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Abstract: Archean craton comprises ancient and stable continental lithosphere, lacking significant seismic
activity, magmatic activity, and tectonic deformation. Typically, its lithospheric mantle exhibits high electrical
resistivity. However, within the Archean Tanzanian cratonic mantle, high conductivity layer has been
discovered, with an electrical conductivity of approximately 0.1 S/m. We conducted the electrical conductivity
experiments on olivine aggregates containing sodium carbonate at the pressure of 3 GPa and the temperature
ranging from 600 to 1200°C. It was found that a very small amount of alkali-carbonate melt can significantly
increase the electrical conductivity of dunite. The mass fraction of alkali-carbonate melt is less than 2.0 wt% in
the highly conductive layer of Tanzanian cratonic mantle. The permeability barriers made the melts preserve
within the depth range of 80 to 120 km. Therefore, the presence of alkali-rich carbonate melts maybe the best
mechanism to explain the high conductivity anomaly in the lithospheric mantle of the Tanzanian craton. In
contrast, the carbonate melts with high mobility migrated directly to shallow depths along fractures in the
mobile belt / rift zone, leaving a dry and resistive residual mantle. The COzreleased from the craton and the

mobile belt has different depth sources, supporting our explanation.

Keywords: electrical conductivity; alkali-rich carbonate melt; high conductivity anomaly; Tanzanian
craton; Mozambique mobile belt

1. Introduction

Magnetotelluric (MT) surveys have found that at the margins of Archean cratons such as
Kaapvaal, Zimbabwe, Rio de la Plata, Dharwar, and Sao Francisco, there exists a low velocity and
high conductivity layer[1-8]. The genesis of these layers is often associated with tectonic and
metasomatic activities that occurred after the formation of the cratons [6]. Interestingly, within the
lithospheric mantle of the Archean Tanzanian and Slave cratons, as well as the Proterozoic Gawler
craton, there also exists a highly conductive layer, with the electrical conductivities reaching up to 0.1
S/m[9-13]. Water in nominal anhydrous minerals, hydrous minerals such as amphibole and
phlogopite, and accessory minerals such as graphite and sulfides contribute to the increase the
electrical conductivity of peridotite in the asthenosphere, the subduction zones, and the mantle
wedges. None of these conductive substances can fully explain the high conductivity anomaly in the
lithospheric mantle of the cratons, requiring either unreasonably high contents or introducing
petrological challenges. Additionally, the surface heat flow of the cratons is relatively low, ranging
from 35 to 50 mWm?, indicating that the cratonic mantle is characterized by low temperature, low
water content, high resistivity, and/or high seismic wave velocity. Therefore, how can we explain the
high conductivity anomalies in the stable lithospheric mantle of the cratons?

The Tanzanian craton and adjacent areas serve as an ideal natural laboratory to study the
evolution of the cratons, the controls of tectonic activity, and the causes of geophysical anomalies.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The East African Rift, the most extensive and best exposed active continental rift on Earth, is located
on the eastern and western edges of the Tanzanian craton. The eastern branch of rifts intersects the
Tanzanian craton and the Mozambique belt. Within the rift areas, there is widespread outcrops of the
carbonatite and low-SiO: alkaline magmas, and in the Oldoinyo Lengai area, there exists the only
active carbonatite volcano on Earth, with its carbonatite lava containing nearly 30 wt% Na20O. Within
the craton domain, there is a significant outcrop of kimberlites and volcanic rocks, which are rich in
water, carbon, and alkaline elements [14-18]. In the central Tanzania craton, two-dimensional (2D)
MT models indicate the presence of a high conductivity layer at depths below 100 km [12,19], while
the latest three-dimensional (3D) MT models suggest the depth of this conductor is shifted vertically
upwards (~50 km) compared to the 2D model [11] . The electrical conductivity within this layer
ranges from 0.02 to 0.20 S/m. There is no low velocity anomaly in the vicinity of the mantle conductor
in the central Tanzanian craton[20-22]. Both 2D and 3D MT inversions also show that the Tanzanian
cratonic mantle is more conductive and thicker compared to the Mozambique belt / East African rift
zone[11,12]. The temperature of lithosphere of Tanzanina craton is lower than that of the
Mozambique belt / East African rift zone[23,24], yet its conductivity and S-wave velocity are
higher[11,12,20]. Temperature may be the cause of the differences in S-wave velocities between the
two, but it is not the cause of the differences in electrical conductivity. The explanation for the high
conductivity anomaly within the lithospheric mantle of the Tanzanian craton, as well as the
differences in conductivity between tectonically stable and active regions, not only helps us better
understand the composition of the Tanzanian craton, but also has significant implications for our
understanding of the thinning and destruction processes of cratons.

Magnetotellurics (MT) is a useful geophysical exploration tool that utilizes natural alternating
electromagnetic fields to reveal the composition and structures of the interior of Earth and planets. It
is not shielded by high-resistivity layers and has strong resolution capabilities for highly conductive
layers, because electrical conductivity is a physical parameter that is highly sensitive to temperature,
volatiles (H20 or COz), and interconnected secondary conductive phases (e.g. melts, fluids, hydrous
minerals). The lithospheric mantle of the Tanzanian craton has undergone varying degrees of
modification due to the percolation of melts[14,25,26]. Research on the mantle xenoliths have
revealed the presence of alkali-rich carbonate rocks in the deep mantle[27-29]. Consequently, the
experimental studies on electrical conductivity of olivine aggregates containing sodium carbonate
(Na2COs) were conducted at high temperature and high pressure. The influences of alkali-rich
carbonate melts on the electrical conductivity of peridotite were analyzed. Simultaneously, combined
with the MT inversion results, the origins of the high conductivity layer in the lithospheric mantle of
the Tanzanian craton were discussed. The composition within the craton (such as melt content, etc.)
were limited.

2. Materials and Methods

Olivine (Fo#90, with a water content of less than 10 ppm) was selected from the lherzolite of
Damaping in Hebei Province, China, then cleaned, dried, and crushed to approximately 80 um. The
olivine powder was mixed with high-purity sodium carbonate at a specific ratio and manually
ground for an additional 6 h in an agate mortar to ensure the uniform mixing of olivine and Na2COs.
The mixed samples were pressed into thin discs with a diameter of 6 mm using a pellet press. To
prevent significant geometric dimension differences at the two ends of the samples, the thickness of
the samples was controlled to be within 3.5 mm. The experimental setup was depicted in Figure 1,
where two layers of the stainless steel sheets were used as heaters. Accessories such as pyrophyllite
and ceramic tubes were heated at 1000°C for 10 hours to remove moisture from the materials and to
achieve the mechanical properties corresponding to standard pressure conditions. The olivine
samples mixed with Na2COs were first hot-pressed at 3 GPa and 650°C for 10 hours, followed by the
measurement of electrical conductivity. Nickel was used as the electrode, and a Solartron-1260 AC
impedance spectrometer was utilized with a measurement voltage of 1V and frequencies ranging
from 106 Hz to 0.1 Hz. The details of measurement technique were described by Dai[30]. Using the
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two-electrode method, the resistance of olivine aggregate samples containing 1.0 wt%, 0.5 wt%, and
0.25 wt% sodium carbonate were measured during multiple cycles of heating and cooling. The
pseudo-four-electrode method was applied to obtain the resistance of pure sodium carbonate sample
during the heating process[31]. The experiments of the electrical conductivity were carried out at the
High-Pressure Laboratory of the University of Chinese Academy of Sciences.
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Figure 1. Schematic diagram of the experimental assembly.

The electrical conductivity (o) of the samples is calculated using the following formula:

L

o= , ey

xr2XR

In the formula, R represents the resistance of the sample, L is the height of the sample, and r is
the radius of the electrode foils. To minimize the errors introduced by geometric dimensions, CT
scanning was utilized at the Institute of Geology and Geophysics, Chinese Academy of Sciences, to
obtain three-dimensional images of the samples, from which the values of L and r were obtained.

3. Results

The experimental results are shown in Figure 2. The Na2COs-bearing olivine aggregates begin
to melt at 800°C at 3 GPa. The data from multiple heating and cooling cycles for partially molten
samples (where T > 850°C) essentially coincide. The melting point of pure Na2CO:s is determined to
be 1175 + 25°C, which is consistent with the previous findings [32].
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Figure 2. The relationship between the logarithm of the electrical conductivity and the reciprocal of temperature

for Na2COs-bearing samples during multiple heating and cooling cycles at 3 GPa.

Figure 3 shows the variation of electrical conductivity with temperature for partially molten
samples during the first cooling and the second heating cycle. The electrical conductivities of pure
sodium carbonate fluids are 5 - 6 orders of magnitude higher than those of the olivine aggregates. A
small amount (0.25 wt.%) of carbonate melt can significantly enhance the conductivity of the olivine
aggregates by more than one order of magnitudes.
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Figure 3. Logarithm of electrical conductivity (log o) for alkali-rich carbonated olivine aggregates after partial
melting as a function of reciprocal of temperature (K-1). The dots represent the experimental results for partially
molten samples with different Na2CO3 contents at a pressure of 3 GPa. The solid lines indicate results linearly
fitted by Eq. (2). The red dashed line represents the electrical conductivities for olivine aggregates at 4 GPa[33].
The green dashed line represents the electrical conductivities for the anhydrous alkali-rich carbonate fluid at a
pressure of 3.4 GPa. The molar ratio of Na2CO3 to MgCO3 in the carbonate mixture was 7:3 [34].

The electrical conductivity of olivine aggregates containing sodium carbonate melts follows the
Arrhenius relationship with temperature:

0 = gyexp (— %) , 2)

where 00 is the pre-exponential factor (S5/m), H is the activation enthalpy (kJ/mol), T is the absolute
temperature (K), and R is the ideal gas constant. The pre-exponential factors and activation enthalpies
obtained by fitting the Arrhenius relationships are listed in Table 1. It is found that the activation
enthalpy of olivine aggregates containing a small amount of sodium carbonate melt (<1% wt) has a
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weak correlation with the melt mass fraction (F, wt.%). The pre-exponential factor is a function of the
melt mass fraction, with the relationship given by logo0=1.33*log(F)+3.87. We fixed the activation
enthalpy of olivine aggregates containing a small amount of sodium carbonate melt at 65.97+0.72
kJ/mol, and their conductivity can be uniformly described by the following equation:

65.97%1000
o= 10387 F1'33*exp(— ) ,

RT

©)

the activation enthalpy of pure sodium carbonate fluid is approximately 36 kJ/mol, which is
consistent with previous results[34,35]. Na+ is the main charge carrier in the carbonatitic melt [36].

Table 1. Fitting results by using Arrhenius relationship for Na2CO3-bearing olivine aggregates after partial
melting, alkali-rich carbonate fluids, dolomite fluid and San Carlos olivine.

Sample P (GPa) T (°C) logoo (S/m) H (kJ/mol) R2 Ref.
0.25% wt. Na:COs 3 900-1200 0.46 67.05 0.97 This study
0.5% wt. Na:COs 3 1000-1200 0.70 65.64 0.95 This study
1% wt. Na2COs 3 900-1200 1.26 65.22 0.94 This study
100% wt. Na2COs 3 1200-1250 3.71 36.48 0.81 This study
Na:COs:MgCO05=70:30 3.4 1000-1427 3.20 34.73 [34]
Na:C0::MgC03=50:50 3 1050-1350 3.33 33.55 [35]
Dolomite 3 1327-1527 3.13 38 [37]
San Carlos olivine 4 1000-1400 2.69 159 [33]

4. Discussion

4.1. Cause of High Conductivity in the Lithospheric Mantle of the Cratons

Both 2D and 3D MT surveys have detected electrical conductivity anomalies in the lithospheric
mantle within the central Tanzanian craton[11,12,19], but no velocity anomalies have been found in the
vicinity[20,22]. The 2D inversion model suggests a high conductivity layer at a depth range of 100-200
km, whereas the 3D inversion model places it at a significantly shallower depth, approximately 50-100
km. The electrical conductivity in this layer ranges between 0.02 and 0.20 S/m, as shown in the red and
yellow shaded areas in Figure 4, respectively. Ozaydin et al. analyzed the effect of graphite films[38], water
in nominally anhydrous minerals, and hydrous minerals such as hornblende and phlogopite on the
conductivity of lherzolite and found that none of these could explain the high conductivity anomaly
observed in the lithospheric mantle of the Tanzanian craton. If the hydrous lherzolite contains 2 - 6%
phlogopite (with a fluorine content of 0.52 wt%) which are basically connected, it could barely explain the
high conductivity phenomenon at a depth range of 100-150 km in the 2D model (the conductivity between
0.01 S/m and 0.10 S/m). However, if the high conductivity layer is located at 50 - 100 km, as shown in the
yellow shaded area in Figure 4, at least 25% and 6% of phlogopite (with a fluorine content of 2.75 wt.%)
would be required to achieve mantle conductivities of 0.10 and 0.02 S/m at a depth of 75 km,
corresponding a temperature of approximately 760°C[9]. Adding 5 - 15% phlogopite to lherzolite can
reduce the shear wave velocity by 2 - 7% [39], which can be detected by seismic observations, but no low-
velocity phenomena have been observed near the high conductivity zone of the lithospheric mantle of the
Tanzanian craton. Therefore, phlogopite is not a suitable candidate causing the high conductivity anomaly
in the shallow part of the Tanzanian cratonic mantle. Sulfide minerals are conductive, but are unlikely to
form a connected network in the mantle because of the low abundance of sulfur and the high dihedral
angle in olivine-FeS system. Hydrous silicate melts were also eliminated as candidates because the solidus
temperature of hydrous mantle rocks is significantly higher than the temperature of the mantle beneath
the Tanzanian craton (Figure 4). Up to this point, these conductive substances such as water in nominally
anhydrous minerals, graphite, amphibole, phlogopite, and hydrous silicate melts has been unable to
explain the high conductivity anomaly in the lithospheric mantle of the Tanzanian craton.
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Figure 4. Solidi of carbonated peridotite, geotherm curves, and conductivity-depth profiles of the Tanzanian
craton (southern and northern profiles) and Mozambique belt / East Africa rift, respectively.

The red and blue dots represent the geothermometry data estimated by using pyroxene in
xenoliths / xenocrysts from the Lashaine[40] and Labait[24] regions, respectively. The black and green
dashed lines are the depth-temperature profiles calculated using surface heat flow values of 44 and
50 mWm2[41], representing the geothermal gradients of the Tanzanian craton and the Mozambique
Belt, respectively. Other dashed lines are the solidi of the carbonated peridotite, where the carbonates
added in the peridotite are K2COs (red), Na2CO:s (purple), and CaMgCOs (black)[42,43]. The yellow
dashed line is the solidus of peridotite containing 200 ppm water[44], and the black dotted line is the
solidus of Hawaiian pyrolite + 2.06 wt.% CO2+ 2.12 wt.% H20[45]. The blue and red lines represent
the conductivity-depth profiles of the central Tanzanian craton, and the gray line represents the
conductivity-depth profile of the Mozambique mobile belt / East Africa rift zone[19]. The depth range
of the high-conductivity layer provided by the 3D model (yellow shaded area[11]) is approximately
50 km shallower than that of the 2D model (red shaded area[12]).

The geothermal gradient curve of the Tanzanian craton intersects the solidus of Na/K-
carbonated peridotite at approximately 800°C (at a depth of approximately 80 km, Figure 4)[42],
suggesting that alkali-rich carbonate melt may be a likely mechanism explaining the high
conductivity phenomenon in the lithospheric mantle. The reasons are as follows. (1) Within the
Tanzanian craton, there are numerous Jurassic to Quaternary kimberlites exposed in the
neighborhood of the high conductivity layer, such as Mwadui and Eyasi areas. In the adjacent rift
zone, there is volcanic activity dating from the Tertiary to the Holocene, as well as the only active
sodium-rich carbonatite volcano on Earth[14,46]. Studies on mantle xenoliths have also indicated the
presence of alkali-carbonate rocks in the deep mantle[28,29]. When carbonatites are rich in alkali
elements, their solidus is significantly reduced. As shown in Figure 4, below 80 km, the solidus curve
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of the peridotite containing sodium carbonate or potassium carbonate is lower than the geothermal
curve of the Tanzanian cratonic mantle, leading to partial melting of the carbonated rock and
generation of an alkali-rich carbonate melt. The presence of alkali-rich carbonate meltis a prerequisite
for the formation of a high conductivity layer. (2) The conductivity of the alkali-carbonate melt is
several orders of magnitude higher than that of the peridotite (Figure 3), and a small amount of alkali-
carbonate melt forming a connected network greatly enhances the conductivity of mantle rocks, thus
forming a high conductivity layer in the mantle. The high conductivity characteristic of alkali-
carbonate melt is a necessary condition for the formation of a high-conductivity layer. Then, what is
the proportion of alkali-carbonate melt in the high conductivity layer of the cratonic mantle?

Based on the equation (3) and the geothermal curve of the Tanzanian craton (black dashed line
in Figure 4), we modelled the bulk conductivity of dunite containing sodium carbonate melt as shown
in Figure 5. This model is used to constrain the melt mass fraction required to produce the observed
high conductivity phenomenon in the lithospheric mantle of the Tanzanian craton. Further, according
to the one-dimensional (1D) electrical structure of the southern and northern profiles of the central
Tanzanian craton (blue and red lines in Figure 4, respectively), the mass fractions of sodium carbonate
melt were estimated in the depth range of 80 - 135 km (corresponding to a temperature range of about
800 - 1185°C) beneath the Tanzanian craton, shown as the blue and red lines in Figure 5, respectively.
Under constant electrical conductivity conditions, the melt mass fraction decreases rapidly with
increasing temperature / depth; under constant temperature / depth conditions, the lower electrical
conductivity indicates the lower melt mass fraction. The proportion of melt in the high conductivity
layer is primarily controlled by its electrical conductivity and temperature distribution.

Depth, km

Figure 5. Relationship between the melt mass fraction and depth/temperature calculated using the equation (3)

for various conductivity in the lithospheric mantle of Tanzanian craton.

The red and blue curves are the profiles of the melt fraction-depth calculated using the
conductivity-depth of the northern and southern profiles and the distribution of temperature in the
lithospheric mantle of the Tanzanian craton, respectively. The dashed lines show the melt mass
fraction versus depth/temperature for the different electrical conductivity contours. The digits are the
values of log o.

In addition, we selected three electrical conductivity values (0.10, 0.03, and 0.01 S/m,
corresponding to log o values of -1.00, -1.52, -2.00), which represents the most likely range of electrical
conductivity within the mantle conductor. Similarly, using equation (3) and the temperature
distribution of mantle, we calculated the mass fraction of alkali-carbonate melt at three depths (75,
100, and 130 km in Table 2), respectively.
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Table 2. Mass fractions of alkali-carbonate melt (wt.%) at the different depth/temperature in the Tanzanian

cratonic mantle.

Conductivities 75km/760°C 100km/938°C 130km/1152°C

o max=0.10 7.03 3.00 1.43
o median=0.03 2.84 1.21 0.58
o min=0.01 1.24 0.53 0.25

For the 3D model (shown as the yellow shaded area in Figure 4) [11], the high conductivity layer is
located in the shallow mantle (50 - 100 km). Considering that the mantle contains water[47], it is possible
for Na/K-carbonated peridotite to melt at depths greater than 65 km. Given an extreme case of 75 km /
760°C and 0.10 S/m (resistivity of 10 Q2-m), the proportion of alkali-carbonate melt is estimated to be higher
than 7 wt.% (Table 2). Such a high proportion of carbonate melt exist impossibly in the mantle for a long
time and would cause a significant decrease in seismic wave velocity to an observable extent. Therefore,
the high conductivity phenomenon with a conductivity higher than 0.10 S/m is unlikely explained by the
presence of the alkali-carbonate melt above the depth of 80 km (Table 2, Figure 5). Of course, if the
conductivity is relatively low in the mantle conductor, considering the minimum value of 0.01 S/m
(resistivity of 100 (O-m), even at a shallower depth of 65 km with a temperature of 688°C, the proportion
of alkali-carbonate melt is estimated to be lower than 1.91 wt%. This proportion would further decrease
due to the water content in the cratonic mantle.

For the 2D model(shown as the red shaded area in Figure 4)[12], even under extreme conditions
of 100 km /938°C and 0.10 S/m, the required proportion of alkali-carbonate melt is only 3 wt.%; below
100 km, as the temperature increases, the melt proportion decreases (Table 2, Figure 5). The carbonate
melt has the low dihedral angle and high mobility at 3 GPa, it easily forms a connected network in
peridotite[48], which will enhance the conductivity of partially molten sample. Therefore, the
presence of alkali-carbonate melt is a most possible mechanism to explain the high conductivity
anomaly below the depth of 100 km.

For the 1D electrical profiles (shown as the blue and red lines in Figure 4)[19], the conductivity
of the southern profile is between 0.01 S/m and 0.03 S/m, and the mass fraction of alkali-carbonate
melt is between 0.89 wt.% and 0.45 wt.%. Below 100 km, the conductivity of the southern profile
hardly changes, approximately 0.03 S/m. Owing to the continuous increase in the temperature, the
melt fractions gradually decrease to 0.45 wt.% at the depth of 135 km (shown as the blue lines in
Figure 5). The conductivity of the northern profile is between 0.01 - 0.15 S/m, and the content of alkali-
carbonate melt is between 0.82 wt.% and 1.94 wt.%. Below 100 km, the conductivity of the northern
profile slowly increases, and the melt proportion increases from 1.73 wt.% at 100 km (o = 0.05 S/m) to
1.94 wt.% at 120 km (o = 0.11 S/m) and then slowly decreases to 1.71 wt.% at 135 km (o = 0.15 S/m)
(shown as the red lines in Figure 5). Because the solidi of peridotite containing sodium carbonate and
dolomite intersect the geothermal gradient curve of the Tanzanian craton at approximately 80 km
(temperature 800°C) and 120 km (temperature 1070°C), respectively, we define this area as the region
where alkali-rich carbonate melts are present, with a melt fraction < 1.94 wt.%.

The carbonated peridotite and the carbonated garnet can melt to produce carbonate melt below
70 — 80 km[49-52]. Although carbonate melt has an extremely low viscosity, high mobility, and a
strong metasomatic reaction with the surrounding rocks[53,54], alkali-rich carbonate melts remain as
a most possible conduction mechanism for the high conductivity anomaly in the lithospheric mantle
of the Tanzanian craton for a number of reasons: (1) There has been significant kimberlite magmatic
activity in the Tanzanian craton and alkali-rich carbonatite magmatic activity in the adjacent rift zone,
indicating that there was/still is a large amount of carbonate melt in deep mantle of Tanzanian craton.
(2) Affected by the mantle plume existing below East Africa[22], the temperature within the
Tanzanian cratonic mantle is higher than that of most cratons, such as Slave; therefore, alkali-rich
carbonated peridotite can melt below 80 km within the Tanzanian craton. (3) As low as 0.05 wt.%
carbonate melt can form a connected network in peridotite[48] and stably exist in the mantle over a
long period[55,56]. (4) The upper part of the Tanzanian lithospheric mantle is a high-resistivity cap
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layer that hinders the upward movement of the melt, allowing it to remain below the impermeable
layer for long periods of time[34]. (5) The alkali-rich carbonate melt has extremely high conductivity.
Therefore, the high conductivity phenomenon in the deep part of the lithospheric mantle of the
Tanzanian craton (80 - 120 km, o> 0.03 S/m) can be fully explained by the presence of a low proportion
of alkali-rich carbonate melt (< 2 wt.%, Figure 5), and the high conductivity anomaly in the deeper
part (> 120 km) can be explained by the presence of an extremely low proportion of calcium-
magnesium carbonate melt. However, the high conductivity in the shallow part (< 80 km) is not
sufficiently explained by any existing conductive mechanism.

High-density fluids (HDFs) are commonly observed as inclusions in fibrous diamonds[57],
which enriched in volatile and incompatible elements. Brines are one class of HDFs that were recently
proposed as an alternative explanation to melts for anomalous high conductivity and seismic velocity
in the upper mantle[58]. The addition of a small amount of brine (< 1%) can increase the conductivity
of peridotite to 0.1-1 S/m[59]. For the Archean Tanzanian craton, since no low-velocity zone is found
surrounding the high-conductivity layer, brine is not the best option to explain the high-conductivity
anomaly in the lithospheric mantle of the Archean Tanzanian craton. However, the high conductivity
layer coincides with the low velocity layer in the lithospheric mantle of the Archean Slave craton,
located between 80 - 120 km depth. Considering that interconnected brines can simultaneously
explain the seismic and electrical resistivity anomalies, Bettac et al. suggested that brine is one of the
best explanations for the low velocity and high conductivity of the central Slave mantle[9].
Meanwhile, Bettac et al. cannot excluded the hydrous carbonate melts as another option. The surface
heat flow of the Slave craton is relatively low, around 37 mWm [41]. At a depth of 100 km, its mantle
temperature (~735°C) is about 200°C lower than that of the Tanzanian craton. The solidus curves of
hydrous carbonated peridotite and alkali-carbonated peridotite are above the geothermal curve of
the Slave craton above 150 km depth (Figure 4), thus hydrous carbonate melts and alkali-rich
carbonate melts are not candidate to explain the coincidence of the low velocity and high conductivity
in the central Slave craton.

For the Archean Gawler craton, a high conductivity zone also exists within the lithospheric
mantle[13], located below 80 km and extending to 154 km, with a conductivity greater than 0.1 S/m.
The surface heat flow of the Gawler craton is relatively high, around 50 mWm-2. The temperatures
are 945°C and 1308°C at 80 km and 120 km depths beneath the Gawler craton, respectively. Ignoring
the effect of pressure on the electrical conductivity of partially molten samples, and based on our
experimental results of peridotite containing sodium carbonate, it is estimated that about 2.92 wt%
and 0.95 wt% of anhydrous alkali-carbonate melts are required to reach a conductivity of 0.10 S/m at
80 km and 120 km depths beneath the Gawler craton, respectively. Using conventional Archie's law
Opuik = 0™, where o is the electrical conductivity of the partially molten sample, oris the electrical
conductivity of the liquid phase, ¢ is the volume fraction of the melt in vol.%, and m describes the
degree of interconnectivity of the melt. The value of m will be <2 for well-interconnected liquid phase,
and it will tend to unity only if the liquid phase is fully interconnected and is the only conductive
phase[60]. Due to lack of density value of Na:COs melt/liquid at high temperature and high pressure,
we treat mass fraction of melt as volume fraction of melt. Based on our experimental results, the
values of m obtain by linearly fitted are 1.80 and 1.67 at 945°C and 1308°C, respectively. To achieve a
mantle conductivity of 0.10 S/m at depths of 80 km and 120 km, it is estimated that the volume
fractions of anhydrous alkali-carbonate (Na2COs) melts are 1.84% and 0.84%, respectively. According
to the experimental results of Sifre et al.[35], the required volume fractions of hydrous alkali-rich
carbonate melts (MgCQOs + CaCO:s + K2COs + Na2COs + H20) are 2.66% and 1.14%, respectively. The
volume fractions of the two types of melts estimated by Archie's empirical formula show a significant
difference, mainly due to the different concentrations of charge carriers (Na*, K*) in the liquid phase.
In summary, the presence of (hydrous) alkali-rich carbonate melts can fully explain the high-
conductivity phenomenon in the lithospheric mantle of the Gawler craton.

Currently, highly conductive layers have only been discovered within the lithospheric mantle
of three cratons. Among them, two high conductivity anomalies associated with mantle upwelling
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(Tanzania and Gawler cratons) can be explained by the presence of carbonate melts, while one high
conductivity anomaly related to deep subduction (Slave craton) seems to be more appropriately
explained by the presence of brines.

4.2. Cause of High Resistivity in the Lithospheric Mantle of Mozambique Mobile Belts / East African Rifts

Based on the data from xenoliths and the inversion results of geophysical fields, the surface heat
flow value of the Tanzanian craton is inferred as about 44 mWm-, whereas the surface heat flow of
the Mozambique mobile melts and East African mifts varies between 50 and 120 mWm-2. Using the
model proposed by Hasterok and Chapman[41], we plotted the temperature profiles for the
Tanzanian craton and Mozambique mobile belts / East African rifts, as shown in Figure 6. The
temperatures of lithospheric mantle of mobile belts and rifts are higher than those of the craton;
however, its conductivities are one to two orders of magnitude lower than those of the craton below
100 km (Figure 4). Why is the electrical conductivity in high-temperature regions lower than that in
low-temperature regions? We will discuss this issue qualitatively below.

Based on the temperature distribution in the Tanzanian craton and the Mozambique mobile belt,
the solidi of carbonated peridotite, and decarbonation reactions[45,61], we have delineated the
potential regions of occurrence for different melt compositions, as shown in Figure 6. The geothermal
curve of the Tanzanian craton intersects the solidus of Na/K-carbonated peridotite at approximately
800°C (corresponding to a depth of approximately 80 km) and the solidus of CaMg-carbonated
peridotite at approximately 1070°C (corresponding to a depth of approximately 120 km) [42,43]. We
define the region at a depth of 80 to 120 Km as the area where alkali-rich carbonate melts exist. The
region between the solidus of CaMg-carbonated peridotite and 25 wt.% CO: isopleths for the
carbonated silicate melts is defined as the area where the CaMg-rich carbonate melt exists, and the
region between 25 wt.% CO:z isopleths for the carbonated silicate melts and the solidus of peridotite
is defined as the area where the carbonated silicate melt exists. The region which the temperature
exceeds the solidus of peridotite is defined as the area where a volatile-free silicate melt exists[62].
When the temperature is higher than 1025°C and the pressure is below 1.8 GPa, two decarbonation
reactions occur: En + Mag = Fo + CO2 and 4En + Dol = 2Fo + Di + 2CO2 (En: Enstatite, MgSiOs; Mag;:
Magnesite, MgCOs; Fo: Forsterite, Mg25iOs Dol: Dolomite, MgCa(COs)z; Di: Diopside, CaMgSizOe),
releasing CO: gas[45,61]. The mantle degassing region is represented by a dark green grid in Figure 6.
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Figure 6. Distribution of melt in the continental lithospheric mantle.
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The solidi of the Na/K-carbonated peridotite and Ca/Mg-carbonated peridotite intersect the
geotherm of the Tanzanian craton at depths of 80 and 120 km, respectively. The depth range between
them was defined as the enrichment region of the alkali-rich carbonate melt. The region between the
solidus of the Ca/Mg-carbonated peridotite and 25 wt.% CO2isopleths for the carbonated silicate
melts is defined as the enrichment region of the Ca/Mg carbonate melt. The region between the 25
wt.% CO: isopleths and solidus of the volatile-free peridotite was defined as the region where
carbonated silicate melts were present. The region where silicate melts were present was determined
using the results of Hirschmann[62]. The decarbonation reaction (En + Mag = Fo + CO2[61]; 4En + Dol
= 2Fo + Di + 2C0O2[45]) and decarbonation model[63] were used to determine the decarbonation
region. In areas with a high heat flow, the decarbonation reaction occurs at shallow depths. CO2 in
the carbonatitic or kimberlitic melts transported upward is volatile exsolution. The temperature
distribution is displayed based on the data from Hasterok et al.[41]. Mantle adiabat was calculated
for a potential temperature of 1300°C using thermal expansivity of 2.58x105 K and grain heat
capacity of 0.72 kJ* kg1* K-

In the central region of the Tanzanian craton, extensive exposures of kimberlite are found, with
numerous igneous rocks distributed near its eastern boundary. These igneous rocks within and at the
edges of the craton contain Na20 + KoO > 3.5 wt% [14]. The experiments have shown that kimberlite
melts coexisting with high-calcium pyroxene in the asthenosphere have Na:O > 2.5 wt%[64]. Recent
P-wave velocity studies have revealed that the lithospheric thickness gradually decreases from 135
km in the craton to 90 km in the mobile belt, and two super mantle plumes exist beneath the
Tanzanian craton and East Africa[22]. We speculate that carbonate rocks containing small amounts
of Na and K in the asthenosphere of the Tanzanian craton underwent melting due to the influence of
the mantle plume. A small amount of carbon-rich melt (i.e.,, CaMg-carbonate melt or kimberlite melt),
with lower density and faster migration rate, rapidly ascended to the bottom of the cratonic mantle
and accumulated there (at approximately 135-150 km depth)[11,22]. Due to the relatively low
temperature of 1300°C at the bottom of the Tanzanian craton's lithosphere (Figure 4), the melt became
enriched in CO2, Na20, and K20[64]. As the melt continued to rise, magnesite crystallized out at 120
km, leaving behind an alkali-rich carbonate melt (Figure 6). At 80 km, dolomite and alkaline
carbonates crystallized out from the alkali-rich carbonate melt, forming a permeable barrier that
hindered the continued upward migration of the alkali-rich melt[65]. The alkali-rich carbonate melt
with a low melt fraction was confined to the 80 - 120 km depth range within the lithospheric mantle.
Na*/K* ions served as the main charge carriers within the melt, and the connected or partially
connected alkali-rich carbonate melts formed a highly conductive layer. The upper part of this highly
conductive layer, as shown by both 2D and 3D MT models, was devoid of melt and thus formed a
high-resistivity layer (Figure 4)[11,12]. A study by Muirhead et al. found that the CO: degassed from
one side of the Tanzanian craton originated mainly from the crust rather than the mantle[66],
indirectly confirming that carbonate melts exist at great depths within the lithospheric mantle and
have not continued to ascend or infiltrate to shallower regions.

In the Mozambique mobile belt and Eastern African rifts, numerous fractures have developed,
with widespread exposures of carbonate magma. In the Oldoinyo Lengai area, there is a rare
exposure of Na-rich carbonate lava containing about 30 wt%Na20[17]. Due to the abundant fracture
development in the Mozambique region and its high geothermal temperature (Figure 6), CaMg-
carbonate magma or kimberlite magma near the lithosphere-asthenosphere boundary (the
carbonated silicate melt shown in Figure 6 is considered as kimberlite melt) can migrate directly to
shallow depths or even to the surface along the fractures, releasing large amounts of COz15,67).
Therefore, the amount of CO: degassed from the Mozambique belt is greater than that from the
Tanzanian craton, and the released CO: primarily originates from the lithospheric mantle[66].
Because there is almost no melt present in the lithospheric mantle, its electrical conductivity is much
lower than that of the Tanzanian craton's lithospheric mantle (Figure 4). However, a highly
conductive layer has been found in the shallow crust of the Mozambique region, which may be
caused by the emplacement of carbonate melt to shallow depths[11,12].
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In summary, owing to the presence of permeability barriers, carbonate melts in the deep part of
the Tanzanian craton have accumulated over a long geological history, leading to high conductivity
anomalies observable by geophysical methods. On the Mozambique, CO: from the deep mantle
migrates directly to the surface, and since the melts are not concentrated, they do not cause
geophysical anomalies within the mantle.

5. Conclusions

In this paper, we measured the electrical conductivity of dunite samples containing 1.0 wt%, 0.5
wt%, and 0.25 wt% Na2COs, as well as pure Na:COs samples, at 3 GPa. The following research results
were obtained:

(1) The experiments revealed that the dunite samples containing Na:COs began to melt above
800°C, leading to a rapid increase in electrical conductivity. A small amount of alkali-carbonate
melt can increase the electrical conductivity of dunite by 1-2 orders of magnitude. Pure Na:COs
started to melt above 1175°C, reaching an electrical conductivity of 200-300 S/m. In partially
molten carbonated peridotite samples, Na* is the main charge carrier.

(2) Based on our experimental results, we estimated that the content of alkali-rich carbonate melt is
approximately 1-2 wt% within the high conductivity layer of the Tanzanian craton (80-120 km).
Assuming that all carbon is stored in the mantle by the form of carbonate melt, the carbon
content is approximately 0.11 - 0.23 wt% in the high conductivity layer. Foley and Fischer
estimated that the carbon content enriched at the bottom of the cratonic lithosphere since the
formation of the craton is 0.43-0.86 wt%, which is higher than our calculated results[15]. The
southern profile of the Tanzanian craton is far from various tectonic activity sites, and the
variation in electrical conductivity with depth maybe represent the electrical distribution of the
entire craton. The electrical conductivity of the lithosphere of the Tanzanian craton given by the
southern profile is higher than that of other continental lithospheres. We estimate that the
content of alkali-rich carbonate melts in the depth range of 80 - 135 km is between 0.89 - 0.45
wt%, corresponding to a carbon content of 0.10 - 0.05 wt%. Aiuppa et al. inferred that the carbon
content in the 100 - 150 km depth range of the African Craton is approximately 0.04 - 0.07 wt%,
which is close to our lowest value[68]. Taking the average, we believe that the carbon content of
the lithospheric mantle of the Tanzanian craton is approximately 0.07 wt%, and the carbon
content in the high conductivity layer is approximately 0.20 wt%. The carbon-rich phases at the
bottom of the craton, such as alkali-rich carbonates, are more prone to melting due to the thermal
influence of the deep mantle plume. Therefore, the presence of alkali-rich carbonate melt is the
most likely and suitable mechanism to explain the high conductivity anomalies within the
Archean Tanzanian craton.

(3) The permeability barrier of the lithospheric mantle is the main reason why the electrical
conductivity of the lithospheric mantle of the Tanzanian craton is 1-2 orders of magnitude higher
than that of the lithospheric mantle of the Mozambique mobile belt, and it is also a prerequisite
for the existence of a high conductivity layer within the Tanzanian craton.

(4) The global average carbon content of the upper mantle is approximately 0.035 wt% [68]. In
comparison, the Tanzanian craton is more carbon-rich (approximately 0.07 wt%). Carbon plays
an important role in the evolution of cratons, as the presence of carbon-rich melts can disrupt
the stability of cratons and cause thinning of the cratonic lithosphere. Our explanation for the
causes of high conductivity in cratons and high resistivity in active zones also indirectly explains
why the lithosphere of the Tanzanian craton is currently only about 135 km thick[22].
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Abbreviations

The following abbreviations are used in this manuscript:

MT Magnetotelluric

En Enstatite

Mag Magnesite

Fo Forsterite

Dol Dolomite

Di Diopside
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