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ABSTRACT: Mineral mixing, a fundamental process during mantle convection, alters the chemical com‐
position of mantle minerals. However, the impact of this process on the electrical conductivity of mineral 
assemblages remains poorly understood. We measured the electrical conductivity of three single-phase 
garnets and their corresponding mixtures at 1.5 GPa and varying temperatures using the impedance 
spectroscopy within frequency from 10-1 to 106 Hz. The electrical conductivity of dehydrated garnets is 
primarily controlled by their iron content, exhibiting an activation energy about 1.0 eV, indicative of 
small polaron conduction. The garnet mixture displays lower electrical conductivities and higher activa‐
tion energies compared to their single-phase counterparts. This discrepancy of conductivity can be half 
order of magnitude at high temperatures (>1 073 K), suggesting formation of resistive grain boundaries 
during the mixing process. In the mantle transition zones, grain boundary conductivity could exert a lim‐
ited impact on the bulk conductivity of the interface between the stagnant slab and ambient mantle.
KEY WORDS: almandine, impedance spectroscopy, interface, conductivity anomalies, garnets, miner‐
als.

0 INTRODUCTION 
The Earthʼs mantle exhibits significant heterogeneity with 

distinct lithology and chemical compositions, a consequence of 
early differentiation and ongoing geological events (Liu et al., 
2022; van Keken, 2002). Magnetotelluric and geomagnetic ob‐
servations are a powerful tool in probing this heterogenous 
structure because electrical conductivity of minerals and rocks 
is sensitive to their chemical composition (Zhang X B et al., 
2023; Zhang J et al., 2022; Zhang and Yoshino, 2016; Hu et al., 
2013; Dai et al., 2012). Mantle rocks undergo mechanical and 
chemical mixing under specific thermochemical conditions, 
which can occur over extended geological timescales, potential‐
ly reaching billions of years (Stixrude and Lithgow-Bertelloni, 
2012; Holzapfel et al., 2005). This process not only modifies 
the bulk chemical composition but also changes grain bound‐
ary structures and chemistry (Linckens and Tholen, 2021; Mar‐
quardt and Faul, 2018). In the mixed aggregates of diopside 

and olivine, incompatible ions segregate to grain boundaries 
(Hiraga et al., 2004). Grain boundary conduction was suggest‐
ed to occur in the albite-orthoclase mixture, enhancing the bulk 
conductivity of feldspar solid solutions (Han et al., 2021). The 
grain boundary could play an important role in the conductivi‐
ty of a rock, as observed in several natural and synthetic rocks 
(Pommier et al., 2018; Hui et al., 2015; Farla et al., 2010; Dai 
et al., 2008; Roberts and Tyburczy, 1991). Despite the potential 
influence of grain boundaries, few studies have investigated 
how the mixing process of mantle minerals affects rock con‐
ductivity. Therefore, understanding this impact is crucial for in‐
terpreting the chemical composition and mixing history of the 
mantle using magnetotelluric and geomagnetic data.

Garnet, a major mineral in both the crust and mantle, com‐
prises two solid solution series with six endmembers (Wood et 
al., 2013). In metamorphic and igneous rocks, garnet often 
shows chemical zoning due to the slow diffusion of elements, 
characterizing various geological processes (Li et al., 2023; Yu 
et al., 2023; Zhou and Song, 2023; Luo et al., 2022; Nagurney 
et al., 2021). The garnet transformed from basalt in the subduct‐
ed oceanic plates has a distinct chemical composition from that 
in the ambient mantle (Wood et al., 2013). Therefore, garnet 
could be a good mineral for the investigation on the effect of 
mineral mixing on electrical conductivity. The electrical con‐
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ductivity of garnet is affected by its chemical composition, as 
demonstrated by an increase in conductivity when the Fe/(Fe + 
Mg) ratio increases (Romano et al., 2006). Hydrogen, the pri‐
mary charge carrier in hydrous garnet, could enhance the con‐
ductivity of garnet (Liu et al., 2019; Dai and Karato, 2009). In 
anhydrous conditions, the conduction mechanism of garnet 
transitions from small polaron (electric hoping between Fe2+ 
and Fe3+) to vacancies as Mg content increases (Romano et al., 
2006). Previous research has mainly focused on measuring the 
electrical conductivity of single-phase garnet. While studies 
have shown that Fe-Mg interdiffusion between pyrope and al‐
mandine can induce the diffusion of Fe2+ and Mg2+ along grain 
boundaries (Zhang et al., 2019), the impact of such garnet mix‐
ing on the electrical conductivity of mantle rocks remains 
largely unexplored.

Electrical conductivities were measured for three single-
phase garnets and their corresponding mixtures at varying tem‐
peratures and a confining pressure of 1.5 GPa. The mixture 
samples exhibited lower conductivities and higher activation 
energy compared to their single-phase counterparts. This obser‐
vation is likely attributable to the presence of resistive grain 
boundaries formed during the mixing process.

1 METHODS 
1.1 Starting Materials　

Three natural garnets with distinct chemical compositions 
were used as starting materials: SD (Songduo, Tibet Plateau), 
LYG (Lianyungang, Jiangsu Province), and XJ (Altay, Xinjiang 
Autonomous Region). SD was handpicked from an eclogite, 
while LYG and XJ were megacrysts. Chemical compositions 
were determined using an electron microscope at Chengdu Uni‐
versity of Technology (China) with an accelerating voltage of 
15 kV and a beam current of 20 nA. As shown in Table 1, XJ 
(Alm70Py17Grs4Sps8) has the highest spessartine, while SD 
(Alm47Py20Grs31Sps2) has the most grossular and lowest alman‐
dine content. All samples were ground to a powder (with the 
grain size <10 µm) and heated at 1 273 K for 12 hours in a H2 at‐
mosphere to remove structural water in crystal lattice. Two-
phase mixtures of LYG50XJ50, LYG66SD34, and LYG50SD50 (wt.%) 
were prepared by mechanical mixing. Dehydrated single-phase 

garnets and mixtures were then cold-pressed into 3 mm diame‐
ter pellets with a thickness of approximately 1.3 mm for subse‐
quent electrical conductivity measurements.

1.2 Electrical Conductivity Measurements　
Garnet samples were loaded into nickel (Ni) capsules 

lined with boron nitride (BN) for electrical insulation. Plati‐
num (Pt) discs served as electrodes on both ends of the sam‐
ples. To buffer oxygen fugacity, Ni/NiO powder was added 
atop the Pt working electrode. A graphite furnace within a pis‐
ton cylinder apparatus (Nanjing University, China) provided 
high-pressure and high-temperature conditions (detailed assem‐
bly in Liu et al., 2023). During the initial heating stage, sam‐
ples were hot-pressed at 873 K for 2 hours to remove any ab‐
sorbed moisture from the assembly.

Impedance spectroscopy was collected using the AME‐
TEK® Solartron 1296 impedance gain-phase analyzer. An AC 
voltage with an amplitude of 1 V and a frequency sweep from 
0.1 to 106 Hz was employed. At least one circle, including two 
heating and one cooling, was collected for all samples at 1.5 
GPa and 573–1 273 K. The total measurement duration at high 
temperatures was limited to less than one hour, consistent with 
previous findings by Yang and McCammon (2012) indicating 
negligible iron loss for short measurement times (~2 min per 
analysis) at lower temperatures (<1 273 K). Impedance spectra 
were only collected after achieving a stable resistance at each 
temperature, ensuring a steady thermal state. Equivalent cir‐
cuits comprising of a resistor and a constant phase element in 
parallel was used to fit the impedance spectra. Following the 
measurements, sample dimensions were recalibrated by mea‐
suring the effective thickness of recovered sample as well as 
the contacting surface area between sample and electrodes. The 
electrical conductivity (σ) was calculated using the formula σ = 
l/S·R, where l represents the sample thickness, S represents the 
surface area, and R represents the fitted resistance value. The 
overall uncertainty associated with the electrical conductivity 
measurements is less than 5%.

1.3 Water Content　
Fourier transform infrared (FTIR) spectroscopy was em‐

Table 1 The chemical composition (wt.%) of garnet samples 

Sample

Na2O

MgO

Al2O3

SiO2

K2O

CaO

TiO2

Cr2O3

MnO

FeO

Total

Formular

SD

0.01 (1)

5.11 (46)

21.59 (31)

40.43 (71)

0

10.99 (45)

0.08 (1)

0.02 (3)

0.68 (15)

21.31 (67)

100.21

(Fe1.4Mg0.6Ca0.9Mn0.1)Al2(SiO4)3

Al47Py20Gr31Sp2

LYG

0.02 (1)

4.43 (18)

21.22 (13)

39.02 (59)

0.01 (1)

1.74 (7)

0

0

1.01 (14)

32.68 (47)

100.13

(Fe2.2Mg0.5Ca0.2Mn0.1)Al2(SiO4)3

Al75Py18Gr5Sp2

XJ

0

4.42 (17)

21.13 (14)

37.96 (64)

0.01

1.25 (6)

0.01 (1)

0.03 (1)

3.68 (11)

32.09 (3)

100.56

(Fe2.1Mg0.5Ca0.1Mn0.3)Al2(SiO4)3

Al70Py17Gr4Sp8
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ployed to determine the water content of the samples. Since a 
considerable amount of water can be inevitably absorbed by 
the powder sample, leading to an artifactual error (Keppler and 
Rauch, 2000), the water content of samples was not measured 
before conductivity measurements. Instead, it was only mea‐
sured after the electrical conductivity measurements. Each sam‐
ple was double-side polished and dried for over 12 hours at 
400 K prior to the FTIR measurements. FTIR analysis was per‐
formed using a Bruker Vertex 70V FTIR spectrometer coupled 
with a Hyperion 2000 microscope (Bayerisches Geoinstitut, 
Germany). The aperture was 100 µm, which gives a spot size 
of 60 µm × 60 µm. 128 scans were collected for each specimen 
at 4 cm-1 resolution. The spectra between 2 000 to 10 000 cm-1 
were collected, and those from 3 000 to 4 000 cm-1 were ana‐
lyzed because of its sensitivity to the vibration of hydrogen-  
related species (Bell et al., 1995). The modified Beer-Lambert 
law was used to determine the concentration of water in the lat‐
tice, A = I·c·t·γ, where A denotes total integral absorbance, I is 
integral molar coefficient of absorption, c refers to the content 
of water, t is sample thickness, and γ stands for the orientation 
factor. The absorbance between the wavenumber of 3 000 and 
3 750 cm-1 was integrated. γ in our study was assumed to be 1/3 
due to the random orientation in polycrystalline garnet (Geiger 
and Rossman, 2018).

2 RESULTS 
Figure 1 shows the FTIR spectra of each sample after the 

impedance spectroscopy experiment. No peaks attributable to 
structural water (OH-) were observed. The absence of the char‐
acteristic peak for almandine-rich garnets around 3 623–3 630 
cm-1 (Geiger and Rossman, 2018) further confirms negligible 
water content in the samples. The broad peak observed around 
B395 and B386 likely stems from the background signal.

Impedance spectroscopy revealed suppressed semi-circle 
patterns in the complex impedance spectra of the garnet sam‐
ples (Figure 2). A small semi-circle observed at low frequen‐
cies in some spectra is likely associated with grain boundary 
conduction (Farla et al., 2010). At high temperatures, a single 
semi-circle could indicate either dominant conduction within 
the grain interiors or overlapping contributions from both grain 
interiors and grain boundaries with similar relaxation times. 

The electrical conductivities of all samples were determined 
across a range of temperatures and plotted as a function of re‐
ciprocal temperature (1/T) in Figure 3. This data was fitted to 
the Arrhenius equation as follows

σ = A exp(-ΔH/kT) (1)

where A is the pre-exponential factor, ΔH is the activation ener‐
gy, k is the Boltzmann constant, and T is the absolute tempera‐
ture. The resulting activation enthalpy and pre-exponential fac‐
tor for the samples are listed in Table 2.

The electrical conductivities of single-phase garnets were 
measured over one cycle, while those of garnet mixtures were 
measured over 2 cycles (Figure 3). The electrical conductivity at 
the first heating stage could be affected by moisture in the assem‐
bly. After the first heating stage, both the single-phase and mix‐
ture samples exhibited consistent conductivity behavior across 
their respective heating and cooling cycles. The linear relation‐
ship between reciprocal temperature and conductivity observed 
for SD (Figure 3a) suggests a constant conduction mechanism 
throughout the temperature range. LYG, XJ, and their mixture 
(LYG50XJ50) displays a variation in slope with increasing temper‐
ature (Figures 3b and 3d), implying a shift in the dominant con‐
duction mechanism at higher temperatures compared to lower 
temperatures. Their conductivities at higher temperatures (>900 
K) were fitted to the Arrhenius equation to obtain the pre-        
exponential factor and activation energy listed in Table 2.

Among the single-phase garnets, SD exhibits a slightly 
higher conductivity compared to LYG, while LYG and XJ pos‐
sess similar conductivities at high temperatures (>1 000 K). 
The activation energy of SD (0.89 eV) is slightly lower than 
both XJ (0.97 eV) and LYG (1.05 eV), despite the lower iron 
content SD (XFe = 0.46) compared to LYG (0.73) and XJ (0.70). 
Notably, the conductivities of both SD and LYG are higher 
than their mixtures (Figure 3c). Similarly, LYG and XJ show 
higher conductivities than their mixture, LYG50XJ50, and the 
discrepancy is about half order of magnitude lower than its con‐

Figure 1. Representative FTIR spectra of garnet samples after electrical 

conductivity measurements.

Figure 2. Representative complex impedance spectra of the LYG sample, 

showing real and imaginary impedance components. Low-frequency data 

points with high scatter were excluded. The semi-circular spectra were sim‐

ulated by an equivalent circuit including a resistor (R) and a constant phase 

element (CPE) in parallel (inset) photomicrograph of the recovered cell as‐

sembly.
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stituent single phases at 1 223 K (Figure 3d). This discrepancy 
increases with decreasing temperature due to the distinct con‐
duction mechanisms between high and low temperature ranges. 
Furthermore, as shown in Table 2, the activation energies for 
electrical conduction in the mixed-phase garnets are consistent‐
ly higher than those in the single-phase counterparts.

Post-experiment observations revealed evidence of exsolu‐
tion in some SD garnet samples. This exsolution is manifested 
as the formation of a myrmekitic texture within both the single-
phase garnet (B386) (presented in the ESM Figure S1) and the 
two-phase mixture (B394) (Figure 4). Myrmekitic texture is 

characterized by the unmixing of domains enriched in Ca2+ and 
depleted in Fe2+ and Mg2+ , accompanied by a corresponding 
shift in the abundance of Al3+ and Si4+ (ESM Figure S2 and Ta‐
ble S1). Scanning electron microscopy (SEM) analysis did not 
detect significant interdiffusion of Fe2+ and Ca2+ between the 
distinct garnet phases. This observation aligns well with the es‐
tablished low interdiffusion coefficients reported for Fe2+/Mg2+ 
(10-16.36 m2/s) and Ca (10-16.23 m2/s) at experimental conditions of 
1 000 °C and 1.5 GPa (Freer and Edwards, 1999). Given these 
diffusion coefficients, the estimated maximum diffusion length 
for Fe2+/Mg2+ and Ca2+ would be approximately 0.2 µm.

Figure 3. Electrical conductivity of single-phase (a) and mixed-phase (b) garnets plotted as a function of reciprocal temperature (1 000/T). Panels (c) and (d) 

compared the conductivity of the single-phase samples with their corresponding mixtures during the cooling cycle data. XJ was only collected during a single 

heating cycle (d) due to a thermocouple failure at 1 173 K.

Table 2 Summary of runs 

Runs

B386

B387

B395

B390

B392

B394

Samples

SD

LYG

XJ

LYG50XJ50

LYG66SD34

LYG50SD50

XFe*

0.46

0.73

0.70

0.72※

0.64※

0.59※

Pressure (GPa)

1.5

1.5

1.5

1.5

1.5

1.5

Temperature (K)

573–1 273

573–1 273

573–1 173

573–1 273

573–1 273

573–1 173

σ0

2 621

1 192

1 507

1 632

3 533

12.56

ΔH (eV)

0.89

1.05

0.97

1.23

1.41

1.27

Comments

Single phase

Single phase

Single phase

Mixture

Mixture

Mixture

*XFe denotes the mole fraction of iron in metal ions (XFe = Fe/Σ(Fe + Mg + Mn + Ca); ※is calculated based on the weight percentage of each constitu‐

ents in the mixture.
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3 DISCUSSION 
3.1 Electrical Conductivity of Single-Phase Garnet　

The electrical conductivity of garnet is affected by water 
content, iron content and Fe3+/ΣFe ratio, besides oxygen fugaci‐
ty and temperature and pressure. Water can significantly in‐
crease the conductivity of garnet via the dominant conduction 
mechanism-proton (H+) (Feng and Guo, 2022; Liu et al., 2019; 
Dai et al., 2012; Dai and Karato, 2009). In the present study, 
the effect of water on the garnet conductivity could be ruled 
out because the garnet samples are almost dry. Romano et al. 
(2006) demonstrated a positive correlation between electrical 
conductivity and total iron content in a series of garnets, a 
trend also observed in other mantle minerals (Zhang and Yoshi‐
no, 2016; Yoshino et al., 2012). However, the reported conduc‐
tivity variation for Al43Py56Gr1 and Al76Py20Gr4 is only 0.2 order 
of magnitude (Dai et al., 2012). For a constant iron content, the 
conductivity of garnet could be affected by Fe3+/ΣFe as ob‐
served in augite (Yang and McCammon, 2012). Despite a low‐
er total iron content in SD (XFe = 0.46) compared to LYG (XFe = 
0.73) and XJ (XFe = 0.7), the conductivities of the three single-
phase garnets are comparable at high temperature. This obser‐
vation might be attributed to a potentially higher ferric iron 
content in the SD garnet.

The formation of myrmekitic texture appears to have mini‐
mal impact on the electrical conductivity of the SD garnet sam‐
ples. The miscibility gap between grossular and pyrope is 
known to be compositionally dependent (Dachs, 2006). The 
higher mole fraction of grossular (0.45) in the SD garnet re‐
sults in a significantly higher solvus temperature (1 200 ° C) 
compared to the lower grossular content observed in LYG 
(0.07) and XJ (0.03) exhibiting much lower solvus tempera‐
tures of less than 400 °C (Dachs, 2006).

During exsolution in SD, Fe (Mg) -rich and Ca-rich end- 
members become segregated, leading to a redistribution of ele‐
ments within the mineral lattice. However, this process typical‐
ly has minimal impact on the bulk chemical composition of 
each mineral, including the iron content. Consequently, the in‐
fluence of the myrmekitic texture on the conductivity of both 
the SD garnet and the mixture is likely negligible (Romano et 
al., 2006). This aligns with observations by Wang et al. (2014) 

who reported a negligible influence of exsolution on the con‐
ductivity of myrmekitic K-feldspar up to 1 000 °C.

The electrical conductivities of our single-phase garnets 
were compared with those reported in previous studies (Figure 
5). The observed conductivities in our study are approximately 
one order of magnitude higher than those reported for the dry 
garnet (Al14Py73Grs13) by Dai and Karato (2009) and about half 
order of magnitude higher than the nearly “dry” garnet 
(Al55Py27Gr27Sp2 ) at high temperature (>1 073 K) reported by 
Liu et al. (2019). These difference can be attributed to the high‐
er iron content in our samples. By contrast, Romano et al. 
(2006) reported significantly higher conductivity of Al80Py20 
and Al100 garnets compared to our LYG (Al75Py18Grs5Sp2) and 
XJ (Al70Py17Gr4Sp8), despite similar iron contents. This discrep‐
ancy is likely due to the presence of uncharacterized structural 
water in their samples, as the water content was not reported. 
Alternatively, the higher pressure (10 GPa) used in their study 
compared to ours (1.5 GPa) could be a contributing factor, as 
Romano et al. (2006) suggested a negative correlation between 
conductivity and the increasing pressure.

The conductivities of all studied garnets exceed that of the 
assemblage of ilmenite and garnet previously reported by Xu 
and Shankland (1999). However, the unknown exact propor‐
tion of garnet within this assemblage hinders a precise evalua‐
tion of its contribution to the bulk conductivity (Xu and Shank‐
land, 1999). Dai et al. (2012) reported a lower conductivity for 
a dry garnet (Py20Al76Grs4) compared to ours despite similar ion 
content. This observation may be related to differing oxygen 

Figure 5. Comparison of the electrical conductivity of the single-phase gar‐

nets from this study with data reported in previous studies. Conductivity da‐

ta for Al80Py20Gr0Sp0 and Al100Py20Gr0Sp0 from Romano et al. (2006) at 573–

873 K and 10 GPa were adjusted for high-temperature comparison through 

extrapolation.

Figure 4. Backscatter electron (BSE) image of the mixed-phase sample 

(B394) showing myrmekitic texture development within SD garnet grains 

to varying degrees.
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fugacities, which can influence the Fe³⁺/ΣFe ratio. As conduc‐
tivity increases with increasing oxygen fugacity (Amulele et 
al., 2022; Dai et al., 2012), the lower IM (Fe-Fe3O4) buffer 
used in their study compared to the Ni-NiO buffer employed in 
ours likely explains the discrepancy.

3.2 Conduction Mechanism　
The electrical conduction mechanism in garnet appears to 

differ between low and high temperatures. This is evidenced by 
the significantly lower activation energies observed for LYG 
and XJ at low temperatures (<900 K) compared to high temper‐
atures (0.29 vs. 1.05 eV for LYG and 0.44 vs. 0.97 eV for XJ). 
Notably, these values are lower than those typically reported 
for small polaron conduction (0.6–2.5 eV) and proton conduc‐
tion (~0.7 eV) in garnets (Dai et al., 2013; Romano et al., 
2006). Freer and Edwards (1999) suggested that the diffusion 
of extrinsic impurities could be pervasive and predominate in 
silicate garnet. The LYG, XJ megacrysts could incorporate con‐
siderable impurities during fractional crystallization. These ex‐
trinsic vacancies or impurities have narrower band gap com‐
pared to the intrinsic atoms within the minerals lattice, leading 
to a lower activation energy, as observed in minerals like talc, 
bridgmanite, and granite (Dai et al., 2014; Guo et al., 2011). 
Therefore, we propose that an extrinsic mechanism likely gov‐
erns the electrical conduction of LYG, XJ and their mixture 
(LYG50XJ50) at low temperatures. By contrast, the SD could on‐
ly incorporate impurity at a low amount, and consequently the 
conductions of SD and its corresponding mixtures (LYG66SD34 
and LYG50SD50) are governed solely by intrinsic mechanism at 
both high and low temperatures.

At high temperatures, the dominant conduction mecha‐
nism in garnet is likely small polaron conduction, involving the 
hopping of electron holes between Fe³ ⁺ and Fe² ⁺ cations. For 
hydrous garnets, protons associated with H ⁺ defects can be‐
come the primary charge carriers (Dai et al., 2012; Dai and 
Karato, 2009). However, as our garnet samples are nearly anhy‐
drous, this mechanism is not applicable. Dai et al. (2012) re‐
ported similar activation energies (1.32–1.37 eV) for the garnet 
series varying from Al14Py73Grs13 to Al76Py20Grs4, suggesting 
small polaron as a constant conduction mechanism for iron-

bearing garnets. By contrast, Romano et al. (2006) showed that 
the activation energies of almandine and pyrope vary from 0.6 
to 2.5 eV, indicative of a shift in conduction mechanism from 
small polaron to oxygen vacancies. In our study, the activation 
energies for single-phase are around 1 eV (Table 2), consistent 
with the range reported for small polaron conduction. There‐
fore, it is reasonable to propose that small polaron conduction 
is the most likely mechanism governing electrical conductivity 
in our garnet samples.

3.3 Grain Boundary Conductivity　
The observed lower conductivity and higher activation en‐

ergies of the garnet mixtures compared to the single-phase gar‐
nets suggest the formation of resistive grain boundaries within 
the mixtures. The electrical conductivity of a mixture repre‐
sents the effective value of the combined conductivities of its 
various constituents. Assuming homogenous distribution and 
minimal interaction between constituent minerals, the effective 
conductivity of a mixture can be constrained by various theoret‐
ical models (Han and Clark, 2021). Among these, the Hashin-
Sthrikman (HS) bounds are considered particularly rigorous 
(Hashin and Shtrikman, 1963). As shown in Figure 6, the HS 
bounds predict a range of effective conductivities for the garnet 
mixtures that lies entirely above the measured values. This dis‐
crepancy between measured and modeled conductivities might 
be attributed to several factors beyond the assumptions of the 
HS model, such as surface effects, interfacial relaxations, and 
chemical reactions at grain boundaries (Salje, 2007). Surface ef‐
fects and interfacial relaxations could play a significant role if a 
liquid phase was present in the multiphase system (Fenter and 
Neil, 2004). Alternatively, the chemical gradient between the 
two garnets could induce interdiffusion of Fe and Mg, leading 
to the formation of a thin layer of garnet solid solution at the in‐
terface. However, such a solid solution would likely exhibit an 
intermediate conductivity between the constituent endmem‐
bers, as observed in feldspar solid solutions where conductivity 
falls between that of albite and orthoclase (Hu et al., 2013).

Another possibility is the segregation of impurities within 
the mineral lattice towards the grain boundaries at high temper‐
atures. The grain boundaries in single-phase garnet are interfac‐

Figure 6. Comparison of the measured electrical conductivity of the mixed-phase garnet samples (LYG50SD50 and LYG66SD34) with the effective conductivity 

bounds predicted by the Hashin-Sthrikman (HS) model. The upper HS bound of all mixture in (a) is slightly higher than their lower bound.
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es between two grains with identical composition and crystal 
structure, resembling dislocation arrays. By contrast, for the 
multiphase counterparts, the grain boundaries at the interface 
between two garnet phases could comprise an approximately 
two-dimensional “structural” or “core” region with over ~2-
unit cell width, whose atomic structure differs from both adja‐
cent crystals (Vahidi et al., 2021). Since grain boundaries are 
known to act as sinks for various imperfections such as impuri‐
ties and vacancies (Shirpour et al., 2012), these wide interphas‐
es enable the impurities from the garnet crystals to reside and 
accumulate at grain boundary core. Also, a three-dimensional 
space charge zone extends up to several nanometres into the ad‐
jacent garnet crystal (Vahidi et al., 2021). In other words, such 
a zone would be characterized by an impurity-enriched core 
within the grain boundary and adjacent zones depleted of ions 
and defects within the lattice (Wang et al., 2020). For instance, 
incompatible ions in aggregates of olivine and anorthite synthe‐
sized at high pressures and temperatures can segregate and en‐
rich at grain boundaries (Hiraga et al., 2004). Compared to gar‐
net lattice, where small polaron conduction dominates, these 
grain boundaries with segregated ions and depleted zones 
would be more resistive (Xue et al., 2019; Guo et al., 2002). 
An interconnected network of such resistive grain boundaries 
consequently reduces the bulk conductivity of the garnet mix‐
ture (Roberts and Tyburczy, 1991). Similar observations of 
grain boundary conduction due to segregated impurities were 
reported by Dai et al. (2008) in synthetic peridotite composed 
of olivine and pyroxene. Additionally, the higher activation en‐
ergy observed for the mixture compared to the single-phase 
garnets (Table 2) aligns with the presence of relatively resistive 
grain boundaries associated with space charge zones, a phe‐
nomenon observed in other ceramic materials (Gregori et al., 
2017; Gerhardt and Nowick, 1986).

The bulk electrical conductivity of a polycrystalline aggre‐
gate can be estimated by combining the contributions of grain 
interior and grain boundary conductivities. Due to the imped‐
ing effect of grain boundary conductivity, the electrical re‐
sponse can be modeled as a series resistor network. The bulk 
conductivity, σt, can therefore be given by the equation accord‐
ing to Roberts and Tyburczy (1999)

σt = 1/(1/σgi +1/σgb) (2)

where σgb is the grain boundary conductivity, and σgi represents 
the grain interior conductivity. In the case of the garnet mix‐
ture, the grain interior conductivity is determined by averaging 
the Hashin-Shtrikman (HS) bounds, which accounts for the 
combined conductivity of the individual garnet phases. The de‐
rived grain boundary conductivity is the bulk conductivity of 
grain boundaries at a macro level, encompassing the total con‐
tribution from all individually specific grain boundaries within 
the aggregates. The specific grain boundary conductivity is un‐
able to be measured directly for an aggregate. The equation be‐
low shows the relationship between the specific grain bound‐
ary conductivity, σgb

sp, and the bulk grain boundary

σgb = σgb
spd/ δ (3)

where the grain size (d) and grain boundary thickness (δ) are 
important factors to be considered. The grain boundaries in the 

studied material are typically only a few nanometers thick, with 
a thickness of 1 nm assumed for this analysis (Kiss et al., 
2016). The average grain size is approximately 5 μm. The de‐
rived bulk grain boundary conductivities of the garnet mixture 
at macro level are nearly consistent (Figure 7), which are about 
half order of magnitude lower than the conductivity of grain in‐
terior in B394. The bulk grain boundary conductivities obtained 
for the garnet mixture are comparable to those reported for natu‐
ral andesite (Hui et al., 2015). However, they are approximately 
one order of magnitude higher than the values observed in syn‐
thetic peridotite (Dai et al., 2008). Given the distinct grain size 
(50 µm) of the synthetic peridotite from our study (~5 µm), this 
observed discrepancy in bulk grain boundary conductivity sug‐
gests a potential influence of the specific grain boundary at the 
microscopic level, as predicted by Eq. (3).

The activation energies of grain boundary conduction are 
higher than the single-phase garnet (Table 3), supporting the 
impeding effects of grain boundary conduction on the bulk con‐
ductivity of the garnet mixture. The activation energies of grain 
boundary conduction vary within a wide range (1.17–1.55 eV), 
which are comparable to that of synthetic peridotite (1.32–1.45 
eV) (Dai et al. 2008). The activation energies are higher than 
natural andesite (~0.9 eV) but much lower than those in olivine 
compact (2.47 eV) and scandia-doped zirconia polycrystals 
(2.143 eV) (Xue et al., 2019; Hui et al., 2015; Roberts and Ty‐
burczy, 1991). The considerable variation in activation energy 
of grain boundary conduction could be dependent on several 
factors including species of charge carriers, their mobility and 
concentration, the structure of grain boundaries, presence of 
water or fluid and oxygen fugacity (Gregori et al., 2017; Kiss 
et al., 2016; Gasc et al., 2011; Dai et al., 2008). Identifying and 

Table 3 Fitted Arrhenius parameters of grain boundary conductivity 

Run

B390

B392

B394

σ0 (kS/m)

3.66

214.19

13.66

∆H (eV)

1.17

1.55

1.31

Figure 7. The comparison of grain boundary and grain interior conductivi‐

ty. The solid lines are the grain boundary conductivity at macro level. The 

dotted line is the grain interior conductivity of B394.
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quantifying the exact charge carriers and their concentrations 
involved in conduction at grain boundaries and the adjacent 
grain rim region remains a significant technical challenge 
(Peng et al., 2022; Vahidi et al., 2021).

4 GEOLOGICAL IMPLICATIONS 
The grain boundary conductivity could affect the electri‐

cal conductivity of garnet-bearing rocks at diverse geological 
settings. The interaction between subducted plate of oceanic 
lithosphere and the ambient mantle is a major process of man‐
tle mixing and homogenization (van Keken et al., 2002). How‐
ever, observations of electrical conductivity anomalies associat‐
ed with subducted slabs in the MTZ reveal contrasting behav‐
ior (Kelbert et al., 2009). Stagnant slabs beneath southern Eu‐
rope exhibit lower conductivity compared to the ambient man‐
tle (Fukao et al., 2009; Tarits et al., 2004), while the slabs in 
the MTZ under northeastern China display higher conductivity 
than their neighboring mantle regions (Zhang et al., 2020; 
Huang and Zhao, 2006). These contrasting conductivity pat‐
terns could be attributed to the influence of grain boundary con‐
ductivity between garnets with varying compositions. Garnets 
formed from mid-ocean ridge basalts (MORB) are typically en‐
riched in the grossular component, while those in peridotite are 
usually composed of approximately 75% pyrope, 10% grossu‐
lar, and 15% almandine (Wood et al., 2013). The abundance of 
majorite garnet increases significantly within the MTZ, reach‐
ing 90% in MORB and 40% in pyrolite (Irifune and Tsuchiya, 
2007). This suggests potential mixing between MORB garnet 
in stagnant slabs and pyrolite garnet in the ambient mantle, 

leading to the formation of grain boundaries. The slow rate of 
ion diffusion within garnet hinders the efficient mixing of these 
distinct garnet compositions, thereby contributing to the long-
term persistence of grain boundary conductivity within the 
MTZ (Holzapfel et al., 2005).

Majorite, as one type of garnet, is assumed to have equiva‐
lent concentration and mobility of charge carriers, as well as the 
overall grain boundary structure to the garnet aggregates in our 
study. Based on this assumption, a previously established labo‐
ratory-based conductivity model for dry majorite garnet (Yoshi‐
no et al., 2008) is employed to estimate the conductivity within 
the mantle transition zone (MTZ). Pressure is considered insig‐
nificant in modeling the grain boundary conductivity (Gregori 
et al., 2017). The estimated surface temperature of stagnant 
slabs is considered to be 300–400 K below the adiabatic temper‐
ature (Schmid et al., 2006). Additionally, friction during sub‐
duction is expected to induce a grain size of approximately 100 
µm for majorite on the slab surface (Wada et al., 2011). Nota‐
bly, the grain boundary conductivity calculated using the param‐
eters for B394 (Table 3) is found to be two orders of magnitude 
higher than that of majorite itself (Figure 8). In light of these 
considerations, a cube model comprising cubic grains and con‐
ductive grain boundary films is chosen for calculating the bulk 
conductivity of a majorite mixture within the MTZ (Waff, 
1974). The formula of cube model is presented as follows

σ t =
σgiσgb( )1 - Xgb

2
3

σgb( )1 - Xgb

1
3

+ σgi
é
ë

ù
û

1 - ( )1 - Xgb

1
3

+

σgi
é
ë
1 - (1 - Xgb ) 2

3ù
û

(4)

and Xgb the volume fraction of grain boundaries, is calculated by

Xgb = ( )d + δ
3
- d 3

( )d + δ
3

(5)

where d and δ are the grain size and grain boundary thickness, 
respectively.

The bulk conductivity of majorite mixture is only slightly 
higher than that of its constituent majorite, suggesting a limited 
impact of grain boundary on the bulk conductivity of a mantle 
rock. For stagnant slabs in southern Europe, located shallower 
than 570 km (Tarits et al., 2004), their low electrical conductiv‐
ity can likely be attributed to the presence of dry majorite. 
However, if the stagnant slab is more than 300 K colder than 
the ambient mantle (Schmid et al., 2006), it is also possible 
that the majorite could contain a certain amount of structural 
water. Nevertheless, this interpretation suggests that the ob‐
served conductivity anomaly might not necessarily require the 
additional influence of grain boundary conductivity.

In contrast, the highly conductive anomaly observed in 
the slab beneath northeastern China (Zhang et al., 2020) may 
require the presence of a certain amount of water. However, 
there is a lack of clear understanding of the relationship be‐
tween water content and conductivity in majorite. This high‐
lights the need for future research to determine the precise wa‐
ter content within majorite in these settings. Despite the limited 
impact observed in our model, it is crucial to consider the po‐
tential influence of grain boundary conductivity when interpret‐

Figure 8. Conductivity profile of majorite garnet mixture in the mantle tran‐

sition zone. This figure depicts the calculated conductivity profile of a ma‐

jorite garnet mixture within the mantle transition zone (MTZ) at depths 

ranging from 410 to 660 km. The green dashed line represents the intrinsic 

conductivity of dry majorite garnet, based on the model by Yoshino et al. 

(2008). The blue solid line represents the bulk conductivity of the majorite 

mixture, which incorporates both grain boundary and majorite garnet con‐

ductivity. Notably, the calculated bulk conductivity profile closely resem‐

bles the intrinsic conductivity of dry majorite garnet. The temperature pro‐

file within the stagnant slabs (not shown), assumed to be 300 K lower than 

the adiabatic temperature profile (adopted from Katsura, 2022), is used in 

the conductivity calculations.
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ing magnetotelluric and/or geomagnetic observations using 
electrical conductivity models.
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