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The diminishing strength of the Earth’s magnetic dipole over recent
millennia is accompanied by the increasing prominence of the geomag-
netic South Atlantic Anomaly (SAA), which spreads over the South
Atlantic Ocean and South America. The longevity of this feature at
millennial timescales is elusive because of the scarcity of continuous
geomagnetic data for the region. Here, we report a unique geomag-
netic record for the last ~1500 y that combines the data of two well-
dated stalagmites from Pau d’Alho cave, located close to the present-
day minimum of the anomaly in central South America. Magnetic
directions and relative paleointensity data for both stalagmites are
generally consistent and agree with historical data from the last 500 y.
Before 1500 CE, the data adhere to the geomagnetic model ARCH3K.1,
which is derived solely from archeomagnetic data. Our observations in-
dicate rapid directional variations (>0.1°/y) from approximately 860 to
960 CE and approximately 1450 to 1750 CE. A similar pattern of rapid
directional variation observed from South Africa precedes the South
American record by 224 + 50 y. These results confirm that fast geomag-
netic field variations linked to the SAA are a recurrent feature in the
region. We develop synthetic models of reversed magnetic flux patches
at the core-mantle boundary and calculate their expression at the Earth’s
surface. The models that qualitatively resemble the observational data
involve westward (and southward) migration of midlatitude patches,
combined with their expansion and intensification.

archeomagnetism | South Atlantic Anomaly | speleothem |
geomagnetism | paleomagnetism

he South Atlantic Anomaly (SAA) marks the position of the

weakest geomagnetic field on Earth, and has long been recog-
nized as a major sink for high-energy particles in the magnetosphere,
with consequences for orbiting satellites, as well as telecommunica-
tion networks and transmission grids (1). Historical geomagnetic
data from ship logs, magnetic observatories, and, more recently,
from satellites indicate that the SAA has been a prominent feature
of the geomagnetic field since at least 1590 CE (2—4). These re-
cords indicate that the size of the anomaly has increased con-
comitant with increasing prominence (i.e., ever-weakening field
intensity), and the anomaly has migrated continuously westward at
a mean longitudinal speed of 0.17° y™'. Areal growth and intensity
decay are linked to the first-order variations of the geomagnetic field,
more specifically, the relative increase of nondipole terms relative to
the overall field geometry (2, 5) and the steady decay in the dipole
moment itself at a rate of ~15 nTy™" (4, 6). These effects reflect deep
Earth processes emanating from the core—mantle boundary (CMB),
where the proliferation of reverse flux patches (RFPs), particularly
beneath the South Atlantic, causes a breakdown in symmetry in the
advection sources of the axial dipole moment (4, 7).

Reconstructing the SAA anomaly at the so-called archeomagnetic
(or millennial) timescale is not trivial, mainly due to the scarcity
of geomagnetic data in the Southern Hemisphere (8, 9). Besides
recent advances in data acquisition (10-13), the archeomagnetic
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datasets from Africa and South America that are essential for the
reconstruction of the SAA evolution contribute respectively only
2.5% and 2.8% to the global geomagnetic database (9). Direc-
tional and intensity data recently obtained for Africa indicate
relatively rapid directional changes (>0.1° y~') between approxi-
mately 400 to 550 CE, approximately 550 to 750 CE, and approx-
imately 1225 to 1550 CE accompanied by a fast decrease in intensity
of =54 + 36 nT y~' (10, 11). In comparison, a recent assessment
of the archeomagnetic database for South America revealed only
two intensity values before 1500 CE (13). Most archeomagnetic
data from South America are limited to historical lava flows and
baked-clay artifacts produced after the arrival of Europeans at
1500 CE. Several attempts to obtain archeomagnetic data from
pre-Columbian archeological artifacts in Brazil and neighboring
countries have been unsuccessful, mostly due to the incomplete
baking of native ceramics (14). As a consequence, the only records
of the geomagnetic field for South America at the millennial
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timescale are provided from studies of lake sediments [e.g.,
Escondido Lake (15)].

Baked-clay archeological artifacts and sediments are the classical
archives used to reconstruct the archeomagnetic field. However,
each of these records comes with caveats, particularly in recovering
the Earth’s field fluctuations at the centennial to millennial time-
scales. Baked-clay archeological artifacts (and lavas) provide an
absolute measure of the field intensity based on thermoremanent
magnetization (16), but these materials provide only episodic
snapshots of the field. Sediments have the advantage of providing a
continuous directional record of the local geomagnetic direction,
but age uncertainties from sediments are typically on the order of
hundreds to thousands years (17, 18). Sedimentary paleomagnetic
records can also be afflicted by a delay between the age of sedi-
mentation and the age of magnetization (19, 20) or be obliterated
by further diagenesis (21). In addition, sediments can be affected by
dewatering and compaction after remanence acquisition (22, 23),
which produces shallower magnetic vectors. Speleothems, on the
other hand, present several advantages over archeomagnetic and
sedimentary archives by being usually continuous over thousands of
years and readily dated at a very high precision by the radiometric
Z4U-2Th method (half-life of 245,000 y). As chemical precipi-
tates, speleothems are not affected by postdepositional compaction
effects (24). Moreover, in contrast to soft sediments, the time lag
between deposition of magnetic particles on the top of the stalag-
mite and remanence lock-in is very short, comprising hundreds of
seconds at most (24, 25), therefore ideally allowing the radiometric
age obtained for each layer to be directly attributed to the rema-
nence recorded in it.

Here, we provide a ~1,500-y geomagnetic field record for
central South America based on the magnetic remanence of two
rapidly grown and well-dated stalagmites. This high-resolution
record reveals periods of rapid changes in the direction and in-
tensity of the field out-of-phase with similar events in Africa (11).
Then, synthetic models of migration, expansion, and intensifica-
tion of reversed magnetic flux patches are applied to test the
mechanisms at the origin of the observed field variations.

Sampling and Dating of Pau d’Alho Stalagmites

Paleomagnetic and relative paleointensity data were obtained from
two stalagmites from the Pau d’Alho cave system (15°1220” S,
56°48'41” W), which is located near the present-day minimum of the
SAA, in Midwest Brazil. Samples Alho 06 and Alho 31 are cylin-
drical stalagmites, respectively 240 and 135 mm tall, with a nearly
constant diameter of ~6 cm (Fig. 1). The dominant mineralogy,
determined by X-ray diffraction in both samples, is magnesian cal-
cite (~97%) with minor amounts of dolomite and quartz attributed
to the detrital contribution from weathered dolomitic host rock. The
internal structure is marked by a very regular stratigraphy of alter-
nated millimetric layers of light-gray to brownish calcite, with no
evidence of hiatuses. Different strategies were used for their azi-
muthal orientation. Alho 31 was oriented in situ with a magnetic
compass, and its declination was rotated by the azimuth measured
during sampling, whereas Alho 06 had its declination rotated to the
average declination of the International Geomagnetic Reference
Field model (—3.68°) for the age of the youngest specimen (1932
CE =+ 23 y). The speleothem samples were cut into specimens
consisting of thin slices of ~7 mm (Alho 06: 34 specimens) and
~5 mm (Alho 31: 27 specimens). U-Th dating shows mean growth
rates of 0.169 + 0.004 mm y~' (543 to 1932 CE) for Alho 06 (26)
and 0.151 + 0.008 mm y~" (1090 to 1922 CE) for Alho 31 (Fig. 1
and ST Appendix, Table S1). These relatively high growth rates imply
that each 7- or 5-mm specimen records a few decades of the geo-
magnetic field (~39 y for Alho 06 and ~32y for Alho 31). Changes
in growth rate are observed in both stalagmites, most pronouncedly
at 30-50 mm from the top for Alho 06 and 40-75 mm from the top
for Alho 31. The conversion of depth to age follows the model of
Fig. 1 and therefore takes these changes into account. The most
significant increase in accumulation rates observed in the two
studied stalagmites occur in the interval between 1600 and 1820 CE,
when precipitation was higher in the region throughout the Little Ice
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Fig. 1. Stalagmites from Pau d’Alho cave (15°12'20"S, 56°48'41"W). Samples
Alho 31 (Upper) and Alho 06 (Lower) with respective U-Th dating points and
age model are shown. Dashed lines indicate 95% confidence (2 o) calculated
from Monte Carlo fitting of ensembles of straight lines.

Age period (26). Both stalagmites ceased growth at the beginning of
the last century, probably also due to changes in the hydrology of the
cave resulting either from a dry period or by the blocking, in the
epikarst, of the drip water supply to the speleothems.

Origin and Identification of Magnetic Minerals

The main magnetic mineral in both stalagmites is magnetite. Low-
temperature experiments on bulk samples show a Verwey transition
(~120 K) in room-temperature saturation isothermal remanent
curves (SI Appendix, Fig. S1). This transition is accentuated when
analyzing the magnetic separates from the same samples (SI Ap-
pendix, Fig. S2). Goethite is also found, being identified by the
characteristic separation of field cooling and zero-field cooling
curves in the separates (SI Appendix, Fig. S2). The origin of mag-
netite can be inferred from coercivity unmixing analyses of anhys-
teretic remanent magnetization (ARM) curves (SI Appendix, Fig. S3)
(27). ARM data in all previous studies of speleothems plot in the
field of extracellular and pedogenic magnetite (28), including sta-
lagmites from Spain (29), Portugal (30), South China (31), Brazil
(32), and different sectors of the United States (24, 33) (SI Appendix,
Fig. S4). In the Pau d’Alho cave, the magnetic mineralogy of soils
above the cave was compared with the magnetic minerals present in
the stalagmite (32). Their similarity further reinforces a pedogenic
origin for the magnetic particles deposited in the stalagmite, likely
formed through dissimilatory iron reduction in the soil (e.g., refs. 32
and 33). Type and size of magnetic minerals throughout the
speleothems vary little and typically present, respectively for Alho
06 and Alho 31, median destructive fields of ~16 and ~13 mT and
dispersion parameters of ~0.29 and ~0.27 (SI Appendix, Fig. S2).
First-order reversal curves (FORCs) for Alho 06 and Alho 31 in-
dicate that magnetite grains are in the single-domain range without
significant magnetic interaction (SI Appendix, Fig. S5).

Paleomagnetic Directions and Paleointensity

Detailed stepwise alternating field (AF) demagnetization of all
specimens was performed in a superconducting rock magne-
tometer, followed by principal component analysis. Specimens’
volumes vary from 1.08 to 2.61 cm® (mean of 1.79 cm?). Initial
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magnetic moment of Alho 06 and Alho 31 are, on average, 2.8 x 10~
and 2.3 x 10 A m? respectively. The relatively high initial mag-
netization enabled useful directional data on a resolution of tens
of years per specimen to be obtained in a commercial cryogenic
magnetometer, which, in our case, has a practical sensitivity higher
than 6 x 10-11 A m? (SI Appendix, Fig. S6). Vector directions
were calculated with an AF range between 12 and 35 mT, which
corresponds to 12-54% of the NRM (Fig. 2). A magnetic rema-
nence (<10%) that persisted above an applied field of 120 mT
is associated with goethite (Fig. 2). Five specimens out of 61 dis-
played unstable behavior during demagnetization or maximum
angular deviation (MAD) >20°, and these specimens are not
further discussed.

The two stalagmites record deposition between approximately
1100 CE and approximately 1920 CE. Almost all magnetic dec-
linations agree within error for this time period, whereas the
magnetic inclinations show a ~10° difference between stalag-
mites (Fig. 3 and SI Appendix, Table S2). One possibility to ac-
count for this systematic difference is the rolling of magnetic
particles at the border of the stalagmite (34). Magnetic grains in
Alho 06 are arranged along an inclined plane as depicted from
anisotropy of remanence measurements (S Appendix, Fig. S7),
suggesting that its specimens comprise the sloping border of the
stalagmite. In contrast, magnetic grains in Alho 31 specimens (S/
Appendix, Fig. S7) are arranged along the horizontal plane being
thus immune to these effects. Other possibility would be a dif-
ferent degree of compaction between the stalagmites, but the
average anisotropy degrees for Alho 06 and Alho 31 are 1.035
and 1.040, respectively, which imply similar compaction correc-
tions of less than 2° for both stalagmites (35).

The Alho 06 record covers a longer period of time starting at ~543
CE. Taking the entire record, magnetic declinations starting from
543 CE show two cycles of changing declination, with positive peaks
at approximately 900 CE and approximately 1700 CE, and a negative
peak at ~1200 CE. Declination has been decreasing since ~1700 CE.
The magnetic inclination for the same stalagmite increases from
approximately 543 CE until approximately 1100 CE, followed by a
progressive decrease from about —40° to near 0° in recent times.

In addition to the directional data, the relative paleointensity
was estimated for all specimens that presented MAD values
lower than 20°. Paleointensity estimations using the pseudo-
Thellier method (36) were made across the same alternating
field range used in the vectorial analysis (Fig. 2). We retained
only specimens whose SE of the slope is less than 5% and the
NRM fraction used in pseudo-Arai plots exceeds 25% (S
Appendix, Table S2). The well-defined, straight pseudo-Arai
plots obtained from our specimens corroborate the single-domain
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nature of the magnetic assemblage inferred from FORC curves,
whereas curved pseudo-Arai diagrams would indicate the pres-
ence multidomain grains (36). There is a considerable variability
of relative intensity estimates in these weakly magnetic rocks,
particularly in the interval of 1200 to 1400 CE for Alho 31 and at
around 1600 CE for Alho 06. Notwithstanding, a general trend of
geomagnetic field evolution for the past millennium is reproduced
in the two stalagmites (Fig. 3). The two curves also overlap the
general pattern defined by the high quality archeointensity data
for South America (13), with marked intensity peaks at approxi-
mately 900 CE and approximately 1450 CE observed against a
backdrop of decreasing field strength (Fig. 3).

Stalagmite Record vs. Geomagnetic Field Models

Previous use of speleothems as recorders of the geomagnetic
field has been focused on long-term variations or magnetic ex-
cursion events (24, 29). Here, we show that two well-dated, fast-
grown stalagmites reproduce the field within error at a ~40-y
resolution for the last 1500 y (Fig. 3). The speleothem record
matches both in direction and intensity the evolution of the field
described by the geomagnetic models for recent times, when
historical records are used to constrain the models HFM.OL1.
Al, CALS3k.4e, and ARCH3k.1 (Fig. 3). Before 1200 CE, the
models diverge, most likely due to the different datasets on which
they are based on (17, 18). It is noteworthy that field direction and
intensity retrieved from the stalagmite data follow the ARCH3k.1
model (17), which was constructed solely from archeomagnetic
data with no input from South America. Archeomagnetic data
from South America for the interval of 800 to 1200 CE obtained
after the model was made are plotted in Fig. 3 and corroborate the
ARCH3k.1 model. In contrast, the other models (HFM.OL1.A1
and CALS3k.4e) include lake sediment data from Argentina that
typically drive the model to lower intensities in the interval of 400 to
1000 CE, a pattern that is not reproduced in our stalagmite data.

Rapid Directional Changes in South America and South
Africa

A combined curve of paleosecular variation was constructed for the
two stalagmites (Fig. 44 and SI Appendix, Table S3). This curve
traces a coherent loop that matches the ARCH3k.1 model within
error for the Pau d’Alho location. The data describe a clockwise
loop from approximately 570 CE to approximately 1450 CE, fol-
lowed by a northward departure up to approximately 1700 CE and
then a rapid westward migration until approximately 1920 CE. The
validity of the stalagmite results is reinforced by the good match of
the angular variation recorded in this archive compared with that of
the geomagnetic model from the period between 1590 and 1900 CE
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Fig. 2. Examples of magnetic directions and relative
paleointensities. Shown are orthogonal vector plots
and stereographic projections of alternating field
demagnetization data and respective relative paleo-
intensity estimates for two specimens from each sta-
lagmite (ages and specimen numbers are indicated).
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Fig. 3. Continuous magnetic results and comparison with geomagnetic
models. Shown are radiometric ages (U-Th), magnetic declination, MAD,
magnetic inclination, and relative paleointensity for specimens from Alho 31
(dark green) and Alho 06 (dark blue). Paleomagnetic results are compared with
global geomagnetic field models for the Pau D’Alho cave location. CALS3k.4e
(light blue) stands for “Continuous model from Archeomagnetic and Lake
Sediment data” for the last 3 ka (17). Model ARCH3k.1 (orange) stands for
“Archeomagnetic data” for the last 3 ka (17). Model HFM.OL1.A1 stands for
“Holocene Field Model” (18). This last model accounts for archaeomagnetic,
lava flows, and sedimentary data covering the past 10 ka and is less sensitive to
outliers than CALS3k.4e yielding more stable estimates. From 1840 to 1990 CE,
the three geomagnetic models are constrained by the gufm1 model (6). Also
shown are the high-quality South American archeointensity data from bricks,
ceramics, tile, and historic basalts for the last 700 y (pink squares and error bars);
these data were relocated to the Pau d’Alho location for comparison (13).

(Fig. 4B), where the ARCH3k.1 model is constrained by the his-
torical records (6, 17). Starting from 570 CE, the variation observed
on the stalagmite record is ~0.10° y~' until approximately 1450 CE,
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with a peak of 0.12° y™" at approximately 900 CE. After 1450 CE,
there is a general increase, with marked shifts at approximately
1500 CE and 1700 CE.

The angular variation of Pau d’Alho stalagmites can be com-
pared with that obtained from archeological burnt clay structures
in South Africa (11). A meaningful coherence between them is
observed from 1225 CE (South Africa) to 1449 CE (South
America), where both paths increase their angular variation to
~0.13° y~' (Fig. 4B) with a time lag of 224 + 50 y. This result is
validated by the ARCH3k.1 model in their respective locations for
this period. Between approximately 1200 CE and approximately
600 CE, the same trends are observed in stalagmite and burnt clay
structures, with a decrease in South Africa from approximately
550 CE to approximately 750 CE and a similar decrease in South
America from approximately 850 CE to approximately 1150 CE.
Interestingly, the increase in directional changes recorded in Pau
d’Alho stalagmites is accompanied by a decay in intensity values in
the ARCH3k.1 model; this is observed at approximately 900 CE
and at approximately 1450 CE. These rapid changes in paleo-
intensity were found in South Africa (11), again with a time lag of
~200 y between Africa and South America for the last period.

A Recurrent South Atlantic Anomaly?

The SAA may be a very ancient feature of the geomagnetic field.
According to Tarduno et al. (10), a large and long-lived mantle
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Fig. 4. Geomagnetic SV. (4) Stereonet of 100-y, window-combined stalagmite
directional data with 95% confidence ellipses (2 c) with respective mean
ages and comparison with model ARCH3k.1 (45); the color scale corresponds to
age. (B) Angular variation of the field from South America (gray line) and
South Africa (dark-red line) (11); the orange dashed line represents the model
ARCH3k.1 for Pau d’Alho location, and the dark-brown dashed line represents
model ARCH3k.1 for the center of South Africa (11). Errors correspond to 63%
confidence levels (1 o) as in ref. 11. Red (gray) bars indicate intervals with rapid
directional variation in the geomagnetic field in Africa (South America).
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heterogeneity stationed beneath Africa would control the prefer-
ential location of RFPs at the CMB by inducing local topographic
roughness at the CMB making this region a preferential site for flux
expulsion from the core. The RFPs originated in Africa would then
drift westward, toward South America. The tracking of RFPs
throughout the last 3000 y using the available geomagnetic field
models attests to the recurrence of reverse patches at specific re-
gions and supports the hypothesis that links them to mantle het-
erogeneities (37), but when kernel functions that link the location
of reverse patches at depth to the location of the anomalies at the
planet’s surface are considered, a straightforward link between
these features and the SAA has not been be established (38).

To test the mechanisms that would potentially contribute to
the rapid field changes observed in South America and South
Africa and the delay between records at each side of the South
Atlantic, we conducted a series of seven synthetic tests of secular
variation (SV) (Fig. 5 and SI Appendix, Table S4) over a 400 y
timespan. In these tests, advection is given by westward and
southward drift, stretching is represented by expansion of RFPs
and diffusion by their intensification (see details in SI Appendix
and in SI Appendix, Table S4).

Changes in field direction and strength observed at centennial
scale for both continents are not reproduced by a single mechanism
(Fig. 5). Westward drift of an RFP (Fig. 5, scenario i) is the most
efficient of the tested mechanisms for rapid changes of declination
but cannot account for the observed changes in inclination and field
strength. The combination of expansion and intensification of an
RFP is more effective in changing inclination than westward drift,
but this scenario is more efficient when the RFP grows eastwards
than just below the measuring point. Field intensity decreases in all
tested SV scenarios, but those involving exclusively advection of an
RFP were the least efficient. Intensification works better when
coupled with expansion and when the RFP is not below the mea-
suring point. Finally, when all SV mechanisms are combined the
directional and intensity changes are the most pronounced. Of the
scenarios considered, this is the only one where rapid intensity decay
and sharp directional changes occur and are shifted in time, mir-
roring the observation (Fig. 5 and SI Appendix, Table S4). Usually,
the fastest intensity decay can be thought as the result of the arrival
of the anomaly and the rapid changes in declination correspond to
when the center of the anomaly is the closest to the measuring point.

The synthetic scenarios are simple approximations of the field
and lack the complexity of the Earth’s actual magnetic field. How-
ever, these models do give insights into how an RFP can alter the
geomagnetic record and what to expect in a measuring point where
an RFP region is prominent as over the South Atlantic Ocean. In
our analysis, westward drift is by far the main source of observed
sharp changes in declination, but as previously suggested (10, 11),
intensification and expansion of RFPs are also needed to produce
the abrupt variations of inclination and the rapid decay of intensity
observed. Moreover, in a scenario where changes in inclination are
more pronounced than in declination the SV needs more than a
zonal source of field drift. Our results suggest that upwelling
structures and diffusion were present at least as early as ~1450 CE
in the South Atlantic region, and possibly as early as ~860 CE.
Therefore, a weak-field anomaly at the South Atlantic is expected to
be recurrent as previously suggested (10, 11). Finally, the time lag of
~200 y between the rapid intensity decays in Africa and South
America is too short for a pure advective scenario of RFPs mi-
grating from Africa to South America, suggesting that flux expulsion
in South America may also contribute to the SAA time evolution.

Materials and Methods

U-Th Dating. Radiometric dating was carried out at the Minnesota Isotope
Laboratory using a multicollector inductive plasma mass spectrometer
[NEPTUNE (Thermo-Finnigan)] (39). Ten new U-Th ages were obtained for
Alho 31 sample (S/ Appendix, Table S1). Ages for Alho 06 were compiled
from Novello et al. (26). Age models and corresponding 95% confidence
limits were obtained through Monte Carlo fitting of ensembles of straight
lines with the software StalAge (40).
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—&— (i) - Westward -4 = (v) - Expanding below measuring point
- - (i) - Southward -4 = (vi) - Expanding eastern from measuring
(iii) - Westward and southward point
—#— (vii) - Expanding and drifting westward
and southward

Drifting
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Intensity (uT)
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Inclination (°)
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Time (yrs)
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Fig. 5. Secular variation scenarios. Dark-blue solid lines indicate westward
drift (i), dark-blue dashed lines indicate southward drift (i), light-blue solid lines
indicate westward coupled with southward drift (iii), orange solid lines indicate
intensification (iv), orange dashed lines indicate intensification and expansion
(v), brown dashed lines indicate eastern intensification and expansion (vi), and
brown solid lines indicate all SV mechanisms (vii). Note that for westward drift
(dark-blue solid line curve), there is a mirror effect, whereas for SV scenarios
with southward drift, a faster decay is observed as RFP approaches and slower
enhancing is observed as it goes away. These effects are not seen when all SV
mechanisms are applied due to their large influence time (brown solid lines).

Paleomagnetism and Paleointensity. Measurements were carried out at Labo-
ratério de Paleomagnetismo of Universidade de Sdo Paulo. Remanence was
measured in a 755-1.65 2G Enterprises DC SQUID magnetometer (practical
sensitivity better than 6 x 107" A m™% S/ Appendix, Fig. S6) housed in a
shielded room with ambient field <200 nT. Specimens were submitted to
stepwise AF demagnetization along 30 steps up to 140 mT. Directions were
analyzed using principal component analysis (41). Relative paleointensity esti-
mates followed the pseudo-Thellier method (40). Specimens were submitted to
a direct field of 0.05 mT along the same AF steps used in the AF de-
magnetization. The slope of the ARMgaineac—NRMies: curve was calculated using
the line fitting method of refs. 16 and 36.

Magnetic Mineralogy. ARM acquisition was performed on bulk Pau d’Alho
samples with a direct field of 0.05 mT along 33 steps of alternating field up
to 120 mT and analyzed with MAXUNMIX software (27). FORCs were
done in a Princeton Measurements Corporation vibrating sample mag-
netometer using a variable resolution that enables high-resolution analysis
(42) after adjustment of hysteresis curves with XFORC software (43). Mag-
netic extraction with an Nd magnet was then performed to concentrate
ferromagnetic material and remove the masking effect of the diamagnetic
calcite matrix (44). Room-temperature saturation isothermal remanent
magnetization and field cooling-zero-field cooling experiments on
magnetic extracts were performed using a Quantum Designs Magnetic
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Properties Measurement System (MPMS-5S) in the Institute for Rock
Magnetism (IRM) at the University of Minnesota.

Geomagnetic Angular Variation. The directional variation of the geomag-
netic record was evaluated using data from both stalagmites combined in a
running mean with 100 y of interval (45). The angular rate was calculated by
the ratio of the angular distance between each point of the path and the
corresponding interval of time. The error of angular rate was calculated
using the propagation of the 63% of confidence angle (ug3) as the angular
error for each mean and the SD of the ages from the grouped directions (11)
(SI Appendix, Table S3).

Synthetic Models. Synthetic tests were performed for simple radial field
configurations at the CMB and their effects on the Earth’s surface using
appropriate kernel functions (38) (see details in S/ Appendix). The synthetic
fields were built from a background axial dipole field superimposed by local
patches modeled by gaussians (38). Fluxes were set to maintain fSB,dS=0. In
our synthetic SV scenarios, advection is given by westward and southward
drift, stretching by expansion and diffusion by intensification of RFPs. West-
ward drift value used was the classical one of 0.2° y‘1 (46). Southward drift

-
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