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A B S T R A C T

Ediacaran (635–538 Ma) paleomagnetic records from multiple continents are associated with populations of 
paleopoles nearly synchronous in time but widely separated in space. Some hypotheses to explain these data 
appeal to rapid motions of the solid Earth, whereas others invoke a non-geocentric axial dipole (GAD) or an 
extremely weak GAD field with high paleosecular variation and frequent reversals. We present new directional 
and absolute paleointensity constraints obtained from two mafic dikes of the Zimbros Intrusive Suite (ca. 590 
Ma) in the Dom Feliciano Belt (DFB), southern Brazil. Magnetite and low-Ti titanomagnetite are the main 
magnetic carriers, associated with pseudo-single-domain to multidomain magnetic behavior. Directional ana
lyses reveal that the dikes host two distinct magnetization components. The low-temperature component is 
attributed to pyrrhotite, likely related to late-stage tectonic events. The high-temperature component, held by 
low-Ti titanomagnetite/magnetite, is interpreted as the characteristic remanent magnetization. This compo
nent’s directions are antipodal and compatible with a dominantly GAD field, but a high degree of directional 
dispersion may reflect an unstable field. Absolute paleointensity experiments yielded 19 reliable estimates with 
virtual dipole moments (VDM) of 0.38 ± 0.15 × 10²² and 0.89 ± 0.33 × 10²² Am². The validity of these ultra-low 
estimates was confirmed by their stability under progressively stricter selection criteria based on curvature 
analysis, indicating the estimates' internal consistency. The obtained VDMs are consistent with coeval results 
from Laurentia and Baltica, and with an existing time-averaged field estimate from the DFB. Together, these 
results provide additional evidence of a remarkably weak Ediacaran geomagnetic field.

1. Introduction

The Ediacaran Period (ca. 635–538 Ma) was a time of profound 
transformation in Earth’s history, marked by significant changes in the 
biosphere, biogeochemical cycles, oceans, atmosphere, climate, and 
global tectonic activity. Major events included the appearance and 
diversification of macroscopic metazoan life, large-scale glaciations, 
extreme carbon isotope excursions, and potentially a rise in atmospheric 
oxygen (e.g., Och and Shields, 2012; Meert et al., 2016; Xiao and 

Narbonne, 2020). Important changes also occurred in global paleoge
ography, including the terminal breakup of the supercontinent Rodinia 
and the assembly of Gondwana (e.g., Li et al., 2013; Robert et al., 2021). 
In addition, this period has been associated with significant changes in 
the behavior of the geomagnetic field (Abrajevitch and Van der Voo, 
2010; Halls et al., 2015; Bono et al., 2019; Domeier et al., 2023).

The Ediacaran paleomagnetic record is notably complex. Apparent 
polar wander paths (APWPs) from several continents, including Lau
rentia, Baltica, and West Africa, display abrupt directional shifts, and the 
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underlying paleopoles appear to cluster into two or more spatially 
distinct, yet nearly coeval, populations (e.g., Domeier et al., 2023). 
Interpreted under the assumption of a geocentric axial dipole (GAD) 
field, these data would seem to require extremely fast drift rates of the 
tectonic plates (e.g., Meert et al., 1993; Zahirovic et al., 2015) and/or 
the occurrence of very rapid true polar wander (e.g., Wen et al., 2022). 
However, the motion rates implied by these data appear to exceed those 
considered geodynamically plausible for either differential plate motion 
or true polar wander (e.g., Cottrell et al., 2023; Domeier et al., 2023; 
Robert et al., 2023).

As an alternative to fast motions of the solid Earth, the unusual 
Ediacaran paleomagnetic data could instead reflect a non-GAD field 
structure (e.g., Abrajevitch and Van der Voo, 2010; Robert et al., 2023) 
or a very weak GAD field (Bono et al., 2019; Shcherbakova et al., 2020; 
Thallner et al., 2021a;2021b; Thallner et al., 2022; Huang et al., 2024), 
characterized by frequent geomagnetic reversals (e.g., Halls et al., 2015; 
Bazhenov et al., 2016; Meert et al., 2016; Levashova et al., 2021) or a 
very high paleosecular variation (e.g., Bono and Tarduno, 2015). In a 
non-GAD scenario, the geomagnetic field would be dominated by 
higher-order components, such as quadrupoles or octupoles, or a 
non-axial dipole, such as an equatorial dipole (Abrajevitch and Van der 
Voo, 2010), whose spatial fixation would require persistent thermal 
heterogeneities at the core-mantle boundary. Another possibility is that 
the apparently discrepant paleomagnetic results are due to unrecog
nized data artifacts (Bono and Tarduno, 2015).

Paleointensity data offer an independent constraint on geomagnetic 
field behavior, and existing Ediacaran paleointensity estimates are 
exceptionally low (Bono et al., 2019; Shcherbakova et al., 2020; Thall
ner et al., 2021a, 2021b; Thallner et al., 2022). Geodynamo models 
indicate that the geomagnetic field may have operated in a weakened 
regime during the Neoproterozoic, in response to a decrease in 
convective power preceding inner core nucleation (ICN - Driscoll, 2016), 
and ultra-low Ediacaran paleointensities have been interpreted to 
possibly mark the time immediately prior to ICN onset (e.g., Zhou et al., 
2022, 2024). Subsequent ICN may have led to a rapid strengthening of 
the dipolar field driven by the introduction of new sources of thermal 
and compositional buoyancy (e.g., Driscoll, 2016; Zhou et al., 2022), 
and some early Cambrian paleointensity data (ca. 532 Ma) have sug
gested that the field strength increased substantially then, supporting 
ICN at around 550 Ma (Zhou et al., 2022).

Despite their importance, paleointensity data from the Ediacaran and 
early Cambrian remain sparse. This is in part because absolute paleo
intensity studies are demanding in terms of the magnetic carriers 
required: preferably non-interacting, single-domain (SD) grains that 
preserve a primary thermoremanent magnetization, and comprising a 
population that averages paleosecular variation (e.g., Néel, 1949; 
Dunlop, 2011; Tarduno et al., 2025). However, Ediacaran rocks have 
often undergone complex geologic histories and/or host non-ideal car
riers, resulting in low experimental success rates. Furthermore, the 
global PINT database, which compiles absolute paleointensity records 
over the last 4 billion years, exhibits a pronounced spatial bias, with 
nearly 90% of the data originating from the Northern Hemisphere (Bono 
et al., 2022b). For the Ediacaran, published paleointensity estimates 
come exclusively from Laurentia and Baltica (Bono et al., 2019; 
Shcherbakova et al., 2020; Thallner et al., 2021a, 2021b; Thallner et al., 
2022), except for one recent constraint from the Dom Feliciano Belt of 
southern Brazil (Huang et al., 2024). Additional Ediacaran paleointen
sity constraints—particularly from the Southern Hemisphere—are 
therefore essential to better constrain the evolution of the geomagnetic 
field through this critical interval.

In this paper, we present new directional and absolute paleointensity 
data from two mafic dikes of the Zimbros Intrusive Suite (ca. 590 Ma), 
located in the northern segment of the Dom Feliciano Belt (DFB), 
southern Brazil. The DFB represents the southern portion of the Man
tiqueira Province, formed during the collision of the Rio de la Plata, 
Congo, and Kalahari cratons. Although the data are limited to two dikes 

and therefore represent essentially instantaneous records of the 
geomagnetic field, they provide further evidence of a globally weakened 
geomagnetic field regime during the Ediacaran.

2. Geological setting

The Dom Feliciano Belt corresponds to the southern segment of the 
Neoproterozoic orogenic system known as the Mantiqueira Province, 
resulting from the amalgamation of the Rio de la Plata, Congo, and 
Kalahari cratons (Fig. 1a). The DFB is divided into Southern, Central, 
and Northern sectors and comprises most of the shield areas in Uruguay 
and in the Brazilian states of Rio Grande do Sul and Santa Catarina, 
respectively (Fig. 1b). The Eastern part of the Central and Northern 
sectors features an Ediacaran post-collisional batholith (De Toni et al., 
2024) associated with the development of the Southern Brazilian Shear 
Belt (SBSB), a lithospheric-scale structure composed of multiple shear 
zones that promoted the activation of mantle sources previously modi
fied by subduction, and crustal melting processes (Bitencourt and Nardi, 
2000). In Santa Catarina, post-collisional magmatism (ca. 650–540 Ma) 
is represented by the Florianópolis Batholith, a multi-stage igneous body 
that is partly emplaced within the Major Gercino Shear Zone (MGSZ), a 
large structure that cuts across the batholith’s northern portion (Fig. 1c; 
Bitencourt et al., 1989a; Bitencourt, 1996). The MGSZ is a NE-striking, 
dextral transcurrent shear zone with a subordinate oblique component 
(Bitencourt et al., 1989a; Bitencourt, 1996).

The Porto Belo-Bombinhas region is almost entirely located in the 
MGSZ (Fig. 1d), except for its southeastern portion, where the structures 
related to the shear zone are poorly developed. The basement rocks in 
this area consist of an association of orthogneisses and granitoids, with 
U-Pb zircon ages ranging from 798 ± 3.8 Ma to 609 ± 8.3 Ma (Chemale 
Jr. et al., 2012; De Toni et al., 2020; Peruchi et al., 2021). The Zimbros 
Intrusive Suite (ZIS) (Fig. 1d) comprises late-stage magmatic events 
relative to the MGSZ activity, and U-Pb zircon ages from several ZIS 
components are reported by Chemale Jr. et al. (2012). These include the 
Zimbros (LA-ICP-MS, 587 ± 8 Ma) and Morro dos Macacos (U-Pb TIMS, 
588 ± 3 Ma) granites, the former found within the shear zone and the 
latter nearby, but outside the main structure, thus recording only minor 
deformation features. The hypabyssal part of the suite (zircon SHRIMP, 
587 ± 9 Ma) is a swarm of vertical to subvertical dikes emplaced parallel 
to the shear zone, where felsic dikes predominate over mafic ones, and 
occasionally form composite dikes, with mafic margins and felsic cores 
(Bitencourt, 1996). The dike swarm is located in a ~1 km-wide strip 
southeast of the Zimbros Granite, with only a few intrusions outside the 
main zone (Fig. 1d). Structural and magnetic fabric data indicate that 
the emplacement of these rocks was syntectonic, with predominantly 
subhorizontal magma flow parallel to the regional stretching direction 
of the MGSZ (Tomé et al., 2020). However, the main zone of dike 
emplacement corresponds to a low-strain area, where the MGSZ mylo
nitic foliation is weakly developed or absent. The felsic hypabyssal rocks 
are porphyritic rhyolites and dacites, while the mafic ones consist 
mainly of diabase.

3. Materials and methods

3.1. Sampling

Paleomagnetic sampling was conducted on mafic and felsic dikes 
from the Zimbros Bay region during three field seasons. A total of five 
mafic dikes (CT-33, CT-34, CT-35, CT-38, and CT-47) and one felsic dike 
(CT-16) were sampled. The mafic dikes corresponding to sites CT-35 and 
CT-38, which yielded the paleointensity results, strike NE-SW (040◦- 
060◦) and dip steeply (70◦-90◦) to the SE or NW (Supplementary Fig. 1). 
The CT-35 dike is approximately 2 m thick and can be traced for about 
150 m, whereas the CT-38 dike is about 1.4 m thick and extends for 
roughly 80 m. Both exhibit sharp contacts with the host rocks. At each 
site, at least six cores measuring approximately 8 cm in length and 2.5 
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cm in diameter were extracted using an adapted portable gasoline- 
powered drill. The orientation of each core was determined using both 
magnetic and sun compasses. The geographic coordinates of the sam
pling sites were recorded using a handheld GPS device. In total, 62 

oriented cores were collected. In the laboratory, these cores were cut 
into standard cylindrical specimens measuring 2.2 × 2.5 cm (length x 
diameter), yielding 170 specimens. For absolute paleointensity experi
ments, a subset of the specimens was drilled to produce smaller sub- 

Fig. 1. a) Geotectonic sketch of Western Gondwana showing its main crustal blocks and orogenic belts (modified from Oriolo et al., 2017): WAC-West Africa Craton; 
LM-LATEA Metacraton; SM-Sahara Metacraton; AC-Amazonian Craton; SFC-São Francisco Craton; CC-Congo Craton; KC Kalahari Craton; RPC- Rio de La Plata 
Craton; PP-Paranapanema Plate; LA-Luis Alves Microplate; NPT-Nico Pérez Terrane. b) Geotectonic framework of the Dom Feliciano Belt and surrounding cratonic 
areas (modified from Bitencourt and Nardi, 2000). c) Inset showing the geological units and tectonic domains of Santa Catarina State, with indication of the study 
area (modified from De Toni et al., 2024). MGSZ Major Gercino Shear Zone; IPSZ-Itajaí-Perimbó Shear Zone. d) Geological map of the Porto Belo and Bombinhas 
region, showing the sampling sites, with emphasis on the granites and subvolcanic rocks of the Zimbros Intrusive Suite. The undifferentiated host rocks include 
orthogneisses and granitoids (modified from Bitencourt, 1996).
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specimens measuring approximately 1 × 1 cm (length x diameter), 
resulting in 96 sub-specimens suitable for the paleointensity 
experiments.

3.2. Methods

Characterization of the magnetic carriers and evaluation of their 
stability were conducted through a series of rock magnetic experiments, 
including low-field magnetic susceptibility versus temperature (K-T) 
measurements, hysteresis parameter analysis, isothermal remanent 
magnetization (IRM) acquisition curves, and first-order reversal curves 
(FORCs). These analyses were performed on samples from six dikes 
selected for paleomagnetic and paleointensity studies. All experiments 
were carried out at Laboratório de Paleomagnetismo e Magnetismo de 
Rochas, Universidade de São Paulo (USPMag), Brazil.

3.2.1. Rock magnetism
To identify the magnetic carriers, low-field magnetic susceptibility 

measurements as a function of temperature (K-T) were performed from 
room temperature to 700 ◦C in an argon atmosphere to avoid oxidation. 
The measurements were made with an AGICO Kappabridge KLY-4S with 
a CS4 furnace. Curie temperatures were determined from the derivative 
of the K(T) heating curves using the finite difference method (dK/dT).

Hysteresis loops, IRM acquisition curves, and FORC diagrams were 
measured at room temperature with a MicroMag 3900 vibrating sample 
magnetometer, using applied fields of up to 1T. Coercive force (Hc), 
saturation magnetization (Ms), and saturation remanent magnetization 
(Mrs) were estimated after subtraction of the paramagnetic contribution 
from the high field portion of hysteresis curves. The coercivity of 
remanence (Hcr) was determined from backfield measurements 
following sample saturation in a field of 1 T. IRM acquisition curves 
were obtained using a non-linear sequence of 150 measurement points 
and a maximum field of 1 T. IRM acquisition curves were submitted to 
unmixing analysis using MAX UnMix software (Maxbauer et al., 2016). 
FORC diagrams (Roberts et al., 2000) were generated from 300 reversal 
curves measured at room temperature, using a range of -150 to 150 for 
Bu and 0 to 150 mT for Bc, and an averaging time of 300 ms. The data 
were processed using the FORCinel software package (Harrison and 
Feinberg, 2008) with a smoothing factor of 4 for all samples.

To further characterize the magnetic oxides, Scanning Electron Mi
croscopy (SEM) was performed on three polished sections using a JEOL 
JSM-5800 SEM instrument. Samples were examined with a Thermo 
Fisher Scientific Si(Li) EDX detector, operated through the Noran System 
Six software. Spectra and images were acquired at an accelerating 
voltage of 15 kV. Backscattered electron images (BEIs) were processed in 
image analysis software (ImageJ, National Institutes of Health). All 
analyses were conducted at Laboratório de Microanálise do Instituto de 
Física da Universidade Federal do Rio Grande do Sul (UFRGS), Brazil.

3.2.2. Paleomagnetic data
Paleodirectional experiments were conducted using alternating-field 

demagnetization (AFD) and thermal demagnetization (THD) to identify 
the magnetization components in the samples. A total of 170 specimens 
were measured in this study. Natural remanent magnetization (NRM) 
measurements were carried out using an AGICO JR6A spinner magne
tometer with a sensitivity of 2.4 × 10⁻⁶ A/m. For thermal demagneti
zation, two protocols were employed: one corresponding to the same 
protocol used in the paleointensity experiments (see below) and the 
other following specific temperature increments, consisting of steps of 
50 ◦C (100–500 ◦C), 20 ◦C (500–560 ◦C), 10 ◦C (560–580 ◦C), and 20 ◦C 
(580–680 ◦C). The procedure was performed in a thermal demagneti
zation oven (model TD48 SC; ASC Scientific). AFD was conducted using 
an AGICO LDA5 demagnetizer, with steps of 1 mT (1–10 mT), 2 mT 
(10–20 mT), 5 mT (20–50 mT), and 10 mT (50–100 mT). Combined 
AFD-THD was also performed on two specimens from each site to test 
the stability of the magnetization after the removal of low-coercivity 

components associated with the presence of multidomain (MD) titano
magnetite or magnetite grains. For this purpose, the protocol consisted 
of two AFD steps at 5 and 10 mT, followed by THD steps using the THD 
protocol described above. All analyses were performed in a magnetically 
shielded room with an ambient field below 500 nT. Magnetic compo
nents were identified through principal component analysis (PCA) 
(Kirschvink, 1980), and the site-mean directions were calculated using 
Fisher statistics (Fisher, 1953). All mean directions are reported in situ.

3.2.3. Paleointensity
Paleointensity experiments were performed on 96 specimens of 1 

cm³ using the double-heating Thellier method (Thellier and Thellier, 
1959) modified by Coe (1967), in which zero-field steps are followed by 
in-field steps (the so-called TT-ZI protocol). Our TT-ZI protocol consisted 
of 54 heating-cooling steps from room temperature (~20 ◦C) to 600 ◦C, 
with verification steps (pTRM checks and pTRM tail checks) included 
throughout the heating sequence. The specimens were progressively 
heated with temperature increments of 50 ◦C from 100 ◦C to 300 ◦C, 25 
◦C intervals between 300◦ and 400 ◦C, and then 20 ◦C intervals up to 600 
◦C. Partial thermoremanent magnetization (pTRM) checks were con
ducted at selected temperature steps (150 ◦C to 560 ◦C), approximately 
every 50 ◦C, to continuously monitor TRM stability. Additionally, pTRM 
tail checks were performed at five temperature steps (200 ◦C, 300 ◦C, 
400 ◦C, 500 ◦C, and 600 ◦C) to assess potential multidomain behavior. 
The procedure included an additional zero-field step following each 
double-heating ZI step. This allows the identification of pTRM ‘tails,’ 
which correspond to the fraction of magnetization acquired at a given 
blocking temperature that is not completely erased after subsequent 
zero-field heating at the same temperature. The presence of significant 
tails indicates MD behavior, in which the blocking and unblocking 
temperatures do not coincide. The heating and cooling cycles were 
strictly controlled to 30 min each, and the position of the specimens 
within the oven was kept constant throughout the experiment. A labo
ratory field of 10 µT was applied parallel to the specimen’s x-axis during 
the thermal treatments. Magnetization measurements were performed 
using a horizontal SQUID magnetometer (Superconducting Quantum 
Interference Device, 2 G Enterprises), installed in a magnetically shiel
ded room.

Selection criteria for the paleointensity data were established based 
on the Standard Paleointensity Definition (SPD; Paterson et al., 2014) 
and on criteria applied in paleointensity studies of Ediacaran rocks (e.g., 
Thallner et al., 2021a, 2021b, 2022; Huang et al., 2024). Specimens 
were classified into two quality categories (A and B) based on these 
paleointensity statistical parameters. For category A, at least four points 
(n ≥ 4) were required for the best-fit line on the Arai plot (Nagata, 
1963). The dispersion parameter around the best-fit line (β) was 
required to be ≤ 0.15. The linearity of the selected segment was eval
uated using the curvature parameter (Paterson, 2011), adopting a 
threshold of |k'| ≤ 0.48. The paleointensity quality factor (q) was 
required to be ≥ 2. In addition, at least three temperature steps were 
required for the pTRM checks, with variations within 15 %. The 
maximum deviation of a pTRM check normalized by the best-fit segment 
length (DRAT) was required to be ≤ 0.15. The cumulative DRAT 
(CDRAT), calculated as the sum of all pTRM checks, was also required to 
be ≤ 0.15. The pTRM tail check deviation (DRATTail) was required to be 
≤ 0.15, and the maximum absolute difference of the pTRM check (δt*) 
was required to be ≤ 0.10. The maximum angular deviation (MAD) of 
the characteristic remanent magnetization (ChRM) direction had to be ≤
15◦. Category B includes specimens that failed to meet one of the criteria 
required for category A. Specimens with significantly discrepant ancient 
field intensity (Banc) values were considered anomalous and excluded 
from the final mean calculation, unless other selection parameters were 
within acceptable limits, in which case they were assigned to category B. 
Data analysis was carried out using the Pmag GUI software (Tauxe et al., 
2016) and the paleointensity.org platform (Béguin et al., 2020).
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4. Results

4.1. Magnetic mineralogy

The high-temperature thermomagnetic curves of samples CT-35F 
and CT-38G, both from mafic dikes, exhibit similar behavior, with 

abrupt drops in susceptibility between approximately 572 ◦C and 577 ◦C 
(Fig. 2a-b). The numerical derivatives of these curves (dK/dT) indicate 
the presence of magnetite and/or low-Ti titanomagnetite. The hysteresis 
loops, corrected to remove diamagnetic and paramagnetic contributions 
(Fig. 2c-d), show narrow shapes, with low remanence values (Mrs/Ms 
around 0.05–0.06) and coercivity ratios (Hcr/Hc) of 3.85 (sample CT- 

Fig. 2. Magnetic mineralogy dataset for samples CT-35F and CT-38G. a-b) Normalized magnetic susceptibility curves as a function of temperature during heating 
(red line) and cooling (blue line) cycles, with numerical derivative (dK/dT, gray line) indicating Curie temperatures (Tc). c-d) Normalized hysteresis loops showing 
coercivity (Hcr/Hc) and remanence (Mrs/Ms) ratios typical of multidomain (MD) to pseudo-single-domain (PSD) grains. Red lines are uncorrected; blue lines are 
corrected to remove diamagnetic and paramagnetic contributions. e-f) IRM acquisition curves reaching saturation in fields below 0.3 T. g-h) Magnetic component 
coercivity spectra obtained by MAX UnMix modeling (Maxbauer et al., 2016). i-j) FORC diagrams showing broad distributions centered along the coercivity axis (Bc), 
with low spread along the interaction axis (Bu), indicative of MD to PSD grains with weak magnetic interactions.
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35F) and 5.01 (CT-38G). These parameters indicate low-coercivity 
minerals compatible with magnetite in pseudo-single-domain (PSD) or 
vortex states, and in MD states (e.g., Day et al., 1977; Dunlop and 
Özdemir, 1997; Dunlop, 2002; Roberts et al., 2019). The IRM acquisition 
curves (Fig. 2e-f) indicate full saturation under fields below 0.3 T, 
reinforcing the dominance of low-coercivity minerals. The coercivity 
distribution modeling using MAX UnMix (Fig. 2g-h) shows that both 
samples are dominated by a low-coercivity population (C1: 95–96 %), 
with coercivity peaks (Bh) around 0.02 T and dispersions (DP) ranging 
from 0.38 to 0.40 log units. These values are consistent with PSD-MD 
magnetite (e.g., Dunlop and Özdemir, 1997). Additionally, a second
ary fraction (C2: 4–5 %) is identified, with Bh peaks of approximately 
0.12 T and DP values from 0.36 to 0.47 log units, suggesting the pres
ence of a high-coercivity population, possibly associated with iron sul
fides such as pyrrhotite (e.g., Rochette et al., 1990; Dunlop and Özdemir, 
1997). The FORC diagrams (Fig. 2i-j; Supplementary Fig. 3) reveal ev
idence of distinct contributions from different magnetic domain-states. 
Most samples display low coercivity (Bc) and strong vertical spreading 
along the interaction field axis (Bu), indicating a dominant MD signal (e. 
g., Roberts et al., 2000). A PSD or vortex-state contribution with slightly 
higher Bc and a three-lobed pattern is also observed, particularly in 
CT-34D (Supplementary Fig. 3) and CT-38G (Fig. 2j). Overall, the dia
grams indicate a mixture of MD and PSD/vortex signals (e.g., Roberts 
et al., 2000; 2019). Sample CT-38G, however, displays a subordinate SD 
signal, with higher Bc and a narrow Bu ridge, reflecting isolated, 
non-interacting grains. Although pyrrhotite is present in the sample, as 
evidenced by SEM observations and demagnetization results, it is not 
detected in the hysteresis or K-T curves. This apparent absence likely 

reflects the magnetic dominance of magnetite, whose significantly 
higher susceptibility and saturation magnetization mask the contribu
tion of weaker magnetic phases. Thus, the lack of a diagnostic signature 
in these data does not necessarily imply the absence of the mineral, but 
rather indicates that the specific SD signal observed in the FORC dia
gram is not controlled by pyrrhotite. Instead, the SD signal is interpreted 
as non-interacting magnetite, indicating the presence of ideal carriers 
capable of retaining a stable ChRM.

Scanning electron microscopy (SEM) analyses (Fig. 3a-d; Supple
mentary Fig. 4) indicate that titanomagnetite is the main Fe-Ti oxide 
phase present in the samples, with magnetite occurring subordinately, 
usually as small euhedral to subhedral crystals (<1–5 µm) or as inter
grown lamellae. These opaque phases are disseminated in a matrix rich 
in mafic minerals, mainly pyroxene and amphibole. In sample CT-35F 
(Fig. 3a-b), fine crystals of magnetite and titanomagnetite (<5 µm) 
predominate, along with subhedral titanomagnetite crystals (~30 µm) 
exhibiting fine, parallel internal lamellae less than 1 µm thick. These 
textures are typical of exsolution between magnetite and ilmenite, 
resulting from slow cooling of a homogeneous solid solution (e.g., 
Haggerty, 1991). In sample CT-38G (Fig. 3c-d), titanomagnetite occurs 
as subhedral to anhedral crystals, frequently arranged in oriented 
lamellae. Magnetite is intergrown with titanomagnetite, showing 
euhedral to elongated morphologies (<20 µm). Iron sulfides such as 
pyrite and pyrrhotite occur mainly in sample CT-38G, forming euhedral 
to subhedral crystals. These minerals appear both isolated and associ
ated with Fe-Ti oxides, concentrating in interstices or along oxide 
margins.

Fig. 3. Backscattered electron (BSE) scanning electron microscopy (SEM) images of Fe-Ti oxides and Fe sulfides in samples CT-35F and CT-38G. a-b) Subhedral 
titanomagnetite (Tmt) crystals with thin, parallel exsolution lamellae of magnetite (Mag), along with isolated fine-grained magnetite particles (<5 μm), associated 
with a mafic matrix. c) Overview of sample CT-38G, showing anhedral to subhedral titanomagnetite and Fe sulfide crystals irregularly distributed in a matrix rich in 
mafic minerals. d) Magnified view of the area highlighted in the image (c), showing intergrowths of titanomagnetite (Tmt), magnetite (Mag), and Fe sulfides, 
including pyrite (Py) and pyrrhotite (Pyr).
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4.2. Paleomagnetic data

Fig. 4 presents examples of alternating field (AFD) and thermal 
(THD) demagnetization for samples from sites CT-35 and CT-38. In the 
AFD experiments, samples CT35A1 and CT38C1 exhibited an abrupt 
drop in NRM during the initial demagnetization steps, corresponding to 
the removal of a low-coercivity component. With the progressive 
removal of this low-coercivity component, a second, directionally 
distinct component becomes discernible and is well isolated upon AFD 
beyond 50 mT. Although not fully removed, this component displays 
linear trajectories trending toward the origin in orthogonal vector dia
grams and is characterized by an NNE direction with a moderate positive 
inclination.

Thermal demagnetization results (Figs. 4b, c, e, and f) show consis
tent behavior across both sites. All samples revealed two distinct com
ponents, differentiated by their unblocking temperatures. The first is 
marked by a sharp drop between 300 ◦C and 350 ◦C, consistent with the 
presence of pyrrhotite (e.g., Dominguez et al., 2011), and is more pro
nounced in sample CT35B154. Above 350 ◦C, a second, 
high-temperature component could be isolated, displaying approxi
mately linear trajectories in vector diagrams. This component persists up 
to 560–580 ◦C, suggesting that it is carried by magnetite and/or low-Ti 
titanomagnetite. At CT-35, the mean direction of this component trends 

S-SW with moderate to shallow positive inclinations, whereas at CT-38, 
the direction is NE with moderate to shallow negative inclinations. 
Comparison between the two methods indicates that at CT-35, the 
high-coercivity component identified by AFD likely corresponds to the 
low-unblocking-temperature component observed in the THD treat
ment. Conversely, at CT-38, the low-coercivity component identified in 
AFD appears to match the high-temperature component isolated by 
THD. These results suggest that the same remanent components are 
recovered by both treatments (and at both sites), and that distinct 
magnetic phases carry them with contrasting coercive and thermal 
stabilities.

Site-mean directions were determined by considering at least two 
specimens from two different cores per site. Of the sampled sites, only 
CT-35 and CT-38 yielded reliable data for calculating mean directions. 
Sites CT-16, CT-33, CT-34, and CT-47 were excluded due to directional 
dispersion or the presence of unstable components (see Supplementary 
Figs. 2 to 5). Site CT-16, the only felsic dike sampled, exhibited a near- 
total loss of the NRM at fields below 10 mT and lacked coherent 
demagnetization trajectories in either treatment. Its magnetic miner
alogy also indicates the dominance of MD grains, suggesting possible 
recent remagnetization (see Supplementary Figs. 2–5). At sites CT-33 
and CT-34, the NRM was also nearly completely removed below 10 
mT during AFD. Although samples showed linear trajectories in THD, 

Fig. 4. Representative examples of demagnetization diagrams and orthogonal vector projections (Zijderveld plots) for six selected specimens. Diagrams show 
alternating field demagnetization (AFD) data for specimens CT35A1 (a) and CT38C1 (d), and thermal demagnetization (THD) data for specimens CT35G3 (b), 
CT35B154 (c), CT38C3 (e), and CT38D174 (f). AFD and THD plots display normalized magnetization (M/Mmax) as a function of applied field (mT) or temperature 
(◦C), respectively. The characteristic directions determined by principal component analysis (PCA) are highlighted in the orthogonal vector diagrams in yellow (CT- 
35) and purple (CT-38).
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their corresponding directions were widely scattered. Site CT-47, in 
addition to displaying high directional scatter in both treatments, 
exhibited complex demagnetization patterns, with evidence of at least 
three magnetic components in some samples. This behavior is marked by 
trajectories forming small circles in stereographic projections, indicating 
the presence of multiple overlapping components (Supplementary Figs. 
2–5).

Sites CT-35 and CT-38 exhibit two main directional groupings, 
referred to here as Component A and Component B (Fig. 5; Table 1). 
Component A, best defined in the AFD treatment, is characterized by a 
high coercivity but low thermal stability, internally consistent clus
tering, and a mean direction trending NNE with steep positive in
clinations (CT-35: Dm = 6.0◦, Im = 56.2◦, k = 160, α95 = 3.8; CT-38: Dm 
= 14.3◦, Im = 49.4◦, k = 81, α95 = 4.5). Component B, which has a lower 
coercivity but is more thermally stable and better defined in THD, shows 
distinct features between the sites. At CT-38, the mean direction is NE 
with moderate to shallow negative inclination (Dm = 34.7◦, Im = -24.8◦, 
k = 29, α95 = 6.1). At site CT-35, this component is directed toward the 
S-SW with shallow positive inclinations (Dm = 238.8◦, Im = 28.6◦, k =
16, α95 = 10.0). Site CT-35 shows a lower precision parameter (k = 16) 
than site CT-38 (k = 29), indicating slightly greater directional scatter at 
this site. The larger dispersion in CT-35 results in a broader confidence 
cone (α95 = 10.0), suggesting a less precise estimate of the mean di
rection than in CT-38 (α95 = 6.1). This latter direction appears to be 
approximately antipodal to that recorded at site CT-38, suggesting that 
the ChRM preserved in these sites records opposite polarities.

4.3. Paleointensity

After applying the paleointensity protocols and selection criteria, a 
total of 19 reliable paleointensity estimates were obtained from two sites 
(CT-35 and CT-38), both of which are represented by mafic dikes. As a 
result, the specimen-level success rate was approximately 20 %, with 
nine results classified as Category A and ten as Category B (Table 2). 
Fig. 6a-d presents representative examples of Arai diagrams and 
orthogonal projections for specimens that met our selection criteria. In 
all accepted examples, the Arai diagrams display slight curvature (sag
ging) along their segments, indicating an upward concavity, particularly 

at intermediate temperature steps (~440–560 ◦C). This pattern is 
characteristic of the influence of MD or PSD grains, in which part of the 
thermoremanent magnetization is acquired and removed non- 
reciprocally (e.g., Paterson et al., 2015). Analysis of the curvature 
parameter indicates that a subset of seven specimens yields values 
within the limit of ∣k'∣ ≤ 0.48 (e.g., Paterson et al., 2015), and that six 
specimens (one from site CT-35 and five from site CT-38; see Table 2) 
satisfy even more restrictive criteria (∣k'∣ ≤ 0.27; e.g., Paterson, 2011). 
The accepted specimens display well-defined, nearly linear 
high-temperature segments (Fig. 6a-d; Supplementary Fig. 6). These 
intervals were selected for paleointensity calculation, as they exhibit 
more stable behavior and are less affected by biases associated with the 
presence of MD grains.

The orthogonal projections reveal the presence of two distinct 
magnetization components: a low-temperature component, typically 
removed below 350 ◦C, and a high-temperature component, isolated 
between 420 ◦C and 580–600 ◦C. Paleointensity values were determined 
from the temperature interval associated with the ChRM component, 

N N

CT-38

CT-35

CT-38

CT-35

E

S

W

S

Sample distribution Up/down Confidence ellipse Mean direction

Component A Component B

n=24 n=35

Fig. 5. Stereographic projections show the distribution of mean directions for specimens from sites CT-35 and CT-38. Component A is interpreted as the pyrrhotite- 
related component, while Component B corresponds to the magnetite and/or low-Ti titanomagnetite component. Open (filled) circles represent upward (downward) 
directions, respectively. All components are shown in “in situ” coordinates.

Table 1 
Site-mean directions (in geographic coordinates) were obtained for sites CT-35 
and CT-38. Directions are organized according to Component A (low thermal 
stability) and Component B (high thermal stability), as determined from AFD 
and THD analyses, respectively. N/n indicates the total number of specimens 
measured and the number of specimens used to calculate the site mean direction. 
Dec: declination; Inc: inclination; k: precision parameter (concentration); α₉₅: 95 
% confidence ellipses.

Component A

Site N/n Site Coordinates Site mean direction

Lat. (S) Long. (W) Dec (◦) Inc (◦) k α95

CT35 39/10 27◦ 11′ 45.7" 48◦ 33′ 16.6" 6.0 56.2 160 3.8
CT38 46/14 27◦ 11′ 47.9" 48◦ 33′ 20.0" 14.3 49.4 81 4.5

Component B

Site N/n Site Coordinates Site mean direction

Lat. (S) Long. (W) Dec (◦) Inc (◦) k α95

CT35 39/15 27◦ 11′ 45.7" 48◦ 33′ 16.6" 238.8 28.6 16 10.0
CT38 46/20 27◦ 11′ 47.9" 48◦ 33′ 20.0" 34.7 -24.8 29 6.1
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including only thermal steps with no evidence of magnetic alteration 
(Fig. 6a-d). In all accepted cases, the high-temperature segments dis
played low scatter, good linearity, and positive pTRM checks. The mean 
intensities obtained were 1.63 ± 0.64 µT for site CT-35 and 3.78 ± 1.41 
µT for CT-38 (Table 2). Based on these intensities and the mean in
clinations determined from AFD and THD for each site, the calculated 
VDMs were 0.38 ± 0.15 × 10²² Am² for site CT-35 and 0.89 ± 0.33 ×
10²² Am² for site CT-38.

Although paleointensity results were satisfactory at sites CT-35 and 
CT-38, approximately 80 % of the analyzed specimens did not meet the 
selection criteria. The rejected specimens show pronounced zigzag 
patterns and upward-concave curvature (sagging) throughout the 
experiment, indicating TRM instability and possible thermochemical 
alteration not detected by pTRM checks (Fig. 6e-h; Supplementary Fig. 
7; e.g., Shaar and Tauxe, 2015; Tauxe et al., 2021). This non-ideal 
behavior is reflected in the high failure rates of the ∣k'∣ (~78 % of the 
results), DRAT (~60 %), β (~44 %), and CDRAT (~44 %) quality pa
rameters, indicating that most specimens are dominated by PSD-MD 
grains, which likely do not preserve a reliable paleointensity record.

To assess the reliability of the site-level paleointensity estimates, we 
applied the Quality of Paleointensity (QPI) criteria adopted by the PINT 
database (Bono et al., 2022b). This index comprises 10 quality criteria, 
originally proposed by Biggin and Paterson (2014) and later refined by 
Bono et al. (2022a). Among these, the multidomain quality criterion 
(QMD) is particularly relevant here because it evaluates the extent to 
which the influence of MD and PSD grains was monitored and controlled 
during the paleointensity experiments. The Arai diagrams exhibit up
ward concavity (“sagging”), typical of non-ideal grains, making moni
toring this effect especially important. Compliance with the QMD 
criterion was verified through pTRM-tail checks and by the quantifica
tion of the Arai plot curvature (Paterson, 2011). All samples classified as 
category A met the established selection criteria (Table 2), falling within 
the curvature limit of ∣k'∣ ≤ 0.48, with a subset satisfying the more 
restrictive criterion of ∣k'∣ ≤ 0.27. Overall, both sites satisfied four QPI 
criteria: reliable age (QAGE), indication of primary thermoremanent 
magnetization (QTRM), control of thermal alteration (QALT), and 
multidomain bias control (QMD), resulting in a final QPI score of 4 out 
of 10 for each site.

5. Discussion

The paleodirectional and paleointensity results obtained from two 
mafic dikes of the Zimbros Intrusive Suite (ca. 590 Ma; sites CT-35 and 
CT-38) represent instantaneous records of the geomagnetic field. Such 
records capture the momentary state of the field during the cooling of 
the rocks and therefore do not provide an estimate of the time-averaged 
field (TAF) required to assess the long-term behavior of the dynamo (e. 
g., Tarduno et al., 2025). Despite this inherent limitation of shallow dike 
emplacement and cooling, our new results provide a valuable contri
bution to the Ediacaran paleomagnetic database, offering insights into 
the instantaneous behavior of the geomagnetic field from an observation 
point beyond Laurentia and Baltica.

The results of our demagnetization and rock magnetic experiments 
indicate that magnetite and/or low-Ti titanomagnetite are the main 
carriers of the high-temperature remanence in samples from sites CT-35 
and CT-38, and they are mostly associated with PSD to MD behavior. 
This interpretation is supported by high Curie temperatures, narrow 
hysteresis loops, and IRM acquisition curves that saturate at low fields 
(Fig. 2; e.g., Dunlop and Özdemir, 1997; Roberts et al., 2019; Mux
worthy et al., 2023). A subordinate population of non-interacting, SD 
particles, possibly associated with very fine subdivisions of the sub
micrometric (<1 µm) lamellae observed in SEM images (Fig. 3), is 
suggested by the occurrence of narrow ridges along the coercivity (Bu) 
axis in some FORC diagrams (Fig. 2). Thus, there is likely a minor 
fraction of ideal magnetic carriers capable of preserving high-fidelity 
paleointensity records (e.g., Huang et al. 2024). Overall, however, the 
FORC diagrams exhibit a dominance of distributions with low coercivity 
and high interaction (e.g., spreading along the interaction field axis), as 
is typical of PSD/MD grains. We may therefore anticipate that the ZIS 
dike samples could be complicated by non-ideal magnetic behavior, in 
which some of Thellier’s laws, such as additivity and reciprocity, may 
not be strictly followed (Néel, 1949; Tauxe et al., 2021). Consequently, 
our paleointensity estimates are subject to additional uncertainties 
associated with domain-state effects (MD grains) and magnetic in
teractions (e.g., Biggin et al., 2007; Dunlop, 2011; Tauxe et al., 2021).

From a paleodirectional perspective, the two sites display distinct 
magnetization components (Fig. 5). Component A, characterized by low 
thermal stability, a NNE direction, and steep positive inclinations, is 

Table 2 
Paleointensity results from the Zimbros Bay mafic dikes (Hlab = 10 µT). site: name of site sampling; Min temp.-Max temp.: interval temperature used in paleointensity 
estimates; n: number of points used for the best-fit line on the Arai diagram; Banc: paleointensity estimate; MADanc: Maximum Angular Deviation (anchored fit); 
DANG: angle between the free-floating best-fit direction and the vector from data center of mass to origin; f: NRM fraction used in the fit; β: scatter around the best-fit 
line (standard error/slope); q: quality factor (combines scatter, NRM fraction, and gap factor); |k'|: curvature parameter of the Arai plot; DRAT: maximum pTRM check 
deviation normalized by best-fit length; CDRAT: cumulative DRAT; DRAT Tail: maximum pTRM tail check deviation (normalized); δt*: maximum absolute pTRM 
check difference; Cat: category: reliability classification of the paleointensity result.

Site Specimen Min Temp. Max Temp. n Banc (µT) MADanc DANG f β q |k'| DRAT CDRAT DRAT Tail δt* Cat.

CT35 CT35A2-49 520 580 4 2.1 7.2 12.4 0.722 0.073 4.5 0.383 6.1 5.8 8.8 0.6 A
CT35A2-50 520 580 4 2.8 2.7 4.0 0.769 0.149 2.7 0.675 11.1 14.2 9.7 0.4 B
CT35B1-53 500 580 5 1.8 3.9 1.8 0.733 0.090 5.1 0.455 8.7 1.3 3.0 0.5 A
CT35B1-54 500 580 5 1.0 12.1 21.4 0.659 0.058 6.4 0.174 8.4 13.4 3.0 0.1 B
CT35B1-56 520 580 4 2.1 8.1 7.8 0.752 0.076 4.7 0.374 13.1 10.2 5.1 0.1 A
CT35F1-58 520 600 5 1.0 7.2 9.1 0.825 0.121 3.3 0.915 8.9 7.3 5.7 0.3 B
CT35F1-60 520 600 5 1.0 9.6 11.3 0.840 0.135 2.5 0.952 10.1 7.5 5.8 2.1 B
CT35G1-61 520 580 4 1.2 3.4 2.8 0.855 0.095 3.2 0.595 5.0 0.9 4.2 0.2 B

Mean (σ) ​ ​ ​ 1.63 ± 0.64 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
CT38 CT38A2-66 500 580 5 5.4 5.4 3.6 0.801 0.063 7.2 0.300 14.4 7.1 10.1 0.9 A
​ CT38A2-67 500 580 5 4.6 8.8 3.1 0.782 0.064 7.4 0.265 25.9 0.5 9.0 7.5 B
​ CT38A2-68 500 600 6 3.1 4.1 3.8 0.778 0.046 10.7 0.247 13.9 4.7 4.6 3.4 A
​ CT38B1-71 500 600 6 6.9 4.2 2.1 0.829 0.073 6.6 0.491 14.5 2.0 14.4 1.1 B
​ CT38D1-73 500 580 5 3.2 6.0 1.4 0.786 0.085 5.4 0.373 16.1 1.2 4.3 5.6 B
​ CT38D1-74 500 600 6 3.1 5.0 2.3 0.809 0.069 7.0 0.493 13.6 5.8 4.2 3.9 B
​ CT38F1-75 480 580 6 3.1 4.1 3.7 0.808 0.057 9.6 0.065 5.7 10.0 4.0 3.0 A
​ CT38F1-76 500 600 6 4.7 3.8 1.9 0.823 0.083 6.5 0.311 23.3 3.3 11.4 9.3 B
​ CT38F1-77 500 600 6 2.1 7.4 5.8 0.757 0.038 12.7 0.135 10.7 11.1 3.2 1.7 A
​ CT38F1-78 500 600 6 2.0 3.1 2.3 0.774 0.050 9.5 0.079 14.9 0.7 4.2 3.5 A
​ CT38H2-80 500 600 6 3.2 4.3 2.2 0.833 0.054 9.4 0.381 11.9 12.8 5.2 2.7 A
Mean (σ) ​ ​ ​ 3.78 ± 1.41 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
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attributed to pyrrhotite and is directionally similar to a regional 
Cambro-Ordovician (ca. 480–460 Ma) overprint, possibly related to the 
post-orogenic thermal collapse of Western Gondwana, as proposed by 
Bellon et al. (2024) and Gallo et al. (2025). Notably, however, ther
mochronological data from Hueck et al. (2018a, b) for the Major Gercino 
Shear Zone do not reflect any regional heating during this interval, but 
rather a single thermal event in the Early Cretaceous, associated with 

Paraná LIP magmatism. Alternatively, this magnetization could be 
linked to the final stages of the Brasiliano Cycle (ca. 570–540 Ma), when 
subvertical, brittle-ductile NNE-trending structures developed in the 
region, affecting both the basement granites and the dikes of the ZIS (e. 
g., Hueck et al., 2018a, b). Component B, defined by NE-SW directions 
and moderate to shallow inclinations (both positive and negative), iso
lated between ~420 ◦C and 600 ◦C and associated with titanomagnetite 

Fig. 6. Representative paleointensity results obtained using the Thellier-Coe protocol. Arai diagrams show the relationship between NRM component remaining and 
the partial TRM acquired during stepwise thermal demagnetization. Yellow lines highlight the temperature intervals used for paleointensity determinations. Insets 
show orthogonal projections (Zijderveld plots) with horizontal (blue circles) and vertical (red squares) components. The applied laboratory field (Blab) and the 
estimated ancient field (Banc) are indicated for each specimen. a-d, h) Specimens that passed the selection criteria and were accepted for paleointensity calculation. 
e-g) Specimens that failed one or more quality criteria and were rejected.
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and magnetite, is interpreted as the characteristic remanent magneti
zation (ChRM). The mean directions calculated for Component B suggest 
an antipodal relationship between sites CT-35 and CT-38. Despite the 
limited number of directional records, these directions are in good 
agreement with coeval mid-Ediacaran (ca. 595–585 Ma) virtual 

geomagnetic poles from the Río de la Plata Craton (e.g., from the Playa 
Hermosa, Villa Mónica, and Cerro Largo formations; Rapalini et al., 
2013, 2015). This regional consistency supports the interpretation that 
the directions associated with Component B are primary and record the 
mid-Ediacaran geomagnetic field. Moreover, the antipodal relationship 

Fig. 7. Field strength through geological time. a) Squares represent paleointensity estimates obtained using thermal Thellier methods: single-crystal (SCP, blue) and 
whole-rock (WR, gray), updated from Zhou et al. (2024) and Huang et al. (2024). Large squares denote time-averaged paleomagnetic dipole moments (PDM), 
whereas small squares represent virtual dipole moments (VDM), with reduced symbol size reflecting smaller numbers of determinations relative to Bono et al. (2019)
and Zhou et al. (2022). Non-Thellier results are shown as open circles and compiled from Zhou et al. (2022), including microwave (MW, green), Shaw (SH, purple), 
and Wilson (WL, brown) methods, with symbol sizes scaled by the number of cooling units. Whole-rock Thellier data from the literature are shown as filled black 
circles (TH) (Thallner et al., 2021a; 2021b and Thallner et al., 2022). Yellow stars mark the VDM values obtained in this study for the two mafic dikes of the Zimbros 
Intrusive Suite at ca. 590 Ma. The red curve shows the polynomial fit of Bono et al. (2019) for the interval 3450 to 565 Ma and the trend between 565 and 532 Ma 
proposed by Zhou et al. (2022). The dashed horizontal line indicates the mean strength of the present-day field. Uncertainties are shown as one standard deviation. b) 
Enlargement of panel (a), highlighting the 530 to 630 Ma interval.
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between the two sites is consistent with a dominantly dipolar field that, 
according to Bono and Tarduno (2015), may have persisted even under 
extremely low intensity during the Ediacaran. The relatively high 
directional dispersion (low k) observed in these data may reflect strong 
field variability (e.g., Halls et al., 2015), consistent with an otherwise 
highly unstable geodynamo (e.g., Bono and Tarduno, 2015).

The paleointensity results obtained in this study, although restricted 
to a limited success rate (~20 %) due to the rigorous exclusion of data 
exhibiting non-ideal behaviors intrinsic to the lithology, demonstrate 
internal consistency. Compliance with the QMD quality criterion (Biggin 
and Paterson, 2014; Bono et al., 2022b) was strictly evaluated through 
pTRM-tail checks and quantification of Arai plot curvature using the k’ 
parameter (Paterson, 2011). This analysis identified a subset of 
high-linearity specimens from sites CT-35 and CT-38 that satisfy more 
restrictive curvature thresholds and yield paleointensity estimates sta
tistically indistinguishable from those obtained using less stringent fil
ters. This stability indicates that the mean intensities are not controlled 
by marginal data or residual curvature (“sagging”). Although the pre
dominance of MD and PSD grains in the overall dataset (Tauxe et al., 
2021) accounts for the high rejection rate, the quality control proced
ures applied ensure that systematic bias has been removed from the final 
accepted subset. Even considering persistent methodological limita
tions, including the absence of explicit anisotropy corrections, the use of 
a single experimental protocol, and the limited availability of 
well-defined paleomagnetic directions, the robustness of the results 
across different filtering levels demonstrates that these data constitute 
reliable records. In this context, the results presented here meet the 
requirements for inclusion in global paleointensity compilations, pro
vided they are appropriately filtered and interpreted alongside other 
Neoproterozoic estimates.

The mean VDM of 0.38 ± 0.15 × 10²² Am² (site CT-35) and 0.89 ±
0.33 × 10²² Am² (site CT-38), calculated for the two ZIS mafic dikes, 
support the growing evidence for ultra-low geomagnetic field intensities 
during the Ediacaran (Fig. 7a). Our results are consistent with other 
coeval, instantaneous paleointensity estimates (Fig. 7b) reported from 
Laurentia and Baltica (e.g., Shcherbakova et al., 2020; Thallner et al., 
2021a, 2021b; Thallner et al., 2022). Comparable values have also been 
reported from TAF estimates, such as the Sept-̂Iles Intrusive Suite (ca. 
565 Ma; Bono et al., 2019) and, more recently, the Passo da Fabiana 
Gabbros (ca. 591 Ma) in the DFB, southern Brazil (Huang et al., 2024), 
where single-crystal paleointensity (SCP) experiments yielded a PDM of 
0.25 ± 0.02 × 10²² Am² after anisotropy and cooling-rate corrections 
(Fig. 7b). Direct comparison within the DFB indicates that the VDM from 
site CT-35 overlaps with the PDM of the Passo da Fabiana Gabbros 
within 1σ uncertainty, whereas the CT-38 value is higher. Taken 
together, these data consistently indicate a weak geomagnetic field at ca. 
590 Ma. The agreement between results obtained using different 
methods, including single-crystal paleointensity (SCP) experiments and 
whole-rock determinations, and involving magnetic carriers with 
different domain states, supports the interpretation of a globally 
extensive, ultra-weak geomagnetic field in the mid-to-late Ediacaran. 
This interpretation remains valid even when considering the instanta
neous nature of the records preserved in the dikes.

The PDM obtained for the Passo da Fabiana Gabbros (ca. 591 Ma; 
Huang et al., 2024) represents the lowest mean field intensity recorded 
for the Ediacaran. Together with single-crystal estimates from the 
Sept-̂Iles anorthosite (ca. 565 Ma; Bono et al., 2019) and an array of 
instantaneous paleointensity estimates (e.g., Shcherbakova et al., 2020; 
Thallner et al., 2021a, 2021b; Thallner et al., 2022; this study), these 
results indicate a prolonged interval of ultra-low geomagnetic field 
strength, with intensities ≤10 % of the present-day value, persisting for 
at least 26 million years. Such weakened and potentially unstable field 
state, characterized by exceptionally high directional dispersion and a 
high frequency of reversals (e.g., Bono and Tarduno, 2015; Halls et al., 
2015; Bono et al., 2019; Levashova et al., 2021), is consistent with 
geodynamo models predicting a low-efficiency dynamo regime 

preceding inner core nucleation (e.g., Driscoll, 2016; Davies et al., 
2022). According to these models, inner core nucleation likely occurred 
around 550 Ma (Zhou et al., 2022, 2024).

6. Conclusions

This study presents new directional and absolute paleointensity data 
obtained from two mafic dikes of the Zimbros Intrusive Suite (ca. 590 
Ma) in southern Brazil. Despite the inherent limitation of the instanta
neous nature of the records, these results provide a valuable contribu
tion to the Ediacaran paleomagnetic database, offering insights into the 
instantaneous behavior of the geomagnetic field outside the Laurentia 
and Baltica paleocontinents. Directional analyses reveal two distinct 
magnetization components. The high-temperature component, inter
preted as the ChRM, is consistent with a predominantly dipolar (GAD) 
field, as indicated by the antipodal relationship between the sites, which 
persisted even under ultra-low field conditions.

Absolute paleointensity experiments conducted using the Thellier- 
Coe protocol yielded VDM estimates of 0.38 ± 0.15 × 10²² Am² and 
0.89 ± 0.33 × 10²² Am². Although the dataset is dominated by non-ideal 
(PSD-MD) magnetic grains, the mean estimates remain stable under 
progressively restrictive quality criteria, even with a reduction in the 
number of accepted specimens, indicating that the obtained values are 
not dominated by effects associated with Arai curvature. These results 
are consistent with coeval estimates from Laurentia and Baltica and 
show remarkable regional agreement with the PDM determined from 
the Passo da Fabiana Gabbros. This consistency, observed across distinct 
methods (whole rock vs. SCP) and different magnetic domain states 
(PSD/MD vs. SD), corroborates the interpretation of a genuine ultra- 
weak geomagnetic field state in the mid-to-late Ediacaran.

These new data support the idea of a prolonged ultra-low geomag
netic field interval of at least 26 million years, as previously claimed by 
Huang et al. (2024). This field state is compatible with thermodynamic 
and geodynamical predictions associated with a low-efficiency geo
dynamo regime immediately prior to the onset of inner core nucleation.

Future investigations should include new determinations of paleo
intensity, both spot and time-averaged, in coeval Gondwana units. 
Expanding such records will be essential to further constrain the dura
tion, intensity, and global extent of this anomalous geomagnetic field 
regime during the Ediacaran.
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