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Abstract

Earth’s deep carbon-cycle has been active since subduction of carbon-rich oceanic crust
began in the Paleoproterozoic. Petrological evidence for carbonatite melts suggests they are
a significant part of the mantle carbon reservoir and act as a highly efficient, volatile-rich
transporting agent that dissolve, mobilise, and transfer rare earth and sulphur-bearing
elements from deep mantle into the crust at craton margins. However, direct geophysical
imaging of carbonatite melts in the mantle are ambiguous as electrical resistivity and shear-
wave velocity anomalies can also be ascribed to hydrous silicates in solid or small melt
fractions. In this paper we use long-period MT data to image an electrically anisotropic and
conductive (~*1 Ohm.m) lower lithosphere (180 km depth) beneath the Archean core of the
Gawler Craton in southern Australia. We interpret these features as metasomatically
modified and channelised structures, potentially associated with carbon-bearing melts,
where small fractions (~0.05 vol%) of carbonatite melt account for observed low resistivity.
Additionally, low resistivity (<100 Ohm.m) regions are imaged at Moho depths in an arcuate

belt around the Archean Craton, coincident with a shear-wave velocity decrease. Such low
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resistivity regions are interpreted to be the signature of carbon exsolved as graphite from

upward migrating deep-mantle carbonatite melts.

199 words

Introduction

It is well established that both organic and inorganic carbon is sequestered into the mantle
by transport of oceanic sediment at subduction zones*, with some fraction returned at
island arc volcanics early in the subduction cycle®>. However, a significant but unknown
amount is transported deeper into the upper mantle in the form of carbonatites.»®, that
have implications for mantle melting’, lithospheric metasomatism®?2, redox state'?, sulphur
mobilisation'?®, and rare earth element partitioning?'. Carbon is eventually returned to
the oceans and atmosphere at continental'” and oceanic rifts!®. The carbon cycle has been
active since the Paleoproterozoic'®?°, but has changed with time?! depending on the

configuration of plate boundaries and fluctuations in carbon sequestration into the mantle.

From petrological studies, it has been shown that carbonatite melting in the mantle lowers
the melting temperature of surrounding peridotite mantle by several hundred degrees and
generates highly mobile, reactive melts that facilitate deep carbon cycling and promote
chemical enrichment of the Earth’s interior'322-24, There is laboratory geophysical evidence
that carbonatite melts at very small fractions (0.02-0.08 vol%) reduce the seismic shear-
wave velocity?® and significantly reduce (by up to three orders of magnitude compared to
hydrous silicate melts of similar melt volume fraction) electrical resistivity?®2%. However,

direct geophysical observation of deep lithosphere shear-wave velocity and electrical
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resistivity remains ambiguous as hydrous mantle phases, particularly phlogopite minerals
that are fluorine rich, can also reduce shear wave velocity and electrical resistivity at

comparable depths.?%:30,

In this paper we consider the causal mechanisms for low resistivity at the base of the Gawler
Craton lithosphere and the case for carbonatite melt that has remained in situ since
emplacement ~1.6 Ga. Previous studies have imaged a region of low electrical resistivity (<
100 Ohm.m) beneath the Archean part of the Gawler Craton, but the depth and vertical
extent were not well resolved with only partial MT site coverage3!. Forward model studies
also suggest that the conductor potentially has anisotropic resistivity properties, but the
degree and extent of anisotropic properties is not constrained3?. Here we invert 200 long-
period MT sites covering an area 640,000 km? over the Gawler Craton and Musgrave

Province to reassess the resistivity, depth and geodynamic setting.

Geological and Geophysical Setting

The Gawler Craton is the major component of the South Australian Craton33, as shown in
Figure 1. The central part of the craton is Archean3*3¢, surrounded by Paleoproterozoic
orogenic belts37-4%, The most significant tectonic event was the 1595 Ma Mesoproterozoic-
aged eruption of the Gawler Range Volcanics334142, and the initial deposition of several iron-
oxide copper gold (I0CG) deposits, most notable at Olympic Dam*+43-4> at 1590 Ma. It has
been suggested that both the Gawler Range Volcanics and the IOCG deposits are linked to an
early Paleoproterozoic subduction event (1620 Ma) to the southwest of the current craton
location. Initial arc-related melting occurred in the St Peter Suite*®8, with the slab

subducting beneath the Archean core of the Craton (comprising the Mulgathing and Sleaford



67 Complexes®*). Several authors***° have suggested that with high thermal fluxes in the
68  Paleoproterozoic, subduction would have been shallow dipping and potentially the source of

69 melt for the Gawler Range Volcanics and the thermal flux driving the IOCG formations.
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70

71 Figure 1. Broad-scale geological map of the Gawler Craton and Musgrave Province. The

72 inner grid of the 3D model is shown by the dashed line, aligned 25° clockwise from
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geographic north. The broader mesh extends 500 km beyond the inner grid as padding cells.

Figure adapted from?’, re-drawn using Inkscape v1.2.1 (https://inkscape.org).

Understanding of the structure of the Archean core of the Gawler Craton is primarily defined
by petrology of mantle xenoliths>®>, and the geophysical imaging methods of seismic
tomography®2°%, and magnetotellurics343>>. Analysis of >3000 mantle xenoliths across the
craton suggested the lithosphere can be divided into a shallow Gawler Craton (60-130 km)
representing the original cratonic core, and a deeper lithosphere (>160 km) that was added
to the original core of the craton by Archean mantle plume interactions®®. With high
volumes of melt segregating volatiles, the lithosphere would initially be depleted Iherzolite
but has subsequent been metasomatized and refertilised by high temperature melts from

the asthenosphere.

Seismic tomography>* suggests that the lithosphere is about 180-200 km thick. From shear-
wave splitting there is evidence®3°® of anisotropy within the mid-lithosphere with a strike
angle 68° £+ 19° with a mean splitting time of 0.80 £ 0.29 s, almost perpendicular to the
current plate motion®®. A preliminary electrical resistivity model of the Gawler Craton using
a long-period MT array prior to the establishment of the AusLAMP program highlighted a
region of low resistivity of <100 Ohm.m at >80 km depth3¥*3. Further analysis using
additional AusLAMP data across the southern Gawler Craton placed the conductor at >120
km, and forward modelling suggested that it is likely anisotropic, with a strike of about
130°°’. The cause of low electrical resistivity in the upper mantle was suggested to be
hydrated phlogopite, possibly enhanced by fluorine to be stable at higher

temperatures>>°>%>°,
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Results

Magnetotelluric data were acquired at approximately 200 sites across the study region. Most
sites form part of the Australian Lithospheric Architecture Magnetotelluric Project
(AusLAMP) dataset3?°>, supplemented by additional legacy stations31%°, The data typically
span periods from 10 to 10,000 s and include measurements of both impedance tensor and

vertical magnetic field transfer functions.

Figure 2a shows phase tensors at a period of 21 s, coloured by minimum phase; additional
data plots are shown in the Supplementary section Fig. S1 and Fig. S2. Black lines indicate
major crustal boundaries®?. At these relatively short periods, pronounced spatial variations
in the phase response are evident across the study area. The Officer and Eucla Basins in the
west are generally characterised by lower phase angles than the Musgrave Province to the

north, whereas the Gawler Craton exhibits a more heterogeneous response.

At a longer period of 215 s (Fig. 2b), the phase tensors define a more spatially coherent
pattern. The Musgrave Province and Gawler Craton are characterised by relatively high
phase angles, contrasting with the lower phase angles observed across the Officer, Eucla and
Warburton basins. Pronounced and systematically aligned phase-tensor ellipticity occurs
along several major crustal boundaries, particularly the margins of the Gawler Craton and
Musgrave Province. These patterns indicate strong lateral resistivity gradients associated

with the boundaries between the major crustal domains®.

The vertical magnetic field response at a period of 1,000 s is shown in Fig. 2c. Black induction
arrows represent the real (in-phase) component and are reversed according to the Parkinson
convention such that they point towards regions of low resistivity. Blue arrows represent the

imaginary (quadrature-phase) component. The real induction arrows generally point away
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from the comparatively resistive Musgrave Province and Gawler Craton, towards the
surrounding Proterozoic belts, as well as towards the ocean to the south. The induction-
arrow pattern is, however, spatially complex, reflecting substantial lateral variations in

electrical resistivity along and across the major crustal boundaries.

At the longest period shown (2,154 s; Fig. 2d), the phase-tensor response becomes more
spatially homogeneous, consistent with sensitivity to greater mantle depths. Nevertheless,
the Gawler Craton remains characterised by relatively high phase angles, indicating a distinct
deep resistive structure compared with the surrounding regions. Systematic alignment of the
phase tensors with major crustal boundaries remains evident, particularly around the
margins of the Gawler Craton, although this relationship is less pronounced around the
Musgrave Province. Collectively, the phase-tensor and vertical-field responses demonstrate

that the major crustal domains and their boundaries exert a strong influence on the regional



131  electrical structure over a broad range of depths.
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133  Figure 2. Phase tensors across the study area, coloured my minimum phase, at periods of (a)
134 215, (b) 2155, and (d) 2,154 s. Induction arrows in the Parkinson convention, are shown for
135  aperiod of 1,000 s. Thicker black lines represent major crustal boundaries®®. All figures

136  were produced using Viridien Geotools v.4.0.6.12598

137  (https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

138  v1.2.1 (https://inkscape.org).

139

140  All MT data were inverted to obtain a 3D model of electrical resistivity across the study

141 region. The model grid was oriented 25° clockwise from geographic north as shown in Fig. 1,
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extending farther south to incorporate the continent—ocean boundary. Details of the
inversion procedure, model parameterisation and assessment of model fit are provided in

the Methods section.

At 5 km depth (Fig. 3a) the model shows a clear distinction between the comparatively
resistive Gawler Craton and Musgrave Province and the more conductive Eucla, Officer and
Warburton basins. This contrast broadly follows the boundaries of the major crustal domains
and demonstrates the strong influence of shallow sedimentary basins on the regional
electrical structure. At 15 and 25 kms depth in Fig. 3b and 3c, the Gawler Craton becomes
substantially more resistive, locally reaching values >10,000 Ohm.m. More conductive
structures are locally evident within the middle crust, including beneath the I0CG Cairn Hill,
Prominent Hill and Olympic Dam mines, consistent with conductive crustal features

identified in previous MT studies®>62,

In the lower crust, at 35 km depth (Fig. 3d) two major conductive regions are evident,
parallel to the margin of the northeastern Gawler Craton, and additionally to the west of the
Archean core of the Craton. Both conductors are within the wider Paleoproterozoic margin
of the Craton. Conductive features remain evident at approximately 45 km depth (Fig. 3e),
extending to depths near or below the Moho which is approximately 35-40 km®3 under the

Gawler Craton.

In contrast, the upper mantle at 75-125 kms depth (Fig. 3f and Fig. 3g) is comparatively
homogeneous, with only moderate variations in resistivity, predominantly between
approximately 100 and 1,000 Ohm.m. Some of this subdued spatial variability probably
reflects the smooth-model regularisation imposed during inversion rather than resolvable

lithospheric structure.
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A major change in electrical structure occurs at approximately 175 km depth (Fig. 3h), near
the inferred base of the lithosphere, where a pronounced conductive anomaly is imaged
beneath the Archean core of the Gawler Craton. The anomaly is ~10 Ohm.m, representing a
decrease of two to three orders of magnitude relative to the overlying lithospheric mantle,
and has been noted from previous models and inversions3%3?, although the depth from
smaller arrays of MT sites could only be constrained to be >130 km. A similar low resistivity
region has been imaged beneath the Superior Craton in Canada® and the Rio de la Plata
Craton in Brazil®. This conductive structure is less evident at 225 km depth (Fig. 3i), where
the model returns to a more spatially homogeneous resistivity distribution. The vertical
confinement of this anomaly therefore indicates a discrete conductive layer or region near
the lithosphere—asthenosphere boundary beneath the Gawler Craton, rather than a

conductor extending continuously into the deeper mantle.
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Figure 3. Three-dimensional isotropic resistivity model slices for depths ranging from 5-225
km. At upper crustal depth (5-25 km) major crustal boundaries are shown by thick black
lines®!. All figures were produced using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

v1.2.1 (https://inkscape.org).

Two resistivity cross-sections extracted from the 3D model are shown along the profiles
located in Fig. 3d and Fig. 3h. The first profile (Fig. 4a) extends approximately 800 km from

northwest to southeast, crossing from the margin into the central part of the Gawler Craton.
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The section is displayed with a vertical exaggeration of two. Superimposed on the resistivity
model are contours of shear-wave velocity anomalies>?, expressed in m s~'. Within the crust,
velocity anomalies are calculated relative to the CRUST2.0 reference model®®, whereas
below 40 km depth they are referenced to the mantle velocity model®” . Regions of
anomalously high and low shear-wave velocity anomalies are denoted by H and L,

respectively.

The most prominent mantle conductor has a resistivity of approximately 10 Ohm.m and
occurs directly beneath the region of highest shear-wave velocity. Importantly, the
conductor is concentrated near the lower boundary of this high-velocity region, where the
vertical shear-wave velocity gradient is greatest. A secondary conductive structure is evident
near the base of the crust at approximately 40 km depth. This conductor spatially coincides
with a pronounced low-velocity anomaly, where shear-wave velocities are reduced by
approximately 250 m s~ relative to the reference model. Figure 4b shows an approximately
orthogonal, 600-km-long transect, also displayed with a vertical exaggeration of two. A
similar relationship between electrical resistivity and seismic velocity is observed. The
principal mantle conductor occurs beneath the high-velocity lithospheric anomaly and is
again concentrated near the region of greatest velocity gradient towards its lower boundary.
The conductivity decreases with increasing depth below this feature. A separate low-
resistivity structure is evident within the crust and coincides with a shear-wave velocity

reduction of approximately 250 m s™.
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Figure 4. Cross-sections of resistivity models in Figs 3d and 3h, along with shear-wave
velocity anomalies®* as contours. Projected dip of major shear zones interpreted from
seismic data®®, including the Karari Shear Zone (KSZ) and Coorabie Shear Zones (CSZ)%%-7%, are
superimposed on the section. The mapped margin of the Gawler Craton (GC) lies outside the
principal conductive structure, indicating that the deep electrical boundary does not
correspond directly with the mapped crustal boundary. Dashed lines indicate possible melt
migration pathways from sub-lithosphere to underplating at Moho depths. All figures were
produced using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

v1.2.1 (https://inkscape.org).

Previous studies of lower-lithosphere resistivity anomalies beneath the Slave Craton and
Gawler Craton suggested that structures causing low resistivity are anisotropic in nature3%64
due to channelized flow from metasomatizing fluids and melts from the asthenosphere. We
have undertaken a new anisotropic 3D inversion of the MT responses in Fig. 2; details of
methodology and parameterisation are provided in the Methods section. The inversion
solves for three orthogonal resistivity components within each model cell. The vertical

resistivity (p;) provides the reference component, while the two horizontal components (px
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and p,) are permitted to differ from p, by up to a factor of 10. This limit is an imposed
regularisation constraint rather than a physically determined bound and was selected to
prevent the anisotropic solution from departing excessively from the corresponding isotropic
model. The anisotropic inversion retained the orientation of the original model grid, 25°
clockwise from geographic north. Consequently, the x direction is oriented southwest—
northeast (25° clockwise from geographic north) and the y direction northwest—southeast
(115° clockwise). It is not computationally feasible to define an arbitrary angle of anisotropy,
so the choice of coordinate frame was based on previous forward modelling®? and the

geometry of the conductor in Fig. 3h.

The anisotropic inversion was initiated using the final isotropic resistivity model, such that
the resulting model represents a perturbation of the preferred isotropic solution rather than
an independently derived anisotropic resistivity structure. The anisotropic inversion
converged to an RMS data misfit of 1.45, compared with approximately 1.82 for the isotropic

model, indicating an improved fit to the observed MT responses of 20%.

Figures 5a—c show the three resistivity components at 180 km depth. The southwest—
northeast component (py; Fig. 5a) and vertical component (p;; Fig. 5¢) exhibit similar spatial
distributions, with minimum resistivities of ~10 Ohm.m beneath the central Gawler Craton.
In contrast, the northwest—southeast component (py; Fig. 5b) exhibits resistivities of 1
Ohm.m within the same region. Thus, the principal lower-lithospheric conductor identified
in the isotropic inversion is strongly anisotropic, with electrical resistivity in the northwest—
southeast direction approximately one order of magnitude lower than in the orthogonal

horizontal direction.
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The depth dependence of this anisotropy is illustrated by the ratio of the two horizontal
resistivity components (px/py) at 140, 180 and 220 km depth (Fig. 5d—f). At 140 km depth,
the magnitude of horizontal resistivity anisotropy is approximately a factor of three. The
contrast increases substantially with depth, reaching a factor of ~10 at 180 km, before
decreasing to less than a factor of three at 220 km depth. The strongest anisotropic
response is therefore concentrated near 180 km depth and coincides spatially with the
lower-lithospheric conductor identified in the isotropic model. The smooth regularisation
applied during inversion will inevitably distribute anisotropic structure over a finite vertical
interval, limiting the precision with which its upper and lower boundaries can be

determined. The Supplementary section shows additional cross-sections (Fig. S3) and planar

sections (Fig. S4) of the anisotropic resistivity model.
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Figure 5. (a-c) Anisotropic resistivity at a depth of 180 km for three axes of orientation of

resistivity; (d-f) Ratio of horizontal resistivity components at depths of 140, 180 and 220 km.
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All figures were produced using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

v1.2.1 (https://inkscape.org).

A reduction in RMS misfit by 20% for the anisotropic inversion does not, by itself,
demonstrate that anisotropy is required by the data. To assess whether the improvement is
systematic and associated specifically with the long-period responses that constrain the
lower lithosphere, we compare the phase residuals (observed — model) for the off-diagonal
impedance components (XY and YX) predicted by both isotropic and anisotropic models.
Figure 6 shows the phase residuals at a period of 4,642 s, where the MT responses have
substantial sensitivity to the deep lithospheric and sub-lithospheric electrical structure;
additional phase residual plots at shorter periods are shown in the Supplementary section
Fig. S5. Residuals within £5° are shown in yellow, whereas increasingly positive and negative

residuals outside this interval are represented by blue and orange—red colours, respectively.

For the isotropic model at 4,642 s, the XY and YX phase components display systematic
residuals between the observed and modelled responses. Although there is spatial
variability across the survey area, the residuals exhibit a coherent and opposing pattern
between the two off-diagonal components, with XY phase residuals are commonly less than
-5°, whereas YX phase residuals commonly exceed +5°. The complementary nature of these
residual patterns indicates that the isotropic model is unable to simultaneously reproduce

both horizontal components of the long-period MT response.

In contrast, the anisotropic model produces substantially smaller phase residuals for both

the XY and YX components at 4,642 s. Across most of the study region, residuals fall within
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15°, and the systematic opposing residual pattern observed for the isotropic model is

substantially reduced. The improvement is therefore not simply reflected in a lower global

RMS misfit but occurs coherently in off-diagonal impedance components at long periods.
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1Phase YX

(c) Anisotropic
Phase XY 4642 s

(d) Anisotropic
Phase YX

deg

15.0

— 50

-5.0

-150

15.0

5.0

-5.0

-15.0

Figure 6. Phase residuals (observed — model) for the XY and YX components of the isotropic

model (a, b) and the anisotropic model (c, d). All figures were produced using Viridien
Geotools v.4.0.6.12598 (https://www.viridiengroup.com/expertise/multiphysics-

imaging/geotools) and Inkscape v1.2.1 (https://inkscape.org).



https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools
https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools
https://inkscape.org/

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

Figure 7 compares depth profiles extracted from the 3D anisotropic resistivity model with
predicted mantle resistivity profiles for the Gawler Craton and shear-wave velocity
anomalies. The first profile in Fig. 7a is extracted from the central Gawler Craton, directly
above the lower-lithospheric conductor. The three coloured curves represent the orthogonal
components of the anisotropic resistivity model with py — blue, px -red and p; - green.
Predicted resistivity profiles are for a depleted lherzolitic mantle containing 0, 100 and 200
ppm H,0°%72, Across much of the lithosphere above 150 km depth, the three resistivity
components are similar and broadly consistent with the predicted resistivities of lherzolitic
mantle containing 100—200 ppm H,0. This correspondence is consistent with mantle
xenolith observations®®, which suggest fertilisation or metasomatism of the Gawler Craton
lithosphere associated with thermal and chemical flux from the underlying mantle. The
resistivity profiles therefore indicate that the lithospheric mantle is unlikely to be
represented by a completely dry Iherzolitic composition, although resistivity alone cannot

uniquely constrain mantle water content.

A pronounced departure from the predicted mantle resistivity profiles occurs at
approximately 180 km depth. Here, the most conductive horizontal component py has a
minimum of 1 Ohm.m, compared with approximately 5-10 Ohm.m for the orthogonal
horizontal px and vertical p, components. These values are substantially lower than
predicted for the hydrated lherzolite models, demonstrating that hydration of nominally
anhydrous mantle minerals alone is unlikely to account for the magnitude of the observed
conductivity. The coincidence of the minimum resistivity with the maximum anisotropic

contrast further indicates that the process responsible for the conductor has a strongly
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directional electrical response. At shallower depths < 100 km the crust and mantle are
otherwise highly resistive, of the order of 1,000—10,000 Ohm.m. In these regions, the
magnitude of the resistivity is poorly constrained by MT data. Resistivity decreases rapidly

towards the surface as a consequence of conductive sedimentary cover.

The pronounced decrease in resistivity at approximately 180 km depth also occurs near a
reduction in shear-wave velocity. Although the seismic model does not resolve a discrete
low-velocity layer coincident with the conductor, the low-resistivity region lies immediately
beneath the highest shear-wave anomalous velocities, consistent with a relatively cold, thick
and compositionally depleted cratonic lithosphere®°. The electrical conductor is therefore
concentrated near the lower boundary of the high-velocity lithospheric keel, rather than

within its interior.

A second 1D profile extracted near the margin of the Gawler Craton in Fig. 7b shows a
different relationship between crustal and mantle structure. Below the Moho, the three
anisotropic resistivity components closely follow predicted resistivity profiles for hydrated
Iherzolitic mantle. This correspondence suggests that hydration and/or metasomatic
modification may extend across a substantial region of the lithospheric mantle rather than
being restricted to the central craton. The most prominent feature of the marginal profile,
however, is a significant decrease in resistivity near the base of the crust at approximately 40
km depth. This conductor exhibits less electrical anisotropy than the lower-lithospheric
anomaly beneath the central craton and coincides with a modest reduction in shear-wave

velocity. The spatial correspondence between reduced resistivity and reduced seismic



340 velocity at the crust-mantle boundary provides independent evidence for modification of

341  the lower crust and/or uppermost mantle along the margin of the Gawler Craton.
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344  Figure 7. One-dimensional resistivity and shear-wave velocity models for sites (a) directly

345 above the conductive lower-lithosphere, and (b) above the conductive crust-mantle at Moho

346  depths along the margin of the Archean Gawler Craton. The three coloured curves
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represent the orthogonal components of the anisotropic resistivity model with py — blue, px -
red and p; - green. Lherzolite mantle resistivity models for 0, 100 and 200 ppm H;0 are
shown’2. Anomalous shear-wave velocity models>* are shown with fast anomalies >0 m/s in
the dark grey, and slow anomalies < 0 m/s in light grey. Figures were produced using

Viridien Geotools v.4.0.6.12598 (https://www.viridiengroup.com/expertise/multiphysics-

imaging/geotools), Matlab (R2021a https://matlab.mathworks.com/) and Inkscape v1.2.1

(https://inkscape.org).

Discussion

The anisotropic inversion reveals a pronounced low-resistivity region immediately beneath
the seismically defined lithospheric keel of the Gawler Craton. At approximately 180 km
depth, resistivity decreases to 1-10 Ohm.m and exhibits horizontal anisotropy approaching a
factor of ten. In contrast, within the overlying lithosphere the observed resistivity is broadly
consistent with moderately hydrated mantle containing approximately 100-200 ppm H,0.
This interpretation agrees with mantle xenolith studies®®>!, which indicate metasomatic
modification of the depleted Archean core of the Gawler Craton and increasing hydration
below approximately 100 km depth. The electrical structure therefore suggests a transition
from a highly resistive cratonic interior to hydrated and metasomatically modified mantle at

greater depths.

Hydration of nominally anhydrous mantle minerals alone, however, is insufficient to explain
the exceptionally low resistivities observed at 180 km depth. An olivine-dominated mantle’3

is expected to have a resistivity of approximately 350 Ohm.m under relevant lithospheric
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conditions. Increasing water content substantially enhances proton conduction and reduces
mantle resistivity, but the predicted resistivities remain considerably higher than the
observed values’4. The minimum resistivity of 1 Ohm.m is more than an order of magnitude
below that predicted for the hydrated mantle models considered here. An additional

interconnected conductive phase is therefore required to explain the electrical observations.

One possible mechanism is the presence of hydrous minerals such as phlogopite®®°%7>,
Phlogopite is one of the few hydrous minerals stable in the upper mantle and may reduce
bulk resistivity to approximately 10 Ohm.m and has a stability to a depth approaching 200
km under appropriate pressure, temperature and compositional conditions3%78, Fluorine
substitution in phlogopite has also been proposed to further reduce electrical resistivity>®>°
fluorine-rich phlogopite-bearing mantle therefore cannot be excluded as a possible
contributor to the observed conductor. However, relatively few laboratory measurements
constrain the electrical properties of fluorine-bearing phlogopite at the pressures and
temperatures appropriate to the base of cratonic lithosphere. Consequently, this mechanism

is presently difficult to assess quantitatively.

An alternative explanation is the presence of a small fraction of interconnected carbonatite
melt?6-28, Carbonatite melts are exceptionally electrically conductive?® and have substantially
lower solidus temperatures than silicate mantle melts. Critically, carbonatite melts have
favourable wetting properties in mantle mineral assemblages and can therefore form
interconnected networks at very small melt fractions. Consequently, very small quantities of

carbonatite melt can have a disproportionately large effect on bulk electrical resistivity.

Using SIGMELTS’? for mantle resistivity parametrisation, we estimate that a carbonatite melt

fraction of approximately 0.05 vol.% is sufficient to reduce bulk mantle resistivity to 1
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Ohm.m under conditions appropriate to the base of the Gawler Craton lithosphere. The
observed range of 1-10 Ohm.m can therefore be reproduced without requiring the large
melt fractions normally associated with extensive silicate partial melting. At such low
fractions, carbonatite melt may potentially persist within the mantle over long geological

timescales?’.

The strong electrical anisotropy provides an additional constraint on the geometry of the
conductive phase. The maximum anisotropy occurs at approximately the same depth as the
minimum resistivity, suggesting that the conductor is preferentially interconnected in one
horizontal direction. Metasomatism at the base of cratonic lithosphere may promote the
migration and localisation of melts along fractures or grain-scale pathways controlled by
lithospheric fabric and regional stress'”’8, A comparable relationship has been proposed
beneath the Superior Craton®, with lower-lithospheric electrical anisotropy approaching an
order of magnitude. The Gawler Craton observations are therefore consistent with small-
volume conductive melt being preferentially interconnected along an anisotropic network
near the base of the lithosphere. A cartoon schematic of the geological framework is shown

in Figure 8, adapted from the cross-sections from Skirrow et al.*3
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410  Figure 8. Schematic representation of a Paleoproterozoic subduction system beneath the
411 Gawler Craton, from what is now southwest towards the northeast. Subduction is

412  hypothesised to commence ~1620 Ma (forming arc magmatism in St Peter Suite), and at
413  1595-1590 Ma related to Gawler Range Volcanics (GRV) and IOCG mineralisation in the
414  Olympic Domain. Carbonatite melt is present at the base of the Gawler Craton and

415  potentially rises in channelised flow orthogonal to the plate subduction polarity. Figure

416  adapted from*3.

417

418  The orientation of electrical anisotropy in the 3D inversion is defined by the coordinate

419  system of the prescribed numerical model on the basis of previous forward-modelling

420 studies3? and the elongated geometry of the conductor at the base of the lithosphere, rather
421  than being a free parameter. Shear-wave splitting (SKS) studies®3°® identified a dominant
422  seismic anisotropy beneath the South Australian Craton that is approximately orthogonal to
423  the present-day direction of Australian plate motion, with a mean fast-axis orientation of the

424  ~68° + 19° relative to geographic north, and mean splitting is time of 0.95 + 0.27 s. This
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compares with the electrical anisotropy that has the higher resistivity at 25° relative to

geographic north.

Rather than requiring agreement between the two observations, we suggest that this
difference reflects distinct physical mechanisms operating at different depths within and
beneath the cratonic lithosphere. The seismic anisotropy is interpreted to predominantly
reflect deformation fabric frozen into the lithospheric mantle, whereas the strongest
electrical anisotropy in our model occurs at approximately 180 km depth, close to or
beneath the seismically defined base of the lithospheric keel. Electrical anisotropy may
therefore reflect the geometry and connectivity of the conductive phase at the lithosphere—

asthenosphere transition rather than the crystallographic fabric responsible for SKS splitting.

This distinction is consistent with the proposed presence of very small fractions of
interconnected carbonatite melt. Electrical resistivity is exceptionally sensitive to the
presence and connectivity of a highly conductive melt phase, such that melt fractions
substantially below 0.1 vol.% can produce large changes in bulk resistivity. If carbonatite
melt is preferentially distributed along aligned grain boundaries, fractures or other
permeable pathways, it could generate strong electrical anisotropy without requiring a
corresponding crystallographic fabric in the surrounding mantle. We suggest that seismic
anisotropy primarily records inherited deformation within the cratonic lithosphere, whereas
the deeper electrical anisotropy reflects preferential connectivity of a conductive phase,

potentially carbonatite melt, near the base of the lithosphere.

Carbonatite melt also provides a potential mechanism for transferring carbon and other
incompatible components from the asthenospheric mantle into the upper lithosphere!®7”?,

as shown in Fig. 8. We propose that the presently observed low melt fraction may represent
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the residual expression of a system that previously contained larger volumes of carbon-rich
melt. At higher melt fractions, carbonatite would be highly mobile!® and could migrate
laterally along the base of the cratonic keel before being focused towards its margins.
Variations in lithospheric thickness, permeability and stress at craton margins could provide
pathways for carbonatite and associated silicate melts and fluids to migrate into the

overlying lithosphere.

The electrical structure surrounding the Archean Gawler Craton is consistent with such a
mechanism. Conductive lower-crustal and uppermost-mantle regions approximately follow
parts of the craton margin rather than the central Archean cratonic keel. These conductors
are spatially associated with modest reductions in seismic shear-wave velocity. Although the
seismic anomalies are comparatively weak, their spatial correspondence with the electrical
structures provides independent evidence for modification of the lower crust and

uppermost mantle around the craton margin.

Present-day aqueous or saline fluids are unlikely to provide a satisfactory explanation for
persistent resistivities of 1-10 Ohm.m within the lower crust of a tectonically stable craton.
Maintaining interconnected free fluids over geological timescales at depths of 35-45 km is
problematic because fluids are expected to migrate, react with the surrounding rocks, or
become incorporated into mineral phases. A more persistent conductive phase is therefore

required.

Graphite precipitated from carbon-rich fluids provides one such mechanism, as shown in Fig.
8. Graphite is highly conductive when sufficiently interconnected and can remain stable over
geological timescales and can precipitate from C—O—H fluids (comprising H,0, CO; and CHa as

the most important fluid species) as pressure, temperature and oxygen fugacity evolve
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during migration through the lower crust®%-82, Under conditions appropriate to the Gawler
Craton of low heat flow (~50 mW.m™2)®3 and low-geothermal gradient®®, graphite
precipitation may be favoured at depths of approximately 35—45 km3Z. This depth range
corresponds closely to the prominent lower-crustal conductors imaged around parts of the

craton margin.

We therefore propose a linked mantle-to-crustal carbon system. Small fractions of
carbonatite melt presently retained near the base of the lithosphere can account for the
exceptionally low resistivity and strong anisotropy observed at approximately 180 km depth.
During earlier periods of enhanced melt production, larger volumes of carbonatite and
associated carbon-rich melts and fluids may have migrated laterally towards the margins of
the Archean cratonic keel and subsequently ascended into the lithosphere. Progressive
reaction and oxidation of these carbon-bearing fluids within the lower crust could have
resulted in graphite precipitation, producing the persistent crustal conductors observed
today. In this interpretation, the deep anisotropic conductor and the lower-crustal
conductors represent different expressions of a long-lived carbon-rich metasomatic system

extending from the base of the Gawler Craton lithosphere into its crustal margins.

Conclusion

We interpret the low resistivity at the base of the Gawler Craton as evidence for carbonatite
melt concentrated near the lithosphere—asthenosphere boundary. We propose that
Paleoproterozoic oceanic lithosphere was subducted beneath the craton from the
southwest, introducing carbon-rich material that metasomatized the base of the lithosphere
and generated anisotropic melt-filled structures. Along the craton margins, this carbonatite

melt was mobilized into the lower crust, producing mafic underplating and the precipitation
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of graphite, thereby creating conductive lower crustal zones. The close spatial association
between these conductive pathways and major IOCG deposits suggests that carbonatite
melts played an important role in their formation. We further propose that a small fraction
of carbonatite melt has remained trapped beneath the lithosphere since approximately 1.6

Ga, preserving the highly conductive mantle signature observed today.

Methods

A database of 200 long-period (10-10000 s) MT responses was established from a
combination of new AuLAMP sites>® and legacy data3'®? as shown in Fig. 2a-d, and in the
Supplementary section Fig. S1 and S2. The sites cover an area of 800 km by 800 km, with a

typical site spacing of 55 km.

Long-period MT sites were typically collected at 10 Hz for between 4-6 weeks, with either
AuScope and Geoscience Australia LEMI 424 instruments with fluxgate sensors and two 50
to 100 m dipoles with Ag-AgCl electrodes, or with AuScope EarthData Loggers and
Bartington Mag-03 fluxgate sensors, also with 50 m dipoles and Ag-AgCl of Pb-PbCl
electrodes. Long-period MT response estimates in the frequency domain were obtained
using the BIRRPS processing codes®*#. Additional data processing and editing were carried
out using MTPy8® and Viridien Geotools V.4.0.3.12574

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools).

Three-dimensional inversions were carried out using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) software based

on the finite-difference forward modelling and a nonlinear conjugate gradient inversion
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algorithm?®:88, A grid of 112 by 125 cells was orientated 25° clockwise from geographic
north, with a 10 km inner grid covering all sites in Fig. 2. Padding extending 500 km in each
direction with a 20% increase in grid size with adjacent padding cells from the inner grid.
Given the relatively small topographic gradients, topography was not modelled, however,
ocean bathymetry was included. Vertically, the top layer from sea level was 5 m thick,
increasing by 5% per cell with depth to 410 km, and then at 20% per cell with depth to 800
km, for a total of 179 vertical cells steps, and a total of ~2.5 million cells. The start model
was 100 Ohm.m to 410 km depth, 10 Ohm.m from 410 - 670 km, and 1 Ohm.m below 670
km. The deeper mantle resistivities were included based on robust global satellite-derived
models®® and have the additional benefit of satisfying boundary conditions of negligibly

small induced fields that are uniform below the transition zone.

The inversion used 16 periods, spaced evenly at 5 per decade from 10 s to 10000 s. Error
floors were set at 5% on each of the four impedance components, and a fixed error floor of
0.02 for the vertical field. The inversion included an estimate of site-by-site local distortion,
but a high weighting was used to allow the inversion to include variability mostly as
resistivity in the subsurface. Horizontal smoothing (tauH) and vertical smoothing (tauV)
were varied between 0.01 and 1; our preferred model with no bias between horizontal and
vertical smoothing with tauH = tauV = 0.1. Near-surface smoothing to a depth of 500 m was
included to ensure that modelled resistivities near the surface were uniform across the
mesh, based on the premise that near-surface sedimentary layers are laterally extensive and

continuous between sites.
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Overall, after 50 iterations from the start model, the isotropic misfit had an RMS of 1.82.
Model fits for apparent resistivity invariant and phase invariant are shown in the
Supplementary Section Figure for periods of 21 's, 215 s and 2154 s; fits of the tipper
magnitudes are also shown in Figure for periods of 215 s and 2154 s. Layer conductance
models are shown in Supplementary Section Figure S1 for smoothing parameters tauH and

tauV ranging from 1 to 0.01.

Anisotropic inversion was carried out using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging /geotools) software. The

anisotropic inversion minimises misfit with the vertical component of resistivity p; and then
allows py and py to vary by up to a factor of 10 from p,. The start model was the isotropic
model, on the assumption that anisotropy is a perturbation of the isotropic model, rather
than starting from a half space. After 50 iterations, the RMS was 1.45. Data misfits for

isotropic and anisotropic models are shown in Fig. 6 and Supplementary Fig. S5.
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Figure legends (these are limited to 350 words per figure)

Figure 1. Broad-scale geological map of the Gawler Craton and Musgrave Province. The
inner grid of the 3D model is shown by the dashed line, aligned 25° clockwise from
geographic north. The broader mesh extends 500 km beyond the inner grid as padding cells.

Figure adapted from?#’, re-drawn using Inkscape v1.2.1 (https://inkscape.org).
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Figure 2. Phase tensors across the study area, coloured my minimum phase, at periods of (a)
215, (b) 215, and (d) 2,154 s. Induction arrows in the Parkinson convention, are shown for
a period of 1,000 s. Thicker black lines represent major crustal boundaries®. All figures
were produced using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

v1.2.1 (https://inkscape.org).

Figure 3. Three-dimensional isotropic resistivity model slices for depths ranging from 5-225
km. At upper crustal depth (5-25 km) major crustal boundaries are shown by thick black
lines®!. All figures were produced using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

v1.2.1 (https://inkscape.org).

Figure 4. Cross-sections of resistivity models in Figs 3d and 3h, along with shear-wave
velocity anomalies®* as contours. Projected dip of major shear zones interpreted from
seismic data®®, including the Karari Shear Zone (KSZ) and Coorabie Shear Zones (CSz)%%7%, are
superimposed on the section. The mapped margin of the Gawler Craton (GC) lies outside the
principal conductive structure, indicating that the deep electrical boundary does not
correspond directly with the mapped crustal boundary. Dashed lines indicate possible melt
migration pathways from sub-lithosphere to underplating at Moho depths. All figures were
produced using Viridien Geotools v.4.0.6.12598

(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

v1.2.1 (https://inkscape.org).

Figure 5. (a-c) Anisotropic resistivity at a depth of 180 km for three axes of orientation of
resistivity; (d-f) Ratio of horizontal resistivity components at depths of 140, 180 and 220 km.

All figures were produced using Viridien Geotools v.4.0.6.12598
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(https://www.viridiengroup.com/expertise/multiphysics-imaging/geotools) and Inkscape

v1.2.1 (https://inkscape.org).

Figure 6. Phase residuals (observed — model) for the XY and YX components of the isotropic
model (a, b) and the anisotropic model (c, d). All figures were produced using Viridien

Geotools v.4.0.6.12598 (https://www.viridiengroup.com/expertise/multiphysics-

imaging/geotools) and Inkscape v1.2.1 (https://inkscape.org).

Figure 7. One-dimensional resistivity and shear-wave velocity models for sites (a) directly
above the conductive lower-lithosphere, and (b) above the conductive crust-mantle at Moho
depths along the margin of the Archean Gawler Craton. The three coloured curves
represent the orthogonal components of the anisotropic resistivity model with py — blue, px -
red and p; - green. Lherzolite mantle resistivity models for 0, 100 and 200 ppm H0 are
shown’?. Anomalous shear-wave velocity models>* are shown with fast anomalies >0 m/s in
the dark grey, and slow anomalies < 0 m/s in light grey. Figures were produced using

Viridien Geotools v.4.0.6.12598 (https://www.viridiengroup.com/expertise/multiphysics-

imaging/geotools), Matlab (R2021a https://matlab.mathworks.com/) and Inkscape v1.2.1

(https://inkscape.org).

Figure 8. Schematic representation of a Paleoproterozoic subduction system beneath the
Gawler Craton, from what is now southwest towards the northeast. Subduction is
hypothesised to commence ~1620 Ma (forming arc magmatism in St Peter Suite), and at
1595-1590 Ma related to Gawler Range Volcanics (GRV) and I0CG mineralisation in the
Olympic Domain. Carbonatite melt is present at the base of the Gawler Craton and
potentially rises in channelised flow orthogonal to the plate subduction polarity. Figure

adapted from*3,
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