
HAL Id: hal-04764616
https://hal.science/hal-04764616v1

Submitted on 1 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Long-term persistency of a strong non-dipole field in the
South Atlantic

Wellington P de Oliveira, Gelvam A Hartmann, Filipe Terra-Nova, Natália G
Pasqualon, Jairo F Savian, Evandro F Lima, Fernando R da Luz, Ricardo I F

Trindade

To cite this version:
Wellington P de Oliveira, Gelvam A Hartmann, Filipe Terra-Nova, Natália G Pasqualon, Jairo F
Savian, et al.. Long-term persistency of a strong non-dipole field in the South Atlantic. Nature
Communications, 2024, 15 (1), pp.9447. �10.1038/s41467-024-53688-2�. �hal-04764616�

https://hal.science/hal-04764616v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Article https://doi.org/10.1038/s41467-024-53688-2

Long-termpersistencyof a strongnon-dipole
field in the South Atlantic

Wellington P. de Oliveira 1 , Gelvam A. Hartmann1, Filipe Terra-Nova2,
Natália G. Pasqualon3,4, Jairo F. Savian4, Evandro F. Lima4, Fernando R. da Luz4 &
Ricardo I. F. Trindade 5

Earth’s magnetic field exhibits a dominant dipole morphology. Notwith-
standing, significant deviations from the dipole are evident today, particularly
the South Atlantic Anomaly (SAA), characterized by anomalously low-field
intensity and high directional variability, diminishing the field’s shielding
effect. To assess the persistence of SAA-like features over multimillion-year
scales, we combine paleomagnetic data from Trindade Island (20°30’S,
29°22’W) with an evaluation of paleosecular variation (PSV) over the past 10
Myr.We employ syntheticmodels to explore how the position and intensity of
magnetic flux patches at the core-mantle boundary can influence the long-
term field behavior. Here we present results that reveal anomalous field sig-
natures in the South Atlantic and the Atlantic-Pacific hemispheric asymmetries
are enduring features, likely linked to a bottom-up control of PSV by the inner
core’s heterogeneities but with contributions from mantle anomalies in the
long-time range.

The Earth’s magnetic field, generated by a self-sustaining dynamo,
plays a crucial role in shielding the planet from solar charged particles,
which can damage technological systems, disrupting satellite and
communication operations and induce unwanted currents in power
grids1. The main geomagnetic field is dominated by an axial dipole but
outstanding non-dipolar features are observed, including regions of
particularly weak field where the magnetic shielding is much less
effective. Reconstructions of the temporal geomagnetic field evolu-
tion in the last decades to centuries have been obtained based on
historical observations fromobservatorymeasurements and satellites,
whereas archeomagnetic and paleomagnetic records cover the past
from centuries to millions of years2. When averaged over a period,
global geomagnetic field models3–5 show that some of the non-dipole
field structures persist over time.

The main non-dipole field feature at the Earth’s surface is the so-
called South Atlantic Anomaly (SAA), which has historically been
characterized by the lowest total field intensity and pronounced
directional variability6. Currently, the SAA encompasses a large area

from Southern Africa to South America, strongly influencing the field
observed in Brazil7. The recurrence of the SAA has been suggested
during the past millennium based on archaeomagnetic data from
Southern Africa8,9 and Brazilian speleothem and sedimentary
records10–12. SAA-type structures have also been episodically observed
in paleomagnetic reconstruction models spanning the Holocene13,14,
28–48 ka interval15, the past 100 ka16 and the 5.3–23 Ma17 interval.
Changes in the SAA location manifests at the core-mantle boundary
(CMB) as the time-dependence of reversed flux patches (RFPs)6,18.
Whether this feature and the corresponding hemispheric asymmetries
have persisted over long periods is still a matter of debate17. Recent
studies indicate a higher level of secular variation (SV) in the Southern
Hemisphere relative to the Northern Hemisphere and in the Atlantic
relative to the Pacific based on present, centennial19 and multi-
millennial3,5 geomagnetic field models.

On million-year timescales, some results show signs of hemi-
spherical field asymmetries over the past 10 Myr4,20. Paleomagnetic
data from 8–10 Ma lava flows from Saint Helena Island20,21 reveal
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anomalous behavior in the South Atlantic Ocean region, supported by
low paleointensity and high dispersion of virtual geomagnetic poles
(VGPs). Similarly, an average paleointensity estimate weaker than
expected from a geocentric axial dipole (GAD) field was reported on
the volcanic island of Tristan da Cunha for the 90–46 ka interval22.
Some authors8,20,22 hypothesized that the longevity of the anomalous
field variability in that region could be related to a thermal hetero-
geneity at the CMB, influenced by the African large low shear velocity
province (LLSVP), which may lead to the emergence of SAA-like fea-
tures over millions of years8. Dynamo models that account for lower
mantle heterogeneity recover the longitudes of persistent geomag-
netic surface intensity minima and the southern tendency for a range
of control parameters, though the relatively large latitude of the SAA
seems more elusive18.

The long-period variations of the geomagnetic field (~105−106

years) are referred to as paleosecular variation (PSV), which can be
statistically evaluated in terms of the latitudinal pattern of VGP
dispersion23. PSV studies24,25 offer useful insights into the temporal
evolution and morphology of the time-averaged field (TAF). Paleo-
magnetic data from igneous rocks, in particular lava flows, are com-
monly used to assess the PSV and TAF properties because they
represent spot readings of the paleomagnetic field2. Analyses of the
0–10 Ma data sets4,25 allow the investigation of longitudinal and lati-
tudinal variations in the paleomagnetic field structure with a relatively
low degree of influence of plate tectonic movement2. This information
provides favorable conditions for examining long-term hemispheric
field asymmetries. Investigations on this subject are relevant to better
understand the geodynamo processes in the Earth’s core. However,

the global study of PSV and TAF is hampered by the paucity of
paleomagnetic data, especially in the Southern Hemisphere, which
represents only ~31% of the 0–10Ma global database25. This highlights
the need for new paleomagnetic records in this region to better con-
strain the long-term field behavior.

Here, we extend the paleomagnetic database in the Southern
Hemisphere with high-quality paleodirection data from Pliocene-
Pleistocene volcanic rocks collected at Trindade Island, the youngest
Brazilian volcanic island in the South Atlantic Ocean. The Trindade
island (Fig. 1) is well located to allow testing of the persistence of
anomalous sources of the geomagnetic field in the South Atlantic
region for the past few million years. Regional PSV and TAF models
were then built using the 0–10 Ma data compilation25 that provide
evidence for the Pacific-Atlantic asymmetry of the paleomagnetic field.
We also propose synthetic approaches to evaluate the relation of the
intensity and position of reversed magnetic flux patches with the PSV
latitudinal structure.

Results
Paleodirectional records from Trindade Island
The Trindade Island covers a small area of about 13.5 km2 (elongated in
the NW-SE direction) and is completely uninhabitable, situated in the
eastern part of the Brazilian territory, on the South Atlantic Ocean
(20°30’ S and 29°22’W) (Fig. 1). It was formed during the Tertiary as a
result of the movement of the South American Plate over a mantle
plume in its final stages of evolution. The island comprises five geo-
logical units26, ranging in age from Pliocene to Pleistocene (0.059–3.9
Ma)27,28, composed of silica-undersaturated and alkaline lava flows,
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Fig. 1 | Simplified geologicalmap of Trindade island. The red circles indicate the
location of the paleomagnetic sites identified by the acronym TR (Trindade). Map
adapted from28 [Quaternary Geochronology, Volume 81, Pasqualon et al., New
volcanological, 40Ar/39Ar dating and paleomagnetic record from Trindade Island

and stratigraphic implications, 101518], Copyright (2024), with permission from
Elsevier. Inset panel reprinted from30, Copyright (2020), with permission from
Elsevier. Source data are provided as a Source Data file.
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pyroclastic rocks, dykes and necks29,30 (Supplementary Information
and Text S1). A field season was carried out in 2017 to collect samples
from 17 paleomagnetic sites from four geological units of Trindade
Island (Supplementary Figs. S2 and S3). Eight sites were sampled for
the oldest unit termed Trindade Complex, of which 7 represent pho-
nolitic necks and a thin dyke. The other nine sites correspond to a’a
lava flows of the youngest units, the Morro Vermelho (4 sites), Valado
(3 sites), and Paredão Volcano (2 sites) Formations. We note that the
limited quantity of sampling sites is related to the difficulty in acces-
sing the volcanic targets over the extremely rugged terrain of the
island.

Alternating field (AFD) and thermal demagnetization (THD)
techniques were used to determine the characteristic remanent mag-
netization (ChRM) components of the measured specimens (see the
Methods section). Demagnetization diagrams reveal that ChRM
directions from each specimen were isolated by progressive AF
demagnetization from 10 to 60 mT and thermal treatments between
400 °C and 600 °C (Fig. S4). The natural remanent magnetization
(NRM) was mostly cleaned at 580 °C, suggesting magnetite or low-Ti
titanomagnetite as the dominant magnetic carriers as reported by a
previous study30. A total of 119 specimens produced acceptable
directions considering a maximum angular deviation MAD ≤10° as
indicated by deviation angle DANG ≤5°, with linear trajectories that
converge to the origin of Zijderveld31 diagram. Among these, 79% of
the specimens have values of MAD ≤5° (Supplementary Fig. S5).

Site-level directions were successfully obtained for 15 paleomag-
netic sites (Supplementary Table S1) using Fisher32 statistics. For the
purpose of the PSV and TAF analysis, we also rejected two sites that do
not meet the selection criteria defined by values of k ≥50 and n ≥5
(Fisher precision parameter and number of specimens per site,
respectively), which is consistent with the current 0–10 Ma database
suggested by de Oliveira et al.25. As addressed by some studies25,33, the
low-quality data may produce an overestimate in the VGP dispersion,
which was ascertained in this study (see Supplementary Table S2).
Therefore, our high-quality dataset comprises 13 paleodirectional
sites, all of them with normal polarity except for site TR08 (Supple-
mentary Table S1; Fig. 2a) from Morro Vermelho Formation. No tran-
sitional sites were recognized by employing the Vandamme34 method
or a fixed 45° cutoff angle. The mean direction calculated for

N = 13 sites results in a declination (D) of 3.2°, inclination (I) of − 37. 3°,
and 95% confidence cone (α95) of 11. 1° that is not statistically different
at the 95% confidence level from the expected GAD direction for the
studied area (DGAD = 0°, IGAD = − 37. 0°), as reported in Supplementary
Table S2 and Fig. 2b.

VGPs were calculated based on the site-mean directions and their
paleolocations, after performing plate motion corrections using the
NNR-MORVEL56 model35 (Supplementary Table S1). The paleopole
position (Plat = 87.3°N, Plon = 100.0°E, A95 = 10. 9°, N = 13) is statisti-
cally compatible with the Earth’s rotation axis within the 95% con-
fidence interval (Supplementary Table S2; Fig. 2c). Furthermore, there
is a close correspondence between the magnetic polarity of the site-
mean directions and the most recent geomagnetic polarity time
scale36(Supplementary Fig. S6). At least four polarity reversals were
accounted for the last 4 Myr, which is presumably long enough to
average out the paleosecular variation, allowing to compute the
paleopole.

VGP dispersion and inclination anomaly estimates
A VGP dispersion (SB) was calculated with lower (SBl) and upper (SuB)
95% bootstrap confidence limits37 to detect any anomalous directional
variability in the studied area. These results were then compared with
the global 0–10 Ma database25 that comprises 80 high-quality studies
(Fig. 3a). Using this compilation, an adapted Model G38 (see Methods
section) yielded parameters a= 11:312:9

°

9:6 and b=0:250:300:20 (Table 1) that
describe the average latitudinal pattern of PSV. As shown in Fig. 3b, the
VGP dispersion for Trindade Island (SB =20:6

26:1°

13:9 ) is remarkably higher
than four other PSV studies located between latitudes 15–30°S (data-
sets #1, 2, 3 and 4 in Fig. 3): two are from Reunion Island39,40 at ~ 21. 1°S
(SB = 11:8

13:3°

8:8 and SB = 11:1
12:6°

8:7 ), and the other two are from French
Polynesia41 at 17. 7°S (SB = 13:6

14:9°

12:2 ) and Easter Island42 at 27. 1°S
(SB =9:2

11:7°

6:1 ). However, these estimates in conjunction with our results
are not significantly different fromModel G fit for the 95% confidence
region (blue-shaded area). These four locations are longitudinally far
outside the present-day SAA region. Another PSV study conducted in
the South Atlantic, on Saint Helena Island21 (mean paleolatitude of
17. 6°S) from 8–10 Ma lava flows exhibits a pronounced dispersion (#5
in Fig. 3; SB =21:3

25:1°

17:6 ) similar to the present work, and falls outside of
the Model G curve (green triangle; Fig. 3b). Our results together with
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Fig. 2 | Graphical representation of paleodirectional data. a Equal area projec-
tion for normal (empty circles) and reversed (closed circle) site-level directions
with values of n ≥5 and k ≥50. bMean direction represented by green star with 95%
confidence circle (α95) with the values of declination (D), inclination (I). Yellow star
indicates the expected GAD direction. c Polar stereographic map with VGP

locations (red circles). The paleopole position is represented by a green star with
95% confidence circle (A95) with the coordinates of the paleopole latitude (Plat) and
longitude (Plon). GAD = geocentric axial dipole, VGP = virtual geomagnetic pole.
Figures a–c were created using the PmagPy software package61. Source data are
provided as a Source Data file.
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Fig. 3 | Comparison of 0–10 Ma datasets and paleomagnetic field models.
a Location map of the 0–10 Ma database25 and Trindade Island (red square). VGP
dispersion (SB) as a function of latitude for (b) all data, (c) Atlantic Hemisphere
( − 90°E to 90°E; green circles), and (d) Pacific Hemisphere (90°E to 270°E; purple
circles). Blue lines represent the Model G38 curves and 95% confidence intervals
(blue-shaded areas). The values of theModel G a and bparameters are shown in the
left panel. Latitudinal distribution of inclination anomaly (ΔI) data from this study
(red square) and global 0–10 Ma dataset considering (e) all data, (f) Atlantic

Hemisphere, and (g) Pacific Hemisphere. Blue curves denote the best-fit TAF
models for each dataset, with the 95% region confidence represented by a blue-
shaded area. The axial quadrupole (G2) and octupole (G3) contributions relative to
the axial dipole term are shown in right panel. Numbers refer to the locations
reported in the text (1,2 - Reunion Island; 3 - French Polynesia; 4 - Easter Island; 5 -
Saint Helena; 6,7 - Azores; 8 - Cape Verde; 9 - Fernando de Noronha). TAF = time-
averaged geomagnetic field, VGP = virtual geomagnetic pole. Source data are
provided as a Source Data file.

Table 1 | Values of Model G a and b parameters, zonal quadrupole (G2) and octupole (G3) contributions, and axial dipole
dominance estimated for three datasets

Dataset N a (u/l°) b (u/l) G2 (u/l) G3 (u/l) AD/NADmedian

Last 10 Ma 80 11.3 (12.9/9.6) 0.25 (0.30/0.20) 0.030 (0.047/0.012) 0.021 (0.038/0.004) 11.5 ± 6.8

Atlantic H. 41 12.5 (15.2/9.9) 0.24 (0.32/0.17) 0.038 (0.062/0.014) 0.014 (0.037/−0.009) 9.1 ± 6.3

Atlantic H.a 42 12.9 (15.5/10.2) 0.24 (0.32/0.16) 0.038 (0.062/0.014) 0.014 (0.037/−0.008) 8.6 ± 5.8

Pacific H. 39 10.2 (12.2/8.3) 0.25 (0.32/0.18) 0.024 (0.049/−0.002) 0.027 (0.054/0.001) 14.5 ± 9.4

N is the number of data used to determine the best-fit parameters of the PSV and TAF models. a and b are the Model G38 parameters. G2 and G3 correspond to the axial quadrupole and octupole
components relative to the axial dipole term.AD/NADmedian refers the ratio between axial dipole component and non-axial dipole components24 with their uncertain bounds. u/l corresponds upper/
lower 95% confidence bound.
H hemisphere.
aDataset that includes data from Trindade Island.
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those from Saint Helena suggest that the high dispersion can be con-
nected with the anomalous PSV behavior in the South Atlantic region,
persistent over the last 10 Myr. Notwithstanding, the small number of
sites (N) from this study, which might influence the VGP dispersion
value, it is above the minimum (N ≥9) required by PSV studies43,44. We
assert that this condition is minimized due to the rigorous selection
criteria applied here to obtain high-quality paleodirectional data.
Other studies were compared taking into account locations of similar
longitude to Trindade Island at different latitudes. There are two PSV
studies in the northern hemisphere (datasets #7 and 8 in Fig. 3) from
Azores (37. 7°N, 25. 5°W) and Cape Verde (17. 0°N, 25. 4°W), with VGP
dispersion values (SB = 15:2

17:7°

12:3 and SB = 13:8
16:1°

10:9 , respectively) that are
statistically compatiblewithin the 95% uncertainty limits ofModel G. A
low estimate is found in another study in Azores (38. 6°N, 28. 2°W; #6
in Fig. 3) with SB =9:3

11:4°

6:0 , possibly due to the short time interval
(1.9–7.8 ka) that was sampled in this location. In the southern hemi-
sphere, a study reported east of Brazil at low latitude (Fernando de
Noronha; 4. 3°S, 32. 3°W) has value of SB = 11:7

13:5°

9:7 (#9 in Fig. 3) con-
sistentwithModelG at the95%confidence level. This locationdoes not
capture the enhanced long-term PSV behavior observed in this study
and Saint Helena and may be associated with a border region of this
anomalous field feature.

Regarding the TAF analysis, the inclination anomaly (ΔI) is deter-
mined by the deviation of the mean direction relative to the expected
GAD direction (see Methods section). The low negative value of
(ΔI = � 0:38:6

°

�9:2) from this study is not statistically significantly differ-
ent from a GAD field model (ΔI = 0°) as illustrated by Fig. 3e. Likewise,
our result is consistent with predictions of the TAFmodel fitted to the
global ΔI database within the 95% confidence level, with zonal quad-
rupole and octupole contributions of g2

0 = 3:0% and g3
0 = 2:1% to the

axial dipole term (g1
0), respectively (Table 1). Comparisonswith studies

in the 15–30°S latitude bin show differences in inclination anomaly
values. There are three estimates (datasets #1, 3 and 4 in Fig. 3) from
Reunion Island39 (ΔI =4:511:3

°

�1:3), French Polynesia41 (ΔI = � 2:6�0:1°

�4:9 ) and
Easter Island42 (ΔI = 1:33:8

°

�1:4) that are in agreement with a zonal TAF
model. A large negative value of ΔI = � 8:1�4:7°

�11:1 from Reunion Island40

(#2 in Fig. 3) may be related to the short time span (historic) repre-
sented by the sampled lava flows covering the interval between 80–90
ka.Conversely, the highpositive anomaly (ΔI = 12:521:2

°

4:3 ) found for Saint
Helena Island21, can be associated with an anomalous geomagnetic
field behavior in the region. One cannot, however, rule out the possi-
bility that outliers are a result of additional non-axial dipole con-
tributions to the TAF model. Through comparison with other studies
of similar longitudes, we noticed that the three data from the northern
hemisphere (two are fromAzores (ΔI =0:63:6°

�2:4 andΔI = � 7:9�3:9°

�12:1 ) and
one from Cape Verde (ΔI = � 0:84:5°

�6:0)) and data from Fernando de
Noronha (ΔI = � 6:8�1:9°

�10:8) for the southern hemisphere, are not sig-
nificantly different at the 95% confidence limits from the 0–10 Ma
TAF model.

Atlantic-Pacific hemispheric asymmetries
We extended the investigations to the whole globe in order to identify
latitudinal differences in PSV behavior and zonal field structures
between the Atlantic and Pacific hemispheres (separation at − 90°E
and 90°E) in the 0–10 Ma database (Fig. 3a). By examining the dis-
tribution of SB data, the Atlantic hemisphere has a higher amount of
data (22 out of 42) that falls above the Model G fit compared to the
Pacific hemisphere (13 out of 39; Fig. 3b), thereby corroborating a
previous observation21. Also, differences in the latitudinal pattern of
PSV are found for Model G curves fitted to SB datasets for each
hemisphere separately (Fig. 3c, d; Table 1). Atlantic data produce weak
latitudinal dependence in the VGP dispersion curve (caused by ele-
vated equatorial VGP dispersion) with Model G parameters a= 12:515:5

°

9:9

and b =0:240:32
0:17 that are, respectively, higher and slightly lower than

the Pacific hemisphere (a= 10:212:2
°

8:3 and b=0:250:320:18 ). Our results

suggest a high (low) geomagnetic variability for the Atlantic (Pacific)
sector spanning the last 10 Myr.

Atlantic-Pacific hemispheric asymmetries are also observed from
the best-fit two parameter zonal TAF models using the inclination
anomaly estimates for the past 10 Myr (Fig. 3f, g). In general, Atlantic
data reveal a greater number of negative anomalies ( > − 5°) in low- to
mid-northern latitudes in relation to the Pacific hemisphere (Fig. 3e).
The values of quadrupole (G2 = g2

0=g
1
0 = 3:8%) and octupole

(G3 = g3
0=g

1
0 = 1:4%) components for the Atlantic and Pacific (G2 = 2.4%

and G3 = 2.7%) are statistically indistinguishable at the 95% confidence
level (Table 1). The prominent value of the G3 term for the Pacific
sector is usually ascribed to the presence of positive anomalies in mid-
to high-southern latitudes23 (Fig. 3g). But in this latitude band, the data
coverage is sparse andpaleomagnetic constrains arederivedonly from
New Zealand45–47, Australia48 and Antarctica49. Further data are needed
to improve the spatial resolution of the average field structure in this
sector. Interestingly, Model LN34 designed to examine the non-zonal
TAF features for the 0–5 Ma period shows positive ΔI over the south-
western Pacific and some regions of Antarctica. These observations
suggest that regional differences of non-GAD field structures may be
persistent over the multimillion year periods.

Discussion
Long-lived non-dipole field in the South Atlantic
Recent studies24,50 have offered insights on the average paleomagnetic
field morphology based on paleosecular variation data. Biggin et al.24

postulated a power law relationshipbetweenModel Gaparameter and
the average axial dipole, which was estimated from a series of geody-
namo simulations differentiated by input parameters and physical
properties. Here, we determined themedian ratios of axial dipole (AD)
to non-axial dipole (NAD) components (seeMethods section) to assess
the degree of average field dipolarity in the Atlantic and Pacific
hemispheres using the Model G a values. The AD/NADmedian ratio
determined for the Atlantic region (9.1 ± 6.3) is lower than the Pacific
(14.5 ± 9.4). When Trindade Island data are incorporated into the
Model G fit, the AD/NADmedian value for the Atlantic Hemisphere
decreases (see Table 1). These findings provide compelling evidence
for a long-term hemispheric field asymmetry, suggesting a weaker
average dipoledominance (i.e., strongNADeffects) in theAtlanticwith
respect to the Pacific hemisphere, and could be linked to enhanced
PSV activity in the former as previously observed in geomagnetic field
models for the present, centennial and millennial time scales3,5,19. The
enhanced geomagnetic variability detected in the South Atlantic
region for the past 10Myr (Fig. 3) may be attributed to heterogeneous
boundary conditions at the top as well as at the bottom of the outer
core. Tarduno et al.8 suggests that geomagnetic flux patches are
recurrent below the South Atlantic region linked to African LLSVP.
Consequently, it reflects an area of preferential magnetic flux expul-
sion of toroidal field lines at the top of the core that forms pairs of
normal and reversed flux patches at the CMB51, producing large
departures from dipolarity. Alternatively, a bottom-up control of the
outer core dynamics associated with the Earth’s inner core growth can
produce large secular variation hemisphericity between the Atlantic
and Pacific52. We further discuss the understanding of Earth’s deep
dynamics and its relation to PSV in the next subsection.

VGP dispersion is highly dependent on latitude over historical
time53. An analysis25 of VGP dispersion data separately for each hemi-
sphere using the COV-OBS geomagnetic field model54 between 1840
and 2020, shows a marked north-south hemispheric asymmetry for
more recent times (Fig. 4a). The contribution of specific non-zonal
harmonic terms can result in significant changes in the shape of the
VGP dispersion curve, as pointed out by historical field
observations25,53. However, the strength and spatial configuration of
geomagnetic flux patches can lead to more complex field structures
and, consequently, PSV changes with geographic latitude. To evaluate
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the latitudinal behavior of VGP dispersion under the influence of RFPs
and normal flux patches (NFPs), we propose a series of five synthetic
scenarios at the CMB, taking into account changes in the location and
intensity of geomagnetic flux patches (cases A to E reported in
Fig. 4b–f). These models were constructed from a background axial
dipole field, in which equatorially anti-symmetric flux patches are
superimposed (see Methods section). Case A shows changes in
amplitude of two NFPs centered at latitudes 45°, one in each hemi-
sphere (Fig. 4b). The latitudinal dependence of SB increases with the
intensity of NFPs. Case A also indicates a latitude-invariant dispersion
of VGPs for a pure dipole field and validates our numerical approach.
As in Case A, Case B also shows a pair of NFPs, but their locations are
situated at different latitudes (Fig. 4c). The VGP dispersion tends to
increase from the equator to the pole, with a bump that varies lati-
tudinally nearly 20° higher in latitude than the location of the NFPs.
Case C shows two NFPs in the same latitude along the equator with
changes in the longitudinal distance (Δϕ) between them (Fig. 4d). In
general, the SB estimates decrease fromequator to thepolewith higher
values for all latitudes with Δϕ increases. Case D has two pairs of NFPs
(Fig. 4e), one pair is located at low latitude (15°) and the other at high
latitude (60°). The pattern of VGP scatter is determined by the ratio
between the amplitude of lower and higher latitude patches (indicated
by γ). The latitudinal dependence of SB increases with decreasing γ
values. Finally, Case E shows two NFPs and two RFPs located, respec-
tively, at high and low latitudes (Fig. 4f). Significant changes in the
shapes of the VGP dispersion curves are observed for different values
of γ. Among the scenarios examined, case D with γ = 0.26 is the one
thatmost closely approximates the latitudinal patternof PSV observed
for the last 10Myr. Our results suggest that the geomagnetic field has a
clear influence from NFPs (linked with its position and intensification
at the CMB) in general over the past 10Myr.Moreover, the present-day
geomagnetic field presents a low-latitude (slightly southern) belt of
normal flux patches at the CMB7 which produces comparable low-

latitude SB values in the SouthernHemisphere (Fig. 4a) to ourfinding in
Trindade Island. Alternatively, according to Case E, RFPs also create a
peak in the VGP dispersion and can not be discarded as the source of
recurrent high VGP dispersion estimates found in data from Saint
Helena Island21 and in this study. Hence our synthetic results can also
be interpreted as indicative of RPFs in the South Atlantic Ocean which
may be responsible for the recurrence of SAA like features at ancient
epochs of Earth’s magnetic field17,20.

A top-down or bottom-up control on the long-term field
behavior?
Lateral heterogeneous boundaries influence the outer core flow
dynamics, and consequently the geomagnetic field and its time-
dependence52,55. In the outer boundary, the lowermost mantle, stable
over several hundred millions of years56, modulates the outgoing heat
from the core to the mantle. Hence lowermost mantle lateral hetero-
geneities may produce persistent regional upwelling and downwelling
flow structures18,57 resulting in geomagnetic field structures top-down
controlled. Tarduno et al.8 proposed that core fluid upwelling under
the eastern edge of the African LLSVP could be responsible for the
appearance of pairs of RFPs and NFPs at the CMB, hence producing
recurrently strong non-dipole field at the CMB and an anomalously
weak intensity field at the Earth’s surface (the SAA). Recent geomag-
netic field reconstructions13–15 and new archeointensity records8–10

have suggested that SAA-like structures are recurrent over time. A
long-term SAA longevity hypothesis has been supported by low aver-
age paleointensities and high VGP dispersion in the South Atlantic
region fromTristandaCunha22 and Saint Helena20,21 islands during Late
Pleistocene (46–90 ka) and Late Miocene (8–10 Ma), respectively. Our
paleomagnetic record in Trindade Island expands these records
towards west, close to the continentalmargin of Brazil and also in time
covering the Pliocene-Pleistocene interval (Fig. 3). According to our
idealized geomagnetic field scenarios and synthetic VGP dispersion

Fig. 4 | Angulardispersioncurvesofdata obtained fromsynthetic geomagnetic
field models. VGP dispersion (SB) as a function of latitude (a) for a snapshot of a
geomagnetic field model54 separately for the northern hemisphere (NH) and
southernhemisphere (SH); and (b–f) for several idealizedCMBradialmagneticfield
scenarios. Thick shaded lines denotes the latitudes of the center of the synthetic
flux patches (gray if fixed, colored if cases are latitudinal dependent). Dashed lines

denote the correspondent Model G curves. Δϕ denotes the distance in longitude
betweengeomagneticfluxpatches and γ is the ratio (in absolute value) between the
amplitude of the lower latitude patch over the higher. NFPs = normal flux patches.
RFPs = reversed flux patches, VGP = virtual geomagnetic pole. Source data are
provided as a Source Data file.
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curves, regional differences in the 0–10Mapaleomagnetic field can be
attributed to the recurrent presence of intense low-latitude flux pat-
ches of either reversed or normal polarity hence not necessarily linked
to persistent anomalous weak field at Earth’s surface (Fig. 4).

Records of the Holocene19 and Pleistocene16 epochs show an
Atlantic-Pacific dichotomy for the PSV index, though the statistical
robustness of these results hasbeen questioned58. Here, we foundover
at least the past 10 Myr, an Atlantic-Pacific dichotomy in our paleo-
magnetic secular variation models (Figs. 3 and 5). Using numerical
dynamo simulations that account for lateral heterogeneities of the
lowermost mantle, Mound and Davies58 investigated if thermal struc-
tural differences would produce the hemispheric SV asymmetry. No
statistically significant preference for a given hemisphere in terms of
temporal variability was found in their models time-averages. Con-
versely, numerical dynamo simulations with bottom-up control over
outer core dynamics by the Earth’s inner core reproduced the Atlantic-
Pacific SV dichotomy52. Aubert et al.52 proposed a dominant bottom-up
mechanism driving the Earth’s magnetic field secular variation, con-
trasting with previousmantle-driven hypotheses. They highlighted the
inner core’s crucial role, particularly in localizing the magnetic varia-
tions beneath the Atlantic, attributing longitudinal localization to
thermochemical interactions between the inner and outer core and
latitudinal localization to gravitational coupling between the inner
core and mantle. They suggested that while the mantle’s influence on
the SV is secondary, it collaborates with the inner core to maintain the
low secular variation in the Pacific. Our results corroborate for a more
time-dependent Atlantic than Pacific hemisphere over the past 10Myr.
Following Aubert et al.52, it may suggest a stronger bottom-up than the
top-down control of the geodynamo temporal variability during the
past 10 Myr. However, the morphology of the geomagnetic field, in
particular the persistent presence of two intense high-latitude NFPs at
each hemisphere, is likely controlled by the lower mantle thermal
heterogeneity57,59,60.

Methods
Paleomagnetic measurements and data analysis
Paleodirectional experiments were conducted in a magnetically
shielded room at the Paleomagnetism Laboratory of the University of
São Paulo (USPMag). A minimum of five specimens from each site
(200 specimens in total) were subjected to alternating-field (AFD) or
thermal demagnetization (THD), using an ASC-TD48 thermal
demagnetizer oven, a LDA5 AF demagnetizer (AGICO), 2G cryogenic
magnetometer equipped with a RAPID (Rock and Paleomagnetism
Instrument Development) system, and a JR-6A spinner magnet-
ometer (AGICO). AFD measurements were performed on

143 specimens in 18 progressive steps from 2 to 100 mT. THD were
carried out for the 57 remaining specimens in 17 steps from room
temperature to 600° C or complete removal of the NRM. Using the
PmagPy Demag Gui program61, the ChRM directions at the specimen
level were obtained through principal component analysis (PCA)62. At
least five demagnetization data which decayed toward the origin of
the Zijderveld31 plots were considered for ChRM estimation, with
values ofmaximum angular deviationMAD62≤10° and deviation angle
DANG63≤5°. Site-mean directions were determined using Fisher32

statistics. Following de Oliveira et al.25 criteria, a minimum number of
five specimens per site (n ≥ 5) with a Fisher precision parameter k≥50
were considered for PSV and TAF investigations.

Estimate of VGP dispersion and Model G fits
The variability of paleodirectional data was measured by the between-
site VGP dispersion (SB) from N sites using the following equation33:

SB =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN

i = 1

Δ2
i �

Swi

2

ni

 !vuut , ð1Þ

where Δi refers to the angular deviation of the ith VGP from the
paleomagnetic pole (mean VGP position), n is the number of speci-
mens at site level, and Swi

=81=Ki is thewithin-site VGPdisperson.With
the known values of the Fisher precision parameter (ki) of site-mean
direction and its paleolatitude (λi), Ki is calculated as:

Ki =
8ki

5 + 18 sin2λi +9 sin4λi
: ð2Þ

Model G38 was used for statistically assessing the latitudinal
behavior of SBdata using the current 0–10Ma database25 including our
results. Thismodel describes the shape of the VGP scatter curve taking
into account two parameters a and b:

SðλÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 + ðbλÞ2

q
, ð3Þ

where a and b are associated respectively with the symmetric an
antisymmetric geodynamo families about the equator. These two
parameters were determined by the non-linear least squares fitting for
a given SB dataset through a Python algorithm (within the scipy.opti-
mize.leastsq package) that uses the Levenberg–Marquardt64 method.

Estimate of ancient axial dipole dominance
A power-law relationship between Model G a parameter and the
median axial dipole (AD) dominance was recently proposed24 from
numerical geodynamo simulations and validated by observational
geomagnetic field models at different timescales. It provides useful
insights into the paleofieldmorphology based on VGP dispersion data.
The estimate of the degree of AD dominance is given by:

logðAD=NADmedianÞ= k1 loga+ k2: ð4Þ

The term AD/NADmedian denotes the ratio of AD component to the
non-axial dipole (NAD) components; k1 ( = − 2.26 ± 0.13) and k2
( = 3.44 ± 0.16) are constants that were inferred through linear least
square regression in logarithmic scale. We applied the Eq. (4) to
ascertain whether there are regional morphological differences
between the Atlantic and Pacific hemispheres for PSVmodels spanning
the last 10 Myr.

Estimate of inclination anomaly and zonal TAF models
A statistical approach used in investigations of the time-averaged field
geometry is the inclination anomaly (ΔI), which is defined by the dif-
ference between Fisher32 mean inclination (Imean) and the inclination

PH PHAH

Atlantic

Saint Helena
Trindade

Pacific

3

4
9

6

7
8

5

1
2

Fig. 5 | VGP dispersion (SB) as a function of longitude. The green (purple) circles
represent Atlantic (Pacific) data. Numbers refer to the locations reported in the text
(1,2 - Reunion Island; 3 - French Polynesia; 4 - Easter Island; 5 - Saint Helena; 6,7 -
Azores; 8 - Cape Verde; 9 - Fernando de Noronha). VGP = virtual geomagnetic pole,
PH = Pacific Hemisphere, AH = Atlantic Hemisphere.
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expected from the GAD model (IGAD), as follows65:

ΔI = Imean � IGAD, ð5Þ

where IGAD is calculated from the mean latitude (�λ) for a dataset,
expressed by:

IGAD = tan�1ð2 tan �λÞ: ð6Þ

We evaluated the paleofield latitudinal structure based on ΔI
estimates obtained from this study combined with the 0–10 Ma data-
base. Zonal TAFmodelswere designed from the relation between axial
quadrupole (g2

0) and octupole (g3
0) components with the axial dipole

(g1
0), according to a predicted model for observed inclination (IOBS) in

function of colatitude θ (90° − λ), given by66:

tan IOBS =
2 cosθ+G2 9

2 cos
2θ� 3

2

� �
+G3 10cos3θ� 6 cosθ

� �

sin θ+G2 3 cosθ sin θð Þ+G3 15
2 cos

2θ sinθ� 3
2 sinθ

� � : ð7Þ

Using Eqs. (5) to (7), the quadrupole G2 = ðg2
0=g

1
0Þ and the octu-

pole G3 = ðg3
0=g

1
0Þ terms were determined by the best-fit curve for the

ΔI datasets using the Levenberg–Marquardt64 method.

Idealized geomagnetic field scenarios and synthetic VGP
dispersion curves
Synthetic radial magnetic fields were built from a background axial
dipole field Bad

r on which equatorially anti-symmetric flux patches are
superimposed6,10,67. The background field defines the polarity of the
totalfield, whereas the actual dipolemoment is given by the sumof the
background dipole and the patches. Though patches are of much
smaller spatial scale than the axial dipole, their latitudinal position and
polarity (normal or reversed) greatly affects the axial dipolemoment68.
We use an anisotropic 2D-Gaussian to model the radial field of a syn-
thetic intensemagnetic flux patch67. For simplicity, we set the patches’
orientation γ to zero. Under those conditions, each patch is defined by
the Gaussian:

BP
r =Ab exp

ðϕ� ϕbÞ
2σ2

ϕ

+
ðθ� θbÞ
2σ2

θ

 !

, ð8Þ

whereϕ and θ are longitude and co-latitude, respectively,ϕb and θb are
the patch center coordinates, and Ab is the patch amplitude. σϕ and σθ
represent the distance over which the BP

r peak decays from Ab to Ab/3
in the azimuthal andmeridional directions, respectively. Our choice of
parameters roughly mimics values of the historical era67. The global
synthetic field BSyn

r is given by the sum of the background axial dipole
field and the Gaussian patches

BSyn
r =Bad

r +
X

i

ðBP
r Þi , ð9Þ

where i denotes summation over multiple patches. We set a pair
of patches with opposite signs but same amplitudes and sizes,
such that

R
SB

Syn
r dS=0, where S denotes the entire CMB surface.

Maps of idealized scenarios D.4 and E.4 are found in Supplemen-
tary Information.

We then evaluated the equivalent VGP dispersion for a series
of idealized radial field models at the core-mantle boundary. We
started by using kernels analysis6,7,10,69,70 to project BSyn

r upwards
to the Earth’s surface, thus allowing the determination of the
inclination and declination of the field. Next, we computed dis-
tributions of dispersion data for each 5° latitude band, with 5°
longitude spacing25. Note that on the spherical shell, the latter
approach means better sampling at higher latitudes than the
lower latitudes. However, our zonal averaged models are weakly

affected. The 5° spacing is short enough scale to capture long-
itudinal changes at the equator even for more complex field than
our synthetic fields, for instance the present-day field25,38. Finally,
equivalent VGP dispersion curves (SB) as a function of latitude
were built.

Data availability
All paleomagnetic data generated or analyzed in this study are avail-
able in the supplementary information file and the MagIC
database at https://earthref.org/MagIC/20016. Source data are pro-
vided in this paper. Source data are provided with this paper.

Code availability
The code used to perform the analyses are available from the corre-
sponding author upon request.
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