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Abstract
We use high-resolution and regional geophysical data to study a bathymetric high near the
Mohns/Knipovich ridges junction, in the Norwegian-Greenland Sea. Near-sea�oor magnetic data over
hydrothermal site Loki’s Castle �rst support the basaltic nature of the sea�oor. We then combine this
result with regional magnetic and bathymetric considerations to investigate the crustal architecture in the
vicinity of the junction. We show that the spreading asymmetry is insu�cient to allow the development of
Oceanic Core Complexes. Instead, this atypical off-axis hill is dominantly basaltic and should be
interpreted as the �rst inside corner hogback structure identi�ed along an active mid-ocean ridge system.
Our conclusion tempers the de�nition of Oceanic Core Complex and underlines that bathymetric highs
located off axis from slow-spreading centers cannot always be interpreted as such. This intermediate
type of spreading paves the way to the introduction of a new class of oceanic structure referred to as
Proto-Core Complexes.

1) Introduction
The Norwegian territorial waters host a long extension of mid-ocean ridges, ranging from Iceland to the
Gakkel Ridge. The section between the Jan Mayen and the Molloy fracture zones is divided into two
spreading segments, known as the Mohns and Knipovich Ridges(1). At their intersection, the ridges show
a bend in the spreading axis direction at 73°.40’N 8°.20’E. Both of them are characterized by slow-
spreading rate (< 20 mm/year)(2–5), implying a limited magma budget unable to fully accommodate the
oceanic expansion(6–8). This low magma input results in a dominantly tectonic spreading environment
including a complex fault network easing crustal circulation of seawater and favoring hydrothermalism.

Several active and inactive hydrothermal vent �elds have been documented in this area, the most notable
being the high-temperature hydrothermal site Loki’s Castle(9), sitting along the northwestern �ank of the
Mohns Ridge axis. Based on Honsho et al.(10) Bayesian inversion, we con�rm the basaltic nature of the
sea�oor underneath the site. We then combine this result with regional magnetic and bathymetric
observations to discuss the tectonic processes leading to the formation of the prominent but enigmatic
hill feature located near the junction between the two ridges (Hill A, Fig. 1a). Despite a partial spreading
asymmetry, magnetic inversion and modelling results suggest that the Hill A is dominantly basaltic, and
therefore cannot be interpreted as a traditional Oceanic Core Complex (OCC). Its formation should result
from incomplete mantle denudation leading to the de�nition of a speci�c type of oceanic structure,
introduced as Proto-Core Complex, or PCC, in this paper.

2) Results
2.1) Rift setting and survey area

The Mohns and Knipovich Ridges form the northern extension of the Mid-Atlantic Ridge (MAR) and
ensure the continuity between the MAR and the Gakkel Ridge. Their junction is associated with a 70°
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bend in the ridge axis orientation.

This peculiar spreading ridge con�guration is highlighted on the bathymetry(11) and associated
ruggedness analysis(12) (Fig. 1a, b). Within the Knipovich Ridge, the axial rift valley shows an "en echelon"
system including NNE-trending troughs, approximately 3.5-4 km deep. South of 74°47'N, the strike of
these rift troughs becomes progressively N30°E oriented and gradually approaches that of the rift valley
(N20°E), in the southern Mohns Ridge segment.

Between the Mohns and Knipovich Ridges, the western slope of the rift valley presents fault benches
covered with sediments as thick as 1 km, however seismic and dredging data reveal that the steep slopes
are devoid of sediments and made of basaltic pillow lava(13). The eastern �ank of the axial rift valley
(rising 500–1000 m above the ridge axis) is considerably lower compared to the western slope (rising
1000–2000 m above the ridge axis), witnessing a spreading asymmetry. West of the rift valley, linear
elevated ridges progressively turn from a N30°E orientation to the South to a N10°W orientation to the
North. Regional bathymetry also reveals a series of prominent features topping at 600 m below sea level
to the Northwest of the ridges junction. The various highs are bordered by steep escarpments showing
high ruggedness indexes (Fig. 1a, b). North and East of the Mohns Ridge, the main structural highs pass
into the deep structures of the Knipovich Ridge. There occurs a system of wide benches separated by low
scarps plunging towards the bending rift valley.

Approximately 25 km southwest of the bending rift valley lies the high-temperature hydrothermal site
Loki’s Castle (Fig. 1a, 2a). The site stands at 2,350 m depth and is made of two roughly circular mounds,
150–200 m width, actively venting �uids at 310–320°C(9). As part of the MarMine oceanographic
campaign, this site was investigated by R/V Polar King in 2016(14). The ship deployed the Autonomous
Underwater Vehicle (AUV) Hugin, which carried out a dive over the hydrothermal site to collect high-
resolution bathymetric and magnetic data. The near-sea�oor magnetic data were acquired by a �uxgate
magnetometer from Ocean Floor Geophysics mounted to the AUV(15) (Methods and Supplementary
Information). The AUV routes were 150 m apart and 100 m above the sea�oor (Fig. 2b, c, d).

Airborne aeromagnetic data were also collected in 2016 and 2018, as part of the Norwegian Geological
Survey efforts to investigate the oceanic domain west of Svalbard and the western Barents Sea
margin(16, 17). The airborne data were acquired at 120 m above sea level and with a line spacing of 5500
m. The survey area extends 120 km in NW-SE and 150 km in SW-NE. It encompasses the eastern end the
Mohns Ridge, the southern part of the Knipovich Ridge and the bend marking their junction (Fig. 3a).

2.2) Magnetic Exploration Of The Ridges Junction
The near-sea�oor magnetic data reveal a signi�cant drop in the equivalent magnetization while the AUV
passes between the hydrothermal mounds (Fig. 2a, b). Logically, the RTP magnetic anomaly and the
vertical derivative also indicate that the site is associated with a negative RTP magnetic anomaly,
con�rming previous studies and proving that this hydrothermal site sits on a basaltic substratum(9)

(Fig. 2c, d).
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Regional magnetic data display long-wavelength magnetic anomalies corresponding, among others, to
the inversions of the geomagnetic �eld polarity. The amplitude of these anomalies decreases while
moving away from the spreading axis, as the basalt gets progressively altered by seawater circulation.
The off-axis bathymetric Hill A is located on both sides of the Gauss-Gilbert geomagnetic polarity
reversal, and is therefore associated with a magnetization switching from positive to negative polarities
while moving off axis. Unsurprisingly, the prominent Hill A induces a magnetic anomaly with a higher
amplitude than the surroundings (Fig. 3).

2.3) Observations

Oceanic Core Complexes exclusively form along slow and ultraslow-spreading centers, i.e., in dominantly
tectonic environments(7, 18, 19), and preferentially develop near the end of ridge segments(8). In their strict
de�nition, these structures correspond to oceanic massifs constituted by ma�c plutons and/or ultrama�c
mantle rocks that exhume on the sea�oor, at the footwall of low-angle detachments(20).

As imaged by seismic data, OCCs detachment faults show gentle and smooth convex upward pro�le(21,

22) and often develop corrugated dome-like structures with striations parallel to the displacement
direction(21–23). Meanwhile, the hanging wall of the detachment often corresponds to graben-type
structures, including a conjugate pattern of steep normal faults(8, 24). Deformation of the footwall rocks in
the detachment zone is localized within a narrow shear zone (< 200 m)(25). During the spreading, the
space created by footwall rotation is progressively accommodated by addition of hot viscous magmas at
the root of the detachment and/or �ow of the ductile mantle(25). On the basis of observations and
modelling, a rolling hinge mechanism involving progressive unroo�ng and denudation of the mantle has
been widely accepted for the development of OCCs(26).

Being a slow-spreading center, the Mohns Ridge could constitute a preferential area for the development
of such mantle exposures, particularly near its junction with the Knipovich Ridge. As a result, the
prominent Hill A located 30 km to the Northwest of the ridge axis was previously classi�ed as an OCC(27,

28) (Fig. 1a). The main argument for an OCC interpretation was the collection of two rock samples
containing gabbros and serpentinites in its surroundings(9, 29, 30). Nevertheless, bathymetric and magnetic
observations suggest that despite the presence of these rocks, this bathymetric high does not match the
characteristics of true OCCs.

The presence of serpentinites near the end of slow-spreading segments is common(8), but does not
necessarily imply the existence of OCCs(5, 6, 31). The recovered ma�c grab-samples do not come from the
controversial hill, but were instead collected either between the neovolcanic zone and its foot or on
another hill, located 25 km further south(29) (Fig. 3a). These rocks therefore do not address the question
of the hill geology, and do not con�rm the presence of a ma�c massif on its top.

Compared to con�rmed OCCs, the Hill A does not clearly show any smooth and corrugated morphology,
as expected in response to a rolling hinge denudation of potential mantle rocks. The sea�oor ruggedness
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instead suggests the presence of numerous and widely distributed steep normal faults from the rift valley
up to the elevated �anking terrain. Despite a marked prominence, the bathymetry underlines that the
structural style does not differ from the surrounding basaltic sea�oor (Fig. 3b).

To obtain a quantitative support, we considered and modeled two magmato-tectonic scenarios:

1. The Hill A is dominantly basaltic. This scenario aligns with the off-axis basaltic sea�oor con�rmed
from the high-resolution magnetic data collected over hydrothermal site Loki’s Castle. Assuming this
hypothesis, the average magnetization of the rock constituting the hill should be consistent with the
surrounding basaltic sea�oor at a comparable distance from the spreading axis. In this context, the
few recovered rock samples would originate from small mantle pocket exposures typically found
near the end of ridge segments(32). We compare the data along Pro�le 1 with another pro�le (Pro�le
2) located further southwest, where no mantle rocks exposure has been found. The quanti�cation
and removal of the hill’s magnetic footprint con�rm that the sea�oor along both pro�les have
comparable magnetic signatures (Methods) and should be of similar geology (i.e., basaltic) (Fig. 3b).

2. The Hill A is dominantly ultrama�c. Such alternative scenario would support the existence of an
OCC. With such a crustal con�guration, we would expect the rock absolute magnetization on top of
the hill to be approximately �ve times weaker than that of the basalt(33, 34). Under these constraints,
preserving the observed RTP magnetic anomaly amplitude implies an accumulation of magnetized
material considerably more important than for a basaltic layer. It would require an unrealistically tall
bathymetric feature, which is inconsistent with present-day observations and the inversion results
(Methods).

The formation of OCCs is usually associated with a marked asymmetry in the regional magnetic
anomalies, as the spreading essentially occurs on one side of the ridge axis(35). However, no signi�cant
asymmetry in the geomagnetic polarity reversals is observed(16) in the vicinity of Mohns and Knipovich
Ridges junction and no evidence suggests that the spreading occurred exclusively on the northwestern
side of the spreading axis (Fig. 3a). The regional magnetic anomalies and the modeling support our idea
and suggest that no major unroo�ng from the deep crust and upper mantle denudation is at play.

3) Discussion
Our observations and modelling result concur with the idea that the off-axis prominent bathymetric Hill A
should be considered a distinct mega-abyssal hill, differing from those commonly found on the �anks of
slow-spreading ridges(36). Hill A does not match the characteristics of a true OCC either, in contrast with
previous assumptions(27, 28). The uplifted terrain observed west of the Mohns ridge valley could have
formed by voluminous basaltic eruptions along �ssure swarms, even if the origin of this magmatic
impulse remains unclear. Alternatively, the western elevated terrain could have formed amagmatically by
�exural response. The basement peak on the western �ank of the axial valley could have been caused by
�exural response to the mass redistribution triggered by the normal faulting(37). The basement shape of
the abyssal hill observed close to magnetic chrons C2A(16) qualitatively resembles what would be
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expected from the �exure of a lithosphere with an effective elastic thickness of the order of 5 km, not
unusual for young oceanic lithosphere(37). The main high could be similar to the "inside corner hogback"
structure observed in the bend of the aborted Aegir Ridge, in the Norway Basin(38), but has never been
documented along active ridge. To form the elevated high in this manner, the total slip along the normal
faults bounding the Mohns and Knipovich Ridges could have been su�cient to create an atypical and
mechanical elevation with or without excess magmatism. However, magnetic considerations and
modelling suggest that �exure uplift was probably not su�cient to cause the fault scarps to curve
enough to develop a rolling hinge process and ultimately severe unroo�ng of the oceanic mantle. This
"structural cousin of OCC"(38), or Proto-Core Complex (PCC), might have evolved into a real one, had fault
motion continued (Fig. 4). It may represent a different class of oceanic structures, pointing toward a
signi�cantly more diverse sea�oor geology than expected in the vicinity of slow-spreading centers, and
directly related to the level of spreading asymmetry. Finally, magnetic constraints and a dedicated
modeling approach and methodology remain fundamental requirements to clarify and differentiate the
two classes of abyssal highs.

4) Methods
The method to resolve magnetic anomalies from the raw data has already been documented in various
articles(39, 40) and is included in the Supplementary Information. Here we describe the further data
processing steps through various magnetic inversion methods, and the magnetic model used to assess
the geology of the discussed bathymetric hill.

4.1) Magnetic Inversions

High-resolution magnetic data were inverted into equivalent magnetization using a speci�cally designed
method(10). For the regional magnetic data, we have widened the use of this method and also applied a
more common one(41), to achieve various levels of resolution. In all cases, a mathematically rigorous
Reduced-to-the-Pole (RTP) magnetic anomaly was computed using the equivalent magnetization models
and assuming a vertical geomagnetic �eld.

Unlike other methods, the Bayesian inversion(10) does not require any �ltering, i.e., it preserves the entire
signal wavelength content. It was the only solution to clearly display the lack of magnetization
associated with the hydrothermal site Loki’s Castle, con�rming the basaltic nature of the substratum.

It should be noted that the roughly circular shape of the reduced equivalent magnetization and the
corresponding RTP magnetic anomaly cannot be considered as depicting the contours of the area
affected by hydrothermal circulation, as a single AUV route passes between the two mounds. This shape
results from gridding effects and its spatial extension cannot be delineated with this dataset. We
therefore insist on the fact that our goal here is to con�rm the basaltic nature of the substratum and not
to study the hydrothermal site itself.
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On regional magnetic data, the results from the two inversion methods(10, 41) reveal that the Bayesian
inversion allows a signi�cant gain in terms of wavelength content (Supplementary Fig. 1). Nevertheless,
this gain also leads to a paradoxical situation where the geomagnetic inversions become more di�cult to
identify because the lack of �ltering results in the short wavelengths of the signal to partially hide them.

The RTP magnetic anomalies have been computed using these two approaches. The one derived from
the Bayesian inversion logically displays a richer frequency content (Supplementary Fig. 1), and the
difference with the RTP magnetic anomaly computed from the Parker and Huestis method(41) reveals that
all wavelengths shorter than 5 km are absent from this second approach. By comparing these two
different approaches, it becomes possible to:

1. Precisely delineate the geomagnetic polarity reversals thanks to the Parker and Huestis method and
associated RTP magnetic anomaly to avoid the risk of data misinterpretation. Such delineation
reveals that no signi�cant magnetic asymmetry exists on the regional magnetic data and that the
discussed off-axis prominent bathymetric feature sits on both sides of the Gauss/Gilbert polarity
reversal.

2. Quantify and study the magnetic response of the controversial Hill A and to rule out the previously
mentioned OCC hypothesis, suggesting a more peculiar and complex geological history.

4.2) Forward Modeling Approach

Along the pro�le cutting across the ridge axis, the hydrothermal site Loki’s Castle and the discussed Hill A,
a magnetic model has been computed. This model consisted of arti�cially removing the presence of the
Hill A and comparing the result with the observed RTP magnetic anomaly along the second pro�le, where
no such hill appears. The bathymetry has been discretized into prisms with a 100x100 m square section
and a 5 km depth, identical to the magnetized layer thickness chosen to perform the inversions. The
prisms are associated with the magnetization obtained from the inversions and those constituting the Hill
have been removed from the data. Instead, an arti�cial, �atter surface �lls the gap. This surface is
comparable to the sea�oor morphology along the second pro�le at similar distance from the ridge axis.
Prisms located within this surface are associated with the magnetization resulting from the inversion. A
model is computed in the geometry of the experiment, assuming a vertical geomagnetic �eld. The
difference between synthetic (purple line on Fig. 3b) and observed magnetic anomaly on the Hill A
corresponds to the magnetic footprint of the Hill. The magnetic model without the Hill A can �nally be
compared to the observed magnetic anomaly along Pro�le 2 to assess the sea�oor geology.
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Figure 1

General overview of the survey area. (a) Regional bathymetry of the junction between the Mohns and the
Knipovich Ridges. The bend in the spreading axis direction is clearly visible. (b) Ruggedness map of the
area underlining the similar morphologies between the controversial Hill A and the surrounding basaltic
terrain.
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Figure 2

Magnetic signature of hydrothermal site Loki’s Castle. (a) High-resolution magnetic anomaly measured
by the AUV Hugin over basalt-hosted hydrothermal site Loki’s Castle. (a) High-resolution bathymetry over
active, basalt-hosted hydrothermal site Loki’s Castle. (b) Equivalent magnetization obtained using
Honsho’s Bayesian inversion(10). A clear drop in the signal appears when the AUV passes between the
hydrothermal mounds, con�rming that the site sits on a basaltic substratum. (c) RTP magnetic anomaly
computed from the Bayesian inversion. The site is associated with a distinct magnetic signature. (d)
Vertical derivative of the RTP magnetic anomaly. The drop visible on (b), (c) and (d) con�rms the basaltic
nature of the substratum supporting the site.
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Figure 3

Morphology and geophysical response of the controversial Hill A. (a) (Top) Regional bathymetry. The
bathymetric high displays a typical basaltic sea�oor roughness. Red diamonds correspond to the places
where rock samples containing gabbro and serpentinite were recovered(9). (Bottom) Magnetic anomalies
showing the reversals in the geomagnetic �eld polarity. No clear asymmetry appears on the magnetic
anomalies in the vicinity of the bend, suggesting that the spreading did not exclusively occurred on the
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northwestern side of the ridge axis. (b) (Top) Pro�le 1 across the mid-ocean ridge axis, the basalt-hosted
hydrothermal site Loki’s Castle and the Hill A. The equivalent magnetization (red line) does not suggest
any change in geology of the sea�oor between the ridge axis and the bathymetric high. The RTP anomaly
(green line) con�rms the progressive alteration of the terrain while moving off axis. The Hill A is
associated with a peak-to-peak magnetic anomaly twice bigger than other bathymetric structures located
closer to the ridge axis. A magnetic model without the bathymetric high (purple line) con�rms the impact
of this accumulation of magnetized material and suggests that a weakly magnetized OCC could not
generate such of amplitude. (Bottom) Pro�le 2, with an orientation parallel to Pro�le 1. This control pro�le
cuts across basaltic terrain exclusively. The equivalent magnetization and RTP magnetic anomalies have
an amplitude consistent with those observed along Pro�le 1, con�rming that the geology is comparable.

Figure 4

Diagram illustrating the impact of spreading asymmetry on sea�oor geology. (a) Fully developed Oceanic
Core Complex. A complete spreading asymmetry results in a denudation of the mantle. (b) Partial
spreading asymmetry comparable to what happens ner the bend marking the junction between the
Mohns and the Knipovich Ridges. An off axis appears however the fault motion was not su�cient to
allow the formation of an Oceanic Core Complex, resulting in the development of a Proto-Core Complex.
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