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Abstract The Australian-Antarctic Ridge (AAR) is an intermediate-spreading rate system located
between the Southeast Indian Ridge and Macquarie Triple Junction of the Australian-Antarctic-Pacific
plates. KR1 is the easternmost and longest AAR segment and exhibits unique axial morphology and
various volcanic structures. We identified three asymmetric seamount chains positioned parallel to

the seafloor spreading direction, which were indicative of prevalent off-axis volcanism in the vicinity

of segment KR1. Two-dimensional magnetic modeling was used to predict the magnetization polarity

of the seamounts, as well as to constrain their formation time and duration. The magnetic modeling
revealed that the majority of the examined seamounts were formed over a period of less than ~600

kyrs. The seamount formation primarily occurred during two distinct volcanic pulses from 0.16-1.14 to
1.58-2.69 Ma. A temporal gap of 200-650 kyrs between the formation time of the seamounts and seafloor
was estimated for certain seamounts that were formed much later than their underlying seafloor and at

a distance of 10-20 km from the KR1 axis. Typically, such off-axis seamount activity is related to axial
mantle convection caused by excessive magma supply near the ridge crest. Considering the scale of off-
axis volcanism and thickening lithosphere ~20 km away from the axis with intermediate-spreading rates,
small-scale upwelling made feasible by the fertile mantle heterogeneity is proposed as the mechanism
for the seamount formations at off-axis distances, and the geochemically enriched compositions of the
seamounts support this alternative explanation.

Plain Language Summary The easternmost spreading center of the Australian-Antarctic
Ridge is a plate boundary between the Australian and Antarctic plates, with a large number of underwater
volcanoes. The formation time and duration of the underwater volcanic activities were estimated using
high-resolution shipboard magnetic data. Some underwater volcanoes appear to have been formed at

a considerable distance from the spreading center, which implies the presence of an excessive magma
supply. Our analysis on the temporal gap between the underwater volcanoes and their underlying seafloor
formations indicated that these volcanoes originated from a non-uniform source of upper mantle.

1. Introduction

Seamounts offer key information to understand various tectonic and volcanic processes occurring in the
Earth's lithosphere and the mantle domain beneath (Anderson et al., 2021; Batiza, 1982; Briais et al., 2009;
Hwang & Kim, 2016; Koppers & Watts, 2010; Wessel, 1997). At spreading plate boundaries, seamounts
tend to be clustered near transform and fracture zones, large overlapping spreading centers, and elevated
ridge segments due to anomalously abundant magma supply (Batiza, 1982; Fornari et al., 1988; Reynolds
& Langmuir, 2000; Smith & Cann, 1992; Zindler et al., 1984). Most seamounts produced in this tectonic
environment are relatively small (<1 km high), while some may continue to grow as they move away with
the plate (Anderson et al., 2021; Hillier, 2007; Kim & Wessel, 2011; Watts et al., 2006; Wessel et al., 2010).
Such proximity of seamount formation to active spreading centers indicates that the magma supply systems
associated with decompression melting of upwelling mantle beneath ridges largely control the formation
and growth of the seamounts. Furthermore, the focused distribution of small seamounts can be another im-
portant mechanism for oceanic crust accretion, in addition to the generation of crust by seafloor spreading
itself (Kim & Wessel, 2011; Wessel, 1997). However, our understanding on the tectonic implications of sea-
mounts is significantly limited by the spatial coverage of available geophysical and geochemical data sets.
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Off-axis volcanism is observed at distance ~5 km away from the ridge axis because melt prefers to flow
toward the nearby axis (Coumans et al., 2015; Katz et al., 2006). Tectonic conditions modulated with the
availability of melt supply, the preferred paths of melting migration, and the variations in spreading rates
and ridge migration over the heterogeneous mantle would result in the asymmetric distributions of off-axis
seamounts with respect to the ridge (Clague et al., 2000; Coumans et al., 2015; Davis & Karsten, 1986; For-
nari et al., 1988; Katz et al., 2006; Scheirer & Macdonald, 1995). Whereas some isolated off-axis seamounts
appear to be associated with axial mantle upwelling enhanced by steady-state axial magma chambers and
then controlled by the evolution of the axial lithosphere (Scheirer & Macdonald, 1995; White et al., 1998),
the short off-axis seamount chains are more related to the magmatism induced by mantle heterogenei-
ties not involving the axial magma plumbing system (Davis & Karsten, 1986; Fornari et al., 1988; Harmon
et al., 2011; Wilson, 1992). Davis and Karsten (1986) explained the off-axis seamount chains on the flanks of
the Juan de Fuca Ridge (JFR) as being the result of upwelling and early melting of upper mantle heteroge-
neities, based on the thermal structure models beneath the JFR incorporated with varying ridge migration
and mantle heterogeneity. A recent geochemical study on the ~170-km-long 8°20'N near-axis seamount
chain in the East Pacific Rise (EPR) revealed the extreme heterogeneity of the near-ridge upper mantle
and suggested the presence of sub-seamount plumbing systems separated from the on-axis decompression
melting system to prevent any degree of mixing (Anderson et al., 2021). Nonetheless, the geochemical
data at off-axis seamounts remain still sparse to constrain global sub-ridge mantle heterogeneities and dat-
ing off-axis seamounts to reveal tectonic evolution of off-axis volcanism are even more challenging. More
importantly, the current location of the off-axis seamounts mapped in bathymetry is not their birthplace
because the seamounts and underlying plate are constantly moving. Without age constraints on off-axis
seamounts, the horizontal scale of heterogeneous sub-ridge mantle can be biased.

To constrain temporal evolution of seamount formation, indirect ssamount dating using plate flexure mod-
eling (Calmant, 1987; Hwang & Kim, 2016; Kim & Wessel, 2010; Watts et al., 2006; Wessel et al., 2010) or
magnetic anomaly analysis (Maia et al., 2005; Sager & Pringle, 1990) is frequently applied because only a
small number of seamounts have been dated radiometrically (Briais et al., 2009; Clouard & Bonneville, 2005;
Koppers & Watts, 2010; Koppers et al., 2012). Most of these dating efforts are used to investigate hotspot-re-
lated large volcanic structures. The recent interdisciplinary expedition on the 8°20'N near-axis seamount
chain is also limited to utilize sediment thickness variation determined from the near-bottom chirp data
in order to examine age progression of the seamount chain (Anderson et al., 2021; Fabbrizzi et al., 2020).

Here we present magnetically constrained ages of off-axis seamounts located in the vicinity of segment
KR1, the eastern end of the Australian-Antarctic Ridge (AAR), using the shipboard magnetic anomalies
(Figure 1). These three off-axis seamount chains oriented perpendicular to the ridge provide unique op-
portunities to constrain the spatial and temporal variation of the off-axis volcanism in the study area (Choi
et al., 2021). A 2-D forward magnetic modeling method (Mendel et al., 2005) is used to determine the mag-
netization polarity sequence of the off-axis seamounts at the time of their formation. In this analysis, we
demonstrate that off-axis volcanism can be dated effectively using a few shipboard magnetic survey lines.

1.1. Tectonic Setting

The Australian-Antarctic Ridge (AAR) extends eastward from the Southeast Indian Ridge (SEIR) at around
140°E and ends at the Macquarie Triple Junction (MTJ) of the Australian-Antarctic-Pacific plates at around
161°E (Figure 1). This ~2,000-km-long AAR had not been surveyed with modern shipboard geophysical
instruments because of its inaccessibility due to rough sea conditions and remoteness of the area. Recently,
Korea-led systematic marine expeditions have investigated the AAR using the R/VIB Araon, and these ex-
peditions have yielded significant scientific findings on the hydrothermal activity, tectonic reorganization,
and mantle dynamics within this area (Choi et al., 2017; Hahm et al., 2015; Park et al., 2019; Yi et al., 2019).
Based on these surveys, the eastern spreading segments of the AAR are named as KR1, KR2, KR3, and KR4,
progressing northwestward from the MTJ (Figure 1) (e.g., Choi et al., 2017; Hahm et al., 2015).

Along the SEIR in the Southern Ocean, the most well-known tectonic feature is the Australian-Antarctic
Discordance (AAD) located between 115° and 125°E, which has been once proposed as a mantle convec-
tion boundary between the Indian and Pacific mantle domains (Hanan et al., 2004; Klein et al., 1988). Al-
though the prominent negative gravity signals and anomalous seafloor roughness of the AAD require more
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Figure 1. High-resolution bathymetric map of KR1, the first-order segment of the Australian-Antarctic Ridge (AAR) extending from the Macquarie Triple
Junction (MTJ) (see the inset). The spreading-axis of KR1 is traced by the black solid lines, whereas the black dashed lines with numbers indicate the shipboard
magnetic survey lines crossing over the off-axis seamount chains SC-1, SC-2, and SC-3, respectively. The locations of the AAR, including KR1 and the major
tectonic structures near KR1, are shown in the inset map: AUS, Australian Plate; ANT, Antarctic Plate; PAC, Pacific Plate; MQ, Macquarie Plate; SEIR,
Southeast Indian Ridge; PAR, Pacific-Antarctic Ridge; MTJ, Macquarie Triple Junction; NZ, New Zealand.

in-depth studies (Christie et al., 1998; Whittaker et al., 2010), the AAD is no longer the boundary between
the Indian and Pacific mantle domains (Park et al., 2019). As the sampling gap along the AAR between
the AAD and Pacific-Antarctic Ridge (PAR) has been progressively narrowed by our expeditions, the new
Zealandia-Antarctic mantle domain is recognized based on the distinct isotopic signature of the AAR basalt
samples, exhibiting the similarity with the neighboring volcanic features including Ross Island, the West
Antarctic Rift System, Balleny and Scott Islands, and Zealandia, but separable from the Indian and Pacific
mantles (Park et al., 2019). Such wide-spread volcanism associated with the Zealandia-Antarctic mantle do-
main can be unique windows to understand the heterogeneities of the lower and upper mantle in the South-
ern Ocean. As the AAR is centered in this newly found mantle domain, the off-axis volcanism of the AAR
may lead us to constrain sub-ridge mantle heterogeneities modulated by the Zealandia-Antarctic mantle.

The global model for spreading rates, MORVEL (Mid-Ocean Ridge VELocity), indicates that the full-spread-
ing rates of the SEIR reach a maximum of ~70 mm/yr near the AAD and then decrease sinusoidally with
the change in angular distance along the plate boundary (DeMets et al., 2010). The full-spreading rates of
the AAR vary from ~68 mm/yr near the Tasman Fracture Zone (FZ) at 150°E to ~64 mm/yr at the MTJ
(DeMets et al., 2010). In particular, the full-spreading rates of 60-67 and 66-70 mm/yr for segments KR1
and KR2, respectively, were estimated directly from shipboard magnetic data (Choi et al., 2017). According
to the classifications of the full-spreading rate (Dick et al., 2003; Macdonald, 2001; Supak et al., 2007), the
AAR is an intermediate-spreading ridge with full-spreading rates of 50-80 mm/yr (Choi et al., 2017).
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The 300-km-long segment KR1 exhibits a relatively rapid transition from an axial valley in the east to an ax-
ial high in the west (Choi et al., 2013; Choi et al., 2021; Kim et al., 2015; Park et al., 2014). Difference in axial
morphology is primarily modulated by the thickness of the axial lithosphere, which in turn is controlled
by the axial heat flux of magma delivered to the axis (Dick et al., 2003; Macdonald, 2001; Phipps Morgan
& Chen, 1993). By examining the Mid-Atlantic Ridge and Juan de Fuca Ridge (JFR), Ito and Behn (2008)
showed that the processes related with the frequency and spatial variation of magmatic intrusions and
eruptions can influence axial morphology. The coexistence of two end-members in the axial morphology
(i.e., the axial valley and high) along segment KR1, and their transition without significant ridge segmenta-
tion may imply that the spatial variation of the magma supply system is another pivotal factor in determin-
ing the axial morphology of segment KR1, in addition to the spreading rates (Figure 1).

2. Data and Methods

We examined six shipboard magnetic tracks crossing over the off-axis seamounts in the study area (see the
dashed lines in Figure 1). The first magnetic surveys for the seamounts near the central KR1 segment were
conducted in 2013 (Choi et al., 2013), where seamount chain SC-2 stretches to the southeast from the ridge
axis (Lines 2 and 3 in Figure 1). The other seamount chains were surveyed in 2017 as follows: seamount
chain SC-1 in the eastern KR1 aligned to the southeast (Line 1) and seamount chain SC-3 in the western
KR1 stretching to the northwest (Lines 4, 5, and 6). All the ship tracks were oriented parallel to the direction
of seafloor spreading, and the shipboard magnetic data were collected using the marine magnetometer
SeaSpy (Marine Magnetics Corp., Markham, ON, Canada). The magnetic anomalies were then computed
by removing the International Geomagnetic Reference Field (IGRF) model from the observed data (the 12th
generation; Thébault et al., 2015).

Magnetic modeling to estimate magnetization characteristics of seamounts, such as polarities of remanent
magnetization of the seamount crust, has been performed by a series of inversion and forward modeling
estimations (Maia et al., 2005; Parker et al., 1987; Sager & Pringle, 1987). Outcomes from such estimation
can provide insights on volcanic processes that formed the seamounts, including constraints on the timing
of volcanism (e.g., Maia et al., 2005; Sager & Pringle, 1987). The three-dimensional nature of seamount
magnetization due to its crustal formation and evolution over is, however, a hurdle to expand the modeling
beyond using a uniformly magnetized body (Maia et al., 2005; Parker, 1988, 1991; Parker et al., 1987; Sager
& Pringle, 1987). Maia et al. (2005) attempt to overcome this complexity by deploying well-constrained 3-D
nature of the seamounts using full-coverage bathymetry data and sea-surface magnetic profiling perpendic-
ular to the seafloor spreading directions. For our study, however, thoroughly demonstrating the approach by
Maia et al. (2005) is challenging because of the limitation of the nature of our data set. We aim to conduct
our modeling in two-dimensional manner (e.g., Mendel et al., 2005) enhanced with optimization on inter-
pretation using three-dimensional synthetic models.

To demonstrate our approach, we carried out 3-D magnetic modeling using a synthetic seamount seated
on top of a seafloor spread with a full-spreading rate of 60 mm/yr (Figure 2). Following Parker (1973) and
Blakely (1995), the Fourier transform () of the total magnetic anomaly (AT) resulted from a magnetized
layer with uneven top (z, ) and bottom (zz) surfaces is given by

1 B _ n
FIST(x.)] = 2 i@ ®r 37 %f{M(w)(z:’(w) ), M

where 1, is the magnetic permeability of free space, z, is the regional depth to the source layer, and k| is

172
defined by (kf + k‘z) with the wavenumbers &, and k, in the x and y directions, respectively. Here the

magnetization (0,,) and ambient field (©;) components are defined as

Op = rit, +i(rk, +mk,)/1k]

m

and

A

o = 1. +i(]A‘XkX +f”yk),)/lk|
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Figure 2. Magnetic modeling for synthetic seafloor and seamount. (a) Seafloor magnetization model converted from the geomagnetic timescale (Cande &
Kent, 1995). A synthetic Gaussian seamount is magnetized identical to the seafloor. (b) Predicted magnetic anomalies from the synthetic seafloor spreading
model and seamount. Along the dashed line, the magnetic profiles caused by the seafloor spreading model only (black line) and both the seafloor and seamount
models (red line) are compared. (c) The thickness of source layer for 3-D magnetic modeling. This synthetic seamount has the same geomagnetic polarity
sequence with the seafloor. (d) Seamount magnetized differently from its underlying seafloor. (e) We compare the predicted magnetic anomalies with different

source layers, as shown in (f). Although the magnetic anomaly amplitude can differ due to thickness variation in source layer, the anomaly shape resulted from
the seamount magnetization is persistent for both cases.

12 . A . s . .
wherei = (—1) .m and f are the unit vectors parallel to the magnetization and ambient fields, respectively.

If z, and z, are both constant, Equation 1 can be further simplified (Blakely, 1995). In addition, Equation 1
can be solved iteratively after isolating the n = 1 term to image the distribution of seafloor and seamount
magnetization (Caratori Tontini et al., 2008; Parker & Huestis, 1974).

For the synthetic seafloor-spreading magnetic anomalies, we first converted the geomagnetic timescale
(Cande & Kent, 1995) to the distance by multiplying the given timescale and half-spreading rate (Figures 2a
and 2d). Then the seafloor was assumed to be situated at 3 km depth with a flat topography (i.e., z; and z, are
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Figure 3. Shipboard magnetic profiles at off-axis seamounts in the study area. (a) Wiggle plot of the magnetic profiles running parallel with the seamount
chain SC-2, superimposed on the shipboard bathymetry. The magnetic data from Lines 2a, 2b, 2c, and 2d consistently showed the geomagnetic reversal patterns,
whereas Line 2 crossing the center of SC-2 seamounts exhibited a poor correlation with the nearby survey lines. (b) The magnetic profiles acquired at the

KR1 seamounts (blue solid lines). Line 3 crossing seamount E3 is the subset of Line 2c shown in Figure 2a. The magnetic profile across the ridge axis (Choi

et al., 2017), far away from any seamounts in the study area, is illustrated by gray and light-blue colors representing positive and negative magnetic anomalies,
respectively. The seamounts examined in this study were alphabetically labeled over the satellite-derived bathymetric data at 200 m contour intervals (version
18.1; Smith & Sandwell, 1997). The basal areas of the seamounts exhibiting multiple peaks are denoted by red dashed circles, based on visual inspection.

both constant). The magnetized layer was set as 0.5 km of constant thickness and 10 A/m of uniform mag-
netization (Dyment & Arkani-Hamed, 1995), assuming there are no significant changes in magnetization
for the on-axis (Brunhes period) and off-axis blocks. The magnetization vector was assumed to be parallel to
the current geomagnetic field in the vicinity of segment KR1. The geomagnetic reversals were then comput-
ed by flipping signs of the given magnetization. As shown in Figure 2b, the magnetic anomalies predicted
from the synthetic seafloor exhibited typical geomagnetic reversal patterns similar to the observed data
in the study area (Figure 3). Then, we placed a synthetic Gaussian seamount of height 1.5 km and radius
7 km, centered at magnetic anomaly 5n (Figure 2a), by assuming the seamount was magnetized at the same
time with the underlying seafloor. The magnetic anomaly resulting from both the seafloor and seamount
(red profile in Figure 2b) was larger than the seafloor anomaly (black profile in Figure 2b) at the seamount,
because the thickness of magnetized source layer was maximized beneath the seamount (Figure 2c).

To consider the synthetic seamount magnetized differently from its underlying seafloor, we used the young-
er geomagnetic sequence for the given seamount (Figure 2d). First, we computed the seafloor and seamount
magnetic anomalies separately (see black and blue profiles in Figure 2e) and then summed these estimates
to form the corresponding synthetic magnetic anomalies. Because the seamount magnetic anomaly was
larger than the seafloor spreading magnetic anomaly, the younger geomagnetic sequence assigned to the
synthetic seamount was recognizable from the summed magnetic profile (red profile in Figure 2e). We also
considered another case that the seafloor was entirely re-magnetized by the seamount magnetization (see
right panel in Figure 2f), resulting an increased magnetic anomaly amplitude with the same shape. Both
examples illustrated that the geomagnetic sequence recorded at a seamount could be distinguishable from
the seafloor spreading magnetic anomaly in two-dimensional data. Although the amplitude of seamount
magnetic anomaly would depend on the degree of re-magnetized seafloor, the shape of seamount magnetic
anomaly was not significantly changed for both cases. Therefore, the difference between the seafloor and
seamount magnetic polarity sequences can be identified in this two-dimensional data analysis using mag-
netic profiles acquired along seafloor spreading direction.
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Figure 4. Magnetic modeling for seamounts A, B, C1, and C2 of the seamount chain SC-1. (a) The observed (red line; Figures 1 and 3), modeled (black line),
and reference magnetic anomalies (gray line) are compared in the top panel. Both the modeled and reference magnetic anomalies were computed based on

the geomagnetic polarities of the SC-1 seafloor (middle panel; Figure 3b). The former takes account of the observed bathymetric profile, whereas the latter

uses the reference depth profile (gray dashed line in the bottom panel), which is proportional to the square root of seafloor age. The similarity between these
anomalies at seamounts A and B appeared to be associated with the coeval formation of the seamounts and their underlying seafloor. However, at seamounts
C1 and C2, we found discrepancies between the observed and predicated data. (b) To minimize the given discrepancies (cyan line), we adjusted the geomagnetic
reversal sequence for the seamounts (dotted box area) younger than those of the underlying seafloor (middle panel). The adjusted polarity sequence was used

to constrain the formation periods of seamounts C1 and C2 (cyan triangles), whereas the sequence for seafloor spreading was utilized for seamounts A and B

(black triangles).

In this study, our prime interest is to estimate for each KR1 seamount whether it was formed during a nor-
mal or reversed polarity period, because such information can be used to compute age offset between sea-
mount formation and seafloor age. We first examined the contributions from the underlying oceanic crust
to the observed magnetic anomalies. Figure 3a shows the closely spaced short magnetic profiles obtained
along seamount chain SC-2. The comparison of these profiles indicated that the magnetic data acquired
near to the seamounts were barely affected by the seamount magnetization as the magnetization polarities
of Lines 2a, 2b, 2c, and 2d exhibited good correlations with each other and the ridge-crossing profile (Fig-
ure 3b). In particular, Lines 2b and 2c crossing over the flanks of seamounts D and E1 still exhibited the
transition from magnetic anomaly 1 (Brunhes) to C1r.1r and then C1r.1n (Jaramillo) (Cande & Kent, 1995).
However, the magnetic profiles crossing the center of the seamounts in the D and E groups (Line 2 and the
southern part of Line 2c) were distinctly different from the other nearby magnetic survey lines, thereby
indicating that the magnetic anomalies from the underlying seafloor may be overprinted by those from the
seamounts as expected.

As demonstrated using the synthetic examples, the shape difference between the observed and sea-
floor-spreading magnetic anomalies can be regarded as an indicator that the seamount was formed during a
different magnetization polarity sequence from the underlying seafloor. This approach is effective because
the spreading-parallel magnetic profiles ideally record the polarity sequence of 2-D magnetized bodies. Fig-
ure 4 compares the observed magnetic data (red) with the seafloor spreading model (black) along Line 1 at
the SC-1 seamounts (Figures 1 and 3). For computing magnetic anomalies resulting from the given seafloor
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Table 1

Estimated Magnetic Age of Off-Axis Seamounts Distributed Along KR1

Distance from axis to
seamount summit (km)

Estimated age by magnetic
model (summit age®) (Ma)

Seamount

label

A

B

C C1
Cc2

D

E El
E2
E3

F
Gl
G2

H H1
H2

54.7
72.3
87.0
94.3
12.0
21.3
30.8
40.0
16.4
26.7
37.9
60.0
72.3

1.58-2.11 (1.86)
2.32-2.62 (2.48)
2.12-2.47 (2.30)
2.47-2.69 (2.53)
0.00-0.57 (0.46)
0.16-0.55 (0.35)
0.55-0.72 (0.65)
0.87-1.14 (1.05)
0.27-0.71 (0.46)
0.30-0.57 (0.38)
0.57-0.88 (0.72)
1.64-2.14 (1.85)
1.62-2.07 (1.82)

spreading model, we utilized the magnetic forward modeling tool, MOD-
MAG (Mendel et al., 2005) and followed Choi et al. (2017)'s definition
regarding the geomagnetic timescale (see the middle panel in Figure 4a),
which was based on that of Cande and Kent (1995). The MODMAG tool
computes seafloor magnetic anomalies using a collection of magnetized
rectangular layers and identifies magnetic boundaries based on the us-
er-defined spreading parameters (Mendel et al., 2005).

For the SC-1 seafloor, we used the shipboard bathymetry (see the bottom
panel in Figure 4a) and a spreading rate of ~60 mm/yr (Choi et al., 2017).
To compute the seafloor spreading magnetic anomalies, we assumed
0.5 km of constant thickness for the magnetized layer, and 19 A/m of
magnetization for the on-axis blocks (Brunhes period), +8 A/m of mag-
netization for the off-axis blocks to obtain the reasonable amplitudes of
the predicted anomalies compared with the observed. The higher mag-
netization intensity for Brunhes period was needed to account for the
most recently placed magnetic source (Mendel et al., 2005; Schouten
et al., 1999). The MODMAG tool also utilizes contamination coefficient,
which accommodates possible effects due to off-axis intrusions or lava
flows covering a significant distance horizontally that might overprint

“The ages in parentheses were determined at the center of the
corresponding seamount summit.

the pre-exiting seafloor magnetic polarity (Mendel et al., 2005). Because
such cases are considered mostly for slow-spreading ridges, we used 0.8
of the contamination coefficient (1 for no contamination). Lastly, the
magnetization vector was assumed to be parallel to the current geomag-
netic field given by the IGRF model (Thébault et al., 2015).

We found the seafloor spreading model exhibited a good correlation with the observed magnetic data even
at seamounts A and B (Figure 4a). As the seafloor spreading anomalies (black line) were computed with the
observed bathymetric profile (see the bottom panel in Figure 4a), one might consider that the topographic
changes at the given seamounts would result in such amplitude variations. To examine possible topographic
effects (i.e., changes in distance between the observation points and magnetized bodies) on magnetic anom-
alies, we computed the reference magnetic anomalies (gray solid line in Figure 4a) using MODMAG with
the reference depth profile (gray dashed line in the bottom panel), predicted based on the half-space cooling
model of oceanic lithosphere (Parsons & Sclater, 1977). Because the other model parameters were assumed
to be the same as those for the seafloor spreading model (black solid line), the reference magnetic anoma-
lies (gray solid line) only reflect the effects of magnetic boundaries, not any topographic changes including
seamounts. At seamounts A and B, the reference magnetic anomalies themselves were capturing most of
the variation of the observed magnetic anomalies, which indicates that the geomagnetic polarity sequence
is a crucial factor for obtaining the best-fit shape when spreading-parallel magnetic profiles are considered.

Furthermore, the observed, modeled, and reference magnetic anomalies at seamounts A and B coincided
with each other. Among the model parameters assumed for computing these anomalies, magnetization po-
larity was the only parameter to change the shape of the anomalies. However, we did not find any evidence
indicating that the magnetization vector for these off-axis seamounts had significantly different inclination
and declination from the seafloor magnetization. From such consistency in shape among the magnetic
anomalies at seamounts A and B, we could infer that the seamounts A and B were formed within the
same geomagnetic polarities associated with the underlying seafloor formation. This result also coincided
with the synthetic examples considering the coeval formation of the seafloor and seamount, as shown in
Figure 2b.

By approximating seamount magnetization as a collection of magnetized 2-D layers exhibiting horizontal
age progression assigned by the geomagnetic polarity sequence, we were able to constrain the formation pe-
riods of the seamounts based on the polarity sequence model. As for seamount A, for example, we predicted
the corresponding formation period as 1.58-2.11 Ma by projecting its width to the geomagnetic polarity
sequence (Figure 4 and Table 1). As the polarity sequence used here is based on the geomagnetic timescale
having a precision of 10 kyrs (Cande & Kent, 1995), the age bounds estimated for the seamount formation
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have the same precision. As for seamount B, however, the similarity between the observed and predicted
anomalies might have been obtained because the given ship track did not cross the center of the seamount
(Figures 1 and 3b). Although seamount B might have been formed earlier than its underlying oceanic crust,
we reserved our prediction to the seafloor age, which is the oldest age constrained for any seamount.

As for seamounts C1 and C2, the seafloor and reference magnetic anomalies (black and gray solid lines
in Figure 4a, respectively) failed to reproduce the observed data with the given geomagnetic polarities.
Considering seamounts A and B, we characterized that such discrepancy in shape resulted from an offset
in geomagnetic polarities between the seamount and seafloor formation periods. Because seamounts can
be situated only on the existing seafloor, off-axis seamounts formed with a geomagnetic polarity sequence
earlier than that of its underlying seafloor would produce different magnetic anomalous patterns from the
seafloor spreading model, as demonstrated with the synthetic examples above (Figure 2e). To find the best
polarity sequence for the given seamounts using MODMAG, we considered a seamount as a new seafloor
formed on top of the original oceanic crust, which approximates the given seamount as a 2-D horizontal
layer of uniform magnetization. Then, we progressively slid the magnetization polarity sequence defined
by the spreading rate for the SC-1 seafloor toward the younger period until the shape of the adjusted mag-
netic anomalies matched with the observed (cyan line in Figure 4b). Here the shifting was carried out in
a step size of 10 kyrs, the precision of the geomagnetic timescale used for magnetic modeling (Cande &
Kent, 1995). The shifted magnetization polarity was applied only to the seamount area (dotted box area in
Figure 4). The optimized polarity sequence was used to constrain the formation period of seamounts C1 and
C2 (Figure 4b and Table 1).

In the above modeling, we assumed that the observed magnetic anomalies predominantly originated from
remanent magnetization for both seafloor and seamounts (Maia et al., 2005; Mendel et al., 2005; Schouten
etal., 1999). The detailed seamount paleopole study showed that viscous and induced magnetizations would
contribute to up to 15%-25% of the total magnetization of seamounts (Gee et al., 1993). Such contribution,
however, would be mainly due to intrusives. The KR1 seamounts investigated in this study are relatively
small (heights <1.5 km) and hence the volumetric contribution of such intrusives may be less compared
to large-scale seamounts (e.g., La Palma Seamount; Gee et al., 1993). Therefore, the viscous and induced
magnetizations can be less effective for the KR1 seamount magnetization.

From the SC-1 and synthetic seamounts, we demonstrated that a 2-D magnetic modeling approach is effec-
tive not only to approximate the observed magnetic anomalies at the seamounts, but also to estimate their
formation time. The shipboard magnetic anomalies collected in this study run along the spreading direc-
tion and mostly cross over the center of the seamounts, which in turn tend to maximize the 2-D properties
of seamount magnetization in modeling. Because the study area consists of a relatively young seafloor
(<6 Ma), there are limited possibilities for choosing the optimal seamount polarity from the entire polarity
sequences of the seafloor. Thus, we systematically apply the following approach to the seamounts popu-
lated near segment KR1: (a) comparison of the observed magnetic anomalies with the seafloor spreading
model based on Choi et al. (2017) to assess the degree of discrepancies at seamounts, (b) minimization of
the discrepancies, if any, between the observed and predicted anomalies by adjusting the geomagnetic po-
larity sequence at the given seamounts, and (c) determination of the formation period of the corresponding
volcanic event based on the adjusted geomagnetic polarity sequence. As our objective is to estimate the
polarity sequence of seamount volcanism, the other model parameters (e.g., magnetization intensity) are
not optimized. In the following sections, we present the magnetic estimates on seamount ages and discuss
their implications for the off-axis volcanism near segment KR1 of the Australian-Antarctic Ridge, as well as
the limitations of our modeling approach.

3. Results

For the SC-1 seamounts, as discussed above, seamounts A and B were constrained by the geomagnetic po-
larity sequence of the seafloor spreading model (Choi et al., 2017). Using the peak locations, seamounts A
and B were dated as 1.86 and 2.48 Ma, respectively (Table 1). As for seamount B, the ship did not cross its
center (Figures 1 and 3b), and hence the observed data may reflect the mixed effects from the seafloor and
seamount magnetization. Because the given data coverage was not appropriate for isolating the seamount
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main text.

contribution from the seafloor, we made a conservative prediction for seamount B by choosing the under-
lying seafloor age although seamount B might have been formed earlier than the estimated. The seafloor
model beneath seamounts C1 and C2 estimated as ~3 Ma (Figure 4) was needed to be adjusted to minimize
the discrepancies between the observed and predicted data. We found that a temporal gap of ~650 kyrs
between the seamount and seafloor formation periods was sufficient to reproduce the observed magnetic
anomalous patterns (cyan line in Figure 4b). Thus, seamounts C1 and C2 were dated to approximately
2.12-2.69 Ma (Figure 4b and Table 1). Based on these estimates, we also predicted that seamounts C1 and
C2 initially formed approximately ~20 km away from the KR1 axis, but these are currently situated at
~90 km away from the axis.

For the SC-2 seafloor, we used a spreading rate of ~64 mm/yr as segment KR1 has been spreading faster as
moving away from the rotation axis of the Macquarie Plate (Choi et al., 2017). For the seafloor beneath sea-
mounts D, E1, E2, and E3, we assumed 14 A/m of magnetization for the on-axis blocks, +£8 A/m of magnet-
ization for the off-axis blocks, and 0.8 for the contamination coefficient for MODMAG computations. The
comparative analysis for the SC-2 seamounts first dated seamount D as 0.46 Ma based on the seafloor age,
although there was the discrepancy between the observed and predicted anomalies (Figure 5). Because sea-
mount D is situated on the youngest seafloor, no geomagnetic polarity sequence earlier than the seafloor age
was considered. The observed magnetic anomalies at seamount D may reflect the geomagnetic excursions
during the Brunhes chron (Yang et al., 2007) or variations in the geomagnetic paleo-intensity of the Brun-
hes chron (Macri et al., 2010), which will require in-situ samples for further verification. For seamounts
E1, E2, and E3, the underlying seafloors were estimated as 0.57-0.95, 0.95-1.10, and 1.16-1.46 Ma, respec-
tively, which in turn resulted in large discrepancies between the observed and predicated data (Figure 5a).
Such discrepancies were resolved by adjusting the polarity sequences for seamount E1 as 0.16-0.55 Ma,
for seamount E2 as 0.55-0.72 Ma, and for seamount E3 as 0.87-1.14 Ma, respectively (Figure 5b and Ta-
ble 1). These results required a temporal gap of 300-400 kyrs between the seamount and seafloor formation
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periods. Consequently, seamounts E1, E2, and E3, which are currently situated between 20 and 40 km
from the axis, were estimated to have originally formed approximately ~10 km from the axis. For a better
presentation, we applied 18 A/m of magnetization for the on-axis blocks and +10 A/m of magnetization
for the off-axis blocks for seamounts E1 and E2 (Figure 5b), which only affected the level of the predicted
anomalies, not their shape.

For the SC-3 seafloor (Figure 6), we used a spreading rate of ~67 mm/yr (Choi et al., 2017), 18 A/m of
magnetization for the on-axis blocks, +11 A/m of magnetization for the off-axis blocks, and 0.8 for the
contamination coefficient for MODMAG computations. The comparative analysis required adjustments of
the geomagnetic polarity sequences at seamounts G1, G2, and H2. As for seamounts G1 and G2, the tem-
poral adjustments of 300-400 kyrs resulted in a seamount formation period of 0.30-0.88 Ma (Figure 6b and
Table 1). Seamount H2 was dated as 1.62-2.07 Ma, with a temporal adjustment of ~400 kyrs from its under-
lying seafloor. Based on these analyses, seamounts G (G1 and G2) and H2 were estimated to have initially
formed ~14 and ~13 km away from the ridge axis, respectively. As for seamounts F and H1, the seafloor age
was used for dating their formation periods (Table 1).

Figure 7 summarizes the geomagnetically estimated ages of the off-axis seamounts in the study area. The
seamounts depicted in the same color as the underlying seafloor were formed within the same geomagnetic
period as the seafloor (e.g., seamounts A and F), whereas the seamounts that required temporal adjustments
in the geomagnetic polarity sequence from their underlying seafloor were illustrated in different colors (e.g.,
seamounts C1 and H2). In the following section, we further discuss the spatial and temporal variations in
off-axis volcanism in the vicinity of segment KR1.
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Figure 7. Spatial and temporal distribution of the seafloor and seamounts based on magnetic observations at segment KR1. The magnetic ages of the
seamounts are indicated by the color gradation based on the corresponding location of the summit for each volcanic edifice. The magnetic picks marked with
blue circles were determined from Choi et al. (2017) and this study.

4. Discussion

Geochemical dating of rock samples obtained from volcanic edifices is the most traditional method for
determining seamount age (e.g., Davis et al., 2002; Geldmacher et al., 2000, 2005; Jackson et al., 1972; Sager
& Pringle, 1987). Such age dating, however, tends to represent only the recent volcanic events (Hwang &
Kim, 2016; Maia et al., 2005) because rock samples for age analyses are dredged from the seamount sur-
face. The small off-axis seamounts appear to form through relatively rapid building processes (less than 1
Myr) (Jackson et al., 1972; Maia et al., 2005). The differences in the magnetization polarities between the
seamounts and seafloor can be thus utilized to constrain the timing of off-axis volcanic formations (Maia
et al., 2005).

The 2-D magnetic modeling approach used in this study relies on discrepancies between the observed and
predicted seafloor magnetic anomalies, resulting from the nonsynchronous formation of seamounts and
the underlying seafloor. As seen from seamounts B and H1, it may not be practical to distinguish any subtle
discrepancies even if these existed. Moreover, some discrepancies could not be resolved by adjusting the
geomagnetic polarity sequence alone (e.g., seamount D). For such cases, we make a conservative estimate
by limiting the seamount formation time to the seafloor age.

The magnetic anomalies also can be modulated by the anomalous skewness of magnetization intensity. The
value of anomalous skewness has been estimated as approximately 15-20° for an intermediate-spreading
ridge and becomes negligible for fast-spreading ridges (half-spreading rates >~50 mm/yr) (Dyment & Arka-
ni-Hamed, 1995; Koivisto et al., 2011). However, such asymmetry is known to generally depend on the orien-
tation of lithospheric magnetization, not that of seamount magnetization (Dyment & Arkani-Hamed, 1995;
Maia et al., 2005). The available data for this study could not investigate such depth-varying skewness in the
magnetization intensity. Furthermore, we were only concerned in estimating the geomagnetic polarity se-
quence for seamounts, which is relatively less sensitive to such depth-dependent variation of magnetization
intensity (Maia et al., 2005).

The magnetically constrained periods of the seamount formation in this study suggest that all the examined
KR1 seamounts were formed within the last 3 Myrs (Figures 7 and 8a). Our analysis further shows that
each seamount was formed over a period of less than 1 Myrs (Figures 7 and 8a; Table 1), and these can
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Figure 8. (a) Time and duration of volcanic eruptions as a function of seamount age versus distance from the ridge
axis. The colored horizontal scale bars indicate the time of the volcanic eruption, and these data were adjusted from
the initial model denoted by gray horizontal scale bars. The triangles show the location of the representative summit
of each seamount. Red, green, and blue represent the seamounts in the eastern, central, and western KR1, respectively.
(b) Comparison of the magnetically constrained seamount ages in this study with the radiogenic (e.g., [U-Th]/He and
K-Ar) ages of the basalt samples from seamounts E2 and E3 (Yi et al., 2020).

be classified as a volcano with a fast-building process (Jackson et al., 1972; Maia et al., 2005). The longest
formation time was identified from the seamount E group, that is, ~830 kyrs (e.g., seamount E1 formed
during 0.16-0.55 Ma, E2 during 0.55-0.72 Ma, and E3 during 0.87-1.14 Ma), whereas the other seamounts
exhibited formation times of less than 600 kyrs (Figure 8a and Table 1). For example, seamount A, the
tallest edifice (~1.6 km tall) in segment KR1, required ~530 kyrs for its formation processes, whereas sea-
mount H1, the most voluminous (~131 km?) (Choi et al., 2021), was formed within ~500 kyrs (Figure 8a
and Table 1). The duration of seamount formation was estimated by projecting the basal width of a given
seamount to the adjusted or seafloor geomagnetic polarity sequence (e.g., Figure 4), assuming that the
seamount formation occurred progressively with seafloor spreading. Our assumption may not hold true
for all seamounts. However, the topographic width of any given seamount did not encompass a wide range
of geomagnetic polarity sequences (Figures 4, 5 and 6). For example, seamount A is situated at the center
of magnetic anomaly 2 according to the seafloor spreading model (Figure 4). If seamount A was entirely
formed during magnetic anomaly 2, the estimated formation period based on its topographic width was
longer than expected. Thus, our assumption on the progressive formation of seamounts may have overes-
timated the seamount formation period, thereby implying that the KR1 seamount formation periods could
be shorter than the estimated.

Figure 8b shows a comparison of the seamount ages constrained by this study with the radiogenic ages for
the basalt lavas dredged from seamounts E2 and E3 (Yi et al., 2020). The geomagnetic ages of seamounts
E2 and E3 overlapped with the given uncertainty of radiogenic ages (Figure 8b). Although this comparison
was limited to seamounts E2 and E3, the correlation between the magnetic and radiogenic dating for the
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given seamounts suggests that our approach by adjusting the geomagnetic polarity sequence if needed was
effective in determining the seamount formation periods.

The SC-1 seamounts located on the eastern KR1 contain the oldest off-axis seamounts of the B and C groups
(Figure 8a). Then, the seamounts in the A (SC-1) and H group (SC-3; western KR1) were simultaneously
formed. After a pause of ~440 kyrs in off-axis volcanism, seamount E3 was formed in the central KR1.
Finally, recent volcanism occurred intensively in the western and central KR1 sections (Figure 8a). It is
unclear whether such temporal and spatial variations in off-axis volcanism were correlated with the migra-
tion pattern of the melt supply along segment KR1 (e.g., Davis & Karsten, 1986). Nonetheless, the off-axis
seamounts in the SC-1 on the eastern KR1 were likely associated with the previous excessive magma supply,
because the present ridge morphology exhibits the rift valley and hence implies a poor magma supply.

Off-axis seamounts can be formed at a distance from the ridge axis if an excessive magma supply is available
because axial melts prefer to feed volcanic eruptions at ridges. As a result, asymmetric off-axis seamount
chains along the axis are commonly observed (Clague et al., 2000; Coumans et al., 2015; Katz et al., 2006;
Scheirer & Macdonald, 1995). For example, the northern EPR, with full-spreading rates of ~80-120 mm/
yr, exhibits off-axis seamounts formed within 5-15 km from the corresponding axes (Alexander & Macdon-
ald, 1996; Scheirer & Macdonald, 1995). The spatial distribution of KR1 seamounts appears to be consistent
with the northern EPR seamounts, as the KR1 seamounts were formed between 10 and 20 km from the axis.
Although the distance gap between off-axis seamount formation and the axis is similar to that of the north-
ern EPR system, the thermal and mechanical structures of segment KR1 are not favorable for EPR-type sea-
mount production (Alexander & Macdonald, 1996; Rapparport et al., 1997; Scheirer & Macdonald, 1995).
Considering the difference in spreading rates between the northern EPR and segment KR1, the oceanic
lithosphere of segment KR1 is much thicker and colder than that of the northern EPR for the same distance
offset from the axis. Following Bodine et al. (1981) and Calmant et al. (1990), the lithospheric thickness
beneath the KR1 seamounts at a given off-axis distance are systematically thicker (~500 m on average) than
those of the northern EPR. Although the seamount C group was formed at a ~20 km distance from the KR1
axis, it is inherently difficult to consider the seamount C group as a volcanic construct originated from an
excessive magma supply near the ridge.

Apart from the excessive magma supply near the ridge crest, off-axis volcanism can be initiated by small-
scale upwelling mediated by mantle heterogeneity (Davis & Karsten, 1986; Fornari et al., 1988; Harmon
et al., 2011; Wilson, 1992). The Lamont seamounts located at ~8 km away from the northern EPR formed a
~50-km-long chain, for example, and these are regarded as volcanic formations originated from a primitive
heterogeneous mantle source with depleted incompatible elements (Fornari et al., 1988). Moreover, the
asymmetric distributions of off-axis seamounts at the JFR have been attributed to seafloor manifestations
from the migration of the ridge-crest over a heterogeneous asthenosphere (Davis & Karsten, 1986). None-
theless, both examples do not require a steady-state upwelling system associated with excessive near-ridge
melting.

In particular, the off-axis seamount volcanism on the flanks along the JFR exhibits similar features with the
KR1 seamounts. The JFR off-axis volcanism appears to have been initiated at ~20 km off-axis (i.e., ~0.7 Ma
seafloor) and formed a ~60-km-long seamount chain (Davis & Karsten, 1986). Similarly, the seamount C
group in this study was formed at ~20 km distance from the ridge axis (i.e., ~0.65 Ma seafloor) and con-
sisted of a ~60-km-long seamount chain, that is, SC-1. Davis and Karsten (1986) suggested that the farther
seamounts were formed away from the ridge axis, as more alkali basalts originating from the primitive melts
with a lower fraction were present, whereas the closer seamounts from the axis were associated with more
tholeiitic basalts originating from the evolved/mixed melts with a higher fraction (Davis & Karsten, 1986).
Such petrological predictions as a function of distance from ridge axis is somewhat consistent with the
recent geochemical results from the 8°20'N near-axis seamount chain in the EPR (Anderson et al., 2021).

Although there are no rock samples from the SC-1 seamounts to test the petrological prediction on off-axis
volcanism (Davis & Karsten, 1986), the alkali basalts from seamounts E2 and E3 formed at ~10 km off-axis
exhibit radiogenic Pb and mildly enriched Sr and Nd isotopic compositions (Yi et al., 2019, 2020). The radio-
genic and isotopic enrichments observed at SC-2 might have originated from a magma source that reflects a
small degree of partial melting with a lower fraction of heavy isotopes (e.g., Davis & Karsten, 1986). It is also
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possible that the on-axis decompression melting would contribute to seamount E3 because of its close dis-
tance to the ridge axis (Anderson et al., 2021). Such melting heterogeneity of the upper mantle could have
caused thermal instabilities and/or melt buoyancy and hence produced small-scale upwelling of melting on
the young lithosphere at off-axis distances (Davis & Karsten, 1986; Fornari et al., 1988; Harmon et al., 2011;
Katz et al., 2006; Wilson, 1992), which we consider as a plausible tectonic cause for the KR1 seamounts.
More geochemical data are needed to assess the degree of heterogeneities of the sub-ridge upper mantle in
this area (Anderson et al., 2021).

Park et al. (2019) established a new “Zealandia-Antarctic” mantle domain between the Pacific and Indian
mantle domains, which might have originated from a super plume responsible for the Gondwana break-up
at ~90 Ma. Considering that the regions have experienced a wide range of volcanism, the seismic tomog-
raphy models of the proposed Zealandia-Antarctic mantle domain consistently illustrate a relatively hot
upper mantle compared to the adjacent mantles (French et al., 2013; Koelemeijer et al., 2016; Langmuir
et al., 1992; Park et al., 2019; Ritsema et al., 2011). Based on the isotopic compositions of Sr, Nd, Hf, and Pb
from the KR1 and KR2 segments (see inset in Figure 1), Park et al. (2019) suggested that mixing between
the plume components from the Balleny/Ross Island plume and depleted asthenosphere may have occurred
in the vicinity of segment KR1. Such a geodynamic nature of the Zealandia-Antarctic mantle domain may
have enhanced or impeded the off-axis volcanism in the study area, and further tests with more geophysical
and geochemical samplings along the off-axis seamounts will be required for a thorough understanding.

5. Conclusions

We magnetically constrained the formation periods of the off-axis seamounts on the flanks of KR1, the
easternmost segment of the Australian-Antarctic Ridge.

1. Based on the geomagnetically dated ages of the KR1 seamounts, all the isolated volcanic structures ap-
pear to have formed within the last ~3 Myrs, generally over a period of ~600 kyrs. Two major pulses of
seamount volcanism were identified at 0.16-1.14 and 1.58-2.69 Ma, and these findings indicated there
was a pause in seamount volcanism of approximately ~440 kyrs in the study area.

2. The 2-D magnetic modeling approach was effective in constraining the off-axis seamount formation pe-
riod in the vicinity of segment KR1. As the magnetic anomalies were collected along the lines parallel to
seafloor spreading and crossing the central seamounts, the MODMAG tool was suitable for determining
the geomagnetic polarity sequence for the seamounts.

3. The off-axis seamounts in segment KR1 were formed with a temporal gap of 200-650 kyrs from their
underlying seafloor formation and at 10-20 km distance from the KR1 axis. Typically, off-axis seamounts
are associated with an excessive magma supply originated from large-scale axial upwelling. However,
the thermal and mechanical properties of the intermediate-spreading lithospheric system at segment
KR1 were not supportive of such an excessive axial magma supply. However, fertile melting heteroge-
neity of the upper mantle could offer a better explanation for the KR1 off-axis seamounts, with support
provided by the enrichments in radiogenic and isotopic compositions of the rock samples.

Data Availability Statement

The data sets used for this study are available from the Korea Polar Data Center (KPDC) (https://dx.doi.org/
doi:10.22663/KOPRI-KPDC-00001677.2).
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