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Lake and lagoon sediments are important recorders of the Earth’s magnetic field variations. However, the
Southern Hemisphere, particularly the South American continent, contributes only a small fraction of the global
paleosecular variation (PSV) and relative paleointensity data, which hinders a better understanding of the global
PSV. Moreover, the scarcity of information on the geomagnetic field in South Brazil for the past few millennia
impedes, for example, a detailed analysis of the evolution of the South Atlantic Magnetic Anomaly (SAMA),
which encompasses the weakest geomagnetic field on the Earth’s surface. Here, we present high-resolution
paleomagnetic and rock magnetic data of two cores collected at the lagoon of Lagoa dos Patos, Rio Grande do
Sul State, Brazil. Sediment cores from Lagoa dos Patos represent the period from ~4540 to 3320 cal years BP.
Rock magnetic results show the remanent magnetization resides in pseudo single-domain (PSD) magnetite and/
or titanomagnetite. Magnetization inclinations and declinations were isolated after alternating field demagne-
tization (AFD) and principal component analysis (PCA). Mean inclinations are —39,6° and — 38,4° for cores PT-
04 and PT-06, respectively. Relative paleointensity results are compatible with geomagnetic field models,
implying very promising results in the reconstruction of a reference curve for the region. As there is no PSV and
relative paleointensity data for this region in this period, this study helps to elucidate the past field and the
presence of SAMA in South America.

Lake sediments
South Brazil

1. Introduction

Sediments are important archives to reconstruct the variability of the
geomagnetic field beyond the historical period. This kind of record
provides continuous geomagnetic field data, which allow constructing
geomagnetic field models (Korte et al., 2009; Korte and Constable, 2011;
Korte et al., 2011; Nilsson et al., 2014; Pavon Carrasco et al., 2014;
Constable et al., 2016; Panovska et al., 2019). These models are used to
better constrain the core field dynamics at decadal to millennial time-
scales (Dumberry and Finlay, 2007; Gallet et al., 2009; Amit et al., 2011;

Terra-Nova et al., 2015) and are useful on numerical dynamo simula-
tions (Christensen et al., 2010). In addition, the geomagnetic field
paleointensity models provide information to modulate the flux of cos-
mic particles (**c, 1°Be), which are used to reconstruct the past solar
activity (e.g., Suganuma et al., 2010, 2011; Muscheler et al., 2014).
Finally, geomagnetic models and high resolution data for the past few
millennia are used to understand important geomagnetic field struc-
tures, such as archeomagnetic jerks (Gallet et al., 2003, 2009; Snowball
and Sandgren, 2004; Barletta et al., 2008; Yu et al., 2010) and the
presence of a strong non-dipole field feature in the South Atlantic and
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South America, called South Atlantic Magnetic Anomaly (SAMA) (Olson
and Amit, 2006; Hartmann and Pacca, 2009; Hartmann et al., 2010,
2011, 2019; Terra-Nova et al., 2017; Trindade et al., 2018).

However, the spatial and temporal resolution of sediment records are
fundamental for the accuracy of past field reconstructions (e.g., Dona-
dini et al., 2009; Hellio and Gillet, 2018). High-resolution paleomag-
netic sedimentary data records for the Holocene are unevenly
distributed around the globe, being mainly concentrated in the Northern
Hemisphere with little data in the Southern Hemisphere (Fig. 1a). This
heterogeneity in data distribution directly influences the understanding
of past geomagnetic field variations (e.g., Guyodo and Valet, 1996; Laj
et al.,, 2004; Korte et al., 2005; Genevey et al., 2008; Korte and
Constable, 2011). Scarcity and accessibility of basins with high sedi-
mentation rates in the Southern Hemisphere are the most excellent
significant limitations to obtaining high-resolution continuous records

a)
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for the Holocene (Fig. 1b). Furthermore, several studies have presented
dating inconsistencies in the sedimentary database (Donadini et al.,
2009; Korte et al., 2009; Nilsson et al., 2010; Korte and Constable,
2011). In addition, sedimentary records contain uncertainties in time
and are inherently smoothed due to the post-depositional lock-in of
magnetization (Roberts and Winklhofer, 2004). Declination and incli-
nation data contain errors due to the difficulties in orientation of sedi-
ment cores (e.g., Snowball and Sandgren, 2004). There are also errors
due to the sedimentary processes, such as compaction, which may lead
to inclination shallowing (e.g., Tauxe, 1993). Despite these difficulties,
considerable efforts have been made in the Southern hemisphere to
obtain reliable paleomagnetic records for Quaternary ages (e.g.,
Brachfeld et al., 2000; Mazaud et al., 2002; Stoner et al., 2002, 2003;
Gogorza et al., 2002, 2004, 2006, 2011, 2012, 2018; Kaiser et al., 2005;
Macri et al., 2005; Macri et al., 2010; Willmott et al., 2006; Irurzun et al.,
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Fig. 1. Location of paleomagnetic sedimentary records for the Holocene: (a) around the globe, (b) in South America (data used in a) and b) are available in Panovska
et al., 2018); (c) location of cores PT-04 and PT-06 in the Lagoa dos Patos lagoon. Red stars indicate the location of the two studied sites. Blue (green) stars indicate
the location of sedimentary records that overlap (does not overlap) our new data. Brown star indicates the location of the stalagmites discussed by Trindade et al.,
2018, and yellow star the location of the stalagmites discussed by Jaqueto et al., 2022. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)



C.T. Lopes et al.

2006; Lund et al., 2006; Nilsson et al., 2011; Hartmann et al., 2010,
2011, 2019; Collins et al., 2012; Lisé-Pronovost et al., 2013; Turner
et al., 2015; Poletti et al., 2016; Channell et al., 2017; Trindade et al.,
2018). One of the main purposes of this study is to report new paleo-
magnetic data from South Brazil for the Late Holocene to better
constrain the past geomagnetic field variations in South America.

Here, we present the first results of the PATOS Drilling Project
(PATOS), a research initiative to study the geomagnetic secular varia-
tion and environmental magnetism during the Holocene in South Brazil.
The study site is located in the Lagoa dos Patos, considered the largest
lagoonal system in South America (Fig. 1c). The recovery of sediment
sequences from the Lagoa dos Patos lagoon enables us to obtain a
geological archive to reconstruct the past millennial-scale variability of
the geomagnetic field beyond historical time. The studied samples were
obtained from two gravity cores (PT-04 and PT-06) collected in Lagoa
dos Patos (Fig. 1c).

2. Geological settings and sedimentological studies

The Lagoa dos Patos is ~240 km long, ~40 km wide and average
depth is almost 6 m. It covers an area ~ 10,000 km2, running roughly
NE-SW direction, and is located in the coastal plain of Rio Grande do Sul
State, South Brazil (Fig. 1c¢).The coastal plain is the southernmost area of
Rio Grande do Sul and its East side is limited by the basement while the
northern part is covered by Paleozoic and Mesozoic sedimentary and
volcanic sequences of the Parana basin. The northern part of the State
has a relief with elevations that can reach 1000 m, while the southern
relief is smoother, with altitudes that do not exceed 400 m. The Rio
Grande do Sul coastal plain typically consists of unconsolidated Qua-
ternary deposits, all related to transgressive events, which developed
depositional systems, consisting of barriers and lagoons. The plain has
an extensive number of lagoons and coastal lakes occupying almost one
third of the coastal plain which has a surface of 33,000 km?. Therefore,
Lagoa dos Patos is a key site for high-resolution paleomagnetic and
paleoenvironmental reconstruction at mid-latitude in the Southern
Hemisphere.

The lagoon connects with the Atlantic Ocean through a single inlet -
the Rio Grande Channel, at the southernmost part of the lagoon, where
the mean tidal range equals to 0.31 m (Andrade et al.2018), and mean
discharge of 4800 m>/s. Sea water penetrates the lagoon up to 200 km to
the north during exceptional conditions favored by southern winds, low
water level in the lagoon, and spring tides (Martins et al., 1989; Toldo
Jr., 1989). Previous studies suggest a continuous accumulation of sedi-
ments in the Lagoa dos Patos (Toldo Jr. et al., 2000; Toldo Jr. et al.,
2006). According to these two works, the lagoon is a large and shallow
coastal water body, protected from the waves of the nearby ocean. The
lagoon receives freshwater from a drainage area of about 170,000 km?,
mostly from the Guaiba River System whose mouth, the Jacui Delta, is at
the city of Porto Alegre at the northwestern end of the lagoon (Fig. 1c).
As a result, much of the lagoon has a salinity of less than3%. A much
smaller contributor of freshwater to the lagoon is the Camaqua River.
The combined watersheds of these two rivers cover almost half the area
of the state of Rio Grande do Sul. The water in the Lagoa dos Patos has a
residence time of about 108 days as estimated by Toldo Jr. et al. (2006).
Whereas the Guaiba River contributes principally mud to the lagoon, the
Camaqua River contributes principally sand. Sediments of the lagoon
floor have <4% sand and consist mainly of silt and clayey silt in the
northern half of the lagoon and silty clay in its southern half. Greenish
gray colours predominate. Present-day deposition of muds occurs in
water depths below normal wave base, which rarely exceeds 4 m. The
muds of the lagoon are thought to be largely derived from the Guaiba
River, chiefly because its large basin traps most of the river’s sand (Toldo
Jr., 1989; Toldo Jr. et al., 2003).
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3. Location of cores and sampling

Two continuous cores, PT-04 (31°01'55”S, 51°18'04”W) and PT-06
(31°16'44.9469S, 51°26/36.12122"W), were retrieved with gravity
core system (Fig. 2a). Both cores (PT-04 and PT-06) are located in the
central area of the Lagoa dos Patos and far from the mouths of the
Guaiba and Camaqua rivers. The PT-04 core is ~30 km from the mouth
of the Camaqua river, and the PT-06 core is 60 km from the mouth of the
Guaiba river. Both rivers export suspended sediments to Lagoa dos
Patos, mainly the discharge from the Guaiba river. Cores were collected
during fieldwork in February of 2014 using a 5-m-long coring chamber
to extract it and they contain well-preserved sediments. Sediments are
characterized by dark gray to brown muds (Fig. 2b).

The seismically muddy layer between the sediment-water interface
and the sub-bottom reflector contains the Holocene lagoonal sequence
(Toldo Jr. et al., 2000; Bortolin et al., 2018). From the transition be-
tween the margins and the floor of the lagoon, this layer increases in
thickness to about 6 m. Texturally, this transparent layer, as yet not
totally penetrated by the gravity core, likely consist of almost pure mud,
whose depositional environment was the low-energy bottom of the
lagoon (Toldo Jr. et al., 2000). Muddy deposits have a flat bottom, with
sediments ranging from silt to silty clay. They are homogeneous, organic
rich and seismically transparent (Toldo Jr. et al., 2000).

Six 1*C age determinations presented by Toldo Jr. et al. (2000) for
the top 2 m of mud yielded an uncompacted average sedimentation rate
of 0.52 + mm/yr, which compares broadly with the rate of 0.75 + mm/
yr based on stratigraphic projection. The short-term rates of sedimen-
tation calculated in two cores by 210ph, measurements (Martins et al.,
1989) are quite different. Martins et al. (1989) used samples from the
uppermost 10 cm of the cores and obtained rates of 3.5 and 8.3 mm/yr,

Fig. 2. (a) Field photograph of the operation on the boat. (b) Split core on the
working table for measurement and collecting paleomagnetic samples. (c)
Archive and working halves of the core PT-06 with 8 cm® paleomagnetic boxes
pushed into the sediment in the middle of the core (sampling in b) and c¢) was
performed in the laboratory out in the laboratory Universidade Federal do Rio
Grande do Sul - UFRGS). The oceanographic research expedition in was con-
ducted by Laboratério de Oceanografia e Geofisica Marinha (LOGMAR/CECO/
UFRGS) in February of 2014, for collection of samples on the lagoon floor, for
studies on the sedimentation rate and isotopic signature.
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which are nearly ten times higher than those obtained for the older
sediments. These high sedimentation rates could result from deforesta-
tion in the drainage basin since European colonization, which started
about 150 years ago.

4. Methods
4.1. Sub-sampling

In November of 2014, sediment cores were opened for description
and subsampling. Paleomagnetic specimens from the sediment cores
were collected using cubic plastic boxes (8 cm3) placed side-by-side
continuously orientation towards the top of each core (Fig. 2c). A total
of 218 cubic samples (132 for PT-04 and 86 for PT-06) were pushed into
the split core faces so that samples were taken one next to the other
(~2.5 em resolution).

4.2. Dating

Chronological framework is based on accelerator mass spectroscopy
(AMS) radiocarbon *C dating of 11 samples distributed between cores
PT-04 (7 samples) and PT-06 (4 samples) (Table 1 and Table 2). Dating
was performed at the Radiocarbon Laboratory of the Physics Institute at
the Universidade Federal Fluminense (LAC-UFF) and at the Beta Ana-
lytic Inc. Carbon ages were calibrated to calendar years using the
SHCal20 calibration curve (Hogg et al., 2020). Age-depth models were
settled through the Bacon methodology (Blaauw and Christen, 2011)
using the Rbacon 2.5.3 package (The Comprehensive R Archive Network,
https://cran.r-project.org/).

4.3. Paleodirection and paleointensity determinations

All paleomagnetic and rock magnetic measurements were carried
out at Laboratério de Paleomagnetismo (USPMag) at the University of
Sao Paulo (USP), Brazil. Remanence measurements were conducted out
using a three-axis 2-G Enterprises cryogenic magnetometer (model
755R), housed in a magnetically shielded room. All 218 samples were
submitted to stepwise alternating field demagnetization (AFD) over 17
steps: 0, 2, 4, 7, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100 mT.
Stable characteristic remanent magnetization (ChRM) directions
(declination and inclination) were identified through visual inspection
of orthogonal demagnetization plots (Zijderveld, 1967), and were
calculated by fitting linear trends in demagnetization plots using prin-
cipal component analysis (PCA, Kirschvink, 1980). A minimum of 6
demagnetisation steps were used to define the ChRM.

After AFD treatments of each sample, anhysteretic remanent
magnetization (ARM) was imparted in a 100 mT AF with a direct current
bias field of 0.05 mT. ARM was then demagnetized with the same AFD
steps used to demagnetize the natural remanent magnetization (NRM).

Table 1
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These measurements enabled us to estimate the relative paleointensity
through the pseudo-Thellier method of Tauxe et al. (1995). The pseudo-
Thellier method works as a normalization and has been widely used in
sediment cores (Tauxe et al., 1995; Brachfeld and Banerjee, 2000;
[rurzun et al., 2009). In this method, the NRM remaining at each
demagnetization step is compared with the ARM acquired in the cor-
responding demagnetizing field. It shows some advantages compared to
the classical normalization method, as it allows one to compare the NRM
and ARM contained in the same coercivity range, and provides a more
effective way of eliminating the viscous remanent magnetization (VRM)
component. The magnetic parameter ARM at 100 mT is also related to
the concentration of single domain (SD) and pseudo-single domain
(PSD) or vortex grains. In this work, the relative paleointensity curve
determined by the pseudo-Thellier method was compared to those
resulting from the classical normalizations by magnetic susceptibility
(%), ARM and saturation of isothermal remanent magnetization (SIRM).

4.4. Rock magnetism experiments and X-ray diffraction

Magnetic susceptibility was measured using an MFK1-FA Multi-
Function Kappabridge at two operating frequencies (976 and 15,616
Hz), in a field of 200 A/m. Samples were also submitted to a pulse field
of 900 mT (SIRM or IRMggpomt) and stepwise demagnetized, following
the same steps used for NRM and ARM demagnetization. Then, a reverse
field of 300 mT (IRM.300m,t) Was applied to these samples. This routine
was performed with a 2G Enterprises Pulse Magnetizer, and remanence
was measured with the three-axis 2G Enterprises cryogenic magne-
tometer (model 755R). From these measurements, we calculated the S-
ratio (S3oomt = [IRM.300m1/IRMgoomT]) and “hard” isothermal remanent
magnetization (HIRM = [I[RMgoomr + IRM.300mr]/2) parameters
(Thompson and Oldfield, 1986; Bloemendal et al., 1988). S-ratio is used
to indicate the relative concentration of low versus high coercivity
minerals (Thompson and Oldfield, 1986; Bloemendal et al., 1988).
HIRM has been used as a proxy for the concentration of high coercivity
minerals. HIRM is a concentration parameter rendering an intensity of
magnetization carried by minerals, in the present case, with coercivities
between 300 mT and 900 mT. The concentration of high-coercivity
magnetic minerals, i.e., hematite/goethite can also be inferred from
the HIRM (Bloemendal et al., 1992; Liu et al., 2007). Another calculated
parameter was the IRMggomt/) ratio, often used to make inferences
about the grain-size variation of magnetic minerals (e.g., Peters and
Dekkers, 2003). We also calculated the median destructive field of the
NRM (MDF), which provides a rough estimate of relative grain-size of
magnetic particles for a uniform magnetic mineral assemblage. All
magnetic measurements can be found in appendix A.

A fraction of ~1 g of sediment was collected from 28 representative
samples PT-04 and 16 representative samples from PT-06 for hysteresis
loops measurements. The number of samples represented is proportional
to the total number of samples from each core, that is, hysteresis

Radiocarbon age determinations and calibrated age ranges for PT-04 core. The table shows the types of materials used for dating, the laboratory where this procedure

was performed, the depth of each sample and the ages found.

Material Lab code Depth 14C age (years Median cal age Maximum (26 Minimum (26

(cm) BP) (years BP) BP) BP)

Erodona mactroides; Heleobia sp.; Cirripede; Acteocina LACUFF- 3319 + 29 3491 3573 3400
bidentata; Mactra isabelleana; 180011

Erodona mactroides; Clausinella gayi; LACUFF- 110 3572 + 29 3820 3958 3697
180012

Corbula sp.; Heleobia sp.; Acteocina bidentata; Beta-424,874 150 3820 + 30 4162 4344 3990

Mactra isabelleana; Heleobia australis; Acteocina bidentata; LACUFF- 200 3772 £+ 30 4087 4233 3935
180013

Erodona mactroides; Heleobia sp.; Corbula sp.; Acteocina Beta-424,875 250 4080 + 30 4515 4791 4417

bidentata

Acteocina bidentata; Nucula semiornata; Clausinella gayi; LACUFF- 300 3947 + 28 4340 4507 4162
Heleobia sp.; 180014

Nucula semiornata; Beta-424,876 370 4260 + 30 4744 4858 4620
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Table 2
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Radiocarbon age determinations and calibrated age ranges for PT-06 core. The table shows the types of materials used for dating, the laboratory where this procedure

was performed, the depth of each sample and the ages found.

Material Lab code Depth t4c age (years BP) Median cal age (years Maximum (2¢ BP) Minimum (20 BP)
(cm) BP)

Corbula; LACUF- 120 3146 + 27 3308 3388 3221
180005

Clausinella gayi; Heleobia sp.; Mactra isabelleana; LACUF- 150 3311 + 27 3479 3569 3398
180006

Mactra isabelleana; Erodona mactroides; Heleobia LACUF- 200 3477 + 29 3706 3830 3593
sp. 180007

Mactra isabelleana; LACUF- 320 3967 + 27 4362 4513 4245
180008

measurements were performed in about 20% of the samples from each
core. These results allow one to identify the domain state(s) and mag-
netic interactions among magnetic particles (Day et al., 1977; Dunlop,
2002). We measured hysteresis loops and IRM acquisition curves up to 1
T at room temperature using a vibrating sample magnetometer (VSM
MicroMag™ 3900).

Mineralogy was also investigated through X-Ray powder Diffraction
(XRD) in some representative samples (Fig. S1). Approximately 1 g of
powder from each sample was dried in a 40 °C laboratory oven for 8 h.
XRD was performed using an Empyrean Panalytical diffractometer with
spinner, Cu Ko radiation, operated at 40 mA and 40 kV, range of 2q from
5° to 80°, and a 0,01° 2q step size. The software HighScore Plus (4.8
version) was used for mineral identification, alongside the International
Center for Diffraction Data (ICDD) and the Crystallography Open
Database (COD). The combined XRD analysis from the Epsilon 1 Pan-
alytical Omnian module also contributed for mineral identification.

5. Results
5.1. Rock magnetism and XRD data

Magnetic susceptibility (y) for the PT-04 increases almost continu-
ously down core from ~3 x 10”8 m®/kg to ~4.5 x 10~ m%/kg (Fig. 3a).
Some susceptibility peaks occur in the upper half of core PT-04 at
approximately 62 cm, 83 cm, 85.5 cm and 144.5 cm depth. For PT-06
core, the values are roughly constant throughout the core, with a
mean value of 3.13 x 108 m3/kg (Fig. 3f) that is similar to the mean
susceptibility value for the uppermost 300 cm of core PT-04 (Fig. 3a). In
this core, a peak value reaching 3.94 x 10~ m3/kg is observed in the
lower half of the core at ~249 cm dept.

S-ratio remains remarkably constant throughout both cores with
values around 0.83 in PT-04 (Fig. 3b) and 0.81 in PT-06 (Fig. 3g), which
indicate a mixture of low- and high-coercivity magnetic minerals (Liu
et al., 2007). A small decrease in S-ratio is observed at ~110 cm (PT-04,
Fig. 3b) and 245 cm (PT-06, Fig. 3g). We also observe an increase at 286
cm in PT-06 core (Fig. 3b), which is indicative of an increment of a
relatively higher proportion of soft magnetic grains.

Oscillations of the ARM at 100 mT intensities throughout the cores
are limited, with values comprised within the same order of magnitude
(around 4.06 x 10”7 Am?/kg for PT-04 and around 3.66 x 10~ Am?/kg
for PT-06; Fig. 3c,h). The maximum and minimum ARM values for the
PT-04 core are 5.96 x 1077 Am?/kg to 2.97 x 10~/ Am?/kg, respec-
tively. ARM varies between 6.36 x 10~ Am?/kg and 1.98 x 10”7 Am?/
kg through the PT-06 core (Fig. 3h).

HIRM varies around 1.36 x 10~* Am?/kg in the PT-04 core and 1.50
x 107> Am?/kg in the PT-06 core (Fig. 3d,i). The IRMggomt/¥ ratio has
relatively constant values around 0.5 and 0.6 A/m A/m throughout
cores PT-04 and PT-06, respectively (Fig. 3e,j).

Hysteresis data (Fig. 4; Table S1), including the ratio of saturation
remanence to saturation magnetization (M;s/M;) and the coercivity of
remanence to coercive force (He/H.) from PT-04 (Fig. 4a) and PT-06
(Fig. 4b) samples lie within the pseudo-single domain (PSD) field of

Day et al. (1977) or vortex state of Roberts et al. (2018). The presence of
magnetite mixed with hematite suggested by the S-ratio is further
confirmed by the wasp-waisted shape of the loops (Roberts et al., 1995;
Tauxe et al., 1996). The linearity of the y versus SIRM (Fig. 4f) for both
cores implies that grain-size does not change significantly across the
sedimentary column (Gogorza et al., 2018) excepted for few samples.

The similarity in mineralogical composition across the stratigraphy
is also indicated by the XRD patterns obtained for samples from depths
from 149 and 359 of PT-04 and 251 and 320 of PT-06 (Fig. S1), with very
small differences between samples. The samples PT-06-107-251 (Fig.
Sla), PT-06-136-320 (Fig.S1b), PT-04-063-149 (Fig. S1c) and PT-04-
152-359 (Fig. S1d) are constituted mainly by Gypsun, Kaolinite,
Quartz and Titanomagnetite.

5.2. Age model

Age-depth models for PT-04 and PT-06 are shown in Fig. 5. It is
observed that the three ages carried out at the Beta laboratory, for the
samples from PT-04, indicate a trend of older ages compared to the trend
indicated by the ages carried out at the LAC-UFF laboratory. However,
we do not have enough evidence to decide if the dates obtained by one of
the laboratories would be more reliable than the dates carried out in the
other laboratory. In this context, we choose to use all the dates in the
construction of the age models.

Thus, the age-depth models for PT-04 and PT-06 (Table 1 and
Table 2) cover time intervals from 4541 cal years BP to 3794 cal years BP
and from 4345 cal years BP to 3320 cal years BP, respectively (Fig. 5).
Therefore, there is an overlap of data between 4345 and 3794 cal years
BP, corresponding to ~550 years. The mean values of the 95% confi-
dence levels for the age models were 201 years for PT-04 and 233 years
for PT-06. Depth scales were then converted into age using the inde-
pendent radiocarbon-based age models for each core. For the core PT-
04, a cubic sample represents approximately ~5,64 years of deposited
sediment. In the PT-06, we have ~11.9 years in each cubic sample of
deposited sediment. These results demonstrate that short-lived features
in geomagnetic field behaviour can be recorded in our data.

5.3. Paleodirection records

Stepwise AFD of the NRM indicates a stable primary remanent
magnetization that is directed towards the origin after elimination of a
VRM in most samples. Paleomagnetic directions were calculated by
fitting a linear regression line to minimize the maximum angular devi-
ation (MAD) that remained below 14° in PT-04 core and 6.5° in PT-06
core (Fig. 6). These low MADs attest to the quality of the calculated
ChRM directions (e.g., Stoner and St-Onge, 2007).

Fig. 7 shows the rock magnetism and paleomagnetic results for both
cores. Cores PT-04 and PT-06 are azimuthally unoriented and thus no
absolute declination values could be obtained. Because of that we rep-
resented the relative declinations centered around the mean declination
for each core (Fig. 7e,k). Relative declinations for core PT-04 range
between —26.1° and 32.8° with a mean value of about —1.9°. For core
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Fig. 3. Depth variations of magnetic susceptibility, S-ratio, ARM, HIRM, and IRM900,,1/ for cores PT-04 and PT-06. Positions of AMS radiocarbon dates used to

construct the age models are indicated star shaped.

PT-06, relative declinations range between —15° and 25.3° with a mean
value of about 0.16°. The mean inclination for core PT-04 is —39,6°
(Fig. 7f); inclinations range between —8,8° and — 58.5°. For core PT-06,
inclination varies from —25.6° to 51.5° around a mean of —38.4°
(Fig. 71). The difference may be due to the cores not being oriented. So
these declination values are relative.

Median destructive fields (MDFs) for cores PT-04 and PT-06 are 19.6
mT and 15.7 mT, respectively. Values of IRMggom1/) from the PT-06
core resemble lower MDFs correspondent to lower IRMggom1/) values
and, hence, to coarser magnetic grains. However, for the PT-04 core, this
correlation is not so evident (Fig. 7b,d).

We then performed a stacking of individual curves with the aim to
obtain more reliable estimates of the temporal variation in the directions
of the geomagnetic field (Gogorza et al., 1999, 2000a, 2000b, 2002,
2012; Irurzun et al., 2006, 2008). To calculate the stacked curves, each
data series was initially interpolated every 10 years. This sampling in-
terval was chosen because it is compatible with the average temporal
resolutions of each of the cores (~ 6 years for PT-04 and ~ 12 years for
PT-06). After, the stacked curves were calculated from the averaged
values of the data recorded in the two cores for each age of the over-
lapping period (4340 to 3800 cal years BP). The final inclination and
declination records for both cores and the stacked profile of arithmetic



C.T. Lopes et al.

Physics of the Earth and Planetary Interiors 332 (2022) 106935

a) 1.0 ‘ b) 1.0
PT-04-035- 083 cm — PT-06-055- 129 cm
PT-04-060- 142 cm ‘ PT-06-075- 176 cm |
0.5 { PT-04-115-272,5cm 0.5 | PT-06-095- 223 cm
PT-04-120- 284 cm ‘ PT-06-130- 306 cm
g§>§ PT-04-129-305cm /) g
S0.0— S — / —_ e —S0.0%
05 05 |-
e
-1.0 . ‘ -1.0 =
-0.5 0 0.5 -0.5 0 0.5
Field (T) Field (T)
c) 1.5 T T d) 15 ‘
PT-04-035- 083 cm PT-06-055- 129 cm
PT-04-060- 142 cm PT-06-075- 176 cm
1 FPT-04-115-272,5 cm P ==—== 1 FPT-06-095- 223 cm
PT-04-120- 284 cm ’ PT-06-130- 306 cm
05 | PT-04-129- 305 cm | 05 L
=
x

1.5 1 1
-1 -0.5 0 0.5 1
Field (T)
e) 06 T T T
0'5 SD -
04 ., ° PsD 7
(2]
L ) ,
% 03] e % 4
= L ° e ® i
02 L .. :’ ° =
(]
o | o ePT-04
= oPT-06
0 1 1 MD\ |
1 2 3 4 5 6 7
Hcr/He

15 w !
-1 05 0 0.5 1
Field (T)
f) 10—4 E ¥ T LR | T L T LA T T LI ‘E
= [ ] g
- ePT-04
el °PT00
5
{ B ]
E,n
0%
107i o ° ../:
: M -
10-8> . ‘..,\/.\/‘ N | . .‘...‘_
10 10 10+ 103

SIRM (Am?/kg)
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averages for the overlapping period are plotted versus age in Fig. 8. The
values of the Pearson’s correlation coefficient for inclination and
declination data of both cores are —0.15 and 0.22, respectively. These
low correlation values obtained can be attributed to differences between
the age models of each core, local depositional characteristics, and to
different magnetization lock-in.

5.4. Relative paleointensity records

Sediments from PT-04 and PT-06 cores are ideal for recovering
relative paleointensity data because they have small variations in the
rock magnetic parameters throughout the record (less than a factor of
10, Fig. 3). Rock magnetic results demonstrate the well-defined
magnetization is carried by PSD magnetite and titanomagnetite

(Fig. 4). We have used the normalization techniques of Tauxe (1993) to
calculate the relative paleointensity (RPI) records from the two study
cores. These techniques consist of normalizing the measured NRM by an
appropriate parameter in order to compensate for the variable concen-
tration of ferrimagnetic materials (e.g., Tauxe, 1993). We chose the
15mT-level to quantify RPI estimates from NRM, ARM, and SIRM, in
order to eliminate the viscous component of relatively low magnetic
stability as proposed by Levi and Banerjee (1976). Relative paleo-
intensity records for our two studied cores are shown in Fig. 9. We have
normalized the NRM; syt by the magnetic susceptibility (y), ARMismt,
and SIRM; st (Fig. 9a-c). We have also obtained paleointensity with the
pseudo-Thellier method (Tauxe et al., 1995) (Fig. 9d). All magnetic
methods attempted here produced similar results, but differ in ampli-
tude of peaks (Fig. 9). The resemblance between the results of
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normalized parameters and the pseudo-Thellier, for the same core,
suggests that these determinations are robust and were not significantly
affected by the viscous component (e.g., Tauxe, 1993; Tauxe et al., 1995;
Gogorza et al., 2006, 2008). For the overlapping period the Pearson’s
correlation coefficient for stacked curves of both cores are 0.21 (for
NRMlsmT/SIRMlsmT), 0.05 (fOI' NRMlSmT/X), 0.02 (fOl’ NRMlSmT/
SIRM;51,7) and 0.05 (for pseudo-Thellier). Low correlation values can be
associated to the same factors previously mentioned in the presentation
of inclination and declination results.

Stack parameters show RPI variations from 4540 and 3320 cal years
BP. Slightly higher values of RPI parameters are observed in these levels
(4430-4330, 4230-4130, 3630-3530, and 3430-3330 cal years BP,
respectively). All data can be found in appendix A.

6. Discussion
6.1. Paleosecular variation

Continuous directional paleomagnetic data for the Late Holocene are
scarce in South America. There are only a few records obtained from the
lake sediments of Argentina (Gogorza et al., 2002; Irurzun et al., 2006;
Gogorza et al., 2012, 2018) and stalagmite from Brazil (Jaqueto et al.,
2022). Although these lakes are located >2000 km from Lagoa dos
Patos, at a distance where regional differences in the sub-millennial
geomagnetic field (Korte et al., 2019) changes are expected, they pro-
vide the closest PSV curves that can be used in the correlation. The cores
PT-04 and PT-06 showed sedimentation rates of lower variability over
time in comparison with cores that are close to the river and estuarine
outlets, indicating comparatively constant sedimentation conditions.
Fig. 10 shows the comparison between Lagoa dos Patos stacked data and
lacustrine records from Lake Escondido (41°S, 71°30'W; Gogorza et al.,
2002), Lake El Trébol (41°04'S, 71°29'W; Irurzun et al., 2006), Laguna
Potrok Aike (51°58’S, 70°23'W; Gogorza et al., 2012), Lake Carmen

(53°40'S 68°18'W; Gogorza et al., 2018) and the SHADIF.14 k and
CALS10k models available for each latitude. We also present in Fig. 10
the error data for the SHADIF.14 k model, where the shading (in light
green) means the minimum and maximum values and also for the curve
of our records where we have a period in common between PT-04 and
the PT-06 (3800-4530 cal years BP); maximum and minimum values are
represented by the orange shading. The other records do not provide this
error data. The difference between the sampling rates used in the
different studies is striking. Sedimentation rate is comparable only with
records from Laguna Potrok Aike but data exhibits different tendencies.
However, the variability is higher in the Lagoa dos Patos records
(Fig. 10).

Inclination and relative declination values for cores PT-04 and PT-06
are consistent between consecutive samples and reveal gradually vary-
ing directional changes (Fig. 8). These changes appear to be unrelated to
variations in lithology or rock magnetic properties (Fig. 3 and Fig. 4).
The mean paleomagnetic inclination for the stacked curve (—38.3°) is
11.9° shallower than the expected inclination for a geocentric axial
dipole (GAD) field (—50.2°) at studied locality (Fig. 8a). The observed
inclination flattening is expected where the ChRM is a detrital remanent
magnetization (e.g., Tauxe, 2005; Tauxe et al., 2008). The highest
variation in the inclination record occurs when the magnetic inclination
increases from approximately 4530 cal years BP until approximately
4300 cal years BP, followed by a progressive decrease from about —20°
to near —50° in 4230 cal years BP. Mean inclination values observed in
our data are lower than the values observed in Argentinian data. This is
expected due to the latitudinal difference between locations. Further-
more, inclination data from Lagoa dos Patos present a long-term trend of
increasing values. On the other hand, data of Escondido, El Trébol and
Potrok Aike show a long-term trend of decreasing inclination values.

Inclination and relative declination records from Lagoa dos Patos are
plotted together with the predictions from the global geomagnetic
models CALS10k.2 (Constable et al., 2016) and SHA.DIF.14 k (Pavon
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Fig. 6. AF demagnetization results for representative samples from cores PT-04 and PT-06. In the Zijderveld (1967) diagrams, open (closed) circles represent
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Carrasco et al., 2014) (Figs. 10, 11). The CALS10k.2 model is based on
lake sediment data and provides a representation of the large-scale field
at the core-mantle boundary. The SHA.DIF.14 k model is based on
archeomagnetic data (including lava flow and archaeological artefacts
data) and presents a greater variation in spatial and temporal terms
compared to the CALS10k.2 model. Inclination stack of the Lagoa dos
Patos record presents similar trends when compared with SHA.DIF.14 k
model from approximately 4540 and 4130 cal years BP. This correlation
also occurs for ~100 years in the top of the section, between 3430 and
3330 cal years BP. In the rest of the record (~700 years), the inclination
of the Lagoa dos Patos is lower than that predicted by models. Relative

10

declination of Lagoa dos Patos differs from models. However, between
3730 and 3320 cal years BP, the Lagoa dos Patos record is in agreement
with the CALS10k.2 global model. Additionally, inclination values
predicted by CALS10k.2 and SHA.DIF.14 k models are generally higher
than the values obtained in South American cores. Superimposed to
shorter variations, our data show a long-scale (secular or longer) pattern
of variation. Although similarities are observed during some periods for
some locations, in general the models are not able to adequately
represent the observed inclination variations in South America for the
studied time interval.

To confirm the robustness of our inclination and relative
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paleointensity data, we also compare with other high-resolution Holo-
cene PSV records form Argentine lakes (Gogorza et al., 2002; Irurzun
et al., 2006; Gogorza et al., 2012, 2018), stalagmites (Trindade et al.,
2018; Jaqueto et al., 2022), and models (Constable et al., 2016; Pavon
Carrasco et al., 2014) (Fig. 11). With all data taken together, the Lagoa
dos Patos results express a low inclination variation in the studied in-
terval in comparison with South American data (Fig. 11a). These results
suggest a period of low geomagnetic field variations, which is indicative
of low intensity of non-dipole contributions, such as due to SAMA.
Similar results are found in the stalagmite DBE50 from central Brazil
(Jaqueto et al., 2022).

PSV differences between sedimentary records and global geomag-
netic models are largely reported in Holocene records. Two main factors
may account (perhaps in combination) for the inferred differences. First,
the Southern Hemisphere is with poorly represented, contributing with
approximately 3% of the directional data used in the modeling and 5%
of the intensity data (e.g., Donadini et al., 2009; Korte et al., 2009;
Brown et al., 2015). Second, the model output is smooth and it does not
take into account the variability observed in some localities. We plot the
accuracy of the available SHADIF model for each lake in Argentina and
Lagoa dos Patos in order to compare with the resolution of the lakes
(Fig. 11).The significant differences of localized geomagnetic features
originating from non-dipole fields (e.g. SAMA) reveals periods of rela-
tively rapid directional changes (>0.1° y’l) (Tarduno et al., 2015; Hare
et al., 2018; Trindade et al., 2018). Our data thus contributes to Holo-
cene geomagnetic modeling efforts by adding new paleomagnetic di-
rection data to the South American database.

6.2. Relative paleointensity variation

Our rock magnetic results from Lagoa dos Patos indicate that a well-
defined magnetization component is carried by pseudo-single domain
(PSD) or vortex magnetite and titanomagnetite. Magnetic concentration
shows variations of less than a factor of 10, which is suitable for
reconstructing the RPI curves (Tauxe, 1993). Furthermore, the rema-
nence is carried by stable magnetite grains ranging in size from 1 to 15
pm (Fig. 4f). The normalization parameters must also take into account
the variability in the contribution of the grain carrying the remanence,
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which is controlled largely by changes in concentration and grain size
(Figs. 3 and 4; Banerjee et al., 1981; King et al., 1982, 1983; Tauxe,
1993).

We compare our RPI data, calculated through NRMjs5m1/ARMi5mT
ratio, with the records from Argentina (Carmen Lake, Potrok Aike, El
Trébol, Escondido; Gogorza et al., 2002, 2004, 2012; Irurzun et al.,
2006) and with global geomagnetic models CALS10k (blue) (Brown
et al., 2015; Constable et al., 2016) and SHA.DIF.14 k (green) (Pavon
Carrasco et al., 2014) (Fig. 10). RPI results display a low variability
compared to the geomagnetic field models (Figs. 10 and 11b). A ten-
dency of increase in intensity at the beginning of the cores record from
4530 cal years BP to 4100 cal years BP is observed, followed by a
decreasing intensity between 4100 cal years BP and 3680 cal years BP,
and finally, an increase in intensities observed from 3680 cal years BP to
3330 cal years BP. However, the stacked RPI record shows a sharp high
at about 4150 years (Fig. 10). This could be related to anomalously high
values of the mean destructive field, HIRM and IRMggom1/y (Fig. 7) in
the core PT-06. For this part of the core (~4100-4200 years) the pseudo-
Thellier RPI (Fig. 9d) seems to be more reliable for normalizing the
mineralogical and concentration changes as can be observed by the in-
dividual cores. However, our results show slow variations when
compared with the stalagmites (Jaqueto et al., 2022). In Fig. 11b, we
have superimposed the following records of relative paleointensity:
Lagoa dos Patos stack (31°S), Potrok Aike (52°S) (Gogorza et al., 2012),
Escondido (Gogorza et al., 2004), E1 Trébol (41°S) (Gogorza et al., 2006)
and Carmen (54°S) (Gogorza et al., 2018) with the SHA.DIF14k and
CALS10k models and also the absolute paleointensity records of sta-
lagmites (Jaqueto et al., 2022). An intensity peak was observed in Lagoa
dos Patos data around 3630 cal years BP. A similar peak was also
recorded in the Lake Carmen data and is in agreement with the pre-
dictions of SHA.DIF14k model. Another intensity peak was also detected
in South Brazil around 4180 cal years BP. This feature is also in agree-
ment with SHA.DIF14k data. However, the model SHA.DIF14k did not
predict the maxima intensity values observed in Lagoa dos Patos data
around 3595 cal years BP and around 4380 cal years BP.

In general, our data shows high-amplitude variations in the RPI in-
tensities, which differ from the smoothed variations predicted by global
geomagnetic models (Fig. 10). However, the tendency of the RPI curve is
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Fig. 10. Comparison of stacked inclination, declination and intensity logs from Carmen Lake, Potrok Aike, El Trébol, Escondido (Gogorza et al., 2002, 2004, 2012;
Irurzun et al., 2006) and Lagoa dos Patos as a function of age with the theoretical models CALS10k (blue) (Brown et al., 2015; Constable et al., 2016) and SHA.DIF.14
k (green) (Pavon Carrasco et al., 2014) outputs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

very similar with the global geomagnetic models. Rapid field changes 7. Conclusions

were observed in South America (Trindade et al., 2018) and South Africa

(Tarduno et al., 2015; Hare et al., 2018). This is probably related to We present continuous and decadal results of geomagnetic secular
SAMA (e.g., Hartmann and Pacca, 2009), which is linked to reverse flux variation and relative paleointensity data for South Brazil for the period
patches (RFPs) at the core-mantle boundary (CMB) (Terra-Nova et al., between 4540 and 3320 cal years BP. Magnetic remanence is carried by
2015; Terra-Nova et al., 2016). However, the recurrence of RFP and the pseudo-single domain (PSD) or vortex magnetite and titanomagne-
their relationship with SAMA has not been well established (e.g., Terra- tite. Inclination data recorded in the Lagoa dos Patos are generally lower
Nova et al., 2016, 2017). The direction and intensity field observed at than the values measured in Argentina and shallower than those pre-
centennial scale are not reproduced by a single mechanism (e.g., Trin- dicted by global geomagnetic models. Relative paleointensity recorded
dade et al., 2018). Therefore, a weak-field anomaly at the South Atlantic in the Lagoa dos Patos show similar features when compared with
is expected to be recurrent as previously suggested (Tarduno et al., 2015; Argentinian data or with the predictions of geomagnetic models.
Hare et al., 2018; Trindade et al., 2018). Discrepancy in relation to data from southern Argentina can be attrib-

uted to several factors such as the distance between locations,
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Fig. 11. a) Comparison of stacked inclination logs from Carmen Lake (Gogorza et al., 2018), Potrok Aike (Gogorza et al., 2012), El Trebol (Gogorza et al., 2006),
Escondido (Gogorza et al., 2004) and Lagoa dos Patos as a function of age with the models CALS10k (Brown et al., 2015; Constable et al., 2016) and SHA.DIF.14 k
(Pavon Carrasco et al., 2014) outputs. We also plotted recent data from speleothem records for that same region (Trindade et al., 2018 and Jaqueto et al., 2022). And
b) comparison of normalized intensity record from Lagoa dos Patos with Carmen Lake (Gogorza et al., 2018) and with relative paleointensity records from Laguna
Potrok Aike (Gogorza et al., 2012), Escondido Lake (Gogorza et al., 2004), El Trébol Lake (Gogorza et al., 2006) and the models SHA.DIF14k (Pavén-Carrasco et al.,
2014) and CALS10k.2 (Brown et al., 2015; Constable et al., 2016). We also plotted recent data from speleothem records for that same region (Trindade et al., 2018
and Jaqueto et al., 2022). The lower x scale is referring to absolute paleointensity data while the upper scale is referring to relative paleointensity data. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

differences between sampling resolution, and some local effects from
non-dipole fields. On the other hand, differences between Lagoa dos
Patos data and global geomagnetic field models are mainly affected by
the absence of data from South Brazil. Our data contribute with more
accurate geomagnetic field reconstruction for this region.
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