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LETTER RESEARCH

Geophysical studies suggest that crustal thicknesses24,26–28 along 
the Mohns and Knipovich ridges are 2–5 km, noticeably below the 
global average6,9 of around 7 km. However, such estimates are uncer-
tain because the coupling between seismic and igneous ‘crust’ is not 
established for ultraslow-spreading ridges8,9. From the published geo-
physical results24,26–28 and our CSEM observations (Fig. 4) we suggest 
an approximate crustal thickness, as indicated by the eMoho surface 
in Fig. 4. This surface probably represents a porosity threshold either 
within the lower-crustal gabbro sequence or at the transition from 
gabbro to peridotite lithologies at the base of the crust. The apparent 
eMoho/eLAB at 2.8 km beneath the ridge axis (Fig. 4c) suggests the 
latter.

The general view is that crustal thickness is dependent on spreading 
rate with thinner or no crust at ultraslow-spreading ridges6,16–19. In 
the melt suppression end-member model7, convective cooling forms 
a thick thermal boundary layer (lid) below the ridge axis that shuts off 

melt production down to 30 km or deeper. In the other end-member 
model, melt production is normal, but a similar but much thinner lid 
hampers melt migration to the surface15.

Deep convective cooling should form a thick low-resistivity layer 
(30 km) extending below the ridge. Our inversion images (Figs. 2–4) 
do not support such a model; instead the mantle structure is broken 
by an open and partly melted column rising from the asthenosphere. 
This column extends to shallow levels and it is difficult to include even 
a much thinner lid (about 7 km), as proposed by the other end-member 
model and as also suggested farther south on the Mohns Ridge24.

When comparing the cross-sections from the ultraslow-spreading 
Mohns Ridge (Fig. 2) and the fast-spreading East Pacific Rise13, the 
most notable difference between the two is not the development of 
lids below the ridges as predicted by the end-member models. Instead, 
it is the shape and size of the melt-prone areas. These observations 
suggest that an alternative model without a lid and a much more open 
and active melt conduit better explains the observations beneath 
Loki’s Castle. In this model, spreading rate more directly controls the  
volume of partly melted upwelling asthenosphere and thereby the  
crustal thickness.

While melt content and high temperatures reduce resistivity at depth, 
we have interpreted the conductive patterns in the crust to be caused 
by convecting saline fluids (Fig. 4, Extended Data Fig. 4). The Loki’s 
Castle vent field has fluid geochemistry indicating a sedimentary source 
area29, and circulation patterns suggest drainage of sediment pore water 
from the Bjørnøya fan 10 km east of the ridge axis. The magnitude and 
long-lived nature of such plumbing systems could promote circulation 
and explain why ultraslow-spreading ridges often deviate from a linear 
relationship between spreading rate and venting11,29.

Deviation between the selected resistivity-versus-depth profiles and 
the dry DMM SEO3 profile (Extended Data Fig. 6), in addition to a 
faulted eMoho surface, could indicate even deeper saline water infil-
tration. However, the smoothing penalty applied in the data inversion 
means that it is difficult to locate the exact position and nature of the 
transition from dry to wet lithologies. Infiltration of seawater causing 
extensive serpentinization11 could explain the low seismicity at the gra-
ben margin west of Loki’s Castle4 (Figs. 1, 2).
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Fig. 3 | Conductivity and temperature versus depth and geometry of  
the lithosphere–asthenosphere boundary beneath the Mohns Ridge.  
a, Conductivity σ versus temperature T for selected profiles in panel 
b (3 Myr west, axial, 4 Myr east) using temperatures derived from the 
adiabatic and geothermal gradients illustrated in Extended Data Fig. 6. 
Conductivity versus temperature for a 1-Myr profile from the East 
Pacific Rise is shown for comparison13. The SEO3 conductivity-versus-
temperature model for dry olivine22 constrains the maximum temperature 
for any measured conductivity for dry depleted MORB mantle (dry DMM) 
indicating lower lithosphere temperatures that are substantially below 
the halfspace cooling both along the eastern segment of the Mohns Ridge 
and at the East Pacific Rise. Conductivity-versus-temperature profiles 
for DMM + 0.2%, 1%, 5% and 10% melt (basalt + 1 wt% H2O) were 
calculated using the HS+ model21. Intrusives and basaltic crust + H2O 
fluid annotated on the axial profile are outlined in detail in Fig. 4. The 
contour at 100 Ω m (0.01 S m−1) marking the transition from upwelling 
asthenosphere to DMM lithosphere is denoted the eLAB. The dry 
peridotite solidus at 1,340 °C marks the intersection between adiabatic 
upwelling mantle with a potential temperature Tp of 1,315 °C and the 
dry peridotite solidus as is illustrated in Extended Data Fig. 6. b, Joint 
MT and CSEM resistivity image showing temperatures, the eLAB and 
the eMoho. On the top axis, crustal ages are relative to a half-spreading 
rate of 8 mm yr−1. Estimated isotherms are displayed as white lines with 
the 1,300 °C halfspace cooling isotherm (dashed black line) shown for 
reference. Lithosphere temperatures for depths shallower than 15 km 
below the seabed are assumed to be similar to the halfspace cooling. The 
inferred Moho depth (eMoho) is taken from Fig. 4. The dry and 200 
parts per million H2O solidi for peridotite are taken from Extended Data 
Fig. 6 and ref. 42. Incipient (less than 0.2 wt%) melt within the lithosphere 
bordering the eLAB is derived from modelling presented in Extended Data 
Fig. 6.
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Deep electrical imaging of the ultraslow-spreading 
Mohns Ridge
Ståle Emil Johansen1*, Martin Panzner2, Rune Mittet2, Hans E. F. Amundsen3, Anna Lim1, Eirik Vik1, Martin Landrø4 &  
Børge Arntsen1

More than a third of mid-ocean ridges have a spreading rate of 
less than 20 millimetres a year1. The lack of deep imaging data 
means that factors controlling melting and mantle upwelling2,3, the 
depth to the lithosphere–asthenosphere boundary (LAB)4,5, crustal 
thickness6–9 and hydrothermal venting are not well understood for 
ultraslow-spreading ridges10,11. Modern electromagnetic data have 
greatly improved our understanding of fast-spreading ridges12,13, 
but have not been available for the ultraslow-spreading ridges. 
Here we present a detailed 120-kilometre-deep electromagnetic 
joint inversion model for the ultraslow-spreading Mohns Ridge, 
combining controlled source electromagnetic and magnetotelluric 
data. Inversion images show mantle upwelling focused along 
a narrow, oblique and strongly asymmetric zone coinciding  
with asymmetric surface uplift. Although the upwelling pattern 
shows several of the characteristics of a dynamic system3,12–14, 
it probably reflects passive upwelling controlled by slow and 
asymmetric plate movements instead. Upwelling asthenosphere 

and melt can be traced to the inferred depth of the Mohorovičić 
discontinuity and are enveloped by the resistivity (100 ohm 
metres) contour denoted the electrical LAB (eLAB). The eLAB 
may represent a rheological boundary defined by a minimum melt 
content. We also find that neither the melt-suppression model7 nor 
the inhibited-migration model15, which explain the correlation 
between spreading rate and crustal thickness6,16–19, can explain 
the thin crust below the ridge. A model in which crustal thickness 
is directly controlled by the melt-producing rock volumes created 
by the separating plates is more likely. Active melt emplacement 
into oceanic crust about three kilometres thick culminates in an 
inferred crustal magma chamber draped by fluid convection cells 
emanating at the Loki’s Castle hydrothermal black smoker field. 
Fluid convection extends for long lateral distances, exploiting high 
porosity at mid-crustal levels. The magnitude and long-lived nature 
of such plumbing systems could promote venting at ultraslow-
spreading ridges.

1Department of Geoscience and Petroleum, Norwegian University of Science and Technology (NTNU), Trondheim, Norway. 2EMGS ASA, Trondheim, Norway. 3Vestfonna Geophysical AS, Trondheim, 
Norway. 4Department of Electronic Systems, Norwegian University of Science and Technology (NTNU), Trondheim, Norway. *e-mail: stale.johansen@ntnu.no

AVR

Bea
r I

sla
nd

 F
an

Survey lineMohns Ridge

K
ni

po
vi

ch
 R

id
ge

0 15105 20 km

Black smoker
Serpentinite
Gabbro
Volcanic cone
Earthquake epicentre
MT/CSEM receiver

D
epth (m

)

2,000

750
1,000
1,250
1,500
1,750

3,250

2,250
2,500
2,750
3,000

3,500

Gakk
el 

R

id
ge

Mohns Ridge

Gree
nla

nd

Svalbard

K
nipovich R

idge

a b

Fig. 1 | Location of the joint MT and CSEM survey across the ultraslow-
spreading Mohns Ridge. a, Location of the Mohns, Knipovich and Gakkel 
ridges along the ultraslow-spreading Arctic mid-ocean ridge system11 (https://
commons.wikimedia.org/wiki/File:IBCAOver1map.jpg). Yellow arrows 
denote the plate movement of North America and Eurasia relative to a fixed 
hotspot reference frame32. The white rectangle (with line) marks the location 
of panel b (and the survey line). b, Layout of 30 MT and CSEM receivers across 
the Mohns Ridge (https://kartkatalog.geonorge.no/metadata/kartverket/
dybdedata-radata/2fe7b56c-334d-4660-ac50-6fcf973a0f70). The black smoker 
vent field Loki’s Castle is located at the crest of the axial volcanic ridge (AVR) at 

the centre of the survey line. White circles denote circular and conical features 
interpreted as seabed volcanoes. Serpentinite and gabbro outcrops sampled 
by dredging are marked with diamond symbols. Stars denote epicentres 
for earthquakes with moment magnitudes exceeding 4.0 in the time period 
1990–2018 from the International Seismological Centre database. We note the 
regional asymmetry of the Mohns Ridge, with uplift of the western flank of 
the rift graben relative to the eastern margin partly covered in sediments from 
the Bear Island Fan. Earthquakes with moment magnitudes exceeding 4.0 are 
concentrated along the ridge graben and the southeastern ridge flank and are 
nearly absent along the western graben margin.

2 1  M A R C H  2 0 1 9  |  V O L  5 6 7  |  N A T U R E  |  3 7 9



Chalot Prat et al. 2017 Lithos 



Vangone & Doglioni 2021 



Million years

4 
5 

6 1 
2 3 





Past 100 Ma movements

Million years

Present movements

Doglioni & Panza 2015 Advances Geophys. 



low-velocity layer 

W-NW 
lithosphere 

mantle 

Hawaii 



mantle 

lithosphere 
W-NW 



decoupling of the lithosphere 

mantle 

lithosphere crystals alignement

W-NW 



Modified after Thybo, 2006 
Riguzzi et al. 2010 Tectonophysics 





Cuffaro & Doglioni 2018 Gondw. Res. 



PLATES MOVE: WHO IS PUSHING THEM??!! 





Doglioni & Panza 2015 

lithosphere 

mantle 

core 



D” 

D
ep

th
 

(k
m

) 

Schuberth et al. 2009 
R

eference adiabat 

SUPERADIABATIC 

SUBADIABATIC 

Subadiabatic = lower Tp = >density 

1000 K 3000 K 



Tackley 



Slab pull = 1013 N  m-1



Cruciani et al., 2005 EPSL 



Modified after Afonso et al. 2008 G3 



Magnitude 

Fr
eq

ue
nc

y 

7.0 4.0 5.0 6.0 8.0 

1.0 

0.1 

0.01 

0.001 

0.0001 

N=10a-bM   

b=1 



150 km shallow plumes 

Mw>6 

Cuffaro & Doglioni 2018 GR 



Riguzzi et al., 2010 Tectonophysics 



384.000 km 



Adinolfi et al. in prep. 

Tectonic equator 

Lunar revolution 















Rotation axis 
26,000 years precession  

tectonic equator 

Maxwell relaxation time =                                                = 1011 s  viscosity 
rigidity 

1022 Pa s 

1011 Pa 
= 



Zaccagnino et al. 2020 



TIDAL FRICTION 
 

!  Earth’s rotation is slowing: with dinosaurs the day was of 22h 
!  Moon receding at 38 mm/year 
!  Tidal friction 1020-21 J/yr 
!  Tectonic moment 1021 J/yr 
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Far field 17.000 km2 

Near field   600 km2 
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“It's all moon's fault,  
when it gets too close  
to the earth it makes  
everyone crazy”  
 
William Shakespeare 


