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A B S T R A C T   

Improvements in the spatial and temporal coverage of paleomagnetic data are essential to better evaluate 
paleofield behaviour over the past 10 Myr, especially due to data scarcity at low latitudes in the South American 
region. Here, we provide new Pleistocene-Holocene (0–2 Ma age interval) paleodirectional data from three 
volcanic systems (Doña Juana Volcanic Complex, Galeras Volcanic Complex and Morasurco Volcano) in 
southwestern Colombia between latitudes 1.2 and 1.4◦N. A total of 38 paleodirectional sites were studied using 
progressive alternating field and thermal demagnetization treatments. After excluding transitional data, we 
obtain thirty site-mean directions for analysis of paleosecular variation (PSV) and the time-averaged field (TAF) 
in the study area. The mean direction (Dec = 351.2◦, Inc = − 3.4◦, α95 = 6.2◦, k = 20.0) and the paleomagnetic 
pole (Plat = 80.7◦N, Plon = 173.1◦E, A95 = 5.2◦, K = 29.1) of these sites are not statistically compatible with the 
expected geocentric axial dipole (GAD) field direction and geographic north pole, respectively. Virtual 
geomagnetic pole dispersion (SB) for our filtered dataset (SB(2Ma) = 15.212.0

17.6◦

) and the Brunhes chron (SB(Bru) =

16.011.6
19.1◦

) are consistent at the 95% confidence level with South American studies at equatorial latitudes and 
recent PSV models for the 0–10 Ma and Brunhes intervals. Likewise, the corresponding inclination anomaly (ΔI) 
for two age groups ΔI2Ma = − 5.9− 12.1

0.3◦

and ΔIBru = − 5.3− 13.7
3.1◦

suggests large deviations relative to the GAD 
model, in accordance with predictions from zonal TAF models. The high VGP dispersion could be linked to strong 
longitudinal variability of the magnetic equator position over South America. This feature reflects the presence of 
significant non-dipole field components in this region that have been detected in geomagnetic field models for 
the most recent centuries and millennia, probably associated with the presence of the South Atlantic Magnetic 
Anomaly in the South American region.   

1. Introduction 

Earth’s magnetic field has a dominantly internal origin and varies 
both in direction and intensity over a wide range of timescales. In-
vestigations into paleosecular variation (PSV), which is manifest as long- 
period (105–106 years) geomagnetic variations (Johnson and McFadden, 
2015), provide valuable information about geomagnetic field evolution 
and constrain numerical geodynamo simulations (Coe and Glatzmaier, 
2006; Lhuillier et al., 2013; Davies and Constable, 2014; Sprain et al., 
2019; Biggin et al., 2020). When PSV is averaged over a long interval, 

the time-averaged field (TAF) can be represented to first approximation 
by a geocentric axial dipole (GAD; Merrill and McFadden, 2003). This 
assumption is central to paleomagnetism with applications for plate 
tectonic reconstructions (Tauxe, 2003). 

Geological records from volcanic rocks are considered highly 
appropriate for determining the statistical properties of paleofield 
behaviour over the past few million years. These materials offer 
instantaneous readings of the paleomagnetic field in contrast to the 
smoothed recording in sedimentary rocks (Hulot et al., 2010). Over the 
past 14 years, global compilations of high-quality paleomagnetic data 
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(from lava flows and thin dykes) have been produced for the last 5 Myr 
(Johnson et al., 2008; Opdyke et al., 2015) and 10 Myr (Cromwell et al., 
2018) to constrain PSV and TAF models. de Oliveira et al. (2021) pre-
sented an updated 0–10 Ma database that improves the geographic and 
temporal coverage of paleodirectional data compared to previous 
compilations. 

A statistic commonly employed to quantify PSV is the angular 
dispersion of virtual geomagnetic poles (VGPs) for a certain location. 
Several PSV models (e.g., Constable and Parker, 1988; Tauxe and Kent, 
2004; Bono et al., 2020; Brandt et al., 2020) have been developed to 
describe the latitudinal dependence of PSV based on spherical harmonic 
analyses fitted to VGP dispersion data. Model G (McFadden et al., 1988) 
assumes that overall dispersion can be described by separating two in-
dependent families. These are primary and secondary families, respec-
tively, associated with asymmetrical (e.g., axial dipole) and symmetrical 
(e.g., axial quadrupole) harmonic terms about the equator. This model 
has been employed widely in evaluations of PSV behaviour over 

Phanerozoic timescales (e.g., Biggin et al., 2008; Veikkolainen and 
Pesonen, 2014; de Oliveira et al., 2018; Doubrovine et al., 2019; Franco 
et al., 2019; Handford et al., 2021) and provides important insights into 
geomagnetic field stability. For the 0–10 Ma period, strong latitudinal 
variation of the VGP dispersion curve has been reported in two studies 
(Cromwell et al., 2018; de Oliveira et al., 2021), although small differ-
ences were observed in the Model G curves mainly due to the methods 
used to calculate the VGP dispersion. The data selection of de Oliveira 
et al. (2021) includes a minimum of 10 paleomagnetic sites per selected 
study and at least 5 samples per site, which differs from a previous 
compilation (Cromwell et al., 2018). 

Insights can also be gained into paleomagnetic field morphology 
from PSV studies. Statistical analysis of the latitudinal pattern of incli-
nation anomaly data spanning the last 10 Myr enables TAF models 
(Bono et al., 2020; de Oliveira et al., 2021) to suggest the existence of 
axial quadrupole and octupole contributions <5% of the axial dipole 
term. The presence of small non-GAD terms appears similar to 

Fig. 1. (a) Topographic map of Colombia (WC: Western Cordillera; CC: Central Cordillera; EC: Eastern Cordillera) with the location of the three studied volcanic 
systems. Geologic maps of (b) Doña Juana Volcanic Complex, and (c) Morasurco Volcano and Galeras Volcanic Complex. Red circles indicate paleomagnetic site 
locations. Modified from Pardo et al. (2019), Duque Trujillo et al. (2010), and Calvache et al. (1997). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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geomagnetic field models for the 0–5 Ma (McElhinny et al., 1996; 
Johnson et al., 2008) and 0–100 ka intervals (Panovska et al., 2018). 
However, the detailed structure of average paleomagnetic field re-
constructions is limited by the non-uniform spatial and temporal dis-
tributions of paleodirectional data. In particular, South America 
contributes only 10% of the current 0–10 Ma database (de Oliveira et al., 
2021). There are also few PSV studies at low latitudes (e.g., Leonhardt 
et al., 2003; Opdyke et al., 2006; Sánchez-Duque et al., 2016), which is a 
region with negative inclination anomalies (> − 2◦) associated with a 
persistent zonal quadrupole component. Therefore, acquisition of new 
paleomagnetic records is essential to better assess the latitudinal TAF 
structure and long-term geomagnetic variations. 

In this study, we present high-quality paleodirectional data from 
Pleistocene-Holocene lava flows from the southwestern region of 
Colombia’s Northern Volcanic Zone (NVZ) at latitudes of 1.2◦-1.4◦N. 
Additionally, we provide reliable estimates of VGP dispersion and 
inclination anomaly from a careful selection of site-level data. These 
results are compared with low latitude paleomagnetic data to assess the 
validity of recent PSV and TAF models for the 0–10 Ma interval. 

2. Geologic setting 

The present morphology of Colombia’s NVZ originated from sub-
duction and collision of Pacific-related plates, including the Farallon, 
Nazca, and Caribbean plates beneath or against the South American 
plate, respectively (Taboada et al., 2000; Wagner et al., 2017; Montes 
et al., 2019). These interactions triggered uplift of the Northern Andes 
(extending from Colombia to the Ecuador), which in Colombia is divided 
into three mountain ranges, the Western, Central and Eastern Cordilleras 
(Fig. 1a). One of the main geological features is the Romeral Fault 
System (RFS), which delimits oceanic crustal basement of the Western 
Cordillera from continental basement of the intermontane Cauca Valley 
to the east in the Central Cordillera. The eastern side of the RFS consists 
of medium-grade metamorphic Triassic-Jurassic rocks (Spikings et al., 
2015), a Triassic sedimentary succession (Mojica, 1980; Cediel et al., 
1981) and Jurassic intrusive bodies (e.g., Ibague Batholith, Sombrerillo 
Batholith, Mariquita Stock) (Cochrane et al., 2014; Bustamante et al., 
2016; Zapata et al., 2016; Rodríguez et al., 2018), and volcano- 
sedimentary sequences (Bayona et al., 1994; Mojica and Prinz-Grimm, 
2000; Bayona et al., 2020). To the west, the NVZ is composed of 
Cretaceous low-grade metamorphic belts and oceanic mafic rocks 
(Quebradagrande and Arquia Complexes) related to the Caribbean Large 
Igneous Province (McCourt et al., 1984; Kerr et al., 1996; Pindell and 
Kennan, 2009; Villagómez et al., 2011), and including Cenozoic 
granodioritic plutons (Jaramillo et al., 2017; Zapata et al., 2019). 

Over the NVZ basement, a series of volcanoes was built along the 
Central Cordillera as a result of magmatic and tectonic activity from the 
western continental margin of Colombia since the Miocene (Ramos, 
2009; Monsalve Bustamante, 2020). The present study focuses on three 
stratovolcanoes located in the southwest Colombian Andes (1.2–1.4◦N, 
76.9–77.4◦W; Fig. 1a): the Doña Juana Volcanic Complex (DJVC), 
Morasurco Volcano, and Galeras Volcanic Complex (GVC). These stra-
tovolcanoes are mainly composed of dacite and andesite lava flows with 
calc-alkaline affinity interlayered with pyroclastic deposits, associated 
with effusive and explosive events that occurred over the last 2.5 Myr 
(Monsalve Bustamante, 2020). A general description of the geologic 
units of each volcano is given below. 

The DJVC contains several types of volcanic deposits such as pyro-
clastic flows, lava flows and ash beds with ages ranging from 1125.4 ±
4.4 ka to the present-day, supported by 40Ar/39Ar and 14C datings (Pardo 
et al., 2019). These authors defined five unconformity-bounded lithos-
tratigraphic units, referred to as subsynthems, based on structural 
angular unconformities and include lithosomes (defined for eruptive 
centers) in the volcanic area as follows (Fig. 1b). (1) The Cascabel 
Subsynthem corresponds to the oldest volcanic deposits (between 
1125.4 ± 4.4 ka and 1097 ± 39 ka) that overlap the Cretaceous 

metamorphic basement. It comprises dacitic and andesite lava flows of 
the Santa Helena Lithosome, and includes ignimbrites, lahar deposits 
and porphyritic dacites from the Animas Lithosome. (2) The El Salado 
Subsynthem, which consists of lava dome, welded ignimbrite, lahar and 
lapilli tuff deposits of the Animas Lithosome emplaced from 1097 ka to 
878 ka. (3) The Dantas Subsynthem is composed of massive ash-flow 
deposits and andesitic to dacitic lava flows related to the Ancestral 
Doña Juana Lithosome, with ages ranging between 878 ± 2.8 ka and 
312 ± 28.8 ka. (4) The Guayabal Subsynthem (from 230.8 ± 13.3 ka to 
76.8 ± 18 ka) comprises ignimbrites and dacitic lava flows from the Old 
Doña Juana Lithosome, massive tuffs from the Animas Lithosome and 
debris-avalanche deposits from the Montoso Lithosome. (5) The Jana-
catú Subsynthem represents the youngest volcanic deposits, consisting 
of block-ash flows and lahars from the Young Doña Juana Lithosome, 
pyroclastic deposits and ignimbrites from the Animas Lithosome, and 
lahar and hyperconcentrated flow deposits from the Totoral Lithosome. 
Its period of volcanic activity is dated between 4400 ± 30 yrs BP and 
1936 CE. 

The Morasurco Volcano is considered inactive and is located to the 
southwest of the DJVC (Fig. 1c) with volcanic deposits dated to 1.6–2.2 
Ma based on zircon fission-track and K/Ar methods (Duque Trujillo 
et al., 2010). The authors recognized five lava flow units and four py-
roclastic flows associated with two eruptive phases. The first phase 
corresponds to an effusive event with a large volume of basaltic andesite 
lava flows distributed around the volcanic center and include the San 
Juan Bajo lava flow (Flsjb), undifferentiated Cerro Morasurco lava flow 
(Flcm), Alto de Piedras lava flow (Flap) and Loma La Cocha lava flow 
(Flc). A subsequent event is restricted to explosive activity, character-
ized by deformation of the volcanic edifice, which is partially destroyed 
and comprises pyroclastic deposits named the San Juan Bajo pyroclastic 
flow (Fpsjb), Daza pyroclastic flow (Fpd), Río Bermúdez pyroclastic flow 
(Fprb), Quebrada Las Palmas pyroclastic flow (Fplp) and Daza Lava 
Dome (Dld). 

The Galeras Volcano (Fig. 1c) is regarded as the most active volcano 
in Colombia (Calvache and Duque-Trujillo, 2016), and can be divided 
stratigraphically into six Late Pleistocene-Holocene geologic stages 
(Calvache et al., 1997). The oldest volcanic materials belong to the 
Cariaco stage, which is composed of lava or dome collapse flows, 
andesite lavas and ash and blocks of pyroclastic flow deposits dated at 
1.1 ± 0.1 Ma (K-Ar; Cepeda, 1985). The subsequent products of explo-
sive eruption of the Pamba stage (1.1–0.793 Ma) consist of partially 
welded block and ash flow deposits. This episode is succeeded by the 
Coba Negra stage, which consists of andesitic to basaltic and occasion-
ally dacitic lava flows deposited over 793–288 ka (40Ar/39Ar). La Guaca 
(166 ± 34 ka; 40Ar/39Ar) is designated as a monogenetic cinder cone on 
the southwestern part of the GVC. Its deposits are mainly composed of 
olivine-bearing basaltic andesites. Explosive eruptions followed during 
the Genoy stage that produced pyroclastic deposits with ages between 
159 ± 21 ka (40Ar/39Ar) and 41 ± 1.5 ka (14C). The next episode 
occurred during the Urcunina stage, characterized by andesite lava 
flows with pyroclastic flows in the age range from 41 ± 1.5 to 12.8 ±
0.3 ka (14C). The youngest stage, termed Galeras, is situated in the center 
of the GVC. The volcanic products consist of pyroclastic flows, pyro-
clastic falls, mud and debris flows with 14C ages covering the last 4500 
years. 

3. Sampling 

A total of 42 paleomagnetic sites were sampled in southern Colombia 
during June 2019 (Figs. 1 and 2) at altitudes between 1404 and 3289 m. 
a.s.l. (meters above sea level). Eleven sites were sampled in the DJVC 
and twenty-six and five sites were sampled from the Galeras and 
Morasurco volcanoes, respectively. All volcanic sites correspond to in-
dividual Pleistocene to Holocene lava flows (predominantly andesites) 
from different geological formations within the study area (Calvache 
et al., 1997; Duque Trujillo et al., 2010; Pardo et al., 2019). Most of the 
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paleomagnetic targets were accessed by paved roads and tracks around 
the three stratovolcanoes, but long hikes were made to access some lava 
outcrops. All sampling sites appeared unaltered. Site coordinates were 
obtained with a portable global positioning system device. An average of 
9 core samples 2.5 cm in diameter and ~ 10 cm in length were collected 
at each site with a handheld gasoline-powered drill. Cores were oriented 
with a magnetic compass. It was not possible to obtain sun compass 
measurements due to cloud cover. It is worth noting that the natural 
remanent magnetization (NRM) intensities (Table S1) of the samples are 
low (<1 A/m) in order not to affect the magnetic compass needle. 

4. Methods 

4.1. Paleodirectional experiments 

All paleomagnetic experiments were carried out in the Paleomag-
netism Laboratory at the University of São Paulo (USPMag). For paleo-
direction measurements, oriented samples were sliced into 1.2 cm-long 
specimens and were subjected to stepwise thermal demagnetization 
(THD) and alternating-field demagnetization (AFD) procedures in a 
magnetically shielded room. THD was performed using an ASC Scientific 
Model TD48 oven. Magnetic measurements and AFD were made using a 
2G Enterprises cryogenic magnetometer equipped with a RAPID (Rock 
and Paleomagnetism Instrument Development) system. At least five 

Fig. 2. Fieldwork images of the paleomagnetic sites sampled. (a) Site DJ08 (Doña Juana Volcano), (b) site MOR04 (Morasurco Volcano) with core sample drill holes 
(below), and (c) sites GA17 and GA21 (Galeras Volcano). 
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specimens from each site (577 specimens in total) were subjected to AFD 
(393 specimens) in 18 steps up to 100 mT or using THD treatment (184 
specimens) in 15 steps from room temperature to 600 ◦C. From mea-
surements of pilot specimens (two specimens per site), AFD was 
employed in preference to THD because the latter yielded noisy data or 
magnetizations decreased rapidly during the first demagnetization steps 

for most pilot specimens. 

4.2. Data analysis procedures 

Characteristic remanent magnetization (ChRM) directions from in-
dividual specimens were determined using principal component 

Fig. 3. Rock magnetic results for representative samples. (a-c) Thermomagnetic curves with heating (red curve) and cooling (blue curve) cycles. Dashed lines 
indicate the magnetic transition temperatures. (d-f) Normalized hysteresis loops, where red curves are not corrected for high field slopes. (g) IRM acquisition curves 
for 3 sites (top) and normalized IRM results for 21 sites (bottom). (h-k) FORC diagrams with magnetic domain structures for (h) vortex, (i-j) multidomain (MD), and 
(k) a mixture of vortex state and MD grains. IRM = isothermal remanent magnetization; FORC = first-order reversal curve. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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analysis (Kirschvink, 1980). Data from at least six consecutive demag-
netization steps represented in Zijderveld diagrams (Zijderveld, 1967) 
were used for ChRM estimation, as long as directions trended toward to 
the origin of the Zijderveld diagram and have a maximum angular de-
viation (MAD) ≤ 5◦. Site-mean directions were calculated using an 
approximate uncertainty propagation for specimen ChRM directions 
(Table S1) proposed by Heslop and Roberts (2020), which is applied to 
Fisher (1953) distributed data. Similar to the criterion used by de Oli-
veira et al. (2021), we considered at least five specimens per site (n ≥ 5) 
with precision parameter (Banerjee et al., 2005) values of k ≥ 50. 
Furthermore, the paleomagnetic results were evaluated applying the 
Vandamme (1994) criterion, which allows identification of excursional 
sites and outlier data that could be possibly related to the self-reversed 
thermoremanent magnetizations (TRMs), as reported in andesite rocks 
from the northern Colombian Andes (Heller et al., 1986; Haag et al., 
1990). We do not use a fixed 45◦ cutoff for VGP data because it could 
lead to overestimation (underestimation) of VGP scatter for low and 
high latitudes (Franco et al., 2019; de Oliveira et al., 2021). 

4.3. Magnetic mineralogy measurements 

Rock magnetic experiments were performed on one sample per site 
(from 21 representative sites) to examine thermal stability during 
heating-cooling cycles in magnetic susceptibility measurements, and to 
determine the magnetic carriers and their magnetic domain states. 
Thermomagnetic susceptibility χ(T) curves were measured for crushed 
samples with a KLY4 Kappabridge susceptibility meter coupled to a CS-3 
furnace (AGICO). Heating cycles were measured from 30 ◦C to 700 ◦C (at 
12 ◦C/min) in air with subsequent cooling to 40 ◦C. The Curie temper-
atures (TC) of all samples were determined from the second derivative 
approach (Tauxe, 2003), which have been used also for χ(T) curves (e.g., 
Gautam et al., 2004; Salminen and Pesonen, 2007; Aldana et al., 2011). 
From a single small rock fragment per site, hysteresis loops, isothermal 
remanent magnetization (IRM) acquisition curves, and first-order 
reversal curves (FORCs) were measured using a Princeton Measure-
ments vibrating sample magnetometer (VSM) MicroMag 3900, with its 
maximum applied fields at room temperature. The hysteresis parame-
ters, saturation magnetization (Ms), saturation remanence magnetiza-
tion (Mrs), coercive force (Hc) and coercivity of remanence (Hcr) were 
used to investigate the domain structures of magnetic minerals. Plotting 
these parameters on a Day diagram (Day et al., 1977) is unsuitable for 
identifying multiple magnetic components (Roberts et al., 2018), so 
FORC diagrams (Roberts et al., 2000) allow better assessment of 
mineralogical composition and magnetic domain states in mixed mag-
netic particle systems (Roberts et al., 2014; Zhao et al., 2017). FORC 
measurements were made with an averaging time of 100 ms; 200 FORCs 
were measured. All FORC data were processed using the FORCinel 
software (Harrison and Feinberg, 2008) with a smoothing factor of 5. 

5. Results 

5.1. Rock magnetism 

The selected samples have variable thermomagnetic curves (Fig. 3a- 
c; Fig. S1) with up to two magnetic transition temperatures inferred 
using the maximum in the second derivatives for the heating curves. 
About 52% of samples have a single ferrimagnetic phase with high 
transition temperatures of 516–594 ◦C (Fig. 3b, Table S2), which suggest 
the presence of Ti-poor titanomagnetite, pure magnetite or maghemite 
(Dunlop and Özdemir, 1997; Evans and Heller, 2003). Other samples 
contain two magnetic phases with Curie temperatures between 189 and 
603 ◦C (see Table S2), which indicate the presence of titanomagnetite 
with different Ti contents (Evans and Heller, 2003; Lattard et al., 2006). 
In particular, samples DJ07 and MOR02 (Fig. 3a and c) have, respec-
tively, a secondary transition temperature at 421 ◦C and 497 ◦C (asso-
ciated with a hump shaped behaviour in the heating curves), which 

could be attributed to the presence of oxidized titanomagnetite or tita-
nomaghemite (Dunlop and Özdemir, 1997). In general, the heating- 
cooling curves are irreversible with higher magnetic susceptibility 
during the heating cycle than during cooling. Non-reversible behaviour 
indicates alteration of magnetic minerals during measurement. 

Hysteresis loops are narrow (Fig. 3d-f and Fig. S2) with low coer-
civity Hc < 20 mT (Table S2) and a small paramagnetic mineral fraction. 
IRM curves saturate in fields from 0.15 to 0.4 T (Fig. 3g), which suggests 
a major contribution from low-coercivity minerals. These results are 
typical of magnetite, titanomagnetite, and partially oxidized magnetite 
and titanomaghemite (Dunlop and Özdemir, 1997). A Day plot (Day 
et al., 1977) is provided in Fig. S3. 

From FORC diagrams, we identify two magnetic domain patterns 
(Fig. 3h-k). The first reveals the existence of vortex state particles 
(Roberts et al., 2017; Lascu et al., 2018; Egli, 2021), which are charac-
terized by moderate elongation over the vertical (Hu) axis and Hc values 
below 60 mT, with strong vertical spreading due to vortex nucleation 
(Fig. 3h). Another FORC configuration indicates the presence of multi-
domain (MD) grains with a large spread of outer contours along the Hu 
axis and a Hc peak below 10 mT (Fig. 3i-j). Some samples have two 
contributions with a mixture of vortex and MD particles, as shown in 
Fig. 3k. FORC diagrams for other paleomagnetic sites are presented in 
Fig. S4. 

5.2. Paleodirection 

ChRM components were determined for 38 paleomagnetic sites using 
both AFD and THD. Only four sites (DJ09, DJ12, DJ14, and GA06) failed 
to produce acceptable results because of highly scattered data. Examples 
of representative demagnetization diagrams (Zijderveld plots) are 
shown in Fig. 4. In general, NRM directions are well grouped, with 
ChRM directions defined by the best-fit line for data that converge to the 
origin of the plots after removal of viscous components with AFD >5 mT 
(Fig. 4a and c) or > 200 ◦C (Fig. 4b and d). AFD and THD yield similar 
results for specimens measured at the same site (e.g., Fig. 4e-f). 

Our dataset comprises 36 site-mean directions (summarized in 
Table 1) that satisfy the selection criterion described in section 4.2. For 
further TAF and PSV analysis, we discarded 6 out of 36 sites that are 
considered to record transitional directions by applying the Vandamme 
(1994) criterion (Fig. 5a). Among these, 21 sites have normal polarity 
and 9 have reversed polarity. The normal and reversed polarity di-
rections pass a bootstrap reversals test (Tauxe, 2010) within the 95% 
confidence region (Fig. S5), which allows calculation of the mean di-
rection by combining these two groups of sites. Furthermore, our dataset 
(N = 30 sites) passes the quantile-quantile (Q-Q) test (Fisher et al., 1987) 
at the 95% confidence level, with statistical parameters Mu = 1.190 and 
Me = 0.462 below critical values Mu’ = 1.207 and Me’ = 1.094, 
respectively (Tauxe, 2010) (Fig. S6). This fact supports the hypothesis 
that declination and inclination data are distributed uniformly and 
exponentially, respectively. After converting reversed polarity data to 
normal polarity, the overall mean direction for N = 30 sites is declina-
tion (D) = 351.2◦, inclination (I) = − 3.4◦, and 95% confidence cone 
(α95) = 6.2◦, which includes uncertainty propagation (Heslop and 
Roberts, 2020). This result is statistically distinguishable at the 95% 
confidence level with the predicted direction for a GAD field (DGAD = 0◦, 
IGAD = 2.54◦) at the mean latitude (1.27◦N) of the sampling region 
(Table 2 and Fig. 5a). 

VGPs were calculated from the paleolocations and mean directions 
for all sites (Table 1). Site paleolocations were determined using the 
NNR-MORVEL 56 plate motion model (Argus et al., 2011) to correct for 
plate tectonic movements. The paleomagnetic pole was calculated from 
the filtered dataset by averaging the site-level VGPs, considering the 
antipodes of the reversed polarity sites and VGP uncertainties. Our mean 
paleomagnetic pole (latitude = 80.7◦N, longitude = 173.1◦E, A95 =

5.2◦) does not coincide at the 95% confidence interval with Earth’s spin 
axis (Table 2). The VGP positions and the paleopole are shown in the 

W.P. de Oliveira et al.                                                                                                                                                                                                                         



Physics of the Earth and Planetary Interiors 332 (2022) 106926

7

polar projection map in Fig. 5b. 

6. Discussion 

6.1. Magnetic polarity of the sampled sites 

Based on geochronological studies in the studied area (e.g., Calvache 
et al., 1997; Duque Trujillo et al., 2010; Pardo et al., 2019), the entire 
dataset (including excursional sites) covers an age interval of 0–2.0 Ma, 
and spans the Brunhes (0–0.78 Ma) and Matuyama (0.78–2.58 Ma) 
chrons. Information about ages with references for the studied paleo-
magnetic sites are presented in Table 1. Considering the age range 
assigned to each site (and age uncertainties), the magnetic polarity of 
the paleodirectional sites is approximately consistent with the expected 
polarity of geologic polarity time scale 2020 (GPTS2020; Ogg, 2020), as 

shown in Fig. 6. Four sites (GA17, GA18, GA19, and GA23) for the 
159–31 ka age interval record reversed polarity (maybe induced by a 
self-reversed TRM) within the Brunhes normal chron. These sites prob-
ably record one of several young short-lived reversed polarity events 
(Laj and Channell, 2015), such as the Mono Lake (33 ka), Laschamp (41 
ka), or Blake (120 ka) excursions. Moreover, our dataset spans at least 
six paleomagnetic reversals, which represents a period long enough (~2 
Ma) to record and average paleosecular variation. 

6.2. VGP dispersion estimates 

To evaluate geomagnetic paleosecular variation in the study region, 
the angular dispersion of VGP distributions relative to the mean paleo-
pole was calculated as the between-site dispersion (SB) that removes 
random errors associated with within-site VGP dispersion (Sw), 

Fig. 4. Examples of demagnetization diagrams. Zijderveld diagrams and stereographic projections of NRM components obtained during (a and c) alternating field 
demagnetization (AFD) and (b and d) thermal demagnetization (THD). (e-f) Orthogonal projections of sister specimens using two demagnetization methods. Filled 
(open) circles correspond to vector components in the horizontal (vertical) plane for Zijderveld projections and upper (lower) hemisphere for stereographic pro-
jections. NRM = natural remanent magnetization. 
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Table 1 
Summary of paleodirectional results.  

Site Altitude (m) Slat (◦N) Slon (◦E) Slat* (◦N) Slon* 
(◦E) 

n/N Demag Dec (◦) Inc 
(◦) 

α95 

(◦) 
k Vlat (◦N) Vlon (◦E) A95 (◦) Pol Age 

(Ma) 
Ref 

DJ02 3101 1.529 283.074 1.470 283.129 7/16 AF 222.5 54.6 6.1 114.9 − 36.0 240.4 4.3 T 1.125–1.112 1 
DJ04 2348 1.570 283.047 1.518 283.096 9/11 AF + Th 189.6 − 16.7 3.0 333.1 − 78.2 156.3 1.8 R 1.097–0.878 1 
DJ05 3120 1.530 283.076 1.471 283.131 9/14 AF + Th 148.3 − 7.2 5.6 95.4 − 58.2 17.6 4.2 R 1.125–1.112 1 
DJ06 3027 1.532 283.078 1.473 283.133 7/12 AF 119.0 − 8.3 10.0 44.2 − 29.0 17.1 4.8 T 1.125–1.112 1 
DJ07 2557 1.571 283.075 1.519 283.124 10/16 Th 355.8 − 15.3 4.1 153.7 79.8 126.8 3.2 N 1.097–0.878 1 
DJ08 2541 1.574 283.040 1.522 283.089 10/11 AF 347.7 − 6.3 3.8 185.4 76.9 172.2 2.2 N 1.097–0.878 1 
DJ09 2287 1.478 282.997 1.484 283.003 0/5 AF – – – – – – – – 0.00321–0.00303 1 
DJ12 2482 1.479 283.015 1.467 283.034 0/5 AF – – – – – – – – 0.312 ± 0.029 1 
DJ13 2809 1.465 283.035 1.407 283.089 7/11 AF + Th 358.3 − 6.1 9.2 52.0 85.2 123.8 8.3 N 1.097 ± 0.039 1 
DJ14 1404 1.461 282.959 1.401 283.014 0/5 AF – – – – – – – – ⁓1.125 1 
DJ15 2757 1.505 283.020 1.507 283.029 11/16 AF + Th 344.8 − 1.9 5.0 92.7 74.6 183.9 4.6 N 0.0804 ± 0.0019 1 
GA01 2405 1.131 282.574 1.098 282.609 13/14 AF + Th 344.8 7.2 5.0 76.2 74.6 202.4 4.1 N 0.793–0.560 2 
GA02 2230 1.144 282.561 1.141 282.574 12/16 AF + Th 2.0 2.2 3.9 139.2 88.0 13.9 3.1 N 0.166 ± 0.034 2 
GA03 2238 1.145 282.561 1.142 282.574 13/16 AF + Th 356.2 − 8.4 2.4 319.2 83.4 137.8 1.9 N 0.166 ± 0.034 2 
GA04 2047 1.153 282.554 1.104 282.601 7/15 AF 326.1 47.1 9.3 50.6 47.3 235.9 7.0 T 0.793–1.1 2 
GA05 1785 1.175 282.551 1.117 282.605 11/16 AF 220.9 − 23.0 3.5 190.9 − 48.0 175.8 2.6 T 1.1 ± 0.1 2 
GA06 1672 1.204 282.547 1.146 282.601 0/7 Th – – – – – –  – 1.1 ± 0.1 2 
GA07 1678 1.204 282.547 1.146 282.601 12/16 Th 151.2 71.9 5.3 75.1 − 27.2 299.6 5.4 T 1.1 ± 0.1 2 
GA08 1727 1.241 282.513 1.184 282.567 6/12 AF + Th 219.3 11.4 10.2 53.1 − 50.1 203.1 7.9 T 1.1 ± 0.1 2 
GA09 1675 1.247 282.508 1.190 282.562 11/14 AF + Th 210.0 81.1 7.1 47.4 − 13.1 273.7 11.4 T 1.1 ± 0.1 2 
GA10 1769 1.295 282.536 1.237 282.590 5/14 AF + Th 349.1 5.2 12.0 52.3 79.1 199.9 9.2 N 1.1 ± 0.1 2 
GA11 1872 1.297 282.547 1.264 282.582 13/16 AF + Th 339.6 − 10.0 4.2 104.8 68.7 175.2 2.1 N 0.793–0.560 2 
GA12 1930 1.290 282.550 1.257 282.585 12/15 Th 339.0 − 5.2 2.8 261.2 68.7 182.1 1.0 N 0.793–0.560 2 
GA13 1972 1.288 282.550 1.255 282.585 7/12 AF + Th 5.4 20.0 7.8 72.1 79.5 312.0 5.4 N 0.793–0.560 2 
GA14 2209 1.284 282.568 1.251 282.603 6/11 AF + Th 345.4 − 7.6 7.1 108.1 74.6 173.3 5.8 N 0.793–0.560 2 
GA15 2317 1.287 282.579 1.254 282.614 11/14 AF + Th 7.3 − 12.0 3.4 195.1 79.7 58.1 2.2 N 0.793–0.560 2 
GA16 2246 1.286 282.587 1.287 282.597 12/14 AF + Th 8.8 5.8 5.1 80.8 81.1 1.9 3.1 N 0.159–0.031 2 
GA17 2647 1.243 282.678 1.244 282.688 11/12 AF + Th 183.0 20.8 3.9 155.1 − 77.6 268.6 3.1 R 0.159–0.031 2 
GA18 2639 1.245 282.679 1.246 282.689 14/14 AF + Th 191.9 18.1 4.2 100.2 − 74.1 234.6 3.0 R 0.159–0.031 2 
GA19 2640 1.246 282.678 1.247 282.688 14/16 AF + Th 169.2 − 10.6 3.7 122.5 − 78.5 33.8 2.2 R 0.159–0.031 2 
GA20 2585 1.248 282.687 1.254 282.693 6/12 AF + Th 320.8 − 1.1 5.8 163.0 50.8 190.3 2.8 N 0.012 ± 0.0015 2 
GA21 2608 1.243 282.688 1.249 282.694 10/15 AF + Th 15.2 − 2.1 6.6 60.3 74.6 21.3 5.0 N 0.012 ± 0.0015 2 
GA22 3282 1.211 282.669 1.212 282.679 11/14 AF + Th 354.9 − 19.7 5.3 82.2 77.5 126.6 2.8 N 0.159–0.031 2 
GA23 3250 1.215 282.670 1.216 282.680 8/16 AF + Th 211.7 − 17.3 7.1 71.1 − 57.6 178.0 4.2 T 0.159–0.031 2 
GA24 3211 1.217 282.672 1.223 282.678 12/20 AF + Th 334.7 − 3.0 2.9 243.2 64.5 186.6 2.1 N 0.012 ± 0.0015 2 
GA25 3132 1.224 282.672 1.230 282.678 10/14 AF + Th 330.5 − 8.1 4.5 127.7 60.0 182.3 3.2 N 0.012 ± 0.0015 2 
GA26 2472 1.251 282.688 1.252 282.698 13/15 AF + Th 340.8 1.1 4.6 88.0 70.8 191.0 2.8 N 0.159–0.031 2 
MOR01 2547 1.236 282.708 1.139 282.791 8/13 AF 182.8 − 8.1 7.0 73.0 − 86.0 145.2 5.5 R 1.95–1.60 3 
MOR02 2636 1.240 282.705 1.143 282.788 10/15 AF 161.6 43.6 6.3 66.6 − 58.0 314.7 6.2 R 1.95–1.60 3 
MOR03 2847 1.279 282.751 1.182 282.834 18/24 AF + Th 178.1 3.5 3.2 124.2 − 86.5 315.9 2.5 R 1.95–1.60 3 
MOR04 2749 1.295 282.772 1.183 282.866 9/19 AF 169.8 − 2.5 7.8 50.1 − 79.9 13.3 4.5 R 2.015 ± 0.268 3 
MOR05 2808 1.239 282.739 1.128 282.833 9/14 AF 342.2 5.9 6.5 72.1 72.1 199.0 5.0 N 2.015 ± 0.268 3 

Site is the site name (DJ = Doña Juana Volcano; MOR = Morasurco Volcano; GA = Galeras Volcano); Slat and Slon are the latitude and longitude of the paleomagnetic site; Slat* and Slon* correspond to the site 
paleolatitude and paleolongitude determined using the NNR-MORVEL56 plate motion model (Argus et al., 2011); n is the number of specimens used to calculate site-mean directions (see Table S1); N is the total number of 
specimens processed for each site; Demag refers to the demagnetization method used: thermal (Th) or alternating field (AF) demagnetization; Dec and Inc. are mean site declination and inclination, respectively; α95 is the 
95% confidence cone around the site-mean direction; k is the parameter precision of directions approximated (Banerjee et al., 2005); Vlat and Vlon are the latitude and longitude of the virtual geomagnetic poles (VGPs) 
calculated from site paleolocations; A95 is the 95% confidence cone around the site-mean VGP. Pol is the geomagnetic polarity: normal (N), reversed (R), and transitional (T) directions; age represents the age interval 
assigned to each site based on geochronological studies; Ref denotes Reference ID: 1. Pardo et al. (2019); 2. Calvache et al. (1997); 3. Duque Trujillo et al. (2010). 
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expressed by (Biggin et al., 2008): 

SB =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N − 1

∑N

i=1

(

Δ2
i −

Swi
2

ni

)
√
√
√
√ , (1)  

where N is the total number of sites, and Δi corresponds to the angular 
distance between the ith VGP and the paleomagnetic pole. The within- 
site dispersion is given by: 

Swi =
81̅̅̅

̅̅
Ki

√ , (2)  

where Ki is the Fisher precision parameter for each VGP determined 
from direction space (ki) and the site paleolatitude (λi), following Cox 
(1970): 

Ki =
8ki

5 + 18sin2λi + 9sin4λi
. (3)  

From the filtered dataset, we calculated the dispersion SB and the 95% 
bootstrap confidence limits (Efron and Tibshirani, 1993) for the 0–2 Ma 
age interval and Brunhes normal polarity data (Table 2). The Matuyama 
reversed chron was not considered here due to the small data quantity 
(N = 6 sites), which is unlikely to produce an adequate PSV estimate 
(Biggin et al., 2008; Johnson et al., 2008). The VGP dispersion estimated 
SB(2Ma) = 15.212.0

17.6◦

(with lower (SBl) and upper (SB
u) 95% confidence 

limits) for the 0–2 Ma period is statistically compatible to the Brunhes 
chron data with SB(Bru) = 16.011.6

19.1◦

(16 sites). These estimates are 
compared to the latitudinal distribution of global SB data (grey circles), 
along with PSV models (Model G of McFadden et al. (1988)) proposed by 
de Oliveira et al. (2021) for the 0–10 Ma and Brunhes intervals (Fig. 7a 
and b, respectively). We use the PSV models based on the upgraded 
0–10 Ma database with the Vandamme (1994) criterion applied (de 
Oliveira et al., 2021). As shown in Fig. 7a-b, SB(2Ma) and SB(Bru) estimates 
presented here (red squares) have higher values relative to the 0–10 Ma 
(7 studies) and Brunhes (4 studies) data within the − 10◦ to 10◦ lat-
itudinal range. However, these estimates are not significantly different 
at the 95% confidence intervals from the results of most other PSV 
studies (see Table 3). Additionally, our results coincide with VGP 
dispersion values predicted by Model G (SB = 12.410.9

13.7◦

for the 0–10 Ma 
period and SB = 11.29.5

13.0◦

for the Brunhes chron) within the 95% un-
certainty limits (brown dashed curve). 

The high VGP dispersion documented here for the study area may be 
linked to the enhanced longitudinal variability of the magnetic equator 
in the Atlantic sector (30◦ to 90◦W). In this region, a higher level of PSV 
activity has been detected compared to the Pacific sector from present- 
day, centennial (Panovska and Constable, 2017), and millennial scale 
geomagnetic field models (Constable et al., 2016; Panovska et al., 2019) 
and in numerical geodynamo models (Aubert et al., 2013; Terra-Nova 
et al., 2019). The strongest magnetic equator fluctuations in the Atlantic 
region could be caused by the South Atlantic Anomaly (SAA), which is a 

Fig. 5. Equal area projection of site-mean directions for the filtered dataset (N = 30 sites). (a) Filled red (open blue) circles represent normal (and antipodes of 
reverses) polarity directions. Green triangle represents the mean inclination with its 95% confidence circle (green circle). The yellow star is the expected GAD 
direction. Purple circles indicate transitional data based on the Vandamme (1994) criterion and were not used for PSV and TAF analysis. (b) Polar stereographic map 
of VGP positions. Closed (open) circles correspond to normal (reversed) polarity site VGPs projected onto the Northern Hemisphere. The green star indicates the 
paleopole position with its 95% confidence circle (green circle). Data for transitional sites (purple circles) that were removed after applying the Vandamme (1994) 
cutoff (32.6◦) are outside the transparent grey circle. GAD = geocentric axial dipole; VGP = virtual geomagnetic pole. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Statistical results of the mean paleodirection for the two age groups.  

Age (Ma) Slat (◦N) Slon (◦E) N D (◦) I (◦) k α95 (◦) ΔI (◦) Plat (◦N) Plon (◦E) K A95 (◦) SB (◦) SBl (◦) SB
u (◦) 

0–2.02 1.27 282.76 30 351.2 − 3.4 20.0 6.2 − 5.9 80.7 173.1 29.1 5.2 15.2 12.0 17.6 
Brunhes 1.24 282.65 16 349.3 − 2.8 22.2 8.4 − 5.3 79.0 178.8 27.4 7.5 16.0 11.6 19.1 

Age is age interval of site groups; Slat and Slon are the mean site latitude and longitude; N is the number of sites; D and I are mean declination and inclination; k and α95 
indicate the parameter precision approximated (Banerjee et al., 2005) and 95% confidence cone about the mean direction; ΔI is inclination anomaly estimate; Plat and 
Plon are the latitude and longitude of the mean VGP; K and A95 indicate the parameter precision approximated (Banerjee et al., 2005) and 95% confidence cone about 
the mean VGP; SB is the between-site VGP dispersion; SBl and SB

u are the lower and upper 95% confidence limits of SB. 
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zone of weak field intensity located between southern Africa and South 
America (e.g., Hartmann and Pacca, 2009) large westward declination, 
and complex spatial inclination behaviour (Rother et al., 2021). Some 
studies (e.g., Tarduno et al., 2015; Engbers et al., 2022) suggest the 
longevity of this feature over million-year timescales. It seems possible 
that the high VGP scatter found in southern Colombia is due to paleo-
magnetic field direction changes near the magnetic equator. There is 
only other one dataset for latitude 0.5◦S (Opdyke et al., 2006) with SB =

12.510.5
14.5◦

from the 0–10 Ma database (Table 3). Therefore, further in-
vestigations are needed in the South American equatorial region to 
address paleomagnetic data scarcity in this area. 

6.3. Time-averaged inclination anomalies 

A statistical approach usually employed to describe directional de-
viations from a GAD field refers to the inclination anomaly (ΔI), which is 
defined as the difference between observed inclination (IOBS) and the 
GAD inclination, following Cox (1975): 

ΔI = IOBS − IGAD. (4)  

Using Eq. (4), an inclination anomaly for two age groups (0–2 Ma and 
Brunhes chron datasets) was calculated from the mean inclination 
(Fisher, 1953) minus the expected GAD inclination (IGAD). The latter is 
determined as a function of the mean latitude (λ) for site groups: 

IGAD = tan− 1(2tanλ). (5)  

Accordingly, inclination anomaly estimates are ΔI2Ma = − 5.9− 12.1
0.3◦

for 
the 0–2.0 Ma interval and ΔIBru = − 5.3− 13.7

3.1◦

for the Brunhes normal 
polarity chron. These values are statistically indistinguishable from one 
other and from the GAD field model (ΔI = 0

◦

) within 95% confidence 
limits (Table 2). For comparative purposes, the corresponding estimates 
are shown in Fig. 7c and d, together with global ΔI data as a function of 
latitude (excluding site-level directions using the Vandamme (1994) 
cutoff method) with respect to zonal TAF model of de Oliveira et al. 
(2021) over the 0–10 Ma and Brunhes chron periods. These models are 
suggestive for the presence of minor non-dipole field components that 
are defined by axial quadrupole contributions of 3.2% and 2.0% (for the 
0–10 Ma and Brunhes intervals, respectively) relative to the axial dipole 
term, with smaller axial octupole contributions of about 1.2%. As can be 
seen in Fig. 7c-d, our inclination anomaly data (red triangles) are sta-
tistically compatible with paleomagnetic studies located along the − 10◦

to 10◦ latitude band (Table 3) and predictions of TAF models within 95% 
confidence regions (blue shaded areas). Thus, the negative inclination 
anomalies observed at equatorial latitudes (including ours) are consis-
tent with zonal TAF models described by low axial quadrupole and 
octupole components that persist over time. 

7. Conclusions 

We present new paleomagnetic records from Late Pleistocene- 
Holocene volcanic rocks from southern Colombia. Rock magnetic mea-
surements suggest that magnetite and low-Ti titanomagnetite are the 
main magnetic carriers with Curie temperatures between 516 and 
580 ◦C. However, thermomagnetic curves also reveal the presence of 
two magnetic phases and suggest titanomaghemite grains with transi-
tional temperatures between 334 and 433 ◦C. Magnetic domain struc-
tures are compatible with vortex state and multidomain grains. 

After applying laboratory procedures and data selection criteria, we 
obtain high-quality paleodirectional results from 30 sites for the 0–2 Ma 
age interval for statistical PSV and TAF analyses. The mean direction 
(Dec = 351.2◦, Inc. = − 3.4◦, α95 = 6.2◦, k = 20.0) for these sites does not 
coincide at the 95% confidence level with directions expected for a GAD 
field. Similarly, the mean paleomagnetic pole (Plat = 80.7◦N, Plon =
173.1◦E, A95 = 5.2◦, K = 29.1) is statistically different from Earth’s spin 
axis. The VGP dispersion for the 0–2 Ma interval (SB(2Ma) = 15.212.0

17.6◦

) 
and Brunhes chron normal polarity data (SB(Bru) = 16.011.6

19.1◦

) are statis-
tically compatible within 95% confidence limits with studies at low 
latitudes and with the predictions of revised PSV models (Model G) for 
the 0–10 Ma and Brunhes intervals. The high observed VGP scatter in 
southern Colombia may be associated with anomalous paleodirectional 
variability over the equatorial Atlantic region influenced by the South 
Atlantic Magnetic Anomaly that appears to persist on timescales from 
centuries to millions of years. Further study is needed to test this 
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Fig. 6. Magnetic polarity of the paleomagnetic sites from this study compared 
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the studied sites is represented by a vertical line supported by geochronological 
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(1994) criterion. 
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Fig. 7. VGP angular dispersion (SB) as a function of latitude from this study for the 0–2 Ma period and the Brunhes chron with their 95% bootstrap confidence limits 
in (a) and (b), respectively, compared to global SB data (grey circles) for the 0–10 Ma and Brunhes intervals (de Oliveira et al., 2021). Brown lines correspond to 
Model G curves (McFadden et al., 1988) associated with 95% confidence intervals (brown dashed lines). (c-d) Comparison between inclination anomaly (ΔI) esti-
mates from this study (red triangles) with ΔI data compilations for the last 10 Myr and Brunhes chron (purple circles) in (c) and (d), respectively. Blue curves 
represent the TAF models (de Oliveira et al., 2021), where blue-shaded areas denote the 95% confidence region. VGP = virtual geomagnetic pole; TAF = time- 
averaged field. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Selected paleomagnetic studies from − 10◦ to 10◦ latitude.  

Age (Ma) Slat 
(◦N) 

Slon 
(◦E) 

Location N D (◦) I (◦) α95 

(◦) 
SB 

(◦) 
SBl 

(◦) 
SB

u 

(◦) 
ΔI 
(◦) 

ΔIlo 

(◦) 
ΔIup 

(◦) 
Reference 

0–10 Ma interval 

0.005–2.11 10.12 275.48 Costa Rica 29 1.0 15.4 7.1 14.8 11.6 17.1 − 4.3 − 10.9 2.3 
Cromwell et al. 
(2013) 

0–2.65 4.90 284.64 Colombia 42 3.9 3.8 4.3 10.5 8.9 11.9 − 5.9 − 10.1 − 2.2 
Sánchez-Duque 
et al. (2016) 

3.53–4.84 2.13 35.77 Loiyangalani, Kenya 31 1.1 − 1.0 4.2 9.3 7.1 11.0 − 5.3 − 9.0 − 1.6 
Opdyke et al. 
(2010) 

0.5–5.5 − 0.04 6.23 Sao Tome Island 38 358.0 − 6.1 4.3 11.2 9.0 12.8 − 6.0 − 9.5 − 2.1 
Opdyke et al. 
(2015) 

0.0176–2.71 − 0.48 281.76 Ecuador 45 0.6 − 6.6 4.0 12.5 10.5 14.1 − 5.6 − 8.6 − 2.5 
Opdyke et al. 
(2006) 

2.55–10.0 − 4.32 327.74 
Fernando de 
Noronha, Brazil 36 358.9 − 15.4 4.8 11.7 9.7 13.5 − 6.8 − 10.8 − 1.9 

Leonhardt et al. 
(2003) 

0–6.7 − 7.46 111.94 Indonesia 44 359.9 − 18.7 4.4 13.0 10.9 14.6 − 4.0 − 7.8 − 0.4 
Elmaleh et al. 
(2004)  

Brunhes chron 

0.01–0.50 10.00 275.81 Costa Rica 12 355.9 14.6 9.4 11.5 7.4 13.8 − 4.9 − 13.0 2.8 
Cromwell et al. 
(2013) 

0–0.50 4.91 284.64 Colombia 29 4.1 4.0 4.6 9.6 7.6 11.1 − 5.8 − 10.3 − 1.5 
Sánchez-Duque 
et al. (2016) 

0.02–0.45 − 0.31 281.79 Ecuador 11 356.4 − 9.7 10.0 13.5 9.0 15.9 − 9.1 − 16.5 − 1.5 
Opdyke et al. 
(2006) 

0–0.55 − 7.52 112.44 Indonesia 36 0.2 − 17.6 5.2 13.8 11.2 15.6 − 2.8 − 7.0 1.5 
Elmaleh et al. 
(2004) 

Abbreviations for columns Age to ΔI are as in Table 2. ΔIlo and ΔIup are the lower and upper 95% confidence limits of the inclination anomaly; Reference corresponds to 
the paleomagnetic study. 
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hypothesis. Inclination anomalies for each age group (ΔI2Ma = −

5.9− 12.1
0.3◦

for the 0–2.0 Ma period and ΔIBru = − 5.3− 13.7
3.1◦

for the Brunhes 
chron) suggest large negative inclination anomalies observed in global 
compilations and TAF models with low zonal quadrupole (~3%) and 
octupole (~1%) contributions superimposed on the axial dipole 
component. Therefore, our new paleomagnetic results from southern 
Colombia expand the 0–10 Ma database at equatorial latitudes, with the 
potential to be used for further investigations of paleomagnetic field 
structure. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pepi.2022.106926. 
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