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Abstract We report an experimental investigation of the electrical properties of natural polycrystalline
lawsonite from Reed Station, CA. Lawsonite represents a particularly efficient water reservoir in
subduction contexts, as it can carry about 12 wt % water and is stable over a wide pressure range.
Experiments were performed from 300 to about 1325 °C and under pressure from 1 to 10 GPa using a
multi‐anvil apparatus. We observe that temperature increases lawsonite conductivity until fluids escape the
cell after dehydration occurs. At a fixed temperature of 500 °C, conductivity measurements during
compression indicate electrical transitions at about 4.0 and 9.7 GPa that are consistent with crystallographic
transitions from orthorhombic C to P and from orthorhombic to monoclinic systems, respectively.
Comparison with lawsonite structure studies indicates an insignificant temperature dependence of these
crystallographic transitions. We suggest that lawsonite dehydration could contribute to (but not solely
explain) high conductivity anomalies observed in the Cascades by releasing aqueous fluid at a depth
(~50 km) consistent with the basalt‐eclogite transition. In subduction settings where the incoming plate is
older and cooler (e.g., Japan), lawsonite remains stable to great depth. In these cooler settings, lawsonite
could represent a vehicle for deep water transport and the subsequent triggering of melt that would appear
electrically conductive, though it is difficult to uniquely identify the contributions from lawsonite
on field electrical profiles in these more deep‐seated domains.

1. Introduction

The cycling of volatiles (e.g., hydrogen and carbon) at the planetary scale strongly depends on the capability
of subduction zones to carry volatiles to depth and to release some of these volatiles through magmatic pro-
cesses and arc volcanism. Constraining the volatile budget of the Earth's crust and mantle is the key to
understanding the chemistry and physical properties in the planet's interior over time, as the presence of
volatiles strongly affects the mineralogical assemblage at depth (e.g., Poli & Schmidt, 2002), lowers the melt-
ing point of rocks (e.g., Gaetani & Grove, 1998), impacts the rheological behavior of rocks (e.g., Kohlstedt &
Hansen, 2015), and significantly influences the transport properties that govern heat and mass transport
(e.g., Chang et al., 2017; Richet et al., 1996; Sifré et al., 2014). In particular, hydrogen is an important volatile
element in subduction zones that are locations of significant water flux into the mantle (>108 Tg/Myr; van
Keken et al., 2011). Among the different water carriers present in subducting slabs, lawsonite
(CaAl2Si2O7(OH)2·H2O) represents a particularly efficient reservoir as it can carry about 12 wt % water
and is stable to pressures (depths) exceeding those of other hydrous minerals (e.g., talc, antigorite, and chlor-
ite) and to temperatures up to about 800 °C at P < 5 GPa (e.g., Pawley, 1994; Poli, 2015; Schmidt, 1995).

Lawsonite is a common mineral in subgreenschist to blueschist facies metamorphic rocks and is also stable
at high‐pressure and low‐temperature conditions, such as for rocks from the ultrahigh pressure eclogite
facies (e.g., Tsujimori & Ernst, 2014). In oceanic settings, lawsonite would be found in metamorphosed
basaltic crust, and it has been suggested that there is a spatial relationship between lawsonite formation
and the presence of serpentinized peridotite in the upper mantle (Vitale Brovarone & Beyssac, 2014).
Serpentinite is another primary water carrier into the mantle and is most prevalent where deep faults allow
fluids to penetrate through the crust and into the mantle, at slow‐spreading ridges (de Martin et al., 2007), at
low‐angle detachment faults (e.g., Cannat et al., 1995), or where plate bending opens pathways for fluids
through the crust (Naif et al., 2015). The relationship between the two minerals, beyond their complemen-
tary character as the respective major carriers of water in the oceanic crust andmantle, suggests that settings
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with abundant fluid pathways through the crust should similarly trans-
port large fluxes of water into the mantle upon subduction.

Deeper within the subduction system, it has been proposed that lawsonite
can be generated from the dehydration of eclogite‐facies gabbro (Groppo
& Castelli, 2010). The rare occurrence of lawsonite in exhumed HP‐LT
rocks has been explained by overprint processes during decompression
(Vitale Brovarone, 2014). Lawsonite may therefore be a common mineral
at depth in subduction, especially in old subducted basaltic crust where
temperatures are less high than in young slabs, at metamorphic
conditions ranging from low‐grade to ultrahigh pressure conditions
(e.g., Vitale Brovarone, Alard, et al., 2014), and its physical properties
are relevant to the interpretation of geophysical data in subduction zones.

Electrical conductivity, which is sensitive to temperature, pressure, and
chemistry, represents a useful and important tool to probe the transport

properties of lawsonite and hydrous minerals in general (e.g., Dai et al., 2012; Manthilake et al., 2015;
Yoshino et al., 2006). Lawsonite undergoes different crystallographic transitions under pressure (e.g.,
O'Bannon et al., 2017), and real‐time, in situ electrical measurements can also possibly be used to accurately
detect phase transformation under pressure. However, electrical studies of lawsonite are scarce. Only one
previous experimental study by Manthilake et al. (2015) was conducted on synthetic lawsonite over a wide
temperature range at a single pressure (7 GPa), which does not constrain the effect of pressure on lawsonite
conductivity. The importance of investigating the electrical response of lawsonite also arises from field
electrical (magnetotelluric) studies that observe large conductors in several subduction zones at depths
compatible with lawsonite breakdown (≥50‐km depth, e.g., Pommier & Evans, 2017). How lawsonite
dehydration may contribute to increased conductivity, whether by its presence, its fluid release, and/or
through triggering of partial melting, is unclear and requires further work.

Here the results of laboratory experiments at pressures up to 10 GPa and temperatures up to 1325 °C are
reported for natural polycrystalline lawsonite. The electrical response of the samples was measured either
at fixed pressures over a broad temperature range or at fixed temperatures over a broad pressure range.
Phase transitions and dehydration are investigated in the context of previous structural and phase equilibria
studies of lawsonite. Based on existing electromagnetic profiles performed in the Cascades and Japan (Hata
et al., 2017; McGary et al., 2014), the contribution of lawsonite to field electrical anomalies is also discussed.

2. Experimental Methods
2.1. Starting Material

The starting samples consist of natural lawsonite from the type locality in Reed Station, Tiburon Peninsula,
Marin Co., California, USA. The chemical composition of the natural sample is listed in Table 1 and com-
pared with the analysis of Ransome (1895). The major compositional difference with synthetic lawsonite
(CaAl2Si2O7(OH)2·H2O) is the presence of minor amounts of Fe and trace amounts of Mg, Na, and Ti.
Lawsonite grains were finely crushed (average grain size of ~18 μm) in an agate mortar using acetone and
kept in a desiccator until used. This natural composition is representative of lawsonite in subduction zones,
and its high‐pressure crystallography has been previously characterized up to 10 GPa (O'Bannon
et al., 2017).

2.2. Multi‐Anvil Electrical Cell Assembly

Electrical experiments were performed in the multi‐anvil apparatus in the Planetary and Experimental
Petrology Laboratory at University of California San Diego‐Scripps Institution of Oceanography using
tungsten carbide cubes with a corner‐truncation edge length of 8 mm and MgO octahedral pressure media
with an edge length of 14 mm (Zhang & Pommier, 2017). Electrical measurements were conducted using the
Consortium for Materials Properties Research in Earth Sciences (COMPRES) 14/8 cell assembly adapted for
electrical experiments and presented in Figure 1 (Pommier & Leinenweber, 2018).

Sample powder was placed in a high‐purity polycrystalline MgO sleeve (ID of 1.5 mm) and surrounded by a
rhenium furnace. The sample powder was loaded and directly compacted into the electrical cell. Air was

Table 1
Starting Composition of Reed Station Lawsonite (wt %)

Oxide This studya Ransome (1895)

SiO2 38.42 38.10
Al2O3 32.38 28.88
Fe2O3 0.81 0.85
CaO 18.37 18.26
MgO tr 0.23
Na2O tr 0.65
TiO2 tr ‐

H2O 10.02 11.42
Total 100 98.39

Note. Water content estimated by difference from a total of 100.
aFrom SEM analyses on starting powder. SEM = Secondary Electron
Microscope.
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sprayed carefully on the inner wall of the MgO sleeve in order to remove
sample powder. The thickness of the sample is about 1.0–1.5 mm. Two
molybdenum squares of about 1.5‐mm edge length are in direct contact
with the lawsonite sample and serve as electrodes. Temperature was
monitored using a W95Re5–W74Re26 thermocouple, which also acts as
one electrode. Another W95Re5 wire was used as a second electrode. All
MgO parts were fired at 1400 °C and 1 atm for 1 hr, and then stored in a
sealed desiccator until used for the experiments.

2.3. Experimental Protocol

Electrical experiments were conducted on the powdered lawsonite
samples over a wide temperature range (300–1325 °C) and up to 10 GPa
using a 1,000‐t multi‐anvil press. Real‐time impedance spectra were
collected during heating and cooling cycles and during compression
and decompression.

Experimental conditions are presented in Table 2. Electrical experiments
were conducted either at a defined pressure and varying temperatures or
at a fixed temperature (500 °C) over a pressure range. These conditions

allow independent exploration of the effect of dehydration and of high‐pressure transitions on lawsonite
conductivity. In experiments performed at fixed pressure, the cell assembly was first compressed to the target
pressure and then temperature was increased. A dwell of more than 12 hr was conducted at 230 °C (i.e., at
T < Tdehydration) for each experiment to remove absorbed water. These dwell conditions (temperature and
duration) are similar to the ones in Manthilake et al. (2015) for synthetic lawsonite samples. Impedance
measurements were taken during both heating and cooling cycles at 50 °C intervals at low temperature
and at ≤25 °C intervals at high temperature. Measurements were repeated until a stable electrical response
was obtained.

In experiments performed at fixed temperature, the sample was compressed to 1 GPa, followed by a
12.5‐hr dwell at 230 °C. The sample was then heated to 500 °C and compressed up to 10 GPa, with

Figure 1. Electrical conductivity cell used in this study (14/8 multianvil
COMPRES assembly).

Table 2
Experimental Conditions and Electrical Results (Second Heating Cycle)

Arrhenius equation parameters

Sample
Pressure
(GPa)

Quenching
Temp. (°C)

Dwell duration at
230–250 °C (hr)

Retrieved sample
Thickness (mm) T range (°C) Ln σ0 (σ0 in S/m)

Error
(S/m)

Ea
(kJ/Mol)

Error
(kJ/Mol)

Experiments at fixed pressure
BB157 3.0 975 17 1.55 297–795 4.668 0.029 63.945 0.396

795–902 28.359 2.042 274.355 19.754
BB104 4.0 1013 17 0.50 246–524 0.900 0.010 38.387 0.422

524–875 5.420 0.049 68.502 0.623
875–998 27.032 2.301 275.985 23.569

BB93a 4.0 1107 ‐ 1.42 ‐ ‐ ‐ ‐ ‐

BB136 5.0 1100 13 0.83 300–677 5.660 0.022 73.024 0.285
679–930 7.015 0.035 79.892 0.399

BB188 8.0 1325 15 1.30 322–675 2.582 0.018 36.242 0.257
723–975 0.084 0.013 11.923 1.868
975–1160 15.963 0.290 178.749 3.253

BB109 9.0 851 13 0.75 400–551 1.753 0.003 20.594 0.037
551–655 3.643 0.032 33.565 0.299
655–851 4.690 0.007 41.414 0.066

Experiments at fixed temperature
BB185 2.0–10 500 12.5 1.40 ‐ ‐ ‐ ‐ ‐

aAnalytical experiment (no electrical measurements).
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electrical data being collected every 0.25 GPa or less. Both types of experiments were thermally
quenched, by turning off the power to the heater, and subsequently decompressed. The estimated uncer-
tainty on pressure due to heating by 1000 °C under constant load condition is ~0.6 GPa at the peak
pressure conditions of 10 GPa and proportionately less at lower pressure and temperature conditions.
This estimated error is derived from observed pressure variations on heating in a range of large‐volume
assemblies (e.g., Leinenweber et al., 2012; Meng et al., 1993), and the small errors result from the
observed trade‐offs between the competing and compensating effects of thermal pressure (which, for
lawsonite and MgO, can be in excess of 3 GPa for 1000 °C of heating at constant volume) and sample
relaxation on heating at constant ram load. Thus, these constant ram pressure large volume press
experiments lie far closer to constant pressure conditions than the constant volume end‐member
(Leinenweber et al., 2012). This estimated uncertainty on pressure is possibly smaller than the one asso-
ciated with phase transformation in lawsonite (transformation causing a change in the sample volume
that was accounted for as part of conductivity calculations using the structural study by O'Bannon et al.,
2017, as explained below).

2.4. Electrical Measurements and Data Processing

Electrical measurements were performed over the 5 MHz to 10 Hz frequency range using a Solartron 1260 A
gain/phase analyzer and the two‐electrode technique (e.g., Zhang & Pommier, 2017). Electrical measure-
ments correspond to the recording of the sample's complex impedance (Z) over the frequency range. The real
part of the complex impedance corresponds to the electrical resistance R of the sample (e.g., Huebner &
Dillenburg, 1995). Electrical conductivity σ was calculated from the measured complex impedance using
the relationship

σ ¼ 1= R×Gð Þ (1)

with R the measured electrical resistance and G the geometric factor (surface area of the electrode/thickness
of the sample). The measured resistance corresponds to the response of the sample and the contribution of
the electrodes (molybdenum squares, metallic wires, and cables). The latter corresponds to a value of 7.6 Ω
over the entire temperature range (Pommier et al., 2015), and this value was subtracted from all resistance
values of the samples. The analytical error on electrical conductivity values is determined by accounting for
uncertainties on the sample dimensions (diameter and thickness of the sample from the Scanning Electron
Microscopy [SEM] images) and the electrical resistance value (Table 2). In the case of Mo square electrodes,
this error on conductivity (Δσ) corresponds to

Δσ ¼ ∣−L=r2 ×R2∣×ΔRþ ∣−2L=R× r3∣×Δr þ ∣1=R× r2∣×ΔL (2)

where l is the sample length, R is the electrical resistance, and r is the length of the side of a square electrode.
Values of Δσ do not exceed a few percent. The change in sample length during compression and dehydration
introduces a systematic bias because the final length of the sample usually represents the minimum length
for the entire experiment. As pointed out in Pommier and Leinenweber (2018), the final length is reached
once the sample reaches the temperature condition where it is soft enough to lose all its porosity (about
800 °C for silicates). Because we cannot estimate these effects well without having an in situ measurement
capability, we consider the length after the experiment to be the preferred sample length for conductivity cal-
culations. In the case of the experiment conducted at fixed temperature up to 10 GPa (BB185), the volume
change associated with the transitions at 4 and 9.5 GPa and provided in O'Bannon et al. (2017) was
accounted for as part of the geometric factor calculations: the sample length was recalculated at each transi-
tion, occurring at 4 and 9.7 GPa.

2.5. Analytical Methods

All retrieved samples weremounted in epoxy and polished longitudinally for textural and chemical analyses.
Textural analyses were conducted at the UC San Diego SEM Facility in the Nano‐Engineering Department.
Chemical composition maps and quantitative chemical analyses were performed using Energy‐Dispersive
Spectrometry (EDS). A 20‐kV accelerating voltage was used for the analyses.
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3. Results
3.1. Sample Chemistry and Texture

The retrieved experimental samples were not significantly contaminated by the surrounding parts of the
electrical cell. Chemical interactions between the sample and the adjacent cell parts (Mo electrodes and
MgO sleeve) were characterized using SEM imaging (Figure 2) and EDS analyses. If no contamination of
the sample by the electrodes is observed, a thin layer (<80 μm) of orthopyroxene (enstatite) and plagioclase
(anorthite) is observed at the MgO sleeve/sample interface in most samples, due to the chemical reaction
between MgO and lawsonite during dehydration (Figure 2c). It has been shown that the contribution of a
thin layer made of semiconductive material to the bulk conductivity is insignificant (Pommier et al., 2008).

Different minerals were identified in the quenched samples and correspond to breakdown products. As illu-
strated in Figures 2a and 2b, garnet, zoisite, and kyanite were observed in retrieved samples from experi-
ments at 4 GPa, which is consistent with the breakdown reaction of lawsonite at this pressure (e.g.,
Manthilake et al., 2015; Pawley, 1994). At 3 GPa, the presence of corundum is observed at the center of
the sample (Figure 2c). It is possible that this sample was quenched before complete lawsonite breakdown
occurred. An alternative explanation might be that its conditions lie close to (or on) the phase boundary
of corundum. Unfortunately, the lawsonite‐out curve is not well determined at pressures below 5 GPa
(e.g., Pawley, 1994). A thermal gradient across the sample is unlikely to explain the sample's texture as (1)
it is <20 °C in these assemblies (Pommier & Leinenweber, 2018), and (2) no chemical gradient has been
observed in the other experiments. Experiments at higher pressure (>8 GPa) indicate oxide separation with
the presence of small amounts of nonconnected Fe‐Ti oxides (Figures 2d).

Using SEM images, we estimate the average grain size in the quenched samples to vary between ~15 and
40 μm (Table 2). These differences can be explained by the variable times spent annealing at
low temperature.

3.2. Electrical Results
3.2.1. Impedance Spectra
The electrical response of the samples during frequency scans is characterized in the complex plane, and
examples of spectra are presented in Figure 3. The shapes of the spectra strongly depend on temperature,
which is in agreement with observations byManthilake et al. (2015) for synthetic lawsonite. At low tempera-
ture (<Tdehydration), the samples' response corresponds to a (sometimes slightly flattened) semiarc
(Figure 3a) and can be modeled by a resistor in parallel with a constant phase element (e.g., Huebner &
Dillenburg, 1995). At high temperature (>Tdehydration), the sample's resistance is low and induction effects
derived from electrode and W–Re wires control the response at high frequencies (Figure 3b). The electrical
resistance is determined as the intersection of the sample response with the real axis. At a fixed temperature
of 500 °C under increasing pressure, semiarc spectra were collected up to 10 GPa (Figure 3c).
3.2.2. Effect of Temperature on Lawsonite Conductivity
The electrical conductivity of polycrystalline lawsonite for experiments performed at fixed pressure is pre-
sented as a function of temperature in Figure 4a for both heating and cooling cycles. For all samples, elec-
trical conductivity values at a given temperature are similar between the first cooling and the second
heating cycles (crosses and filled circles, respectively; Figure 4a), whereas large discrepancies are observed
between the first heating and subsequent cycles. These differences between the first heating and the other
cycles are consistent with previous electrical studies on synthetic lawsonite (Manthilake et al., 2015) and
other silicates, such as olivine (Yoshino et al., 2004; Zhang & Pommier, 2017), and probably reflect thermally
activated grain growth processes. The conductivity values discussed below are based on the first cooling and
second heating cycles.

For all samples, electrical conductivity strongly increases with temperature and the temperature dependence
of lawsonite electrical conductivity can be fit by an Arrhenian formalism over most of the temperature range

σ ¼ σ0×e−Ea= RTð Þ (3)

where σ is the bulk electrical conductivity of the sample (S/m), σ0 is the preexponential factor (S/m), Ea is the
activation enthalpy (J/mol), R is the gas constant, and T is the temperature (K). Values of σ0 and Ea are listed
in Table 2 for all experiments.
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Over the investigated temperature range, two or three kinks in slope are observed, characterized either by a
smooth or by a sharp change in conductivity. For all samples, a significant conductivity increase occurs
between 500 and 700 °C, depending on pressure (Figure 4a). At T > 800 °C, a second conductivity increase
is observed for all samples and corresponds to a variation in conductivity of more than 1 log unit (Figure 4a).
This second transition is followed by a decrease in conductivity at higher temperature.
3.2.3. Effect of Pressure on Lawsonite Conductivity
Electrical results for the experiment performed over the 1–10 GPa pressure range at 500 °C (BB185) are pre-
sented in Figure 4b. The effect of pressure on lawsonite conductivity is not insignificant: from 1 to 10 GPa,
conductivity varies nonlinearly between 3.3 × 10−4 and 4.2 × 10−2 S/m. This experiment at fixed temperature
points out two electrical transitions identified during compression: one transition is observed at about
4.0 GPa and is characterized by a decrease in the effect of pressure on conductivity, while a second transition
is identified at about 9.7 GPa by a sharp jump in conductivity (from about 1 × 10−2 to 4 × 10−2 S/m).
Accounting for the pressure dependence of Ea in equation (3), the pressure dependence of conductivity cor-
responds to an activation volume of 2.9 cc/mol for P < 4 GPa and negligible (<10−5 cc/mol) for

Figure 2. Secondary Electron Microscope (SEM) images of quenched samples. Mineral identification comes from energy‐
dispersive spectroscopy (EDS) analyses. (a) Retrieved sample from electrical experiment at 4 GPa (BB104).
(b) Retrieved sample from analytical experiment at 4 GPa and 1107 °C (BB93), showing different breakdown products
(Coes: coesite, Gt: garnet, Zo: zoisite, Ky: kyanite). (c) Retrieved sample from experiments at 3 GPa and 975 °C (BB157).
The presence of corundum at the center of the sample corresponds to a major breakdown product at these experimental
conditions. The surrounding material corresponds to a mixture of lawsonite and zoisite. Small deformation of the elec-
trode is observed. Electrode deformation is accounted for twice as part of the calculation of uncertainty on conductivity,
both through the value of the electrode diameter and of the sample thickness (the two values being part of the calculation
of the geometric factor). A thin layer of plagioclase and pyroxene at the sample‐MgO sleeve interface results from the
interactions between the lawsonite sample and the MgO sleeve during heating. The effect of this layer on the bulk
conductivity is negligible (e.g., Pommier et al., 2008, Pommier & Leinenweber, 2018). (d) Presence of Fe‐Ti oxides at high
pressure (9 GPa, BB109).
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4 < P < 9 GPa. The nonlinearity of the pressure effect on conductivity is
also noticeable from Figure 4a, where conductivity is comparable between
3 to 5 GPa and increases significantly at 8 and 9 GPa, where it is the high-
est (at T < Tdehydration).

Electrical conductivity values from the experiments at fixed temperature
(500 °C) are in broad agreement with the conductivity range of the isoba-
ric experiments (Figure 4a). The small conductivity discrepancies between
BB185 and the other experiments are not attributed to sample dehydra-
tion, as 500 °C is below the dehydration temperature of lawsonite at these
pressures (e.g., Pawley, 1994). A possible explanation may come from the
thermal treatment applied to the samples; in the case of experiments at
fixed temperature, the initial dwell at 230 °C was performed at 1 GPa,
whereas it was performed at the target pressure for experiments at fixed
pressures. This may result in differences in the sample's texture and
pressure‐dependent relaxation processes that can affect the bulk electrical
conductivity, though further work is required to understand these
mechanisms and their kinetics. The differences in the average grain size
between the experiments at fixed temperature and those conducted at
3–5 and 9 GPa are not significant enough to explain the observed differ-
ence in conductivity. However, the grain size estimates are for retrieved
samples after quench at the highest temperature (i.e., 500 °C for experi-
ments at fixed pressure and >850 °C for experiments at 3–5 and 9 GPa).
It is thus not precluded that at 500 °C the average grain size in experi-
ments at 3–5 and 9 GPa was smaller than at Tquench and in the experi-
ments conducted at fixed temperature.

4. Discussion
4.1. Electrical Properties of Natural Lawsonite

Most silicate minerals behave as semiconductors at high temperatures.
Electrical conduction is controlled by the mobility of lattice defects and
of impurities, such as hydrogen (proton conduction) and electron holes
hopping between ferrous and ferric iron (small polaron conduction). As
pointed out by Yoshino (2010), ionic conduction can be the dominant con-
duction mechanism at temperatures close to the melting temperature of
the mineral and involves the formation of cation vacancies. In the case

of hydrous silicate minerals like lawsonite, proton conduction, which consists of charge transfer by proton
hopping among point defects, is expected to be the dominant ionic conduction mechanism, in particular
at low temperatures due to the low activation energy required for proton conduction (Yoshino, 2010).
Polaron hopping is likely to be negligible in our sample, as iron in Reed Station lawsonite is present almost
entirely as trivalent iron (Weber et al., 2007).

The electrical conductivity of polycrystalline synthetic lawsonite has been studied at 7 GPa and over a wide
temperature range by Manthilake et al. (2015). Comparison between electrical data on the present natural
and synthetic lawsonite is illustrated in Figure 5a. A similar dependence on temperature is observed in both
studies. The increase in conductivity between 500 and 700 °C may be related to thermally activated defect
generation that is directly associated with an incipient phase transition (which is different from defect equi-
libration within a stable crystal) andmobility within the samples during the first heating cycle. The electrical
conductivity of synthetic lawsonite at 7 GPa is close to the conductivity measured on natural lawsonite at
5 GPa, which is in very good agreement with the measured pressure dependence of natural lawsonite con-
ductivity (Figure 4b). A discrepancy in the pressure effect is observed between the two types of lawsonite at
high pressure: at 500 °C, a difference in conductivity of about 1 log unit is observed between 7 and 8 GPa
(Figure 5a) whereas a difference of a few tenths of a log unit is expected at these conditions (Figure 4b).
This difference can be explained by the combined effect of different factors; first, natural lawsonite has

Figure 3. Examples of impedance spectra before (a) and after (b) dehydra-
tion of the lawsonite samples at 3 (a, experiment BB157) and 5 GPa (b,
experiment BB136), and at 500 °C during compression GPa (c, experiment
BB185).
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small amounts of Fe and Ti (Figure 2d). These elements are not present in
the synthetic lawsonite used in Manthilake et al. (2015) and may slow
down the mobility of point defects. As electrical conductivity is sensitive
to chemistry, the difference in composition likely affects the electrical
response of lawsonite. However, the presence of Fe‐Ti oxides is unlikely
to affect the conductivity dramatically, as they are not present as an inter-
connected phase. Second, the average grain size in both studies is prob-
ably slightly different, resulting from the different amount of time spent
at each temperature during the different heating and cooling cycles
(despite an initial dwell at 230 °C in both studies). The bigger the grains,
the less developed the grain boundary network, and thus the smaller the
grain boundary contribution to the bulk conductivity. The higher resistiv-
ity of natural lawsonite relative to synthetic lawsonite could also be pro-
duced by the average grain size in our experiments possibly being
slightly larger than inManthilake et al. (2015). The sharp decrease in elec-
trical conductivity observed at T > 800 °C that follows an increase with
increasing temperature (Figure 4a) is consistent with lawsonite dehydra-
tion. We interpret the decrease in conductivity as a loss of the aqueous
fluid phase from the electrical cell. This decrease was not observed in
Manthilake et al. (2015), which may be explained by the fact that in their
experiments, temperature was decreased before fluids escaped the cell.

4.2. Electrical Measurements as a Probe of Lawsonite
Phase Transitions

As illustrated in Figure 5b, the electrical variations at 500 °C observed at
about 4 and 9.7 GPa are consistent with possible crystallographic high‐
pressure transitions. The sensitivity of electrical conductivity to these
transitions makes it a relevant probe of the crystallographic structure of
lawsonite at pressure and temperature conditions relevant to subduction
contexts. From a technical viewpoint, these findings also highlight the fact
that electrical measurements are a relevant technique to calibrate the
multi‐anvil apparatus in pressure.

The change in electrical conductivity at about 4 GPa occurs at the same
pressure as a proposed transition from the orthorhombic C to an orthor-
hombic P space group at 300 K (Ballaran & Angel, 2003), though this tran-
sition has not been systematically observed at this pressure (O'Bannon
et al., 2017). If the electrical transition corresponds to this space group
change, then the crystallographic transition is accompanied with a
decrease in the pressure dependence of lawsonite conductivity
(Figure 4b). Comparison with the data from Ballaran and Angel (2003)

at room temperature and the electrical data at 500 °C also suggests that this transition does not present a
noticeable temperature dependence. Alternatively, the onset of C‐forbidden reflections has been observed
at pressures above 8 GPa (O'Bannon et al., 2017), and it may be that screw and glide dislocations, which
are readily generated in lawsonite (Camara et al., 2001), give rise to forbidden reflections: the presence of
such defects could be enhanced at high temperatures. Other possibilities that could give rise to this change
in the pressure dependence of conductivity include a shift in the pressure dependence of the dynamic disor-
der of the protons within the hydroxyl units or water molecules within lawsonite (Libowitzky & Armbruster,
1995; O'Bannon et al., 2017): this parameter is difficult to characterize in either high‐pressure diffraction or
vibrational studies but could impact proton mobility, and hence electrical conductivity, in this phase.

At about 9.7 GPa, a significant increase in conductivity is observed (Figure 4b). At comparable pressure
(9.3 GPa), O'Bannon et al. (2017) observed that the same natural lawsonite undergoes a transition from
the orthorhombic to the monoclinic system, which involves a change in the position and hydrogen bonding
of H2O molecules and hydroxyl (OH) groups. Other previous crystallographic studies of lawsonite at room

Figure 4. (a) Electrical conductivity results as a function of temperature.
The gray area corresponds to the conductivity range obtained at 500 °C
over a wide pressure range (BB185). (b) Electrical conductivity results for
experiment BB185 conducted at fixed temperature. Color bands indicate the
pressure of phase transformations from previous structural studies. See text
for details.

10.1029/2018JB016899Journal of Geophysical Research: Solid Earth

POMMIER ET AL. 1437



temperature observed the same transition over a pressure range from 8.6
to 11 GPa (Daniel et al., 2000; Pawley & Allan, 2001), and Liebscher et al.
(2010) estimated that at about 600 °C, the transition to the monoclinic
structure occurs between 7 and 10 GPa. The addition of the electrical data
at 500 °C provides a new constraint on the temperature dependence of the
transition (Figure 5b), suggesting a negligible (possibly a very small posi-
tive) effect of temperature on the crystallographic change.

Since electrical conduction in solids occurs through the motion of point
defects (e.g., Yoshino, 2010), this jump in conductivity underlines that
the change in the crystallographic structure facilitates the mobility of
charged species. Indeed, the higher conductivity of the high‐pressure
phase of lawsonite clearly is a result of the high‐pressure structure, since
the grain size is expected to be constant across the transition due to the
close topotactic relation of the low‐ and high‐pressure phases (for exam-
ple, single crystals are preserved across the transition: Ballaran & Angel,
2003; O'Bannon et al., 2017). The transition is also associated with a larger
disorder of the hydroxyl units, and both a decrease in the strength of four
of the six Ca‐O bonds and a marked increase in the calcium site's distor-
tion (O'Bannon et al., 2017). Hence, both H (derived from hydroxyls)
and Ca are likely to be more mobile in the high‐pressure phase of lawso-
nite. The relative roles of the two cations are unclear, but it is notable that
the activation enthalpy is the lowest between 400 and 700 °C at 9 GPa
(< 34 kJ/mol, Table 2) as the transition is approached (Figure 4a): this
lower enthalpy indicates that hydrogen mobility may be important in this
pressure/temperature range (e.g., Yoshino, 2010).

4.3. Application to Electromagnetic Studies of Subduction Zones

High‐pressure phase transitions in lawsonite are unlikely to be detected
by electromagnetic surveys for several reasons. The transition at 4 GPa
is characterized by a small variation in conductivity, and the values of con-
ductivity are in ranges that are not well resolved by the magnetotelluric
method (Figure 4b). Also, the resolution of the magnetotelluric method
degrades with depth and may not be sufficiently sensitive to detect the
transition at 9.7 GPa. However, the electrical response of natural lawso-
nite during dehydration is of interest to the interpretation of electromag-
netic profiles performed across subduction zones, as the presence of
fluids significantly enhances bulk conductivity (e.g., Pommier, 2014; ten
Grotenhuis et al., 2005). The breakdown of lawsonite may be detected
by electromagnetic surveys if there is a release of a free aqueous fluid that
either forms an interconnected network or triggers partial melting in the
mantle wedge (e.g., Pommier & Evans, 2017). However, there are other
phases (antigorite for example) that also carry water into the subduction
system and breakdown and release water over similar depth ranges

(although likely at different locations within the slab), making discriminating the particular source of water
release challenging (van Keken et al., 2011).

The stability field and breakdown reactions of lawsonite and other hydrous phases have been studied experi-
mentally over wide pressure and temperature ranges (e.g., Pawley, 1994; Poli, 2015; Schmidt & Poli, 1994). A
comparison between phase equilibria experiments, geodynamic models of subduction, and electrical field
data is presented in Figure 6. The average P‐T paths proposed by Penniston‐Dorland et al. (2015), using
the models from Syracuse et al. (2010) and Gerya et al. (2002), suggest that lawsonite is most likely to break-
down during the subduction of hot young crust. In contrast, lawsonite is mostly stable at the lower tempera-
tures found within older seafloor (e.g., western Pacific), allowing lawsonite to reach significant depths into
the mantle.

Figure 5. Comparison with previous works on lawsonite. (a) Electrical
conductivity of natural (this study) and synthetic (Manthilake et al., 2015)
polycrystalline lawsonite. Blue area indicates the breakdown of lawsonite
and the release of fluids. (b) Crystallographic transitions from previous
studies and electrical transitions at 500 °C. Electrical transitions at 4 and
9.7 GPa are consistent with the orthorhombic P to C and orthorhombic to
monoclinic transitions, respectively. O'B et al: O'Bannon et al. (2017
and references therein); B&A: Ballaran and Angel (2003); L et al.:
Liebscher et al. (2010).
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The Cascadia subduction system is an end‐member example of young sub-
duction (~8 Ma crust) that has been well studied with both magnetotellu-
ric (e.g., Bedrosian & Feucht, 2014; Evans et al., 2014; McGary et al., 2014;
Soyer & Unsworth, 2006; Wannamaker et al., 2014) and seismic imaging
(Abers et al., 2009; Bostock et al., 2002; McGary et al., 2014; Rondenay
et al., 2001, 2008). A common feature for this system is the presence of
an electrical conductor at ~50‐km depth that is spatially coincident with
a change in seismic reflectivity. Even though lawsonite has conductivities
in the range of the observed anomalies at the slab temperatures and pres-
sures predicted for Cascadia, it cannot explain by itself the bulk conductiv-
ity, as it is a minor phase and is unlikely to form an interconnected
network within the crust and/or upper mantle. Instead, the reflectivity
has been interpreted as the signal of the basalt‐eclogite transition with a
release of free aqueous fluids that are thought to be responsible for the
conductivity anomaly. Thermal models are consistent with this release
of fluid coming from the breakdown of blueschist‐lawsonite, and the pre-
dicted temperatures within the mantle wedge at the depth of the anomaly
are too low for melting to be triggered (van Keken et al., 2011).

Although the fluids released at lawsonite breakdown are conductive,
Manthilake et al. (2015) argue, based on the work by Mibe et al. (1999),
that fluids released at these low pressures do not form an interconnected
network and so would not cause an increase in bulk conductivity to the
levels seen in field observations (~0.2 S/m). However, the fact that field
electrical (MT) data show large conductive features at depth in agreement
with hydrous minerals' breakdown strongly suggests that the fluids are
connected (no high conductivity anomaly would be observed if fluids
were present as isolated pockets). We assert that, in the laboratory, the
fluids released on breakdown likely form an electrical connection through
the cell before escaping. As a conservative estimate, if we assume that all

of the conduction at the peak is attributed to free fluids in a parallel circuit, then the fluid conductivities
range from ~2.5 to 6 S/m over the range of pressure considered.

Sakuma and Ichiki (2016) use molecular dynamics calculations to argue that salinities of 0.5 wt % NaCl are
sufficient to explain the conductivity anomalies with fluid fractions of 1%, further pointing out that the cri-
tical dihedral angle, and hence connectivity, is a function of fluid fraction. Sakuma and Ichiki (2016) some-
what underestimate the conductivity of the anomaly in the models of McGary et al. (2014) and so likely
underestimate either the fluid salinity or volume fraction but not by a large amount: for example, assuming
a salinity of 0.5 wt %would require fluid fractions of 3–4 vol %, which is close to the lower boundwe calculate
from our estimated fluid conductivities. Higher salinities would decrease the amount of fluid required to
generate the observed conductivity anomalies. The presence of conductivity anomalies near the locus of
dehydration implies that the rate at which fluid migrates away from this region may be slow, and/or that
there is a steady state fluid content in this zone. In this context, it is important to note that the region of fluid
release/dehydration is likely to be pervasively metasomatized, and the detailed fluid transport characteris-
tics within heavily altered material is likely both heterogeneous and complex (e.g., Zack & John, 2007).

The electrical response beneath the much older (~180 Ma) Pacific plate has been studied in several locations
but most notably beneath the Marianas system (Matsuno et al., 2010) and Kyushu Island, Japan (Hata et al.,
2017). Beneath Kyushu, Hata et al. (2017) observed a deep conductor contiguous with the top of the slab
from a depth of about 70 km down to 100 km (i.e., ≥ ≈ 2.5 GPa) beneath Unzen and Kirishima volcanoes.
The Marianas system features a highly conductive region above the slab starting at depths of about 70 km.
In these systems, thermal models suggest that lawsonite would remain stable to great depth (Figure 6).
Indeed, temperature estimates from the geodynamic models of the Japan subduction zone by Syracuse
et al. (2010) are too low for the breakdown reaction to occur. In this context, the water bonded into lawsonite
is expected to be carried down to greater depth, until lawsonite‐out reactions occur (these approach pres-
sures of up to about 12 GPa; Schmidt, 1995). In these systems, the signal of lawsonite breakdown, if it

Figure 6. Application to subduction contexts and comparison with electri-
cal field studies. Lawsonite stability field from this and previous studies
(Pawley, 1994; Poli, 2015; Schmidt, 1995). CASH: CaO‐Al2O3‐SiO2‐H2O.
Constraints on the stability field from this study (green circles) correspond to
the temperature of the base of the conductivity peak observed for each
investigated pressure. The best fit to these experimental data (dark green
line) is determined visually. Geotherms (gray lines) and average P‐T paths of
the top of the slab in old/cold subduction zones and young/warm subduc-
tion zones are from Penniston‐Dorland et al. (2015). Previous studies of
lawsonite stability field suggest that lawsonite is stable on most P‐T path of
old crusts (such as Japan; Hata et al., 2017), and breakdown occurs in young
crusts such as Cascadia (McGary et al., 2014) at depths where conductive
anomalies are observed (2.5–4 GPa).
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occurs, is likely intermingled with that of other phases leading to a broad region of fluid release. For
instance, at the depth of the anomaly beneath Kyushu, chloritoid dehydrates at lower temperature than law-
sonite (Schmidt & Poli, 1998), and serpentinite (antigorite) is also expected to contribute to the fluid flux into
the system. In these cases, it is simply not possible to geophysically pinpoint the different mineralogic
sources of fluid release. Furthermore, at the depths where conductors are seen in these systems, the tempera-
tures can be high enough for melting to be triggered. The high electrical conductivity of volatile‐bearing
basalts (Ni et al., 2011; Sifré et al., 2014) suggests that a small amount of melt can also reproduce the observed
field electrical conductivity values.

5. Concluding Remarks

The electrical conductivity of natural polycrystalline lawsonite wasmeasured at pressure up to 10 GPa and at
temperature up to 1325 °C. Two transitions at 4.0 and 9.7 GPa were identified using in situ and real‐time
electrical measurements; the first may correspond to a transition from orthorhombic C to orthorhombic P
symmetry, and the latter is from an orthorhombic to monoclinic transition. At each pressure, lawsonite
conductivity increases with temperature (until dehydration occurs). Comparison with field electromagnetic
data in subduction settings suggests that lawsonite dehydration could contribute to electrical anomalies
observed in the Cascades by releasing aqueous fluid at a depth of about 50 km. In cooler settings such as
Japan, lawsonite remains stable at this depth and can therefore carry water to higher depth, where it could
potentially contribute to triggering partial melting.
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