
Abstract Valdivia Bank (VB) is a Late Cretaceous oceanic plateau formed by volcanism from the 
Tristan-Gough hotspot at the Mid-Atlantic Ridge (MAR). To better understand its origin and evolution, 
magnetic data were used to generate a magnetic anomaly grid, which was inverted to determine crustal 
magnetization. The magnetization model reveals quasi-linear polarity zones crossing the plateau and following 
expected MAR paleo-locations, implying formation by seafloor spreading over ∼4 Myr during the formation of 
anomalies C34n-C33r. Paleomagnetism and biostratigraphy data from International Ocean Discovery Program 
Expedition 391 confirm the magnetic interpretation. Anomaly C33r is split into two negative bands, likely by a 
westward ridge jump. One of these negative anomalies coincides with deep rift valleys, indicating their age and 
mechanism of formation. These findings imply that VB originated by seafloor spreading-type volcanism during 
a plate reorganization, not from a vertical stack of lava flows as expected for a large volcano.

Plain Language Summary Oceanic plateaus are large, elevated underwater features commonly 
formed from volcanic material from a hotspot. Valdivia Bank is a Late Cretaceous oceanic plateau in the 
southeast Atlantic Ocean formed by volcanism from the Tristan-Gough hotspot near the Mid-Atlantic Ridge. 
The origin and evolution of Valdivia Bank is poorly defined, but new magnetic data suggests the edifice 
originated through ridge-centered volcanism, with lateral accretion of crust. This is unlike the evolution of a 
massive volcano, which would be expected to create a vertical stack of lava flows. Magnetic inversion modeling 
suggests the plateau was formed by seafloor spreading during the formation of anomalies C34n-C33r, with 
the plateau becoming younger from east to west, rather than north-south as predicted by some hotspot models. 
Results from International Ocean Discovery Program Expedition 391 paleomagnetism and biostratigraphy 
confirm the anomaly interpretation.
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Key Points:
•  Valdivia Bank is characterized by 

quasi-linear magnetic anomalies 
that are parallel to the inferred 
paleo-Mid-Atlantic Ridge

•  Magnetic anomalies imply that 
the plateau becomes younger E-W 
consistent with formation via 
seafloor spreading during anomalies 
C34n-C33r

•  Rift valleys, division of C33r, and 
anomaly curvature imply complex 
ridge tectonics and a ridge jump
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1. Introduction
Oceanic plateaus are enormous basaltic constructs widely thought to have formed by massive eruptions due to 
an upwelling mantle plume head (Coffin & Eldholm, 1994; Duncan & Richards, 1991; Richards et al., 1989). 
An alternative hypothesis explains these eruptions as originating from melting of fertile mantle escaping through 
cracks in lithospheric plates (Anderson et al., 1992; Foulger, 2007; Saunders et al., 2005). Originally, a hotspot 
was envisioned to result from a narrow, vertical thermal plume transiting the mantle with little influence from 
plate boundaries (Morgan, 1971; Wilson, 1965). However, researchers have noted that oceanic plateaus commonly 
form at spreading ridges and triple junctions, suggesting a strong link between ridge and hotspot volcanism 
(Sager et al., 2019; Sager & Foulger, 2005; Whittaker et al., 2015). Nevertheless, the origin and tectonic evolution 
of most oceanic plateaus remains enigmatic due to their enormous size and remote locations in the ocean, often 
resulting in sparse geological and geophysical data coverage.

Magnetic anomaly patterns can establish the age of oceanic crust (Gee & Kent, 2007) and allow for the tectonic 
history of an oceanic plateau to be constructed (e.g., Huang et al., 2018, 2021; Sager et al., 2019). Unfortunately, 
many oceanic plateaus were formed during the Cretaceous Normal Superchron (CNS) (Coffin & Eldholm, 1994), 
a ∼35 Myr period (121-83 Ma; this and other anomaly ages from Ogg, 2020) during which the magnetic field 
did not reverse polarity. Seafloor formed during this period has no correlatable patterns of magnetic anomalies, 
making it difficult to study tectonic evolution using magnetic lineations.

Valdivia Bank (VB) is an oceanic plateau offshore of Namibia in the southeast Atlantic Ocean that is part of the 
Walvis Ridge large igneous province (LIP) (Figure 1). VB formed at the Mid-Atlantic Ridge (MAR) near the end 
of the CNS (O’Connor & Duncan, 1990). This timing makes it possible to identify Late Cretaceous magnetic 
anomalies (C34n-C33n) over VB, revealing important clues about its evolution. Magnetic surveys in the South 
Atlantic are rare and only a few have surveyed in the vicinity of VB (Pérez-Díaz & Eagles,  2017; Thoram 
et al., 2019) since the pioneering compilation of Cande et al. (1988).

Figure 1. Walvis Ridge bathymetry and feature names. The extent of the study area is indicated by the dashed box. Red lines 
are fracture zones (Sager et al., 2021). Background is SRTM15+ predicted bathymetry (Tozer et al., 2019). Inset shows the 
location of Walvis Ridge relative to the South Atlantic.
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An extensive magnetic survey was conducted over VB onboard R/V Thomas G. Thompson during cruises TN373 
and TN374 (2019–2020) collecting ∼10,730 km of new data (Figure 2). Combining the new data set with previ-
ously available data, we constructed a magnetic anomaly map and performed inverse modeling to determine the 
crustal magnetization. Paleomagnetic and biostratigraphic data from International Ocean Discovery Program 
(IODP) Expedition 391 drill sites verify the magnetic model. The results indicate that VB becomes younger from 
east to west, consistent with formation at the MAR.

1.1. Geologic Setting

Walvis Ridge is considered to be the volcanic track of the Tristan-Gough hotspot, erupted on the African plate as 
the South Atlantic opened (O’Connor & Duncan, 1990; O’Connor & Jokat, 2015). Although the age progression 
along the volcanic track is highly consistent (Homrighausen et al., 2019), Walvis Ridge has a complex morphology 
that changes character along its length. It begins as a narrow ridge near the continental margin, includes an oceanic 
plateau (VB) at nearly right angle to the ridge trend, changes to a series of small volcanic ridges, and splits into 
two (possibly three) sub-parallel seamount chains, two of which extend to the active volcanic islands of Tristan and 
Gough (Figures 1 and 2). The change in morphology is hypothesized to be the result of interaction of the hotspot 
with the MAR (O’Connor & Duncan, 1990; O’Connor & Jokat, 2015), but this process is still not well understood.

During the Late Cretaceous, while the Tristan-Gough hotspot was at the MAR, volcanism erupted on both the Afri-
can and South American plates forming older Walvis Ridge, including VB, and Rio Grande Rise, a conjugate oceanic 
plateau on the South American plate (O’Connor & Duncan, 1990). At ∼60–70 Ma, the spreading axis and hotspot 
separated, with the latter moving eastward beneath the African plate, resulting in intraplate volcanism (O’Connor 
& Duncan, 1990). Subsequently the hotspot formed two or three linear seamount chains (O’Connor & Jokat, 2015).

Several attempts have been made to explain WR by a model using one or more hotspots following the ridge 
(Doubrovine et al., 2012; Duncan, 1981; O’Connor & Le Roex, 1992; Torsvik et al., 2008), but none adequately 
account for the complex morphology. A reorganization of the MAR occurred in the South Atlantic during the 
Late Cretaceous, resulting in changes in spreading direction and formation of a microplate between VB and Rio 
Grande Rise (Sager et al., 2021). WR tectonic complexity is explained by a reorganization of the MAR in which a 
long-offset right-lateral transform fault located north of WR at anomaly C34n (83.7 Ma), migrated southward and 
split into multiple, smaller-offset transforms by anomaly C30n (66.4 Ma). Discontinuities in magnetic lineation 
sequences suggested that a microplate formed during this reorganization (Sager et al., 2021; Thoram et al., 2019), 
which was eventually captured by the South American plate. This plate reorganization and microplate forma-
tion might have had a significant impact on the evolution of VB but has been poorly understood due to sparse 
magnetic anomaly coverage. In addition, two prominent rift grabens are observed on the east and southwest 
flanks of VB (Contreras et al., 2022). The origin and timing of these rifts are unknown and magnetic anomaly 
patterns may reveal important clues of their origins.

2. Data and Methods
2.1. Magnetic Anomaly Map

Magnetic measurements from a total of 28 cruises spanning 56 years (1963–2019) were compiled for a magnetic 
anomaly grid encompassing VB (Figure  2; Table S1 in Supporting Information  S1). The combined data set 
amounts to ∼37,610 km of track length. Twenty-six of these surveys were acquired from the National Center for 
Environmental Information (NCEI) database, while the remaining two surveys (TN-373, TN-374) were recently 
collected. These latter two cruises collected >10 6 data points in a pattern of 25 transects (∼10,731 km) across VB 
and nearby Walvis Ridge (Figure 2).

To obtain magnetic anomalies caused by the crustal field, the Earth's main core field was subtracted from the total 
field using the 13th generation International Geomagnetic Reference Field (IGRF-13; Alken et al., 2021). The 
resulting anomalies were processed to remove noise, such as spikes or offsets caused by technical issues or distur-
bances from external factors (e.g., magnetic storms). After noise removal, the data were checked for systematic 
errors such as drift or offset by analyzing crossover errors (COE), which are data misfits at track crossings. When 
merging data spanning several decades, the observed data from different surveys often do not agree at track inter-
sections for reasons such as navigation errors, resulting in large COE. Correcting COE improves grid accuracy 
and can significantly reduce artificial noise and data artifacts. COE analysis was done using the x2sys package 
of GMT 6 software (Wessel et al., 2019) following a procedure similar to that outlined in Huang et al. (2021).
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Only four of the magnetic surveys were navigated with the Global Positioning Satellite (GPS) system, while the 
rest were surveyed using older, less accurate navigation systems. Older data were merged carefully to generate 
a coherent magnetic anomaly data set using GPS-navigated data as a “backbone” and adjusting other data to the 
better-navigated data (see Huang et al., 2021). The combined magnetic anomaly data were averaged within 2 x 2 

Figure 2.
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arc min cells using the GMT routine blockmean to avoid spatial aliasing and to average redundant data. The data 
were gridded using the GMT routine surface, using grid spacing of 2 arc min and a tension factor of 0.25 to 
generate a magnetic anomaly grid (Figure 2).

2.2. Inverse Magnetic Modeling

Magnetic inversion modeling was performed using the method of Parker and Huestis  (1974) (Figure 2). This 
method is a Fourier-domain magnetization inversion approach that solves for lateral variation in crustal magnet-
ization with a magnetic source layer of constant thickness following the topography. This modeling mostly 
removes the effect of topography on magnetic anomaly data and gives an estimate of magnetization strength and 
sign. Apropos to this study, this modeling removes the skewness inherent in magnetic anomaly data, allowing less 
ambiguous determination of crustal magnetic polarity boundaries.

The model requires inputs of magnetic field direction for the ambient field and crustal magnetization. The former 
was calculated using IGRF-13 (Alken et  al.,  2021). Crustal magnetization is assumed to be entirely remanent 
because oceanic basalt samples typically have remanent magnetizations an order of magnitude stronger than the 
induced magnetization (Harrison et al., 1975). Remanent declination and inclination values of −6° and −42.9° were 
estimated from the ∼80 Ma Cretaceous paleomagnetic pole for Africa (Torsvik et al., 2012). Magnetic anomalies 
over oceanic crust are known to be generated primarily from the upper crust and many marine magnetic modeling 
studies (e.g., Gee & Kent, 2007) assume a thin source layer (∼0.5–1 km). However, gravity inversion over VB 
revealed the crustal thickness to be ∼3 times that of normal oceanic crust (Graça et al., 2019). Hence a magnetic 
source layer thickness of 3 km was used for the model, similar to magnetic inversions from other oceanic plateaus 
(Huang et al., 2018; Sager et al., 2019). This difference mainly affects the magnetization strength but not polarity 
boundaries. The top of the source layer was set at the sediment-basement interface, calculated by subtracting 
sediment thickness determined from the NCEI GlobSed model (Straume et al., 2019) from the  bathymetry grid.

2.3. IODP 391 Drilling at VB

IODP Expedition 391 cored into igneous rock on the north, west, and south flanks of VB at Sites U1575, U1576, 
and U1577, respectively (Sager et al., 2022). Sites U1576 and U1577 were sited in part to test the magnetic anom-
aly interpretation, with the former located on a negative magnetic anomaly and the latter on a positive anomaly. 
Bio- and magnetostratigraphic analyses were performed on recovered cores to determine age and magnetic polar-
ity (Sager et al., 2022; Text S1 and S2 in Supporting Information S1).

3. Results
The ages magnetic anomalies were taken from the magnetic reversal time scale of Ogg (2020). Following the 
convention of Cande et al. (1988), all anomaly ages for C34n to C30n correspond the young end of the normal 
polarity interval (e.g., C30n), except for anomaly C33r, which corresponds to the young end of a long-reversed 
polarity interval (Figure S1 in Supporting Information S1). The corresponding ages discussed in the text are C34n 
(83.7 Ma), C33r (79.9 Ma), C33n (74.2 Ma), C32n.1n (71.5 Ma), and C30n (66.4 Ma).

3.1. IODP Core Data

Calcareous nannofossil and foraminifera biostratigraphy data reveal that the oldest sediments at all three sites 
are lower Campanian stage or older. The Campanian begins at the end of anomaly C34n (CNS) and contains 
two long periods of constant magnetic polarity, C33r (reversed) and C33n (normal) (Figure S1 in Supporting 
Information S1). Paleomagnetic measurements of igneous samples from Sites U1575 and U1577 have negative 
inclinations, implying normal polarity in the southern hemisphere, whereas those from Site U1576 have positive 

Figure 2. Geophysical data maps for VB: (a) Bathymetry, (b) magnetic anomaly map, (c) anomaly interpretation and (d) calculated magnetization map using uniform-
thickness layer magnetic inversion model (Parker & Huestis, 1974). Bathymetry background is SRTM15+ predicted bathymetry (Tozer et al., 2019). Black contour in all 
maps is the 3,000 m isobath. Solid black lines in A, B show tracks of newly acquired magnetic data during cruises TN373 and TN374. Dashed lines are older magnetic 
tracks from the NCEI database. Gray circles show the location of IODP 391 drill sites. Dashed red lines shows the fracture zones. Colored isochron lines correspond to 
reversals (polarity block edges) but they are labeled by corresponding polarity intervals. Dashed black line in panel C shows the narrow band of anomaly C33r that is 
separated from the main anomaly C33r on the western flank. Dashed green line shows the older end of the C34n block transferred from the South American plate. Thick 
white line shows the location of seismic profile VB07 shown in Figure S3 in Supporting Information S1. Dashed green and white lines in Panel D show the locations of 
rift-bounding faults identified in Contreras et al. (2022). VB = Valdivia Bank, CWR = Central Walvis Ridge, FR = Frio Ridge, AFR = Africa, SAM = South America.
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inclinations, implying reversed polarity. Thick chalk sequences were recovered above basement at Sites U1576 
and U1577 providing magnetic stratigraphy context. Basal sediments from both holes show a long-reversed 
polarity chron that is interpreted as C33r (Sager et al., 2022; Figures S4 and S5 in Supporting Information S1) 
because this is the only reversed period during the early Campanian. At Site U1576, the C33r sediment chrono-
zone is contiguous with reversed polarity igneous basement. The transition to C33n (79.9 Ma) is ∼3–6 m above 
the basement surface (Figure S4 in Supporting Information S1). At Site U1577, the transition from C34n to 
C33r occurs in chalk ∼7 m above the basement surface. Biostratigraphy indicates that basal sedimentary rocks 
at this site are earliest Campanian and possibly Turonian, consistent with C34n (Sager et al., 2022; Figure S5 in 
Supporting Information S1). Microfossil biostratigraphy indicates a sedimentation rate of ∼14–16 m/Ma at both 
sites. The implication is that basement at Site U1576 formed during C33r, ∼0.3 Ma prior to the start of chron 
C33n (i.e., ∼80.2 Ma). Basement at Site U1577 formed during C34n, ∼0.5 Ma prior to the end of that chron (i.e., 
∼84.2 Ma).

3.2. Anomaly Map Interpretation

The study area spans the region between the 22.5°S fracture zone (FZ) and 30°S FZ (latitudes at the MAR) and 
contains VB and the central WR immediately to the west. The gridding algorithm produced well-constrained 
anomaly patterns in places with dense data coverage, but rounded and ambiguous anomaly patterns in regions 
with limited data coverage. Track coverage has been significantly improved over VB and central WR, owing to 
the new magnetic surveys conducted for this study. In contrast, coverage is poor in the region east of VB, over 
the area of 26°–29°S, 1°–6°E, with only a few tracks traversing the area, resulting in poorly defined anomalies.

The new magnetic anomaly map reveals four bands of quasi-linear magnetic anomalies (two normal and two 
reversed), that traverse VB and have ∼N-S trends (Figure  2). The most striking is a curved negative anom-
aly along the VB western flank (Figure 2), which has been interpreted as C33r (Cande et al., 1988; Thoram 
et al., 2019). This interpretation is supported by bio- and magneto-stratigraphic ages from IODP Site U1576 
(Sager et  al.,  2022; Figure S4 in Supporting Information  S1). Under symmetrical spreading conditions, the 
expected C33r anomaly on one plate is a linear negative band with a trend of N26°W and width of ∼170 km, 
which is observed in the spreading corridors north of the Rio Grande-Florianopolis FZ (22.5°S at the MAR) and 
south of the 32.5° FZ (Figure S2 in Supporting Information S1). However, C33r on the west flank of VB is curved 
and has irregular width ranging from 30 to 170 km. Over the northwest flank of VB, where the C33r curve is 
greatest, the anomaly width ranges from 30 to 70 km. Farther south, the C33r anomaly reaches a uniform width 
of 110–120 km between 24°S and 26°S, after which it widens to 170 km and ends over southern VB (5°E, 26.5°S; 
Figure 2). The width of the C33r anomaly at its middle (24°S–26°S) is ∼50 km less than the expected width. 
Thus, the missing part(s) of the anomaly must be elsewhere. Notably, at this latitude, another narrow negative 
band is observed over the eastern flank of VB (6.5°E, 25°S; Figure 2). This band has a ∼N-S trend and a width 
of ∼60 km. Over southern VB, this eastern anomaly joins with the western negative anomaly in a v-shape, where 
the anomaly has a width of ∼170 km. The anomalies over the eastern flank and the SE flank coincide with fault 
scarps mapped in seismic and bathymetry data that bound the rift valleys (Contreras et al., 2022) (Figure 2, Figure 
S3 in Supporting Information S1).

A strong linear positive anomaly is observed along the eastern flank of VB (7°E, 26°S). This anomaly trends 
∼N-S, parallel to the bathymetry contours from 23°S to 29°S, but at 29°S, it bends by ∼110° and trends southwest 
between 7°E to 4°E along the WR. IODP Site U1577 was drilled into this normal polarity band and bio- and 
magneto-stratigraphic data indicate normal polarity with a basement age of ∼84.1 Ma, suggesting formation near 
the end of the CNS, that is, C34n (Sager et al., 2022; Figure S5 in Supporting Information S1).

The wide positive anomaly band immediately to the west of C33r is interpreted as anomaly C33n. The expected 
width of anomaly C33n at this location is ∼200 km. However only part of C33n is present. It narrows southward 
from ∼170 km at 24°S to ∼90 km at 28°S. Farther south, it is absent (over central WR). To the west of C33n, 
anomalies C30n and C32n.1n (Figure S1 in Supporting Information S1) are two narrow positive anomaly bands 
with a narrow negative band separating them (Figure S2 in Supporting Information S1). Anomalies C33n-C30n 
all trend ∼N15°W perpendicular to, and terminate at, the curved FZ at 26.5°S, west of VB. To the south of VB, 
in the central WR corridor, anomalies C32n.1n-C30n terminate at the 29.5°FZ (latitude at MAR), where they are 
offset by ∼75 km. Anomalies C34n-C33n are missing south of 28°S but are found further south of 33°S (Thoram 
et al., 2019).
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4. Discussion
4.1. Formation and Evolution of VB

The magnetic anomaly map reveals VB to be cross-cut by quasi-linear magnetic anomalies that trend ∼N-S, 
roughly parallel the paleo-MAR, implying that the anomalies are related to more-of-less E-W seafloor spreading 
(Figure 2). Several studies have shown that oceanic plateaus formed at spreading ridges (such as Tamu Massif, 
Rio Grande Rise, and Azores) can record magnetic lineations (Cande et  al.,  1988; Gente et  al.,  2003; Sager 
et  al.,  2019). Based on magnetic studies of Tamu Massif, Sager et  al.  (2019) proposed that oceanic plateau 
formation at spreading ridges can occur by voluminous ridge-centered volcanism, resulting in the preservation of 
magnetic lineations within plateau crust, rather than eruption on top of pre-existing crust by a series of lava flows. 
The magnetic anomaly map implies that similar ridge-centered volcanism formed VB.

Based on the magnetization inversion results, VB contains four polarity bands: wider positive and negative 
magnetization zones on the east and west flanks, respectively, surrounding narrow positive and negative bands 
near the center (Figure 2). IODP Expedition 391 core data agree with the identification of two of these polarity 
bands: C33r on the west flank and C34n on the east flank. In their synthesis of South Atlantic magnetic anom-
alies, Cande et al. (1988) did not identify C34n near VB. In a prior study, we identified C34n as the positive 
anomaly at the western edge of the curved C33r (Thoram et al., 2019). Here we follow the drilling results and 
identify C34n as the strong positive anomaly on the distal east flank of VB. The high amplitude of this anomaly 
is consistent with C34n being an anomaly peak caused by the contrast in polarity at the end of the CNS (Figure 
S1 in Supporting Information S1). This interpretation poses a problem—what are the anomalies in between C33r 
on the west flank and C34n on the east flank (Figure 2)?

Unlike other nearby magnetic anomalies, C33r over western VB has a curved shape. A major plate reorgani-
zation occurred in the South Atlantic during Late Cretaceous between the fracture zones at 22°S and 35.5°S, 
beginning prior to 84 Ma and ending at ∼66 Ma (Sager et al., 2021). This plate reorganization was accompanied 
by microplate formation and ridge propagation between VB and Rio Grande Rise that resulted in the transfer of 
crust between the African and South American plates (Sager et al., 2021). When a propagating ridge transfers 
seafloor from one plate to another, the originally ridge-parallel isochrons in a zone between the growing and 
failed rifts can be reoriented to trends oblique to both the ridge and spreading direction (McKenzie, 1986). This 
mechanism likely caused the C33r anomaly band to be curved and trend oblique to the African-South Amer-
ican plate spreading direction. Another mechanism that could explain the curved C33r anomaly is microplate 
rotation, during which the two C33r stripes may have been forming simultaneously around the boundaries of 
the microplate. Anomaly widths suggest that the entire C33r is not present on the west VB flank and is short by 
∼50 km from the expected width (Thoram, 2021). Importantly, a narrow ∼N-S trending negative magnetic band 
is mapped over the eastern flank in the same latitudes with a width of ∼50 km. Anomaly C33r over the eastern 
flank of Rio Grande Rise appears to have the expected width (Cande et al., 1988). Thus, crust missing from C33r 
on the west flank of VB is not on the South American plate. These observations imply that the narrow negative 
band over the eastern summit of VB is the missing anomaly C33r crust. This suggests that a tectonic event must 
have bifurcated the negative anomaly band of C33r into two negative anomaly bands—a wide anomaly band over 
the western flank and a narrow negative band atop the eastern flank. Notably, the rift valley over the VB east 
flank coincides exactly with the narrow negative anomaly band. This correspondence suggests that the rift is an 
abandoned spreading center, left behind by an westward ridge jump.

A narrow positive band separates these two C33r negative anomaly bands. Based on anomaly correlations, 
Thoram et al. (2019) interpreted this positive band to be anomaly C34n. However, this positive anomaly can have 
two possible origins. Either this anomaly is part of the CNS or it could be part of anomaly C33r that was remag-
netized later due to secondary volcanism known to have occurred at VB (Homrighausen et al., 2018). If the crust 
was remagnetized or buried by lavas of C33n age or younger, the total width of anomaly C33r generated would 
be greater than the expected width for this part of the South Atlantic and is therefore unlikely. Hence this anomaly 
band is likely a sliver of the CNS. Furthermore, the strong positive anomaly bounding VB on the east, which we 
interpret as C34n is consistent with the igneous basement age inferred for Site 1577 (Sager et al., 2022; Figure S5 
in Supporting Information S1). Based on reconstruction of the magnetic anomalies, Sager et al. (2021) suggested 
that CNS crust exists between VB and Rio Grande Rise. This implies that C34n crust within VB came from the 
South American plate, and the anomaly patterns imply that this crust was incorporated into VB via the westward 
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ridge jump that resulted in the bifurcation of negative anomaly C33r. Ridge jumps occur frequently during plate 
reorganizations, often resulting from a change in spreading direction (Nakanishi et al., 1999; Sager et al., 2019).

In summary, our anomaly interpretation over VB, supported by IODP Expedition 391 basement ages from bio- 
and magnetostratigraphic analysis, suggests that VB formed during at the end of the CNS, recording anomaly 
C34n and C33r. This suggests that VB was built by eruptions along the MAR over a period of ∼4 Myr, the time 
span between estimated basement ages at Sites U1576 and U1577. Near the beginning of C33r, the hotspot was 
at the MAR and eruptions formed the eastern flank of VB (Figure 3a). After forming one-third of the total C33r 
crust (Figure 3b), a westward ridge jump incorporated a narrow slice of CNS crust from the South American plate 
(Figure 3c). Subsequent recording of the remainder of C33r resulted in the bifurcated negative anomaly brack-
eting the positive anomaly over central VB (Figure 3d). Ridge propagation at the edge of a microplate between 
VB and Rio Grande Rise caused the western C33r to be curved (Figure 3d). After forming VB, ridge propaga-
tion continued southward into central WR, transferring crust from the African to the South American plate, as 
evidenced by missing anomalies C34n-C33n over Central WR (Thoram et al., 2019) and repetition of anomalies 
C34n-C33n to the south of Rio Grande Rise (Cande et al., 1988). The ridge propagation and plate reorganization 
ended at the 35° FZ and normal spreading was restored in South Atlantic by C30n (66.4 Ma; Sager et al., 2021).

These findings indicate that VB becomes younger E-W, rather than N-S as predicted by several hotspot models 
(Duncan, 1981; O'Connor & le Roex, 1992; Torsvik et al., 2008; Doubrovine et al., 2012). However, the E-W 
progression was disrupted by a ridge jump which captured a narrow band of South American crust. Furthermore, 

Figure 3. Tectonic sketch showing the evolution of VB. The 3,000 m isobath is shown for reference. Dark gray region is 
the region of VB that has already formed at the reconstructed time. Light gray region shows the part of VB that has not yet 
formed at that time. Thick black line shows the location of the MAR at a particular time. Dashed black line indicates the 
MAR where it cannot be inferred either due to complex anomaly patterns or missing crust. (a) At ∼84 Ma—Eastern flank 
of VB forms during C34n (CNS). (b) At ∼81 Ma—Part of C33r formed atop eastern flank, (c) After ∼81 Ma, a ridge jump 
(RJ) incorporated CNS crust into VB. Dotted line shows the abandoned spreading center (d) At ∼79 Ma—completion of VB 
during the remainder of C33r.
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the narrow C33r band atop the eastern flank exactly coincides with a prominent rift valley that was mapped 
in seismic and bathymetry data (Contreras et al., 2022; Figure S3 in Supporting Information S1). Similar rifts 
are found within Rio Grande Rise (Gamboa & Rabinowitz,  1984) and are probably related to the VB rifts 
(Sager et al., 2021). Deep rift valleys have been observed near the boundaries of other microplates (e.g., Easter 
microplate) caused due to faulting and complex deformation (Naar & Hey, 1991; Searle et al., 1989).

5. Conclusion
The improved anomaly grid over VB shows four quasi-linear bands of alternating that parallel the paleo-MAR and 
surrounding seafloor magnetic lineations, implying that they were formed by seafloor spreading. These anoma-
lies are interpreted as C34n and a split anomaly C33r. Biostratigraphic and paleomagnetic data from IODP Expe-
dition 391 support these anomaly interpretations. The data imply that VB was formed by eruptions at the MAR 
over a ∼4 Myr time span, mainly during anomaly C33r. The lineation pattern suggests VB becomes younger E-W, 
rather than the ∼N-S age progression suggested by hotspot models. VB crust was formed by seafloor spreading, 
with lateral accretion of crust, rather than the stacking of lava flows atop pre-existing crust by a massive volcano.

At around 83.7 Ma (C34n), the eastern flank of VB was formed at the MAR. Subsequently, negative polarity 
crust formed recording anomaly C33r. After about one-third of this anomaly was formed (around 82.4 Ma), a 
westward ridge jump occurred slicing off a narrow band of positive CNS crust from the South American plate 
and capturing it as part of VB. Thereafter, the remainder of the C33r crust formed the west flank of VB, although 
MAR reorganization caused the C33r anomaly band to curve. The formation of VB was completed by the end of 
chron C33r. The negative anomaly band atop the eastern flank of VB exactly coincides with a deep rift valley in 
bathymetry and seismic data. This coincidence indicates that the rift formed via spreading during C33r. This rift 
valley is interpreted as an abandoned spreading center.
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