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Abstract

Field magnetotelluric (MT) observation data confirmed the widespread existence of electri-
cal anisotropy in the mid-lower crust and upper-mantle regions. Several potential electric
transport mechanisms, such as the mineralogical fabric, the lithologic layering, the pref-
erential alignment of fluid or melt, etc., have been put forward to reasonably explain the
anisotropic electrical conductivity. However, the detailed contributions of each mecha-
nism to rock-scale electrical anisotropy are difficult to quantify using laboratory-based
electrical conductivity measurements. Herein, we develop GeoAnisoLab, an absolutely
new numerical modeling program to characterize the anisotropic electrical conductivity
of rocks at high temperature and high pressure. It integrates crystallographic preferred
orientations, mineral conductivity data, and resistor-network modeling by constructing
five typical petrological models (i.e., a randomly distributed rock model, two lithologically
layered models, a fluid-bearing layered model, and a melt-bearing layered model). In
comprehensive considerations of previously available high-pressure experimental and filed
MT results, the GeoAnisoLab numerical modeling method can systematically assess the
anisotropic conductivity anomalies in the deep Earth.

Keywords: electrical anisotropy; numerical modeling; magnetotelluric

1. Introduction

Anisotropic electrical conductivity in the deep Earth’s interior has been widely de-
tected by magnetotelluric (MT) sounding results [1-3]. It is commonly attributed to the
mineralogical fabric, the lithologic layering, the preferential alignment of fluid or melt,
etc. [4-7]. Previous experimental conductivity studies have demonstrated that single-crystal
quartz and plagioclase can exhibit pronounced electrical anisotropy in the mid-lower crustal
region [8-10]. When we convert the electrical anisotropy from the mineral single crys-
tal to polycrystalline aggregates, it strongly depends on the crystallographic preferred
orientations (CPO) [4]. However, the magnitude of petrological electrical anisotropy is
substantially reduced [4,11]. Therefore, it is obvious that electrical anisotropy of mineral
single crystal cannot be applied directly to explain the geophysical observed anisotropy
anomalies. On the other hand, it is difficult to quantify the detailed contributions for
each electrical anisotropy mechanism of rocks from these laboratory-based electrical

Minerals 2026, 16, 735

https://doi.org/10.3390/min16070735


https://crossmark.crossref.org/dialog?doi=10.3390/min16070735&domain=pdf&date_stamp=2026-07-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0009-0008-2279-950X
https://orcid.org/0000-0002-7748-8919
https://orcid.org/0000-0002-9081-765X
https://doi.org/10.3390/min16070735

Minerals 2026, 16, 735

2 of 14

conductivity measurements at high temperature and high pressure. In most cases, the
genuine sample constituent capable of systematically characterizing anisotropic mecha-
nisms in the deep Earth’s interior is not easy to be obtained by the high-temperature and
high-pressure experiments.

Numerical modeling provides a feasible method for quantifying rock-scale elec-
trical anisotropy. Conventional theoretical models have been adopted to calculate the
bulk electrical conductivity of geomaterials, such as Hashin-Shtrikman bounds (HS),
series-parallel models, and geometric mean models [12-15]. By combining these the-
oretical models with experimental electrical conductivity data for rock-forming miner-
als and fluids/melts [15-18], computational tools such as SIGMELTS have been devel-
oped to assess the isotropic conductivity at high temperature and high pressure [19].
Nevertheless, these available computational tools are not designed to evaluate rock-
scale electrical anisotropy. More recently, the network-based models provide a valid
approach for simulating the anisotropic electrical conductivity of rocks and identify which
anisotropic conductivity mechanisms to reasonably interpret geophysically observed
electrical anisotropy [4,11,20,21]. However, these models have not yet been incorporated
into a dedicated program platform. Therefore, a software tool that directly calculates
rock electrical anisotropy is needed to make the modeled results more accessible to the
geophysical community.

Herein, we developed an interactive software (GeoAnisoLab) for calculating the
electrical conductivity anisotropy of rock under conditions relevant to the Earth’s crust and
upper mantle. By integrating mineralogical conductivity data, crystallographic orientations,
mineralogical assemblages, and preferentially aligned fluids/melts, the GeoAnisoLab
software quantitatively evaluates the effects of different mechanisms on rock electrical
anisotropy. This software allows users to construct randomly distributed, lithologically
layered, fluid-bearing, and melt-bearing rock models. The main input parameters are
temperature, mineralogy, crystallographic fabric, and the composition and abundance
of fluids/melts. The outputs include the electrical anisotropy ratio and visualizations of
the simulated resistor networks. By comparing the simulated electrical anisotropy with
that inferred from MT data, users can assess which geological mechanisms are capable of
reproducing the observed electrical anisotropy.

2. Software Development and Computational Detail

The GeoAnisoLab (version 1.0) software is designed by the random resistor network
method, and the calculating program is developed on the basis of Luo et al. [11] at high
temperature and high pressure. As usual, users need to set the model parameters, after
which the GeoAnisoLab software makes it relatively easy to construct the resistor networks
and automatically calculates the electrical anisotropy of rocks. The user interface was
constructed using TypeScript 7.0.2, React 19.2.7, and Electron 43.1.0, while the computa-
tional components were integrated into Python 3.9.7. This software is packaged as an
independent executable file and can therefore be run directly without installing Node.js or
Python. The GeoAnisoLab framework is organized into four main computational modules:
parameter input, data retrieval, resistor-network construction, and calculation/output
visualization. In the module of parameter input, users define temperature, mineral as-
semblage, modal proportion, crystallographic fabric, and fluid /melt parameters when
applicable. In the module of data retrieval, the program reads mineral conductivity data
and CPO information from the built-in database or from user-uploaded files. In the module
of resistor-network construction, the selected simulation option determines how mineral
phases, lithologic layers, and conductive fluids or melts are arranged in the resistor network.
Finally, the calculation/output module simulates the electric currents in two orthogonal
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directions, calculates the electrical anisotropy ratio, and visualizes the corresponding
circuit structures.

The schematic interface and calculation workflow of GeoAnisoLab software are shown
in Figure 1 in detail. The five simulation options in the user interface, including “Random
Distribution of Minerals”, “Lithologic Layering—1”, “Lithologic Layering—2", “Fluid-
Bearing Layered Model”, and “Melt-Bearing Layered Model”, correspond to different
resistor-network construction modules. These options differ in model architecture, but they
follow the same calculation workflow. The upper panels are designed for model selection,
parameter input, and result output, whereas the lower panels visualize circuit simulations
along two orthogonal directions. Each corresponding resistor network is composed of
400 resistor pairs.
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Geological Electrical Anisotropy Simulation

Random Distribution of Minerals

Lithologic Layering-1 |Lithologic Layering-2 Fluid-bearing Layered Model Melt-bearing Layered Model

Modal proportion

Input data Outputs
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Figure 1. Schematic interface and calculation workflow of GeoAnisoLab software. The workflow
consists of parameter input, data retrieval, resistor-network construction, electrical calculation,
and output visualization. The five simulation options correspond to different resistor-network
construction modules. All models then adopt the same electrical calculation and visualization
procedures. The lower panels display the corresponding circuit simulations in the X and Y direc-
tions, the red boundary lines represent short-circuited electrodes used to apply a voltage across the
resistor network.

To better illustrate the structural assumptions of the models implemented in the
GeoAnisoLab software, schematic cartoons of the model structures are shown in Figure 2.
It demonstrates how mineral phases are distributed in the randomly distributed model,
how layered structures are arranged in the lithologic layering models, and how fluids and
melts are localized in predefined sub-layers in the fluid /melt-bearing model.
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(a) Random Distribution of Minerals (b) Lithologic Layering

(c) Fluid/Melt-bearing Layering

Figure 2. Schematic illustration of electrical anisotropy models. (a) Random distribution of minerals,
in which different mineral phases are dispersed throughout the model. (b) Lithologic layering, in
which different lithologic minerals are arranged as laterally continuous layers. (c) Fluid/melt-bearing
model, in which conductive fluids or melts are preferentially connected along specific layers. The red
curves represent connected fluid /melt pathways.

2.1. Input Parameters

In the parameter-input module, users first select a simulation option and then set the
temperature, mineralogical assemblages, and proportions. Pressure is not considered since
its effect on mineral conductivity is negligible relative to that of temperature [9,22]. The
volume fraction of each phase can be input individually, which allows users to construct
single-phase, two-phase, or three-phase rock models.

The anisotropic mineral phase can be selected from the built-in database (Table 1). The
three conductivity values along the principal crystallographic directions of the selected
mineral are then retrieved automatically. Users can also input these values manually
when the target mineral phase is not available in the database. In the current version, the
three directional conductivities must be input in the following order: [uvw], [rst], and [hkl].
Crystallographic orientation data can be selected from the database or updated as a CSV file.
The last three columns of CSV file are configured as the Euler angles ¢1, @, and ¢, [23].
The second and third mineralogical phases are treated as electrically isotropic and are
therefore assigned a direction-independent conductivity value. These conductivity values
can be selected from the database or input manually. In the “Random Distribution of
Minerals” model, this randomization controls only the spatial positions of the mineral
phases. The crystallographic orientations of anisotropic minerals are prescribed by the
selected or uploaded CPO data.

Table 1. The data sources used in the calculations.

Reference
Phase EBSD  Conductivity (Anisotropic) Conductivity (Polycrystals)

Quartz [24] [10] [10]
Plagioclase [25] [9] [26]
Olivine [27] [28,29] [28]
Ampbhibole [22]

Clinopyroxene [9,30]
Orthopyroxene [31]
Fluids [32]
Granitic melts [33]
Basaltic melts [34]
Carbonatite melts [35]

https://doi.org/10.3390/min16070735


https://doi.org/10.3390/min16070735

Minerals 2026, 16, 735

50f 14

The GeoAnisoLab software includes two types of layered models, each of which has a
predefined structural assumption. These two models are designed to represent different
natural lithologic structures. The total number of resistor pairs is fixed at 400 in both
models, whereas the number of layers and the allocation of resistor pairs within individ-
ual layers vary according to the target lithologic structure. The “Lithologic Layering—1"
model consists of nine layers. The corresponding numbers of resistor pairs in successive
layers are 20, 60, 20, 80, 20, 80, 20, 80, and 20. The isotropic mineral phases are distributed
proportionally within layers 2, 4, 6, and 8. In this model, the total proportion of anisotropic
mineral phases must exceed 25%. This configuration is designed to reproduce interlayering
between monomineralic quartz layers and polymineralic quartz-bearing layers. It is there-
fore suitable for quartz-rich crustal rocks in which compositional layering occurs at the rock
scale. In contrast, the “Lithologic Layering—2" model is composed of seven layers with a
different geometric arrangement. From the first to the seventh layer, the numbers of resistor
pairs are 80, 40, 80, 40, 80, 40, and 40, respectively. This configuration is designed based on
the xenoliths from lower-crustal rocks with alternating pyroxene-rich and plagioclase-rich
layers. To represent compositional layering, the overall proportion of anisotropic mineral
phases is fixed at 62%, while their proportions in successive layers alternate following
the sequence 80-20-80-20-80-20-80 vol.%. The isotropic mineral phases are randomly
distributed throughout the remaining parts of the resistor network.

In the fluid-bearing layered model, users can specify fluid types (NaCl-bearing fluid or
custom), salinities, fluid-bearing layers (odd- or even-numbered layers), and fluid fractions.
As illustrated in Figure 2¢, this model follows a layered structure in which fluids are
assigned to selected layers. Owing to the weakening effect of fluids on microfabrics of
matrix [24], the crystallographic orientations are not taken into account in the fluid-bearing
layers. Accordingly, the conductivity of the fluid-bearing layer is calculated using the
HS" model based on the conductivities of saline fluids and solid matrix [12,32,36]. The
crystallographic orientations are considered only in fluid-free layers. In the melt-bearing
layered model (Figure 2c), melt is fixed at the predefined even-numbered layers and
is localized within a single sub-layer rather than occupying the entire even-numbered
layers. Users can specify the melt types (peraluminous granitic, basaltic, carbonatitic, or
custom), melt H,O content, and melt fractions. The option of basaltic melt is restricted to a
temperature range of 1473-1923 K. Although fluids and melts are both treated as highly
conductive phases in the GeoAnisoLab software, they are parameterized separately because
their controlling factors are different. The fluid-bearing model is controlled mainly by fluid
salinity, fluid fraction, and the choice of fluid-bearing layers. By contrast, the melt-bearing
model is controlled by melt composition, HO content, and melt fraction.

2.2. Output and Visualization

In the calculation/output module, the GeoAnisoLab software provides two calculation
modes: azimuthal anisotropy and transverse anisotropy. Azimuthal anisotropy describes
the conductivity contrast between two orthogonal horizontal directions, while transverse
anisotropy refers to the contrast between the vertical and horizontal directions. After
selecting the calculation mode, the calculation is initiated by clicking the “Run compute”
button. The software then constructs two resistor networks to simulate conductance along
two orthogonal directions. The same voltage is applied across both networks. The effective
conductance in each direction is determined from the simulated current. Because the
applied voltage, network geometry, and mineral distribution are identical in both networks,
the electrical anisotropy is obtained from the ratio of the simulated currents along the two
orthogonal directions (oy /ox = Iy/Ix). The output panel shows the calculated anisotropy
value together with a schematic diagram of the selected model. The lower part of the
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interface displays the two resistor networks used to simulate currents, which are visualized
using Circuit]S, an online electronic-circuit simulator (https://lushprojects.com/ circuitjs/
accessed on 11 July 2026).

In the GeoAnisoLab software, mineralogical phases (described as the resistor pairs)
are distributed randomly in the resistor network models according to the prescribed
proportions. Consequently, the repeated calculations with the same input parameters may
produce slightly different anisotropic values. Each click of the “Run compute” button
generates a new random resistor network and performs one calculation. To reduce the
variability introduced by randomization of phase distributions, users should perform
multiple calculations and average the simulated electrical anisotropy.

2.3. Model Assumptions and Uncertainties

The main assumptions and uncertainties of the resistor-network approach have been
discussed in detail by Luo et al. [11]. Here, we briefly summarize the uncertainty sources
most relevant to the GeoAnisoLab software. First, the input conductivity data are derived
mainly from high-temperature and high-pressure experiments. These experimental values
may vary because mineral, fluid, and melt conductivities are affected by temperature,
pressure, water content, Fe content, oxygen fugacity, salinity, melt composition, and experi-
mental calibration. Second, the modeled anisotropy is affected by the CPO data used for
anisotropic mineral phases. In the GeoAnisoLab software, representative EBSD datasets are
used as input, but the strength and type of CPO in natural rocks may vary with temperature,
pressure, deformation regime, water content, and mineral composition. Therefore, different
CPO inputs may produce different anisotropy values. Third, simplified assumptions on
mineral distribution, compositional layering, and oriented fluid /melt pathways may not
fully reproduce the complexity of natural rocks. Moreover, the numerical errors of the
resistor-network calculation arise mainly from random distribution of resistor pairs, bound-
ary artifacts, and finite network size. Previous tests indicate that the combined numerical
error associated with these factors is less than 10% [11].

3. Electrical Anisotropy of Rock Models
3.1. Randomly Distributed Rock Models

In the solid-state rocks, electrical anisotropy is controlled mainly by the intrinsic
conductivity of minerals, crystallographic preferred orientations, and mineral modal pro-
portions. The randomly distributed rock model is therefore used to evaluate the contri-
butions of these controlling factors to rock electrical anisotropy (Figure 2a). Accordingly,
the required input parameters include temperature, the electrical conductivities of the
constituent minerals, the crystallographic orientations, and the mineralogical proportions
(Figure 1). The crystallographic orientation and conductivity data can be obtained from the
built-in database, which currently collects quartz, plagioclase, amphibole, clinopyroxene,
orthopyroxene, and olivine [9,10,22,24-31].

Taking peridotite as an example, three representative mineral assemblages are con-
sidered, including the single-phase olivine aggregates (Ol;qg), the two-phase olivine—
orthopyroxene aggregates (Olgy + Opxy4p), and the three-phase olivine—orthopyroxene—
clinopyroxene aggregates (Olgy + Opxz5 + CpXy5). As shown in Figure 3, although olivine
single crystals exhibit extremely high electrical anisotropy (10—40), the conversion from
single crystals to polycrystalline aggregates substantially reduces the 2-3 anisotropic magni-
tude. The addition of weakly anisotropic minerals further decreases the electrical anisotropy,
consistent with previous calculations for mantle peridotite [4]. Nevertheless, the calcu-
lated electrical anisotropic values are lower than those of reported results by Simpson
and Tommasi [4]. Their higher values may result from the hydrogen diffusion coeffi-
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cients as a proxy for the electrical conductivity of single crystals. Because the hydrogen
diffusion in olivine is highly anisotropic, its conversion to conductivity through the Nernst-
Einstein equation can overestimate the magnitude of electrical anisotropy. By contrast,
the conductivities employed in the GeoAnisoLab software are taken from experimental
measurements [29] and thus provide a more direct constraint on the electrical anisotropy

of rock.
10%
[ Randomly distributed rock models
P
o
o
B
=}
2
=
= 1
= 100
8 Simpson and Tommasi (2005) — Ol
g Olg + Opxyy
m Olioo / Olgy + Opxys + Cpx5
e M/
100 L—1 A A P R R
1100 1200 1300 1400 1500
T (K)

Figure 3. Electrical anisotropy of randomly distributed rock models as a function of temperature.
Red, purple, and blue curves represent the calculated anisotropy for Oljgy, Olgg + Opxyg, and Olgg +
Opxgs + Cpxys aggregates, respectively. The black curve shows the electrical anisotropy of olivine
single crystals from Dai and Karato [29]. The blue and yellow shaded areas indicate the electrical
anisotropy ranges reported by Simpson and Tommasi [4] for Olygg and Olgs + Opxss aggregates,
respectively. Abbreviations: Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene.

Although the temperature significantly affects the calculated electrical anisotropy,
crystallographic orientations remain the primary controlling factor. Strong alignment
of the crystallographic axes also aligns the high-conductivity directions of the grains,
thereby partially preserving the single-crystal anisotropy at the aggregate scale. In con-
trast, the dispersed crystallographic orientations weaken this effect through directional
averaging [4,37]. Mineralogical proportions also influence the electrical anisotropy of the
aggregates. As the proportions of orthopyroxene and clinopyroxene increase, the contri-
bution of olivine is progressively weakened, thereby decreasing the electrical anisotropy
of aggregate. In summary, this example illustrates how the GeoAnisoLab software com-
bines mineralogical conductivity, crystallographic orientation, and modal proportion in the
calculation of rock electrical anisotropy.

3.2. Lithologically Layered Models

The lithologic layering has been proposed as a possible source of the geophysically
observed electrical anisotropy in the crust [5,6,26]. In this study, two types of lithologic layer-
ing are considered. One is interlayering between monomineralic quartz layers and polymin-
eralic quartz-bearing layers [38]. The other is alternating pyroxene-rich and plagioclase-rich
layering, as observed in granulite xenoliths from the lower continental crust [39,40]. The
conductivity contrast between these compositionally distinct layers may therefore generate
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electrical anisotropy [26]. The GeoAnisoLab software provides two layered models with
different geometric configurations. Their representative layered structures are shown in
Figure 2b.

The “Lithologic Layering—1” model is designed to represent quartz-rich layered
rocks. It consists of alternating monomineralic quartz layers and mixed quartz—plagioclase
layers, giving a bulk composition of Qtzsy + Plaggp. The electrical conductivity of quartz
and plagioclase is selected from the built-in database, and its crystallographic preferred
orientation is prescribed by the corresponding quartz CPO data. Plagioclase is treated
as an isotropic phase in the mixed layers. The “Lithological Layering—2" is designed to
quantify the contribution of plagioclase-pyroxene layering to crustal electrical anisotropy.
This model is composed of 62% plagioclase, characterized by the [001] slip system, and 38%
clinopyroxene. These mineralogical phases are alternately arranged to form alternating
pyroxene-rich (Cpxgg + Plagyg) and plagioclase-rich (Cpxyg + Plaggp) layers. As the input
parameters, the anisotropic electrical conductivity of plagioclase (135 ppm water) is selected
from the built-in database, while the isotropic conductivity of clinopyroxene (270 ppm
water) is input manually using the data of Yang and McCammon [41].

The calculated results are shown in Figure 4. Lithologic Layering-1 produces relatively
high electrical anisotropy of ~8 at 600 K, but the anisotropy decreases sharply at 700 K
and remains low at higher temperatures (Figure 4a). This non-monotonic variation mainly
results from the quartz CPOs that evolved with temperature. Because quartz is the only
anisotropic mineral phase in this model, variations in quartz CPOs modify the alignment
of the high-conductivity crystallographic directions. This changes the conductivity contrast
between the monomineralic quartz layers and the mixed quartz—plagioclase layers, leading
to the irregular temperature dependence of electrical anisotropy. In contrast, Lithologic
Layering—2 produces an electrical anisotropy of approximately 10 at relatively low tem-
peratures (Figure 4b), which implies that the moderate electrical anisotropy observed in
the lower crust may be explained by lithologic layering [11]. The calculated anisotropy
decreases with temperature due to the reduced conductivity contrast between the pyroxene-
rich and plagioclase-rich layers. This decrease makes it difficult to reproduce the electrical
anisotropy observed in the deeper crustal regions. Moreover, the addition of a third mineral
phase could further reduce the calculated electrical anisotropy. Nonetheless, this example
demonstrates how the GeoAnisoLab software can be used to quantify the contribution of
lithologic layering to electrical anisotropy. It can also be used to assess whether layered
rocks could account for the electrical anisotropy inferred from MT observations.

3.3. Fluid-Bearing Layered Models

Saline fluids are commonly regarded as a primary cause of high-conductivity anoma-
lies in the crust and upper mantle [18,32,36,42]. Fluids can also result in electrical anisotropy
when their distribution is preferentially aligned [5,6,43]. However, experimental quan-
tification of this effect is extremely challenging due to the anomalously high mobility of
fluids. Therefore, the fluid-bearing model in the GeoAnisoLab software provides a means
of assessing whether aligned fluids can generate electrical anisotropy.

In this model, fluids can be assigned only to either the odd-numbered or even-
numbered mineral layers. NaCl-bearing fluids are provided as the default fluid type.
Figure 5 presents an example based on the mineral assemblage of gabbro. The solid-state
matrix is same as that used in the layered model in Section 3.2. The calculated results show
that preferentially aligned fluids can generate strong electrical anisotropy. At a fixed salinity
of 1 wt.% NaCl, the electrical anisotropy increases markedly with fluid volume fraction
from 1 to 3 vol.% (Figure 5a). For instance, the electrical anisotropy increases from approxi-
mately 32 to 87 at 1100 K. This result indicates that even a small increase in fluid fraction
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Electrical anisotropy

can substantially enhance the electrical anisotropy. At a fixed fluid fraction of 1 vol.%,
increasing salinity also strongly enhances the electrical anisotropy (Figure 5b). Neverthe-
less, the electrical anisotropy calculated from fluid-bearing layered rocks decreases with
temperature because the conductivity contrast between the fluid-bearing and fluid-free
layers also decreases accordingly. In sum, this example illustrates that the GeoAnisoLab
software provides a practical tool for quantifying the contribution of aligned saline fluids
to electrical anisotropy. It also allows users to compare the electrical anisotropy predicted
by fluid-free and fluid-bearing layered models under identical conditions.

10 10°
. (a) Lithologic Layering-1 (b) Lithologic Layering-2
8
r EQtz,q [ Plagg, + Cpxy,
6 [Qtz,, + Plagg, [ Plagy, + Cpxy,
10"
5 -
Bulk: Qtz,, + Plag, Bulk: Plagg, + Cpxy
4
3 -
— Quz/Qtz, Plagy, — Plagg Cpx,¢/PlagyCpxg
2+
1 1 100 1 1 1 1
600 700 800 900 700 800 900 1000
T (K) T(K)
Figure 4. Electrical anisotropy of the lithologically layered model as a function of temperature.
(a) Lithologic Layering—1, consisting of monomineralic quartz layers (Qtz;(g) and mixed quartz—
plagioclase layers (Qtzyy + Plaggg). For this model, different quartz CPOs were assigned at different
temperatures according to the dominant slip systems: basal <a> at 600 K, rhomb <b> at 700 K,
and prism <a> at 800-900 K. (b) Lithologic Layering—1 consists of alternating plagioclase-rich
(Plaggg + Cpxyg) and clinopyroxene-rich layers (Plagyg + Cpxgg). The schematic diagram illustrates
the layer configuration used in the calculation. Abbreviations: Qtz: Quartz, Plag: plagioclase,
Cpx: clinopyroxene.
10 r
: - F (b)
Fixed salinity of 1.0 wt.% NaCl [ Fixed fluid fraction of 1.0 vol.%
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Figure 5. Electrical anisotropy of fluid-bearing layered gabbro models as a function of temperature.
(a) The effect of fluid fraction (1-3 vol.%) on the electrical anisotropy of models at a constant salinity
of 1 wt.% NaCl. (b) The effect of fluid salinity (1-3 wt.% NaCl) on the electrical anisotropy of models
at a fixed fluid fraction of 1 vol.%.
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3.4. Melt-Bearing Layered Models

Partial melts are widely considered a plausible cause of high-conductivity anoma-
lies in tectonically active regions [44—-46]. Electrical anisotropy inferred from geophysi-
cal surveys has also been attributed to melts with directional structural features [2,5,47].
For example, MT studies have imaged electrical anisotropy beneath the Kunlun Fault
at depths of 30-50 km, which was interpreted as finger-shaped melt intrusions [2]. It
has also been experimentally confirmed that the melt-rich layers in olivine aggregates
can account for the electrical anisotropy observed from the lithosphere-asthenosphere
system [47,48]. Therefore, the preferential alignment of melts is an indispensable
mechanism for interpreting geophysically inferred electrical anisotropy in tectonically
active regions.

The GeoAnisoLab software provides a melt-bearing layered model for quantifying
this effect. To facilitate comparison with the results from Pommier et al. [47], we adopted
a similar olivine-basaltic melt configuration. The layered model consists of alternating
layers of anisotropic olivine and isotropic olivine containing 5 vol.% basaltic melts. The
mineralogical proportions of anisotropic and isotropic olivine are 75% and 25%, respectively.
In the melt-bearing layers, the isotropic electrical conductivity of olivine is input manually
based on the averaging schemes from Dai and Karato [29]. Basaltic melts containing 0, 3,
and 6 wt.% H,O is considered in the calculations.

The calculated electrical anisotropy increases with both temperature and melt H,O
content (Figure 6). For anhydrous basaltic melts, the calculated electrical anisotropy is
close to 1 at 1473 K and gradually increases to approximately 3—4 at 1773 K. When the melt
contains 3 wt.% HjO, the anisotropy is significantly higher than that of the anhydrous case,
increasing from approximately 5 at 1473 K to more than 10 at 1773 K. The highest anisotropy
is obtained for the model with a melt containing 6 wt.% HO. In this case, the calculated
anisotropy exceeds 10 throughout the investigated temperature range and approaches 20
at 1773 K.

10° |
F 5.0vol.% layered basaltic melt with variable H20 contents
$ 1573K (SP model)
>
g 100 F
2 ¥ 1473K (SP model)
@]
2z
=i
[a~]
§ 6 wt.% Hz0
g _— 3 wt.% H:0
210 F
a8 b
0 wt.% H-O
(1] " i L " " N 1 " " " " 1 L " " L 1
1473 1573 1673 1773

T (K)

Figure 6. Electrical anisotropy of layered olivine-basaltic melt models as a function of temperature.
The H,O content in the basaltic melt varies from 0 to 6 wt.% with a constant melt fraction of 5 vol.%.
Solid curves represent the electrical anisotropy calculated using the GeoAnisoLab software. Red
circles with error bars show the anisotropy values obtained from the series—parallel (SP) model at
1473 and 1573 K [47].
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The electrical anisotropy simulated in our model is lower than that reported by
Pommier et al. [47] for a similar olivine-basaltic melt layered model. This inconsistency
mainly arises from the differences in the modeling approaches and conductivity data.
Pommier et al. [47] used an idealized series-parallel model that did not incorporate the
crystallographic preferred orientations. In contrast, the GeoAnisoLab software calculates
the electrical anisotropy using the resistor network model that permits the microstructures
of the olivine matrix to be incorporated. Differences in olivine conductivity data can
affect the conductivity contrast between the melt-free and melt-bearing layers, thereby
contributing to the discrepancy between our results and those of Pommier et al. [47]. In
short, this example illustrates how the GeoAnisoLab software can be used to quantify the
contribution of aligned melts to rock electrical anisotropy and further constrain the melt
abundances required to match the geophysical observations.

4. Implications for Geophysical Interpretation

The GeoAnisoLab software provides a quantitative framework for linking rock-scale
electrical anisotropy to geophysical observations. By providing an interactive and repro-
ducible platform, GeoAnisoLab helps bridge mineral-physics constraints and MT interpre-
tations. Magnetotelluric studies have detected multiple anisotropic conductivity structures
in the continental crust, upper mantle, and lithosphere-asthenosphere boundary [1-3], but
their geophysical interpretations are commonly non-unique. The GeoAnisoLab software
helps address this problem by calculating the electrical anisotropy simulated for candi-
date rock models and testing whether these mechanisms can reproduce the magnitude of
anisotropy inferred from geophysical observations.

The GeoAnisoLab software can be used for forward modeling of rock-scale electrical
anisotropy. For a given region, independent constraints on temperature and geological
setting can be used to construct plausible rock models. The electrical anisotropy calculated
from these models can then be compared with the magnitude inferred from geophysical ob-
servations. Randomly distributed mineral aggregates can be used to evaluate the effects of
mineral conductivity, crystallographic preferred orientation, and mineralogical proportions.
Lithologically layered models are appropriate for regions where geological or petrological
evidence supports the presence of compositional layering. If these solid-rock models pro-
duce electrical anisotropy smaller than that inferred from geophysical observations, the
fluid- or melt-bearing layered models can be tested by varying the fluid /melt compositions
and volume fractions. Conversely, if the solid-state rock models can reproduce the observed
anisotropy, conductive fluids or melts may not be required. In comparison of the calculated
and observed anisotropic results can widespread applied to constrain the ranges of fluid
or melt fraction. As a result, the GeoAnisoLab software can provide a unique geophysi-
cal viewpoint for the material composition and electric transport behavior of the Earth’s
deep interior.

5. Conclusions

In this study, we designed and developed the GeoAnisoLab software, which, for the
absolutely new program, can be used to quantitatively evaluate the electrical anisotropy
of rock by the resistor network-based circuit simulations. The GeoAnisoLab program
integrates available mineralogical conductivity data, crystallographic orientation, miner-
alogical proportion, lithological layering, and conductive fluid/melt phase within a single
computational framework. It allows users to construct different rock models, calculate
their electrical anisotropy, and visualize the corresponding resistor networks. Several
representative calculations display how the GeoAnisoLab software can be applied to
quantify the electrical anisotropy produced by five typical petrological models (i.e., the ran-
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domly distributed rock model, two lithologically layered models, the fluid-bearing layered
model, and the melt-bearing layered model). Overall, GeoAnisoLab provides an accessible
forward-modeling tool for linking mineral-physics data with MT-based interpretations
of anisotropic conductivity anomalies. It helps evaluate which mechanisms, including
mineral fabrics, lithologic layering, and aligned fluids or melts, can account for electrical
anisotropy observed in the Earth’s interior.
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