the Earth. Many important geo-
logical phenomena and events, such as magma oceans, core- 
mantle differentiation, crust-mantle differentiation and vol-

canic eruptions, result from magmatism (Hofmann, 1988; 
Rubie et al., 2011; Elkins-Tanton, 2012; Coggon et al., 
2013). Geological processes including plate tectonics and 
ore-forming processes are closely linked to aqueous fluids 
and silicate melts (Wyllie, 1988; Robb, 2005; Sigmundsson, 
2006; Liebscher and Heinrich, 2007; Liebscher, 2010; 
Zheng and Herrmann, 2014; Barnes, 2015). Taking typical 
ocean-continent subduction zones as an example, the oce-
anic slab dehydrates in response to the change of tempera-
ture and pressure during subduction, and the released fluid 
metasomatizes the overlying mantle wedge and induces arc 
magmatism, ultimately leading to the formation of new con-
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tinental crust. This “subduction zone factory” has long been 
the focus of intensive studies on the solid Earth (Stern, 2002; 
Manning, 2004; Sun et al., 2014). 

Silicate melts and aqueous fluids are electrically much 
more conductive than silicate minerals and rocks at the 
same temperature and pressure (Presnall et al., 1972; Gail-
lard, 2004; Ni et al., 2011a, 2011b, 2014; Yoshino and 
Katsura, 2013). Therefore, electrical conductivity anomalies 
in the deep Earth detected by magnetotelluric survey are 
often interpreted to indicate partial melting or fluid activity 
(Wei et al., 2001; Unsworth et al., 2005; Pommier, 2014). 
However, electrical conductivity of melts and fluids is con-
trolled by temperature, pressure, and composition. In order 
to place more accurate quantitative constraints on the phys-
icochemical status of the zones with conductivity anomaly, 
it is indispensable to carry out systematic laboratory meas-
urements on the electrical conductivity of silicate melts and 
aqueous fluids with a variety of compositions across exten-
sive temperature and pressure ranges. The combination of 
magnetotelluric survey and laboratory measurement of 
electrical conductivity has become a powerful approach for 
exploring the conditions and structure of Earth’s deep inte-
rior (Yoshino et al., 2006; Karato and Wang, 2013; Naif et 
al., 2013; Pommier, 2014; McGary et al., 2014; Sifre et al., 
2014). This paper presents a review on experimental studies 
of electrical conductivity of hydrous silicate melts and 
aqueous fluids, introduces some important applications with 
respect to probing partially molten zones, and finally dis-
cusses the outlook for future research. 

2.  Sample composition and preparation 

Electrical conductivity measurements on hydrous silicate 
melts have been performed on compositions including rhyo-
lite (Gaillard, 2004; Guo et al., 2016), dacite (Laumonier et 
al., 2015), phonotephrite (Pommier et al., 2008), basalt 
(Pommier et al., 2010a, 2010b; Ni et al., 2011b; Sifre et al., 
2014), and albite (Ni et al., 2011a). The starting material is 
usually silicate glass with the designated composition. 
Nominal anhydrous glass (with <0.1 wt% H2O) can be syn-
thesized by mixing oxides and carbonates in proportions 
and fused at high temperature (CO2 is expelled during the 
fusion). For rhyolite, natural obsidian can also be used as 
the starting material. Anhydrous glass powder and deion-
ized water are sealed in a noble metal capsule and fused in a 
gas-medium high pressure vessel (either internal heated 
pressure vessel IHPV or external heated pressure vessel 
CSPV) or in a piston cylinder apparatus at constant temper-
ature and pressure for a few days before being quenched to 
a hydrous glass. It requires the temperature to be above the 
liquidus and the system to be water-unsaturated. An ideal 
synthetic hydrous glass is transparent, homogeneous and 
free of bubble. To minimize sample deformation during 
electrical conductivity measurement, a single glass cylinder 

is preferred over compressed glass powder. 
For aqueous fluids with more than 90 wt% of water, 

electrical conductivity studies focus on dilute solution of 
single electrolyte, such as NaCl (Quist and Marshall, 1968), 
KCl (Quist et al., 1970; Ho and Palmer, 1997), CaCl2 
(Frantz and Marshall, 1982), HCl (Frantz and Marshall, 
1984), etc. These solutions can be prepared using traditional 
chemical methods. 

3.  Methods of electrical conductivity measure-
ment 

3.1  Methods for silicate melts 

In the early days, electrical conductivity measurements on 
silicate melts employed a single-frequency alternating-current 
signal, usually performed at pressure <0.1 GPa (Presnall et 
al., 1972; Murase and Mcbimey, 1973; Waff and Weill, 
1975; Rai and Manghnani, 1978; Satherley and Smedley, 
1985). However, this method misses to capture the depend-
ence of electrical conductivity on signal frequency (Hueb-
ner and Voigt, 1988; Huebner and Dillenburg, 1995; Karato 
and Wang, 2013). With the extensive use of sweeping-fre-     
quency impedance analyzer since the 1990s, the measure-
ment precision has been improved significantly. The ex-
perimental temperature and pressure ranges are also expanded 
to up to 2173 K and 10 GPa (Gaillard, 2004; Pommier et al., 
2008; Ni et al., 2011a, 2011b; Sifre et al., 2014, 2015; 
Laumonier et al., 2015). 

Electrical conductivity measurements on hydrous silicate 
melts are quite challenging. Firstly, hydrous melts have low 
viscosity and can be easily deformed. Furthermore, they 
may dehydrate or may react with the capsule material, re-
sulting in a change in composition. In addition, the meas-
urement circuit is subject to short-circuit or to the disturb-
ance from the heating loop due to the limited space in the 
high pressure apparatus. Building on the method of Gaillard 
(2004) in IHPV, Ni et al. (2011a, 2011b) designed a coaxial 
measurement circuit with an electromagnetic shielding in 
piston cylinder (Figure 1a). In this cell, the tube-like cylin-
drical sample is bracketed by a Pt rod as the inner electrode 
and a Pt95Rh5 capsule as the outer electrode, both connecting 
to a Solartron 1260 impedance analyzer by platinum wire. 
The assembly adopts insulating material such as Al2O3 and 
boron nitride (BN) as pressure media to reduce the back-
ground conductivity. A grounded molybdenum foil between 
the capsule and the graphite furnace serve to shield the 
measurement circuit from inductive effects of the heating 
loop. With this design, the geometry and composition of the 
melt remain largely intact after conductivity measurement, 
and the electromagnetic induction by the strong current in 
the heating loop is markedly suppressed. For this kind of two- 
electrode measurement, it is necessary to deduct the re-
sistance of Pt lead wire from the measured resistance (Pom-
mier et al., 2010b). The four-electrode method (Figure 1b)  
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Figure 1  Sketches for electrical conductivity measurements on hydrous silicate melts in piston cylinder apparatus. (a) Two-electrode measurement (modi-
fied after Ni et al., 2011a); (b) four-electrode measurement (modified after Laumonier et al., 2015). 

does not require resistance correction (Sifre et al., 2014; 
Laumonier et al., 2015), but the impedance spectra acquired 
are prone to severe disturbance from the heating loop in the 
absence of a shielding. 

3.2  Methods for aqueous fluids 

Even though electrical conductivity measurement of aque-
ous fluids was already accomplished at temperature up to 
579 K and saturated vapor pressure as early as the begin-
ning of the 20th century (Noyes, 1907), it took another half 
a century to extend the temperature and pressure range to 
the supercritical region (T>647 K, P>22 MPa). Using a co-
axial cylindrical measurement circuit with Pt-Ir electrodes 
(Figure 2a), Fogo (1954) and Franck (1962) developed an 
excellent approach to measure electrical conductivity of 
aqueous solutions in CSPV at high temperature and pressure. 
With this method, the Oak Ridge National Laboratory of the 
United States determined electrical conductivity and disso-

ciation constants of a variety of electrolytes such as NaCl up 
to 1073 K and 0.4 GPa (Quist and Marshall, 1968; Frantz 
and Marshall, 1982, 1984; Marshall and Frantz, 1987; Ho 
and Palmer, 1997). The upper bound of pressure is restrict-
ed to 0.4 GPa, corresponding to <15 km depth, due to limi-
tation on the tensile strength of the vessel material (Ni al-
loy). Electrical conductivity measurements on fluids were 
performed in China at pressure up to 5 GPa (Xu et al., 1997; 
Su et al., 2000), but the temperature was limited to 773 K 
and the reliability of that approach requires more rigorous 
assessment. Therefore, the above two methods are inade-
quate for the high T-P conditions in Earth’s deep interior, 
such as in the mantle wedge in subduction zones.  

Recently, Ni et al. (2014) developed a new technique to 
measure electrical conductivity of fluids in a modified Bas-
sett type hydrothermal diamond anvil cell (HDAC, Figure 
2(b)). This approach has the potential to reach 1173 K and 4 
GPa. They installed a laser-perforated diamond disk be-
tween the two diamond anvils of a regular HDAC. Two Ir  

 

Figure 2  Sketches for electrical conductivity measurements on aqueous fluids. (a) In cold-seal pressure vessel (modified after Marshall and Frantz, 1987); 
(b) in hydrothermal diamond anvil cell (modified after Ni et al., 2014). 
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gaskets were bracketed between the three diamond pieces, 
serving as both sample chambers and electrodes, and four Pt 
wires connected the Ir electrodes to a Solartron 1260 im-
pedance analyzer. Resistance loop of molybdenum wires 
provided external heating, with temperature being moni-
tored by two K-type thermocouples. Because the sample 
chamber was approximately isochoric during the heating 
and cooling processes, pressure can be calculated from the 
equation of state of pure water (Wagner and Pruss, 2002). 

3.3  Calculation of resistance and electrical conductivity 

The direct-circuit resistance of the sample can be extracted 
from interpreting the impedance spectrum (Huebner and 
Dillenburg, 1995). The conductivity cell constant (in m1) is 
also required to calculate the electrical conductivity of sili-
cate melts or aqueous fluids. For silicate melts, the cell con-
stant can be derived from the geometry parameters of the 
sample. For aqueous fluids, the cell constant is calibrated 
using the certified electrical conductivity of a standard solu-
tion at ambient conditions (Marshall and Frantz, 1987; Ni et 
al., 2014). Taking the electrical conductivity measurement 
of KCl solution in HDAC as an example, the cell constant is 
the product of the resistance measured at ambient conditions 
and the corresponding conductivity value in literature, with 
~1% error. The product of the cell constant and the fluid 

conductance (the reciprocal of resistance, with ~6% error) 
measured at high T-P then yields the electrical conductivity 
of the solution. The overall uncertainty of fluid conductivity 
measurement in HDAC is estimated to be less than 10% (Ni 
et al., 2014). 

4.  Data and models 

As ionic conductors, electrical conductivity of silicate melts 
and aqueous fluids is controlled by the concentration and 
mobility of ions, which in turn depend on physicochemical 
conditions. 

4.1  Hydrous silicate melts 

Literature experimental studies on electrical conductivity of 
silicate melts are summarized in Table 1. Below, we present 
a detailed analysis about the effects of temperature, pressure, 
oxygen fugacity, melt composition and water content on 
electrical conductivity.  

4.1.1  Temperature effect 

Electrical conductivity of silicate melts increase with in-
creasing temperature. Generally, the variation of electrical 
conductivity () with temperature (T) can be described by  

Table 1  A list of experimental studies on electrical conductivity of silicate melts 

Experimental 
system 

T 
(K) 

P 
(GPa) 

H2O 
(wt%) 

SiO2 
(wt%) 

Na2O 
(wt%) 

Ha 

(kJ/mol) 
Va 

(cm3/mol) 

Method 
(two/four- 
electrode) 

Data sources 

Phonolite 352–1306 0–0.4 0–5.6 55.73 6.11 61–107 18–22 2 Pommier et al., 2008 

Phonotephrite 399–1325 0–0.4 0–3.5 48.54 3.54 92–129 20–24 2 Pommier et al., 2008 

Tephrite 719–1575 0–0.4  49.24 1.97 80–142 16–22 2 Pommier et al., 2008 

Basalt 

1473–1673 0–1.7  51.20 2.48 120–131 0.1–4.6 2 Tyburczy and Waff, 1983 

1473–1596 0  54.81 3.62 109  2 Gaillard and Iacono-Marziano, 2005 

1473–1673 0  50.00 2.29 112–114  2 Pommier, 2010a 

1573 0  49.60 2.29 177  2, 4 Pommier, 2010b 

1473–1923 2.0 0–6.3 50.06 3.67 53–142  2 Ni et al., 2011b 

Andesite 
1473–1673 0–2.5  62.04 5.01 72–142 3.3–17.9 2 Tyburczy and Waff, 1983 

1431–1596 0  59.60 4.01 86  2 Gaillard and Iacono-Marziano, 2005 

Dacite 

1473–1673 0–2.5  68.00 4.59 60–89 5.3–11.1 2 Tyburczy and Waff, 1985 

1361–1596 0  65.38 4.10 72  2 Gaillard and Iacono-Marziano, 2005 

673–1623 0.1–3.0 0–11.8 67.93 2.09 62–96 4.0–25 4 Laumonier et al., 2015 

Rhyolite 

1473–1673 0–2.5  78.07 3.80 46–82 3.2–7.9 2 Tyburczy and Waff, 1985 

623–1598 0.05–0.4 0–3.0 74.51 4.15 61–70 20 2 Gaillard, 2004 

678–1665 0.5–1.0 0.1–7.9 75.72 4.68 36–68 7.8–18.1 2 Guo et al., 2016 

Albite melt 
777–1060 0–6.0  67.76 12.09 55–90  2 Bagdassarov et al., 2004 

473–2173 0.9–10.0 0–5.7 68.90 11.30 47–95 3.7–23 2 Ni et al., 2011a 
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the Arrhenius equation:  

 0 exp ,aH

RT
     

 
 (1) 

where 0 is the pre-exponential factor, Ha is the activation 
enthalpy, R is the gas constant. Eq. (1) implies that loga-
rithmic electrical conductivity is linearly correlated with 
reciprocal temperature (Figure 3a, b). This is usually valid 
only within the liquid region or within the glass region sep-
arately, but in some cases such as in rhyolitic melts (Gail-
lard, 2004; Guo et al., 2016), Ha does not change notably 
even across the glass transition. For anhydrous melts, an 
inflection point near the glass transition temperature often 
appears on the log versus 1/T curve, with the activation 
enthalpy being higher in the liquid region (Bagdassarov et 
al., 2004; Pommier et al., 2008; Ni et al., 2011a). For hy-
drous melts, the transition from the glass to the liquid region 
is gentler, with a lower Ha in the liquid region (Pommier et 
al., 2008; Ni et al., 2011a). The behavior of hydrous melts is 
more consistent with the prediction of the relaxation theory 
of melt structure (Dingwell and Webb, 1990; Ni et al., 
2015). Basaltic liquids even show deviation from the Ar-
rhenius law in a narrow temperature range, yielding a con-
cave log-1/T curve (Figure 3c) (Waff and Weill, 1975; 
Tyburczy and Waff, 1983; Ni et al., 2011b). In contrast, a 
convex log-1/T curve is found for albite liquid at 10 GPa 
(Ni et al., 2011a).  

4.1.2  Pressure effect 

The Arrhenius equation can also incorporate the change of 
electrical conductivity with pressure (P): 

 0 exp ,a aE P V

RT
 

  
  

 
 (2) 

where Ea and Va are the activation energy and the activa-
tion volume, respectively. In contrast to the temperature 
effect, pressure has a negative impact on the electrical con-
ductivity of silicate melts, being more pronounced at low 
temperature. If ions and atoms are regarded as incompressi-
ble hard balls, the “free volume” (the volume not occupied 
by ions and atoms) in melt structure shrinks upon compres-
sion. This mechanism may explain the decline of ion mobil-
ity and of electrical conductivity. The negative influence of 
pressure on electrical conductivity yields positive activation 
volumes (Va), which typically range from 3 cm3/mol to 30 
cm3/mol (Table 1) and tend to decrease with pressure (Ty-
burczy and Waff, 1983, 1985). 

4.1.3  Effect of oxygen fugacity 

Experiments on iron-bearing basaltic and andesitic melts 
indicate that electrical conductivity is insensitive to oxygen 
fugacity (Waff and Weill, 1975; Pommier et al., 2010a). For 
basaltic melt, a change in oxygen fugacity over 8 orders of 
magnitude results in only a variation of 0.2 log unit in  

 

Figure 3  Electrical conductivity of silicate melts with various composi-
tions. (a) Felsic melts; (b) intermediate melts; (c) mafic melts. The solid 
and dashed curves are for anhydrous and hydrous melts, respectively, with 
the labels indicating the weight percentage of water and pressure. Alb, 
albite; D, dacite; R, rhyolite; A, andesite; B, basalt; P, phonolite; PT, pho-
notephrite; T, tephrite. Data sources: Tyburczy and Waff (1983, 1985), 
Gaillard (2004), Bagdassarov et al. (2004), Gaillard and Iacono-Marziano 
(2005), Pommier et al. (2008), Pommmier et al. (2010a), Ni et al. (2011a, 
2011b), Laumonier et al. (2015), Guo et al. (2016). 

electrical conductivity (Pommier et al., 2010a). Therefore, 
the effect of oxygen fugacity can generally be ignored. 

4.1.4  Dependence on melt composition 

Electrical conductivity of silicate melts is strongly controlled 
by melt composition, in particular the content of SiO2, Na2O, 
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and H2O. Because Na+ travels much faster than other major 
elements (especially in polymerized melts), the concentra-
tion and mobility of Na+ often dominate electrical conduc-
tion. With similar SiO2 content or degree of polymerization, 
the melt with more Na2O yields higher electrical conductiv-
ity. For example, the disparities between different studies on 
dacitic melt (Figure 3(a)) result primarily from the differ-
ence in Na2O concentration. When Na2O content is compa-
rable, electrical conductivity for anhydrous melts along the 
calc-alkaline series generally follow the trend basalt<ande-      
site<dacite<rhyolite (Tyburczy and Waff, 1983, 1985; Gail-
lard, 2004; Gaillard and Iacono-Marziano, 2005), which is 
consistent with the increasing trend of Na+ diffusivity from 
basalt to rhyolite (Lowry et al., 1982; Henderson et al., 1985). 
The activation enthalpy of electrical conductivity increases 
from 36–87 kJ/mol in rhyolitic, to 62–96 kJ/mol in dacitic, 
to 72–113 kJ/mol in andesitic, and to 53–142 kJ/mol in ba-
saltic melts. This probably implies an increasing contribu-
tion of network modifying cations other than Na+ (Ni et al., 
2015). Similar activation volumes are obtained for anhy-
drous silicate melt with different composition. As for hy-
drous melts, Va for dacitic melt increases with increasing 
water content (Laumonier et al., 2015), but rhyolitic melt 
shows the opposite trend (Guo et al., 2016).  

The incorporation of water reduces the activation en-
thalpy and enhances electrical conductivity of silicate melts 
(Figure 4). Guo et al. (2016) found that the effect of water 
on electrical conductivity of rhyolitic melt was significantly 
underestimated in a previous study (Gaillard, 2004). The 
positive effect by water is more pronounced for basaltic 
melt than for felsic melts (Ni et al., 2011b). This likely re-
flects that the mobility of Ca2+

 and Mg2+, which contribute 
to electrical conduction in basaltic melt, is promoted more 
effectively by hydration than H2O does for Na+, the pre-
dominant charge carrier in rhyolitic melt. It is generally 
accepted that hydrous species such as proton and hydroxyl 
(OH) do not play a significant role in electric conduction 
(Gaillard, 2004; Ni et al., 2011a, 2015; Laumonier et al., 
2015). 

CO2 solubility in silicate melts is much lower than water 
solubility (Blank, 1993; Ni and Keppler, 2013). The influ-
ence of CO2 on electrical conductivity is also weaker. When 
CO2 concentration is below 0.5 wt%, electrical conductivity 
of basaltic melt shows little change (Ni et al., 2011b). 
However, when CO2 is more than 10 wt%, it enhances elec-
trical conductivity of basaltic melt significantly, which may 
reflect a combination effect of mobilizing the existing cati-
ons and the ionic transport of CO3

2– itself. 

4.1.5  Electrical conductivity models 

Electrical conductivity models accounting for the depend-
ences on temperature, pressure and water content have been 
developed for specific melt compositions, such as for albite 
and rhyolite (Ni et al., 2011a; Guo et al., 2016). Some au-
thors have also attempted to incorporate melt composition  

 

Figure 4  Electrical conductivity of silicate melts as a function of H2O 
concentration. Data are from Pommier et al. (2008); Ni et al. (2011a, 
2011b); Laumonier et al. (2015); Guo et al. (2016). 

and to develop a widely applicable electrical conductivity 
model (Poe et al., 2008; Pommier and Le-Trong, 2011). 
However, there are often substantial differences between 
experimental data and model predictions (Laumonier et al., 
2015). To establish a generally applicable model with high 
precision, it requires both the accumulation of more exper-
imental data covering a variety of compositions and more 
in-depth understanding of the physical mechanisms for 
electrical conduction. 

4.1.6  The relationship between electrical conductivity and 
ion diffusivity 

Both electrical conductivity and diffusivity are transport 
properties of silicate melts and are closely coupled with the 
motion of ions. When electrical conductivity is dominated 
by a single ionic species with the highest mobility, such as 
Na+, electrical conductivity can be related to the diffusivity 
(D) of that species via the Nernst-Einstein equation: 

 
21 ( )

,i
R

Dc zF

H RT
   (3) 

where c and z are the concentration (in mol/m3) and valence 
of the ion, F is the Faraday constant, and HR is the Haven 
ratio depending on the transport mechanism (being 1 for an 
interstitial motion in silicate melts). Experimental values of 
electrical conductivity and Na+ diffusivity in silicate melts 
are generally consistent with the Nernst-Einstein equation 
(Figure 5), supporting the dominant role of Na+ in electrical 
conduction.  

4.2  Electrical conductivity of aqueous fluids and disso-
ciation constant 

Electrical conductivity studies for aqueous fluids mainly 
focused on dilute solutions of a single electrolyte (e.g. salt, 
acid, or base) (Table 2). Experiments were mostly performed  
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Figure 5  Electrical conductivity and Na+ diffusivity roughly conform to 
the Nernst-Einstein equation. The solid line represents the Nernst-Einstein 
equation for a Na2O content of 4.7 wt%. Sources for Na+ diffusivities of 
Na+: Lowry et al. (1982) (basalt and andesite), Henderson et al. (1985) 
(dacite); Jambon (1982) (anhydrous rhyolite); Watson (1981) (hydrous 
rhyolite). Electrical conductivities are from Gaillard (2004) and Gaillard 
and Iacono-Marziano (2005). 

at temperatures <1073 K and pressures <0.4 GPa. For a 
specific electrolyte, its dissociation constant can be derived 
from electrical conductivity measurements of a series of 

solutions with different concentrations. 

4.2.1  Temperature and pressure effects 

NaCl solutions are taken as an example in the following 
discussion. Upon heating at constant pressure, a NaCl solu-
tion with a specific molality shows a marked increase in elec-
trical conductivity until temperature approaches 573–673 K, 
which is followed by a conductivity decrease toward higher 
temperature (Figure 6a). This trend can be understood by 
considering the mobility and concentration of ions, which 
are in turn closely related to the physicochemical properties 
of water including density, viscosity and dielectric constant 
(Figure 7). At the beginning of heating, viscosity of water 
decreases rapidly and the mobility of ions in the solution is 
remarkably strengthened, leading to an increase in electrical 
conductivity. However, because pressure is fixed, the den-
sity of the solution decreases with increasing temperature, 
resulting in a decrease in the molarity of electrolyte. More 
importantly, the dielectric constant of water is dramatically 
reduced when temperature surpasses 573–673 K, and the 
suppressed ionization leads to a rapid drop in the concentra-
tion of Na+ and Cl and in electrical conductivity (Quist and 
Marshall, 1968). Other electrolytes such as KCl and CsCl 
show similar behavior (Quist and Marshall, 1969).  

Table 2  Experimental studies of electrical conductivity on aqueous solutions 

Experimental system Temperature range (K) Pressure range (GPa) Data source 

NaCl 

579 Saturated vapor pressure Noyes, 1907 

666 0.30 Fogo et al., 1954 

1023 0.25 Franck, 1956 

1073 0.40 Quist and Marshall, 1968, 1969 

673 0.28 Zimmerman et al., 1995 

773 5.00 Xu et al., 1997 

773 4.00 Zheng et al., 1997 

KCl 

579 Saturated vapor pressure Noyes, 1907 

1023 0.25 Franck, 1956 

1023 1.20 Quist et al., 1970 

873 0.30 Ho and Palmer, 1997 

773 1.20 Su et al., 2000 

973 0.76 Ni et al., 2014 

CaCl2, MgCl2 973 0.40 Frantz and Marshall, 1982 

HCl 

579 Saturated vapor pressure Noyes, 1907 

1023 0.25 Franck, 1956 

973 0.40 Frantz and Marshall, 1984 

NaOH, KOH 

579 Saturated vapor pressure Noyes, 1907 

1023 0.25 Franck, 1956 

873 0.30 Ho and Palmer, 1997 

Na2SO4, K2SO4 

579 Saturated vapor pressure Noyes, 1907 

1073 0.40 Quist and Marshall, 1968, 1969 

673 0.03 Sharygin et al., 2006 

 



896 Guo X, et al.   Sci China Earth Sci   May (2016) Vol.59 No.5 

 

Figure 6  Electrical conductivity of NaCl solution (0.01 mol/kg) as a function of temperature and pressure. Modified after Quist and Marshall (1968).  

 

Figure 7  Density, viscosity and dielectric constant of water as a function of temperature. Modified after Quist and Marshall (1968).  

Electrical conductivity of NaCl solution shows con-
trasting variation with pressure at different temperatures 
(Figure 6b). At low temperature (e.g., 379 K), NaCl as a 
strong electrolyte is almost fully ionized. Compression has 
limited impact on the density of the solution and on the 
concentration of ions, leading to a minimal change in elec-
trical conductivity. But at 677 K, electrical conductivity 
increases rapidly with pressure before reaching a plateau at 
~0.2 GPa, as a result of increasing molarity and increasing 
degree of ionic dissociation, which are in turn due to the 
increase in density and in dielectric constant. The higher the 
temperature, the more “room” for ion concentration to in-
crease, the broader pressure range in which electrical con-
ductivity can maintain the increasing trend. 

4.2.2  Dissociation constant and limiting molar conductivity 

Electrical conductivity is controlled by the concentration of 
electrolyte to a great extent. Dissociation constant and mo-
lar conductivity (electrical conductivity normalized by mo-
larity) better characterize how strong the electrolyte is. For 
the dissociation reaction of NaCl solution: 

 
  ( ) ( ) ( )NaCl Na Claq aq aq , (4) 

the dissociation constant of NaCl is given to be 

 

Na Cl

NaCl

,
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where a is the activity of an ion or an associated ion pair. 
Because the activity coefficient of the ion pair NaCl is usu-
ally assumed to be 1, eq. (5) becomes 
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where the square brackets denote molar concentration, M is 
the molarity of the solution, ± is the mean activity coeffi-
cient of the ions, and is the degree of dissociation. Disso-
ciation constant and limiting molar conductivity (the molar 
conductivity toward nil concentration) at a given P-T condi-
tion can be obtained by measuring electrical conductivity of 
a series of solutions with different concentrations, followed 
by fitting the data set of molar conductivity versus molar 
concentration using the Ostwald’s dilution law or more so-
phisticated models (e.g., the Shedlovsky equation, Fuoss 
and Shedlovsky, 1949). Many studies find a good linear 
correlation between limiting molar conductivity and fluid 
density at temperatures above 673 K, and this correlation 
shows little change upon further increase in temperature 
(Marshall and Frantz, 1987). 

Dissociation constant generally decreases with increasing 
temperature but increases with pressure (Figure 8). This is 
again consistent with the change of dielectric constant with 
temperature and pressure. The newly developed technique 
for electrical conductivity measurement (Ni et al., 2014) 
allows to acquire the dissociation constants at conditions cor-
responding to subduction zone depths, but more systematic  
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Figure 8  Dissociation constant of KCl solution as a function of tempera-
ture and pressure (modified after Quist and Marshall, 1968). 

measurements await to be carried out. 

5.  Applications 

5.1  The conductivity anomaly at the oceanic litho-
sphere-asthenosphere boundary 

At a few hundred kilometers away from the mid-ocean 
ridge, magnetotelluric survey identified conductivity anom-
aly as high as 0.1 S/m and strong anisotropy, with conduc-
tivity being the highest in the direction of plate spreading, at 
60–130 km depths in the mantle (Evans et al., 2005). This 
depth range roughly corresponds to the lithosphere-asthen-     
osphere boundary and also to the seismic low-velocity zone 
(Dziewonski and Anderson, 1981). This coupling of low 
velocity and high conductivity is widely believed to indicate 
the presence of a small amount of silicate melt (Anderson 
and Sammis, 1970; Yoshino et al., 2006). However, exper-
imental electrical conductivity of anhydrous basaltic melt 
requires at least 5–10 vol% melt to match the observed bulk 
conductivity (Tyburczy and Waff, 1983), posing a signifi-
cant challenge to this interpretation. Such high melt fraction 
would result in gravitational segregation (Faul, 2001), pro-
hibiting a long-term stable presence of the melt. Ni et al. 
(2011b) find that water significantly enhances the electrical 
conductivity of basaltic melt. During mantle melting, water 
as a highly incompatible component preferentially joins the 
melt phase. For a depleted mantle with 125 ppm H2O, 1–2% 
hydrous melt is sufficient to match the observed conductiv-
ity anomaly, and it requires only 0.2–0.5% melt for an en-
riched mantle with 600 ppm H2O. Accordingly, Ni et al. 
(2011b) suggest that the low-velocity and high-conductivity 
layer at the oceanic lithosphere-asthenosphere boundary 
may contain a small amount of hydrous basaltic melt segre-
gating into tube-like structure, elongated in the direction of 
plate spreading. Sifre et al. (2014) further show that even 
smaller melt fraction and lower temperature are required if 
the effect of CO2 on electrical conductivity of the melt is 
taken into account, which provides an explanation for elec-

trical conductivity anomaly in the asthenosphere beneath 
older oceanic plates. 

5.2  Crustal conductivity anomaly in the Himalaya- 
Tibet orogen 

The Himalayan-Tibetan orogenic belt represents a typical 
case of continental collision (Yin and Harrison, 2000; Roy-
den et al., 2008; Xu et al., 2006). Geophysical surveys de-
tected a low-velocity and high-conductivity zone in the 
crust of Himalaya and Southern Tibet (Van Ngoc et al., 
1986; Chen et al., 1996; Wei et al., 2001; Li et al., 2003; 
Gaillard, 2004; Unsworth et al., 2005; Caldwell et al., 2009). 
In particular, the INDEPTH MT team located conductive 
layers at 30–50 km depths (with a bulk conductivity up to 
0.3 S/m) in the southern Tibet, and at 20–40 km depths in 
the northwestern Himalaya (with a bulk conductivity up to 
0.1 S/m) (Wei et al., 2001; Unsworth et al., 2005). Some 
workers suggested that the low-velocity and high-conduc-      
tivity phenomenon could be caused by water-rich or Fe3+- 
rich pyroxene and plagioclase (Yang et al., 2011) or thin 
layers of fluid (e.g., Makovsky and Klemperer, 1999). Oth-
ers consider silicate melt to be more plausible based on the 
evidences from the low seismic velocity, strong P-to-S 
wave conversion, high heat flow, and high conductivity 
(Kind et al., 1996; Francheteau et al., 1984; Chen et al., 
1996; Unsworth et al., 2005). Experimental petrology stud-
ies indicate that the muscovite-bearing metapelite in this 
region undergo dehydration melting at temperature above 
923 K, and the produced hydrous rhyolitic melt has a com-
position similar to the Miocene leucogranite in the Himala-
yan-Tibetan orogenic belt (Harris et al., 1995; Law et al., 
2004; Searle et al., 2006; Hashim et al., 2013). By assuming 
electrical conductivity of the melt to be 3–10 S/m, Un-
sworth et al. (2005) inferred that a melt fraction of 5–14% 
and 2–4% would match the observed electrical conductivity 
at South Tibet and Northwest Himalaya, respectively. In 
contrast, electrical conductivity measurement of partially 
molten metapelite reveals that it requires 100 vol% and 25 
vol% melt, respectively, to reach the geophysical observa-
tion (Hashim et al., 2013). Such high amounts of silicate 
melts are unrealistic in the lower crust, which probably 
arises from an underestimation of the elevating effect of 
water on melt conductivity (Guo et al., 2016) 

6.  Summary and prospects 

Experimental studies on electrical conductivity of silicate 
melts and aqueous fluid have made considerable progress 
over the past decades, played an important role in under-
standing the conditions of Earth’s interior, and promoted 
understanding of the microscopic structure of silicate melts 
and aqueous fluids. Natural silicate melts are compositionally 
diverse, and the compositions covered by experimental stud-
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ies are still limited. For example, to date electrical conduc-
tivity of hydrous andesitic melts has not been investigated at 
all. Therefore, electrical conductivity measurements of more 
silicate melts across an extensive range of temperature and 
pressure are welcome. Such effort is required to develop a 
generally applicable quantitative electrical conductivity 
model for silicate melts, which will provide a solid founda-
tion for probing molten zones in Earth’s interior. Most elec-
trical conductivity measurements of aqueous fluids are still 
restricted to simple electrolyte solutions at high-T and 
low-P, or low-T and high-P conditions. Our understanding 
of the ionization behavior of fluids at great depths in sub-
duction zones is still inadequate. With the emergence of 
new experimental techniques, major breakthroughs in quan-
tification of electrical conductivity of aqueous fluids at 
high-T and high-P conditions are likely to be made in the 
near future. Furthermore, it may even be possible to meas-
ure the electrical conductivity of supercritical fluids with an 
intermediate composition relative to silicate melts and 
aqueous fluids, which will provide a crucial clue for under-
standing the activity of supercritical fluids in subduction 
zones. 
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