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ABSTRACT
The continental crust is rich in aluminosilicates and formed by the crystallization of arc 

magmas. However, the magma produced at sub-arc depths is often silica-poor. The chemi-
cal evolution of sub-arc magma from silica-poor to aluminosilicate-rich is perplexing. Mag-
netotelluric (MT) observations in subduction zones and complementary laboratory-based 
constraints of electrical conductivity (σ) are crucial to understanding this chemical evolu-
tion. The σ of a magma is sensitive to pressure (P), temperature (T), and chemistry (X). To
date, laboratory-based measurements on the σ of silicate melts have helped to interpret MT
observations at P ≤ 2 GPa. Yet, the melting in subduction zones could occur deeper, at P ≤
6–7 GPa. The σ of melt at such pressures is poorly constrained. To address this, we performed
experiments at P ≤ 6 GPa to examine the σ of basaltic to andesitic melts, which are common 
in subduction zones. We constrained the effects of silica, alumina, alkali, alkaline, and water 
(H2O) contents on the σ of melt. The activation volume of σ increases with silica contents.
Hence, the σ of basaltic melt is overall greater than that of an andesitic counterpart. The σ
of basaltic magma is also less sensitive to P than andesitic magma. Water lowers the activa-
tion energy and enhances σ for all melt compositions. Our results help constrain how the
electrical properties of a magma change with an evolving composition in a subduction zone.

INTRODUCTION
Volcanism along subduction zones helps pro-

duce new continental crust, which is broadly 
andesitic to rhyolitic in composition, i.e., alu-
minosilicate-rich and ferromagnesian-poor. Yet, 
the volcanism is promoted by hydrous melting 
of the mantle wedge (Grove et al., 2012), which 
tends to create aluminosilicate-poor and ferro-
magnesian-rich basaltic magma. As the magma 
ascends, it can become aluminosilicate-rich by 
assimilation of overlying crustal rock, fractional 
crystallization, and/or mixing of aluminosili-
cate-rich and -poor magma endmembers. Andes-
itic magma may also be produced by slab melt-
ing (Yogodzinski et al., 1995) and/or reactive 

transport processes in the mantle wedge (Hirai 
et al., 2024). The record of andesitic magma 
production in subduction zones may be obscured 
by petrologic and/or geochemical modifications 
during ascent.

Magnetotelluric (MT) soundings constrain 
the electrical conductivity (σ) of magmatic 
regions. The σ is sensitive to the melt chemis-
try (X) and could be used to evaluate an evolving 
magma composition at depth. The MT measure-
ments are influenced by the σ of the host rock 
matrix and partially molten pockets or conduits. 
Laboratory-based constraints on the melt σ as a 
function of pressure (P), temperature (T), and 
X are hence crucial for interpreting MT data 
(Evans, 1999). Previous σ experiments explored 
a range of silicate melt X (Zhang et al., 2021, 
and references therein). That work has helped 
to interpret MT measurements of crustal magma 

chambers at <80 km depth. However, the melt-
ing in subduction zones occurs across hundreds 
of kilometers in distance and depth, based on 
petrologic (Ducea et al., 2015) and thermal (van 
Keken et al., 2011) constraints. These depths 
translate to P ≤ 6–7 GPa. The σ of silicate melts 
at such pressures is poorly constrained, which 
has limited the application of experimental 
results to interpret MT observations (Unsworth 
et al., 2023).

To address this issue, we report experimental 
results on the σ of silicate melts at ≤6 GPa (Text 
S1 and S2 and Figs. S1–S6 in the Supplemen-
tal Material1). We investigated the control of X, 
i.e., silica, alumina, alkali, and alkaline contents, 
on the σ of melts that approximate basaltic to
andesitic magmas (Text S1 and S2; Table S1;
Figs. S7–S9). Our study extends previous efforts 
to constrain the combined P-T-X effects on the
melt σ (Pommier and Le-Trong, 2011) to inform 
MT observations throughout a subduction zone. 
Our results should also be helpful to investigate 
melting in mid-ocean spreading centers, such as 
the East Pacific Rise (Evans, 1999; Evans et al., 
2005; Key et al., 2013; Zhang et al., 2014).

EFFECTS OF P-T-X ON ELECTRICAL 
CONDUCTIVITY

To vary the melt chemistry, we conducted 
experiments that allowed andesitic melt to react 
with an MgO-sleeve (Text S1). Yet, the electrical 
conductivities of these MgO-sleeve experiments 
are significantly higher than previous measure-
ments on similar melt compositions (Text S2; 
Fig. S5). The higher σ is not easily explained 
by minor variations in major oxide chemistry or 
H2O contents. Instead, we suspect that the reac-
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tion between the melt and MgO also enhanced 
the σ. This may be due to the concentration 
gradient of charge-carrying ions, namely Mg 
and, perhaps, volatiles, from the sleeve into the 
melt. Compared to a melt at equilibrium, this 
gradient would provide greater diffusion of ions, 
which could enhance the transfer of an electri-
cal charge.

To test the effect of the reaction on the mea-
sured σ, we also conducted experiments that 
used relatively non-reactive hexagonal boron 
nitride (hBN) sleeves (Text S2). The hBN-sleeve 
experiments show excellent agreement with pre-
vious studies and validate our procedure (Fig. 
S5). Notably, natural magmas also often react 
with hosting wall rock. Our data suggest that MT 
surveys should carefully consider the effect of 
reactive transport on electrical measurements.

The σ from each experiment can be described 
by an Arrhenius function given by

σ σ= ⋅ −
⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟0 exp aH

RT
, (1)

where σ0 is the pre-exponential term (S m−1), 
Ha is the activation enthalpy (kJ mol−1), R is 
the ideal gas law (8.314 × 10−3 kJ K−1 mol−1), 
and T is the temperature (K) (Table S2; Fig. S3).

The melt σ increases with H2O contents and 
decreases with increasing pressure. The basaltic 
melts are generally more conductive than the 
andesitic melts (Fig. 1; Figs. S5 and S6; Text S2 
and S3). We noted impurities as graphitic flecks 
in some experiments, but do not find an obvi-

ous influence of the carbon on σ, likely due to 
its isolated occurrence (Text S4). The Ha varies 
with P and melt chemistry (Table S2). To capture 
the combined P-T-X effects on σ (Fig. 1; Fig. 
S4), we expand Ha in Equation 1 as a function 
of H2O contents, X, and P, i.e.,

H X X P E X PV Xa H O M a H O a M2 2, , ,( )= ( )+ ( ) (2)

where Ea is the activation energy that varies 
with the mole fraction of H2O on an oxide basis 
(i.e., XH2O) and Va is the activation volume as a 
function of XM (a parameter of the bulk melt 
chemistry). The activation energy, Ea(XH2O), is 
expanded into

E X E E Xa H O H O2 21 2 1( )= + −( )ln , (3)

where E1 is an activation energy term and E2 
captures the change in Ea with XH2O. The Va(XM) 
can be expanded into

V X V V Xa M M( )= +1 2 , (4)

where V1 is an activation volume term and V2 is 
the dependence of Va on XM. We define XM = 1 − 
XSiO2 where XSiO2 is the molar fraction of silica in 
the melts (Table S2; Fig. 1). At ambient P, silica 
often forms a polymerized network in the melt 
by connections between its tetrahedral species, 
i.e., [SiO4]−4. The dominant mode of conducting
electricity in the melts is the diffusion of ions
(Kono and Sanloup, 2018). Such ionic diffusiv-
ity is impeded by a highly polymerized network. 

Hence, Va is greater in relatively polymerized 
(silica-rich) versus depolymerized (silica-poor) 
melts (Ni et al., 2015; Zhang et al., 2021).

At ambient P, aluminum often substitutes 
with silicon as [AlO4]−5. Network-forming 
tetrahedra may hence be characterized by 
TO4 = [SiO4]−4 + [AlO4]−5. Alkali and alkaline 
oxides may react with and modify the polymer 
network. The total polymerization in the melt 
therefore depends on the melt chemistry.

We further examined polymerization in the 
melts using the molar ratio of non-bridging oxy-
gen ions (NBOs) to TO4, i.e., XNBO/XTO4. One 
NBO defines the vertex of a TO4 that does not 
connect to another TO4. Thus, XNBO/XTO4 = 0 and 
4 indicate fully polymerized and depolymerized 
melts, respectively (Mysen, 1988). We calcu-
lated XNBO/XTO4 by
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where X indicates the molar fraction while the 
subscripts MO, M2O, SiO2, and Al2O3 indicate 
divalent, monovalent, Si, and Al cation oxides, 
respectively (Table S2; Fig. 1). The addition of 
H2O often increases XNBO/XTO4 in melts (Ashley 
et al., 2024, and references therein). The extent 
of the reaction depends on melt composition, 
XH2O, T, and P (Stolper, 1982). The XNBO/XTO4 
of the melts may increase by ≤20% per wt% 
H2O (Table S2). The XNBO/XTO4 scales with 1 − 
XSiO2 and increases as the melts become more 
basaltic (Fig. S7).

Using XM = XNBO/XTO4 in Equations 2 and 4 
produces no significant difference in the cal-
culated σ compared to XM = 1 − XSiO2. The 
XNBO/XTO4 ratio could provide an advantage 
over 1 − XSiO2 as it accounts for the roles of 
other oxides in the melt structure. However, 
compression increases the coordination of net-
work-forming cations such that TO4 → TO5 → 
TO6 (Yarger et al., 1995). The XNBO/XTO4 esti-
mated from melt chemistry alone does not cap-
ture such P effects. Therefore, we use XM = 1 
− XSiO2 (Equations 2 and 4) in this study due to
its versatility across P.

Regardless of XM, the modified Arrhenius 
function highlights the control of chemistry on 
the effect of P. The V2 term (dVa/dXM) is negative 
and decreases Va with increasing XM (decreasing 
XSiO2) of the melts (Table 1; Fig. 1). Also, σ is 
overall enhanced with decreasing XSiO2. Hence, 
basaltic magmas are generally more conductive 
and less affected by P than andesitic magmas 
(Fig. 1).

The addition of H2O to the melts enhances 
σ regardless of composition at any explored P 
or T (Fig. 1). H2O most strongly enhances σ by 
lowering Ea. This is likely due to the addition 
of highly mobile and effective charge-carrying 
protons.

A B

Figure 1. The electrical conductivity (σ) of andesitic (A) and basaltic (B) melts as a function of 
pressure (P), temperature, and volatile contents. Markers display experimental results selected 
to highlight the P and chemistry effects on σ. Lines show predicted σ using the modified Arrhe-
nius function. Solid lines with hollow symbols and dashed lines with solid symbols indicate 
anhydrous and hydrous melts, respectively. All markers and lines are color-coded to XM (a 
parameter of the bulk melt chemistry). The data shown encompass 49–62 wt% SiO2 (Table 
S1 [see text footnote 1]). +COH indicates increasing carbon-oxygen-hydrogen volatiles (e.g., 
H2O); XSiO2 is the molar fraction of silica in the melt; NBO—non-bridging oxygen ions. Error 
bars show ±1 standard deviation of uncertainty.
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ELECTRIC SIGNALS OF MAGMATIC 
REGIONS

The total σ observed by MT surveys depends 
on the σ of silicate melt and crystalline rock, 
and the connectivity of the melt-rock aggregate. 
To examine the influence of melt composition, 
we applied the Hashin-Shtrikman (HS+) model 
(Hashin and Shtirkman, 1962), which describes 
the aggregate electrical conductivity (σ*) as a 
function of the σ of the melt (σm) and matrix 
(σc), and the volume fraction of melt (φ), i.e., 
σ* = f (σm, σc, φ) (Text S3).

We consider the control of basaltic magmas 
on electrical data from the East Pacific Rise 
(EPR) mid-ocean spreading center. This set-
ting is ideal to examine low φ magmatism at P 
≤ 2–4 GPa. The σ* below the EPR is between 
0.006 S m−1 and ∼3 S m−1 (Evans, 1999; Evans 
et al., 2005; Key et al., 2013). At 1523 K, <1 
vol% of anhydrous basaltic melt can explain the 
lower σ* bound, consistent with earlier estimates 
of ≤2 vol% melt (Evans et al., 2005) (Fig. 2). 
The upper σ* bound requires <20 vol% of anhy-
drous melt, which agrees well with more recent 

estimates (Key et al., 2013). Increasing T or melt 
H2O contents lowers the φ needed to explain 
σ* (Fig. 2). The σc is also enhanced by proton 
defects (Wang et al., 2006; Karato and Wang, 
2013) that could further lower the required φ. 
Yet, the depleted mantle underlying ridge sys-
tems typically contains 50–200 ppm H2O (Pes-
lier et al., 2017). Even a relatively wet mantle 
underneath the EPR may only explain the lower 
bound of σ* (Fig. 2). Channelizing the melt par-
allel to mantle flow also enhances σ* (Zhang 
et al., 2014). Thus, the EPR σ* likely requires 
0 < φ < 20 vol% (Fig. 2).

For more silica-rich, andesitic magmas, we 
apply our constraints to electromagnetic results 
from the Uturuncu (Bolivia) and Osorno (Chile) 
volcanoes in the Andes (Fig. 2). For Uturuncu, 
models from MT data show σ* from 0.3 S m−1 
to 3 S m−1 (Comeau et al., 2015), which may 
be produced by 10–20 vol% of hydrous magma 
(Guo et  al., 2017). We find that dissolving 
2.4 wt% H2O in the melt can produce the lower 
σ* bound with ∼20 vol%, consistent with previ-
ous constraints (Guo et al., 2017). Melt inclu-
sion data indicate ≤5.3 wt% H2O in the magma 
(Sparks et al., 2008; Muir et al., 2014), which 
would decrease the φ for σ* by ∼80% (Fig. 2). 
Higher magma H2O contents (e.g., 10 wt%) and, 
hence, lower φ, may also be possible for the Utu-
runcu volcano (Laumonier et al., 2017).

For the Osorno volcano, MT work esti-
mated 4–36 vol% of andesitic melt to explain σ* 
between 0.025 S m−1 and 1.0 S m−1 (Díaz et al., 
2020). The magma may contain ≤1–2 wt% H2O 
based on petrology of the lavas and thermody-
namic modeling (Morgado et al., 2019; Bechon 
et al., 2022). We find that melt with such H2O 
contents can explain σ* with variable φ depend-
ing on T (Fig 2).

CHEMICAL EVOLUTION OF SUB-ARC 
MAGMAS

We investigated magmatism in a subduc-
tion zone where the melt chemistry may vary 
between basaltic to andesitic endmembers. We 
examined a conductor in the mantle wedge 
beneath Mount Rainier (in the Cascade Range, 
Washington State, USA) with σ* between 0.2 S 
m−1 and 0.5 S m−1 (McGary et al., 2014). Con-
sidering incipient basaltic magmatism in the 
wedge, we estimate ∼3–8 vol% of anhydrous 
melt could explain σ* (Fig. 2). Yet, incipient 
melting is likely to be hydrous with smaller φ 
(McGary et al., 2014). Mafic arc magmas typi-
cally contain ∼4 wt% H2O and could become 
H2O-saturated during ascent (Plank et al., 2013; 
Rasmussen et al., 2022). Adding 4 wt% H2O 
to the melt lowers the required φ to ≤1 vol%, 
agreeing well with previous φ estimates (Fig. 2). 
We note that these H2O contents are less than 
half of prior assessments (McGary et al., 2014). 
This is perhaps due to an overall enhanced σ by 
wall-rock reaction (Text S3; Figs. S5 and S6). 

TABLE 1.  PARAMETERS FOR ELECTRICAL CONDUCTIVITY OF SILICATE MELTS

Non-reactive* Reactive*

XM = XNBO/XTO4 XM = XNBO/XTO4

XM = 1 − XSiO2
No H2O† With H2O§ XM = 1 − XSiO2

No H2O† With H2O§

log10(σ0) (S m−1) 5.7 ± 0.3 5.7 ± 0.3 5.7 ± 0.3 11.6 ± 0.6 11.6 ± 0.6 11.6 ± 0.6

E1 (kJ mol−1) 160 ± 20 160 ± 20 160 ± 20 280 ± 10 280 ± 10 280 ± 10

E2 (kJ mol−1) – – – 170 ± 30 220 ± 30 170 ± 30

V1 (cm3 mol−1) 17 ± 2 8.1 ± 0.6 8.2 ± 0.7 13 ± 1 8.1 ± 0.6 8.3 ± 0.6

V2 (cm3 mol−1) −33 ± 6 −8 ± 2 −8 ± 2 −17 ± 3 −3.8 ± 0.6 −3.8 ± 0.6

Note: Fitting results are separated based on XM (parameter of the bulk melt chemistry). For this study, we 
prefer XM = 1 − XSiO2. The XM values are provided in Table S2 (see text footnote 1) for experiments M1182 to 
M1193 (Text S2). Uncertainties are at ±1 standard deviation. E1 is an activation energy term, and E2 captures 
the change in Ea with XH2O. V1 is an activation volume term, and V2 is the dependence of Va on XM.

*Non-reactive and Reactive refer to the experiments that used hexagonal boron nitride (hBN) and MgO 
sleeves, respectively. The non-reactive parameters assume an approximately constant H2O content of 
0.22 ± 0.07 wt% (Text S2; Table S1).

†The XM = XNBO/XTO4 parameterization does not include H2O. NBO—non-bridging oxygen ions.
§The XM = XNBO/XTO4 parameterization assumes all available H2O acts as a network modifying species, i.e., M2O.

A B

Figure 2. The volume percent of melts (ϕ) required to generate electrical conductivity data
from magnetotelluric (MT) measurements (σ*). (A) Predictions for basaltic magmas in the East 
Pacific Rise (Evans et al., 2005; Key et al., 2013). The colored faded and non-faded regions show 
anhydrous and hydrous host rock, respectively. prev. est.—previous estimates. (B) Predictions 
of subduction zone magmatism. The orange, red, and black lines and shaded regions show 
results for the Uturuncu volcano (Bolivia; Comeau et al., 2015; Guo et al., 2017) (orange), Osorno 
volcano (Chile; Díaz et al., 2020) (red), and Mount Rainier (Washington State, USA; McGary 
et al., 2014) (black) systems. Temperature (T), pressure (P), and depth conditions are shown for 
reference. We assume 1 GPa = ∼30 km depth. Solid and dashed lines indicate anhydrous and 
hydrous melts, respectively. We assume anhydrous andesitic and basaltic compositions after 
our experiments M1182 and M1185 (see Table S1 [see footnote 1]), respectively, and calculated 
XM (a parameter of the bulk melt chemistry) = 1 − XSiO2, and XH2O for various H2O contents. See 
Text S3 (see footnote 1) for more details regarding the modeling.
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We also note that the H2O effect on the melt σ 
increases with P (Fig. S5), which could not be 
previously considered (McGary et al., 2014). 
Hence, very water-rich (>4 wt% H2O), incipi-
ent melts could produce the σ* at φ < 1 vol%.

Notably, the Cascadia subduction zone dis-
plays a relatively hot geotherm (Syracuse et al. 
2010). Geochemical analyses suggest that par-
tial melting of hot subducting slabs could yield 
andesitic magmas (Yogodzinski et al., 1995). 
To investigate the potential influence on the φ 
needed to produce σ*, we predicted the σ* of 
andesitic and basaltic melts through a subduc-
tion zone (Fig. 3).

At the greatest depths, partial melting of a 
slab (Yogodzinski et al., 1995) may yield andes-
itic melt two to three times less conductive than 
basaltic melt (Fig. 3). Above the slab, we expect 
melting of the wedge to produce mostly basal-
tic magmas. Yet, the ascending magma may 
become andesitic via reactive transport (Hirai 
et al., 2024). With such chemical evolution, the 
σ* may decrease by 10%–50% (Fig. 3). The 
addition of H2O to the magma increases the σ* 
regardless of melt composition. Regarding the 
Mount Rainier conductor (Fig. 2), we expect 
that an increasing φ of magma will be needed to 
explain σ* if the melt becomes more silica-rich.

Our experimental constraints are useful sup-
plements for MT data to evaluate the chemi-
cal evolution of magmas in subduction zones. 
Additional constraints on the melt volume and 
H2O contents from petrologic and geophysical 
observations could be beneficial for further iden-
tifying the melt chemistry at depth.
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