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Highly variable magmatic accretion at the 
ultraslow-spreading Gakkel Ridge

Tao Zhang1, Jiabiao Li1 ✉, Xiongwei Niu1, Weiwei Ding1, Yinxia Fang1, Jian Lin2,3, Yejian Wang1, 
Caicai Zha3, Pingchuan Tan1, Fansheng Kong1, Jie Chen4, Xiaodong Wei1, Jianggu Lu1, 
Jérôme Dyment4 & Jason P. Morgan2

Crustal accretion at mid-ocean ridges governs the creation and evolution of the 
oceanic lithosphere. Generally accepted models1–4 of passive mantle upwelling and 
melting predict notably decreased crustal thickness at a spreading rate of less  
than 20 mm year−1. We conducted the first, to our knowledge, high-resolution 
ocean-bottom seismometer (OBS) experiment at the Gakkel Ridge in the Arctic  
Ocean and imaged the crustal structure of the slowest-spreading ridge on the Earth. 
Unexpectedly, we find that crustal thickness ranges between 3.3 km and 8.9 km along 
the ridge axis and it increased from about 4.5 km to about 7.5 km over the past 5 Myr  
in an across-axis profile. The highly variable crustal thickness and relatively large 
average value does not align with the prediction of passive mantle upwelling models. 
Instead, it can be explained by a model of buoyant active mantle flow driven by 
thermal and compositional density changes owing to melt extraction. The influence 
of active versus passive upwelling is predicted to increase with decreasing spreading 
rate. The process of active mantle upwelling is anticipated to be primarily influenced 
by mantle temperature and composition. This implies that the observed variability in 
crustal accretion, which includes notably varied crustal thickness, is probably an 
inherent characteristic of ultraslow-spreading ridges.

The mid-ocean ridge is an important window into Earth’s interior pro-
cesses. It is commonly viewed that the mantle beneath mid-ocean ridges 
upwells passively owing to viscous drag from the diverging tectonic 
plates, causing pressure-release melting1,2. Passive mantle upwelling 
models explain well the observed relatively uniform crustal thickness 
at fast-spreading ridges. At ultraslow-spreading ridges (full spreading 
rate <20 mm year−1)4, the crustal thickness should decline substantially 
because the thick lithosphere inhibits either melting or melt migra-
tion5,6. This perspective has been challenged by the recent geophysical 
observations of substantial time-varying and sometimes thick local 
crust (up to 10 km) at ultraslow-spreading ridges7–12. Various ‘anoma-
lous’ local factors, including mantle temperature, mantle composi-
tion, mantle plumes and focused melt supply, have been proposed to 
explain the varied melt supply10,11,13–16. Nevertheless, the fundamental 
dynamics governing crustal accretion at ultraslow-spreading ridges 
remain elusive.

The slower spreading (full spreading rate of about 10 mm year−1) 
eastern Gakkel Ridge in the Arctic Ocean is an ideal location to inves-
tigate melting processes because here crustal accretion is not directly 
affected by oblique spreading, large-offset transform faults or nearby 
hotspots (Fig. 1a,b and Extended Data Fig. 1). We conducted a geophysi-
cal survey along the eastern Gakkel Ridge between 76° and 100° E using 
the icebreaker ‘Xuelong 2’, during the Joint Arctic Scientific Mid-ocean 
ridge Insight Expedition ( JASMInE). A high-resolution seismic survey 

was conducted using an OBS array, which was previously thought 
to be immensely challenging owing to the severe sea-ice conditions 
(Supplementary Fig. 1).

Evidence for highly variable crust
Most geological and geophysical surveys along the 1,800-km-long 
Gakkel Ridge have been conducted to the west of 85° E. The JASMInE 
study region, located in the eastern Gakkel Ridge, is divided into three 
distinct topographic segments centred at 85° E, 92° E and 100° E, 
respectively (Fig. 1a and Extended Data Fig. 1). Overall, the mean crustal 
thickness (excluding sediments) determined by seismic tomography 
and gravity modelling is 5.5 km along the 240-km-long axial profile. 
The segment-averaged crustal thicknesses of the three segments from 
west to east are 5.2 km, 5.6 km and 6.2 km, respectively (Fig. 1c,d). The 
maximum crustal thickness reaches 7.5 km at 85° E. Constrained partly 
by seismic data, the best-fitting gravity model suggests maximum 
values of crustal thickness of 8.0 km and 8.9 km at centres of the 92° E 
and 100° E segments, respectively (Extended Data Fig. 5). Within 
these three segments, the crustal thicknesses at the centres exceed 
twice those at their segment ends. The thickness of the upper crust 
(defined by Vp < 6.4 km s−1) ranges from 2 km to 5 km near volcanic 
centres, whereas it remains relatively uniform, approximately 3–4 km, 
at segment ends. The thickness of the lower crust (that is, the region 
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between Vp = 6.4 km s−1 and the Moho) varies notably from about 4 km 
beneath volcanic centres to near zero close to the distal ends (Fig. 1c).

The depth gradients of Vp at the segment ends are almost constant 
for Vp < 6.4 km s−1 (Fig. 1g,h). These gradients are typically associated 
with thin, highly fractured and altered basaltic crust17,18. In some 1D 
profiles, the depth gradients of Vp increase abruptly from Vp = 6.4 km s−1 
to the seismic Moho, which differs notably from that seen at amagmatic 
zones of the ultraslow-spreading Southwest Indian Ridge (SWIR) at 
64.5° E (ref. 7) and the Mid-Cayman Spreading Centre (MCSC)8. How-
ever, the velocity model does not allow discriminating the presence of 
serpentinites in the crust of segment ends. Beneath the seismic Moho 
of the segment end between 85° E and 92° E, low densities are required 
to match the gravity data (Extended Data Fig. 5). These low densities 
could be attributed to the serpentinized mantle17,18 and/or the mantle 
with trapped melts19. The seismically determined crustal thickness thus 
provides a first-order constraint on the amount of melt at the segment 
ends in the JASMInE zone.

The seismically determined crustal thickness of the along-axis profile 
is comparable with the global average value of approximately 6 km 
(refs. 20,21), which is substantially higher than the predictions of about 
2 km based on models of passive mantle upwelling and melting1 and 
the average value of 2.7 km measured by an ice-station-based seismic 
experiment in the western Gakkel Ridge16. The crust at the centre of the 
100° E segment is comparable in thickness with that of the magmatically 
robust areas on slow-spreading Mid-Atlantic Ridge (MAR) (OH-1 seg-
ment)22,23 and ultraslow-spreading SWIR (50.5° E)10,11,24 (Extended Data 
Fig. 6). These results, together with existing ice-station seismic obser-
vations16, reveal a highly variable crustal structure along the Gakkel 
Ridge, with a segment-averaged crustal thickness ranging from 1.9 km 
to 6.2 km and local values ranging from 1.4 km to 8.9 km (Figs. 1b and 2a).

The crust imaged across the ridge axis at the 85° E volcanic centre 
is generally symmetrical on conjugate flanks but exhibits substantial 
variations (Fig. 1e,f). The crustal thickness decreases from 7.5 km to 
approximately 4.5 km from the ridge axis to both flanks over a distance 
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Fig. 1 | Survey layout and crustal structure of the JASMInE zone.  
a, Bathymetric map of the JASMInE zone. There are three evenly spaced (about 
80 km) volcanic centres at 85° E, 92° E and 100° E. b, Bathymetric map of the 
Gakkel Ridge. Locations and crustal thickness measurements of ice-station 
seismometers (red circles)16,45, as well as the locations of OBSs (red squares) in 
the JASMInE zone. EVZ, Eastern Volcanic Zone; SMZ, Sparsely Magmatic Zone; 
WVZ, Western Volcanic Zone. c, Along-ridge profile illustrating the P-wave 
velocity (Vp) structure and the Moho from the tomographic model. The two 
sections comprising the profile were analysed separately, marked here by the 
dashed frame. Iso-velocity contours are shown every 1 km s−1; the thick line 
marks the 6.4 km s−1 contour to show the base of layer 2. Brown dots mark the 
position of the Moho defined by PmP arrivals. The red arrow marks where the 
along-axis profile intersects the across-axis profile. See Methods, Extended 

Data Figs. 2–4 and Supplementary Fig. 2 for seismic data processing, model 
resolution and uncertainties. In the regions in which seismic rays are absent, 
the Moho (dashed lines) is constrained by forward modelling of gravity data  
(d and Extended Data Fig. 5). d, Observed and predicted free-air gravity 
anomaly of along-axis sections. e, Across-ridge profile showing tomographic 
Vp structure. f, Observed and predicted free-air gravity anomaly of the 
across-axis profile. g, 1D velocity–depth profiles of the volcanic ends in the 
along-axis seismic profile overlapped on those of the amagmatic SWIR 64.5° E 
(ref. 7) and MCSC8. The red line indicates the average of 1D velocity–depth 
profiles in volcanic ends. h, 1D Vp gradient–Vp profiles of volcanic ends. The 
profiles are extracted every 2 km at 30–60 km, 120–150 km and 190–220 km of 
the along-axis profile.
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of 20–30 km, indicating an enhanced axial melt supply from about 
5 Myr ago to the present. The gravity data also align with the seismi-
cally observed pattern of increased melt supply near the ridge axis 
(Fig. 1f and Supplementary Fig. 3). The gravity data coverage suggests 
that this pattern extended to a larger area (width >20 km), rather than 
being limited to the isolated volcano. Near the ridge axis, the thickness 
between iso-velocity contours of 6.0 km s−1 and 6.4 km s−1 can exceed 
4.0 km. This intriguing observation can be compared with similar find-
ings at the magma-rich segments of the MAR22,25 and the SWIR24, at 
which deep low-velocity zones are interpreted as indications of high 
temperatures and melt in this setting22.

To investigate the effect of mantle compositions on melt production, 
fresh basalts were collected at the volcanic centres of 85° E and 100° E 
(Supplementary Fig. 1), at which sediments are very thin or absent. 
Basalts at both segments have similar 87Sr/86Sr (0.702576–0.702723 
and 0.702575–0.702678) and εNd (8.7–9.5 and 8.7–9.3) values (Supple-
mentary Table 1), overlapping with estimates for average global normal 
mid-ocean ridge basalts (MORB)26,27. The water content in the mantle 
source varies widely between 170 ppm and 392 ppm at the 85° E volcanic 
centre; this range narrows to about 217 ± 13 ppm at the 100° E volcanic 
centre (Extended Data Fig. 1e). Combined with the data from previous 
studies26,27, the average mantle water content in the JASMInE zone is 
245 ppm, suggesting a relatively water-enriched mantle compared 
with the source of Pacific MORB (<200 ppm)27,28. The inferred mantle 
potential temperature (Tp) of the JASMInE zone ranges between 1,280 °C 
and 1,320 °C (Extended Data Fig. 1f), with averages of about 1,300 °C 
and about 1,310 °C at 85° E and 100° E, respectively (Supplementary 
Table 2). The inferred Tp in the JASMInE zone (average Tp = 1,305 °C) 
falls within the global average range of 1,322 ± 56 °C (ref. 29) and is close 
to the Tp of Pacific MORB (average Tp = 1,300 °C) and slightly higher 
than the average of roughly 1,290 °C (ranging between 1,250 °C and 
1,370 °C) observed within the Sparsely Magmatic Zone (SMZ) of the 
Gakkel Ridge (Extended Data Fig. 1f).

Variable magmatic accretion
Our observations suggest that the crust in the JASMInE zone is relatively 
thick, with the maximum crustal thickness being approximately twice 
the minimum value in both along-axis and across-axis profiles. The 
highly diverse crustal thickness markedly differs from the relatively 
uniform crust observed at fast-spreading ridges20,21 and contradicts 
the very thin crust predicted by models of passive mantle upwelling 
and melting1,2.

The ridge axis within the JASMInE zone seems to be undergoing a 
surge of enhanced melt supply at present. The observed thick (7.5–
8.9 km) crust at the three segment centres and the vanishing layer 3 
(generally interpreted as gabbros) near segment ends suggests that 
there was concentrated melt supply to segment centres at depth, fol-
lowed by a shallower along-axis redistribution of magma to segment 
distal ends. Along an ultraslow-spreading ridge axis, the permeability 
barrier near the base of the lithosphere could be strong30 and rela-
tively steep31. This could facilitate the migration of melts in the melt-
ing column towards the centre at the lithospheric base32. By contrast, 
across-axis melt focusing may be less efficient, as suggested by ref. 33. 
The virtually absent layer 3 near segment ends could be analogous 
to observations at other slow-spreading and ultraslow-spreading 
ridges12,22,34, being consistent with a model in which the upper crust 
away from a segment centre is mostly constructed by dyke intrusions 
from the segment centre12,32,35.

Considering the typical MORB mantle source (Supplementary Table 1), 
the mantle temperature and the relative water enrichment in the JASMInE 
zone, models of passive mantle upwelling and wet melting36 predict 
a crustal thickness to be approximately 2 km (Supplementary Fig. 4). 
Focused melting along a ridge axis may redistribute melts in a segment 
and produces a locally thick crust at the segment centre, yet it cannot 
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Fig. 2 | Observed crustal thickness and predictions of buoyant and passive 
mantle upwelling models. a, Segment-averaged seismic crustal thickness and 
modelling results versus spreading rate. Red circles mark the three segments in 
the JASMInE zone. Squares represent other seismic measurements at ultraslow- 
spreading ridges10,12,16,45. Vertical dashed lines show the range of crustal 
thickness with local maximum and minimum values. Triangles indicate the 
segment-averaged crustal thickness of faster-spreading ridges46, omitting 
measurements proximate to hotspots or fracture zones, which could be 
substantially influenced by large perturbations in mantle temperature or 
composition. The shaded regions represent the maxima of the binning of the 
seismically determined crustal thickness21,46,47 (Supplementary Fig. 5). The blue 
and red lines indicate the simulated crustal thickness of the passive mantle 
upwelling with the lithospheric wedge2 and active mantle upwelling models, 
respectively. The modelled results of the pure passive mantle upwelling model1 
are also shown as a dashed line. b,c, Sensitivity of crustal thickness to mantle 
temperature and mantle viscosities at a full spreading rate of 10 mm year−1. Red 
and blue lines indicate the results of active and passive mantle upwelling 
models, respectively. d, Across-axis profiles of seismic (solid frame) and 
gravity-determined (dashed frame) crustal thickness at slow-spreading and 
ultraslow-spreading ridges7,8,48–50 (Extended Data Fig. 9 and Supplementary 
Fig. 6). To highlight temporal variations, the minimum value of each profile  
was removed. From top to bottom, the profiles are MAR 5° S, MAR 2° S, MAR 
2° N, MAR 26° N, MAR 45° N, MCSC, SWIR 64.5° E, Gakkel 19° E and Gakkel 85° E. 
e, Spreading-rate dependence of active versus passive mantle upwelling. The 
red and blue lines indicate the ratio of the crust created by active and passive 
mantle upwelling, respectively.
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alter the segment-averaged melt volume. A conceptual model involv-
ing melt that pools at the base of thick lithosphere until a large-volume 
eruption was proposed to explain the presence of episodic enhanced 
magmatism across the eastern SWIR and the western Gakkel Ridge37,38. 
This model seems to be inconsistent with the observation of crust >4 km 
along the entire across-axis profile at the 85° E segment. Therefore, 
the unexpectedly thick crust observed at 85° E and 100° E cannot be 
straightforwardly ascribed to passive upwelling of anomalous mantle 
temperature or composition coupled with along-axis melt migration.

We investigated whether active mantle upwelling can explain the 
observed anomalously thick and time-varying crust seen at the Gakkel 
Ridge (Fig. 2a and Extended Data Figs. 7 and 8). We used 2D numerical 
models to simulate the dynamic processes of mantle upwelling and 
melting (Methods). Here buoyancy-driven active upwelling would 
be excited by lateral density gradients from thermal expansion, melt 
retention and melting-related mantle depletion39,40. The change in the 
chemical composition of the mantle is because of melt extraction, 
which leads to a lower Fe/Mg in the residual mantle and its associated 
density reduction. The resulting crustal thickness reflects the combined 
effects of mantle buoyancy and plate separation.

For a ridge with a full spreading rate of 10 mm year−1 and a global 
average Tp of 1,320 °C, the velocity of the passive mantle upwelling 
model including the lithospheric wedge2 is predicted to be 7.5 mm year−1 
beneath the axial melting zone, with a maximum melt fraction of 8.5% 
and associated constant crustal thickness of about 2.1 km (Fig. 2a and 
Extended Data Fig. 7). By contrast, mantle upwelling in buoyant models 
is further accelerated, inducing an average upwelling velocity beneath 
the melting zone of about 15 mm year−1. The associated maximum melt 
fraction is up to 12% (Extended Data Fig. 7), which could generate crust 
with an average thickness of roughly 5.2 km (Fig. 2a). Thus, given a rela-
tive normal mantle temperature and mantle compositions, the active 
mantle upwelling model prediction could explain the average crustal 
thickness along the ridge axis in the JASMInE zone.

The melt volume in the active mantle upwelling model is much more 
sensitive to variations in mantle temperature and viscosity than that 
of a passive upwelling model (Fig. 2b,c). Owing to the coupled mantle 
rheology and melting, changes in mantle temperature or composition 
give rise to positive feedback between the melt fraction and mantle 
upwelling velocity in the active upwelling model. In the case of a mantle 
rich in volatiles (for example, water and carbon dioxide) and/or fusible 
components, this would lead to a higher extent of melting, reducing 
mantle density and viscosity. Consequently, buoyant mantle upwelling 
would accelerate, leading to an even greater extent of melting. The vari-
ation in the predicted crustal thickness in the active upwelling model 
is approximately twice that of the passive model for a Tp perturbance 
of 100 °C (1,280–1,380 °C) with a reference mantle viscosity of 1019 Pa s 
(Fig. 2b and Extended Data Fig. 8a–d). Given a loosely constrained yet 
reasonable range of mantle viscosity (5 × 1018–1020 Pa s at a depth of 
100 km)41, the variation in predicted crust thickness in the active model 
is approximately ten times that of the passive upwelling model (Fig. 2c 
and Extended Data Fig. 8e–h).

The high sensitivity of active mantle upwelling amplifies the effects 
of mantle heterogeneity on melt production. Further considering that 
the melting zone is small beneath an ultraslow-spreading ridge, the 
extent of melting would then be susceptible to small-scale mantle het-
erogeneities, which could more frequently trigger marked variations 
in mantle buoyancy. This susceptibility may account for the observed 
high-amplitude oscillations (>2 km) of crustal thickness through time 
at ultraslow-spreading ridges (Fig. 2d, Extended Data Fig. 9 and Sup-
plementary Fig. 6). In the magmatic zones of ultraslow-spreading 
ridges, mantle domains metasomatized by slab-derived material 
(SWIR 50° E (ref. 13)), fertile mantle (SWIR 57–60° E (ref. 14)) and/or 
water-enriched mantle ( JASMInE zone) may lead to increased melt pro-
duction and reduced mantle viscosities. Active mantle upwelling should 
be more intensive in these regions, which will further enhance melting.  

At amagmatic zones, in which extensive serpentinized peridotites have 
been collected, the subaxial mantle could be either more refractory and 
viscous (SWIR 0–16° E (ref. 42), 64.5° E (ref. 43) and SMZ44) or colder 
(SMZ; Extended Data Fig. 1f). These effects would reduce both melt 
fraction and the upwelling velocity of the buoyant mantle, thereby 
decreasing its melt production.

Spreading-dependent active upwelling
Extending our modelling approach to the global mid-ocean ridge, we 
find that the importance of active mantle upwelling on melt production 
increases with decreasing spreading rate (Fig. 2e). At fast-spreading 
and intermediate-spreading ridges, a notable fraction of the relatively 
uniform crust is formed by a high degree of melting in a relatively large 
melting zone that arises from steady-state passive mantle upwelling, so 
that the contribution of buoyant mantle upwelling is not prominent. 
Here the oscillations in crustal thickness, excluding measurements near 
hotspots or fracture zones, are much subdued (about 2 km) for passive 
mantle upwelling (Fig. 2a). At slow-spreading and ultraslow-spreading 
ridges with relatively hot, volatile-rich or fertile mantle, active mantle 
upwelling could dominate over passive mantle upwelling and locally 
generate excess melts and thick crust. The high sensitivity of active 
mantle upwelling, coupled with ubiquitous local mantle temperature 
and compositional heterogeneity, leads us to suggest that the relatively 
large variations (up to 5 km) in crustal thickness are an intrinsic char-
acteristic of ultraslow-spreading ridges (Fig. 2d). The spreading-rate 
dependence of the relative importance of active mantle upwelling 
versus passive mantle upwelling is predicted to strongly shape the 
variability in crustal accretion of the global mid-ocean ridges.
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Methods

Data acquisition
Active-source seismic refraction experiments with OBSs were con-
ducted during the JASMInE expedition aboard the recently launched 
icebreaker ‘Xuelong 2’ in August 2021 (ref. 51). Two seismic profiles 
located at Gakkel 76–92° E and 92–100° E along the ridge axis (roughly 
240 km in total) and one profile across the Gakkel 85° E (about 135 km) 
were recorded, at which the sea ice (thickness of 1.3 m on average) 
covered >80% of the sea surface. The OBSs were adapted for posi-
tioning using short-baseline and/or ultrashort-baseline systems 
on board. In total, 43 OBSs were deployed with spacing of about 
5 km near 85° E and about 10 km for the other regions, and 42 OBSs 
were successfully recovered. Data from 35 OBSs were used to com-
pute the velocity structure in this study (Fig. 1). Each OBS included 
three-component geophones and one hydrophone. The seismic 
source was an air-gun array of 2 × 32.7 litres (4,000 cubic inches) 
operating at an average shot interval of 32 s (approximately 30–60 m 
shot spacing) with a pressure of 10.79 MPa. A total of 5,252 shots were  
recorded.

Bathymetry, gravity and sonobuoys data, as well as rock samples, 
were also collected during the JASMInE expedition (Extended Data 
Fig. 1). Bathymetry data were collected with a SeaBeam 3020 multibeam 
system. A total of 108 sonobuoys were deployed to measure the sedi-
ment structure. Shipborne gravity data were recorded using a Micro-g 
S model gravimeter. Rock samples, primarily containing basalts, were 
collected at six TV-grab stations at the nearly sediment-free 85° E and 
100° E volcanic centres.

Seismic data processing
The OBS data processing included corrections for OBS clock drifts, 
relocations of OBSs and shots using direct arrivals and seismic signal 
processing using band-pass filtering between 4 and 20 Hz. The final 
straight-line approximation of the profile was calculated by performing 
a least-squares fit on all shots of the profile. The depth of each OBS was 
initially estimated from bathymetric data and then adjusted by fitting 
the direct water arrivals.

Seismic phase analysis and selection
Seismic phases were identified using initial-travel-time modelling. We 
identified the direct water wave (Pw), the refracted waves from oceanic 
layers 2 (P2) and 3 (P3), the Moho reflection (PmP) and the refracted 
wave from the upper mantle (Pn).

The Pw and P2 arrivals were recorded by all OBSs (Supplemen-
tary Table 3), except for OBS 12. Maximum offsets of the Pn phase 
were observed up to 40 km (Extended Data Fig. 2 and Supplemen-
tary Fig. 2), making a good overlap control for the velocity mod-
els. Travel-time uncertainties were dominated by uncertainties in 
phase picking and off-profile time errors (Extended Data Table 1). 
According to the signal-to-noise ratio and band-pass filter param-
eters (4–20 Hz)52, we estimated the picking uncertainties to be 
about 50, 60, 80, 100 and 120 ms for Pw, P2, P3, PmP and Pn arrivals, 
respectively. To account for the difference in water depth between 
the true and modelled shot locations, we added an uncertainty 
term for each pick, with calculated values ranging from 1 ms to 
130 ms (Extended Data Table 1). The extra time uncertainties were  
calculated by
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in which Tunc is the time uncertainty, Ds0 is the depth of the true shot posi-
tion, Ds1 is the depth of the modelled shot position, Vwater is the P-wave 
water velocity (1.5 km s−1) and Vsed is the average sediment velocity in 
our final velocity model.

Seismic velocity structure modelling
The velocity model was first obtained using the 2D forward ray-tracing 
software RAYINVR52 and then refined by the joint inversion code 
Tomo2D53 using both the refraction and reflection travel-time infor-
mation.

During forward modelling, the initial model comprised three crustal 
layers, representing sediments, oceanic crust layer 2 and layer 3. The 
thickness and velocity models for the three layers were based on the 
typical oceanic crustal structure at the slow-spreading MAR54, with 
1D linear velocity gradients within these layers. The initial model of 
sediment-layer thickness was constrained by the sonobuoy data with 
velocities of 1.8 km s−1 at its top and 3.4 km s−1 at its bottom. The ini-
tial model of oceanic layer 2 had a thickness of 2 km with velocities 
of 3.4 km s−1 at its top and 6.4 km s−1 at its bottom. The initial model of 
oceanic layer 3 had a thickness of 4 km with velocities of 6.4 km s−1 at 
its top and 7.0 km s−1 at its base. The initial model of the upper mantle 
had a velocity of 8.0 km s−1 beneath the Moho. Horizontal node spacing 
within oceanic layers 2 and 3 was 5 km and 10 km, respectively. The node 
spacing was 20 km in the upper mantle. The velocities and boundaries 
were adjusted manually by trial and error52.

The results of forward modelling (Extended Data Fig. 2) were used 
as the initial models of the inversion. The velocity model was param-
eterized as a sheared mesh hanging beneath the seafloor; it was then 
interpolated to form a continuous velocity field. The sheared mesh 
allowed accurate travel-time calculation by ray-bending and graph 
methods, whereas the velocity field was estimated on the basis of the 
travel-time residuals53. For the across-axis profile, the horizontal cor-
relation length increased from 1 km at the top to 4 km at the bottom, 
whereas the vertical correlation length increased from 1 km at the 
top to 6 km at the bottom. For along-axis sections, the horizontal cor-
relation length increased from 1 km at the top to 3 km at the bottom, 
whereas the vertical correlation length increased from 1 km at the 
top to 5 km at the bottom. The correlation length of the Moho reflec-
tor was set to 2 km and 3 km for across-axis and along-axis profiles, 
respectively. After two iterations, the optimal P-wave models were 
obtained (Fig. 1c,e).

Error and uncertainty of seismic model
The root mean square misfits of the Tomo2D models along the 
across-axis profile and the western and eastern sections of the 
along-axis profile were 93, 96 and 81 ms, with corresponding χ2 values of 
1.09, 1.01 and 1.08, respectively (Extended Data Table 1). We conducted 
checkerboard tests to assess the resolution of the tomographic veloc-
ity models. In this study, the final velocity models were perturbed by 
velocity variations of ±8% in cells with varying sizes. For the across-axis 
model, the considered dimensions are 8 km × 10 km, 8 km × 3 km and 
6 km × 2 km. Along-axis models considered dimensions of 8 km × 10 km, 
8 km × 4 km and 6 km × 2 km. On the basis of these perturbed models, 
synthetic travel times were calculated using the same source–receiver 
geometry. After adding a random noise of 100 ms, the synthetic travel 
times were inverted for the output models, using the same starting 
models that we used in the inversion procedure (Extended Data Fig. 4). 
Checkerboard recovery is best in the sediments and upper crust; at 
greater depths, the resolution is better in the vertical direction than in 
the horizontal direction. Resolution is poor at edges of models, at which 
the ray coverage is limited. The models have relatively good recoveries 
for the 8 km × 4 km anomaly and 8 km × 3 km anomaly along-axis and 
across-axis profiles, respectively. We also computed the derivative 
weight sum, which was the column-sum vector of the Fréchet velocity 
kernel and served as a measure of the linear sensitivity of the inversion. 
The derivative weight sum shows better coverage in the upper crust 
than in the lower crust (Extended Data Fig. 3a,b).

To assess the uncertainties and robustness of the final velocity 
models, we used a Monte Carlo method53. We generated 100 1D initial 



velocity models with randomly perturbed velocities for each profile. 
The velocity perturbations for all of the layers in the starting models 
ranged from −5% to 5%. Furthermore, we perturbed the Moho depth 
in along-axis sections within the range 9–12 km and in the across-axis 
profile within the range 8–11 km. Using the corresponding 100 refer-
ence models for both along-axis and across-axis profiles, we estimated 
inversion uncertainties based on the standard deviation of all solutions 
(Extended Data Fig. 3c–g), which is less than 0.1 km s−1 in the upper crust 
across all three models. Meanwhile, the standard deviations of veloci-
ties in the lower crust ranged from 0.1 to 0.2 km s−1 for both along-axis 
and across-axis profiles. The Moho depth uncertainties are within the 
range ±0.1 km to ±0.5 km.

Sonobuoy data analysis
The disposable sonobuoys were equipped with a 5–2,400 Hz hydro-
phone, which radioed the signals back at a water depth of 60 m. In this 
study, we use 65 sonobuoys with relatively high data quality. Most of 
them have offsets ranging from 6 km to 10 km, with a maximum range 
of approximately 20 km.

Profiles of sonobuoy data were generated using a process similar to 
that of single-channel seismic surveys. For each shot, we calculated 
the midpoint position between the source and receiver based on their 
GPS coordinates. Next, we extracted the depth of this midpoint from 
the multibeam bathymetry data. A time shift was then applied to the 
data of each shot according to the travel time of seafloor reflection and 
midpoint depth, assuming a seawater velocity of 1,500 m s−1. To enhance 
the data quality, we used a processing sequence that included low-cut 
filtering (2–3 Hz), high-energy noise suppression (remove three times 
the average amplitude) and single-trace predictive deconvolution  
(a filter length of 160 ms and a prediction distance of 64 ms). Finally, 
two-way travel time was converted to depth using regional sedimentary 
velocities from ref. 55. The depth of the basement was identified as a 
transition from high-amplitude reflections to semitransparent with 
low or few indistinct reflections (Supplementary Fig. 7).

Gravity data analysis
For the JASMInE zone, we calculated mantle Bouguer anomalies (MBA) 
by subtracting the gravity effects of a water layer (determined by 
bathymetry data), a sediment layer (constrained by sonobuoy data) and 
a constant crustal thickness of 5 km from the shipborne free-air gravity 
anomalies56,57. The calculation was conducted using the ‘gravfft’ model 
of the Generic Mapping Tools software58. The densities of the water, 
sediment, crust and mantle layers were assumed to be 1.03, 2.0, 2.7 and 
3.3 g cm−3, respectively. For the Gakkel Ridge between 6° W and 105° E, 
the same approach was applied to obtain the MBA. Satellite altimetric 
gravity data (DTU21)59 and IBCAO 4.0 (ref. 60) were used in the calcula-
tion. Residual MBA (RMBA; Extended Data Fig. 1c) was calculated by 
removing the gravity effect of lithosphere thermal cooling related to 
seafloor age56. The mantle thermal structure of the Gakkel Ridge was 
calculated using the method in ref. 61 based on a state-of-the-art global 
model of seafloor age62. This thermal structure was then converted into 
density variations. The gravity effects of mantle thermal variations, 
which are consistent with predictions from the numerical geodynamic 
model used in this study (Supplementary Fig. 3), were removed from 
the MBA data to obtain the RMBA data.

The best-fitting density model was achieved with Geosoft Oasis 
montaj v9.7. In the areas covered by seismic rays, the density is con-
verted from the P-wave velocity model using velocity contours and 
matching velocity–density relationships for the oceanic crust63 and 
serpentinized mantle64 (Extended Data Fig. 5). In the areas without 
seismic rays, the density refers to the densities of neighbouring areas 
and areas with similar topography. In the areas with seismic rays, we use 
the Moho from the tomographic model, whereas in the areas without 
seismic rays, we adjust the level of Moho to achieve a good fit to the  
observation.

Rock samples analysis
Fresh quenched glass chips and some plagioclase-olivine-phyric 
basalts were carefully selected from six TV-grab stations at 85° E and 
100° E volcanic centres. Sr–Nd isotopes of 14 basaltic rock powers 
and glass chips were measured at Nanjing FocuMS Technology Co. 
Ltd. using a Nu Plasma II multi-collector inductively coupled plasma 
mass spectrometer. The detailed digestion and Sr–Nd purification 
follow the procedures described in ref. 65 Raw data of isotopic ratios 
were internally corrected for mass fractionation by normalizing to 
86Sr/88Sr = 0.1194 for Sr and 146Nd/144Nd = 0.7219 for Nd. International 
isotopic standards (NIST SRM 987 for Sr and JNdi-1 for Nd) were peri-
odically analysed to correct instrumental drift. The analytical data 
are given in Supplementary Table 1. USGS reference materials of 
BCR-2, BHVO-2 and AVG-2 were run together with our samples and 
their results agreed with previous publications within analytical  
uncertainty66.

Major elements and H2O contents on 43 glasses were determined 
at the Key Laboratory of Submarine Geosciences, Second Institute 
of Oceanography, Ministry of Natural Resources. The major-element 
compositions were identified on a JEOL JXA-8100 electron microprobe 
using an accelerating voltage of 15 kV, a beam current of 20 nA and a 
spot size of 15 μm. Natural minerals and synthetic oxides were used 
as standards and a program based on the ZAF procedure was used for 
data correction. The analytical error for most elements was less than 
5%. Compositions were then determined using the average of three 
analyses per glass (Supplementary Table 2). The H2O contents of the 
glasses were analysed by Fourier-transform infrared spectroscopy 
following ref. 67. Analyses are the average of five point determinations 
(Supplementary Table 2). Replicate analyses of each glass wafer were 
typically reproducible to ±5%. The H2O was then corrected to calculate 
the water contents of the mantle source using the method PRIMELT3 
MEGA.XLSM68.

Numerical modelling
We used the geodynamic code ASPECT69,70 to perform 2D numerical 
models to simulate the dynamic processes of the sub-ridge mantle 
upwelling and melting71. The rectangular model domains extend to a 
depth of 100 km and have a horizontal width range of 200–800 km, 
depending on the spreading rates.

The half-spreading rate (U0) is imposed on the top surface. The left 
boundary, which symbolizes the ridge axis, is designed as a free slip 
to inhibit lateral mantle flow. The bottom and right boundaries exert 
no traction, permitting materials to pass through them unimpeded. 
The top surface is set at 0 °C, whereas the temperature at the bottom 
boundary is calculated by adding the Tp and an adiabatic temperature 
gradient of about 0.3 °C km−1. All remaining boundaries are heat insu-
lating. All compositional fields at the inflow bottom boundary are set 
to zero. The initial temperature is uniformly distributed horizontally, 
determined arbitrarily by a combination of an adiabat for the given Tp 
and cooling from the top by an age of 50 Myr. All compositional fields 
are initially set to zero.

Mantle viscosity depends on temperature and pressure and is also 
weakened by retained melts, as follows:

η η E ρ ghV RT E ρ gh V RT e= exp[( + )/( ) − ( + )/( )] ,ϕ
0 0 0 0 0

−45

in which η0 is the reference mantle viscosity under the pressure at the 
model bottom and temperature T0, R is the universal gas constant, E is 
activation energy, V is activation volume, h0 is the height of the model 
domain (that is, 100 km), T0 is the reference mantle temperature and 
ϕ is the melt retention. The values of these parameters are listed in 
Supplementary Table 4. The minimum and maximum cutoff values of 
1018 Pa s and 1023 Pa s are applied to limit mantle viscosity for numerical 
simulations.
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In buoyant models, buoyancy arises from lateral variations in mantle 

temperature, mantle depletion and melt retention. The variation in 
density is calculated by

ρ ρ α T T ρ ζ ρ ϕ∆ = − ( − ) − − ,ζ ϕ0 0

in which ρ0 is the reference density of the unmelted mantle at T0 and 
ρζ and ρϕ are density reductions owing to mantle depletion and melt 
retention, respectively. In passive models, no buoyancy is considered.

The spreading-rate-dependent crustal production, for both cases of 
passive and buoyant upwelling, is tested by performing numerical mod-
els with varying half spreading rates (U0 = 5–70 mm year−1) for a given 
Tp of 1,320 °C. To focus on the crustal production at the Gakkel Ridge 
(U0 = 5 mm year−1), we also perform models with varying potential man-
tle temperature and reference mantle viscosity. The reference mantle 
viscosity (η0 = 5 × 1018–1020 Pa s) is from ref. 41 and is strongly dependent 
on mantle temperature, pressure and mantle water content. To justify 
the uniform 6.0 km crust at fast spreading rates, we assume that 85% 
of the generated melts within a particular pooling width (W0), such as 
80 km, are instantly extracted to form oceanic crust. The steady-state 
crustal thickness is calculated following ref. 72.

Data availability
All geophysical data, including bathymetry data, seismic data and picks 
of phases and gravity data, that support the findings of this study are 
available at Figshare (https://doi.org/10.6084/m9.figshare.25557210; 
ref. 73). All geochemistry data are available at Figshare (https://doi.
org/10.6084/m9.figshare.26123878; ref. 74). Source data are provided 
with this paper.

Code availability
Seismic data processing and analysis were performed using the Seismic 
Unix software v41 on operating system openSUSE 11.2. Travel-time 
picking and modelling were performed using the RAYINVR software52. 
The inversion models were performed using the Tomo2D software53. 
The mantle Bouguer anomaly was calculated with Generic Mapping 
Tools software v6.4. The best-fitting density model was achieved with 
Geosoft Oasis montaj v9.7. Numerical simulations were performed 
using the open-source geodynamic code ASPECT v2.0.1 (refs. 69,70). 
The numerical codes and results are available for download at Figshare 
(https://doi.org/10.6084/m9.figshare.25557210; ref. 73).
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Extended Data Fig. 1 | Bathymetric map and along-axis profiles of the Gakkel 
Ridge. a, Bathymetric map of the Gakkel Ridge. The full spreading rate of the 
Gakkel Ridge ranges from 12.7 mm year−1 near the Fram Strait to 7.3 mm year−1 
close to the Laptev Sea margin. On the basis of the predominant types of rock 
sample obtained, the western Gakkel Ridge was divided into the Western 
Volcanic Zone (WVZ, basalts), the Sparsely Magmatic Zone (SMZ, peridotites) 
and the Eastern Volcanic Zone (EVZ, basalts)15. GRD, Gakkel Ridge Deep. b, Along- 
axis depth profiles of the seafloor (grey line) and the basement (black line). In 
the JASMInE zone, sediment thickness is constrained by sonobuoy data. West of 
the JASMInE zone, the sediment is assumed to be absent as extensive basalts and 
peridotites are directly exposed on the seafloor. Circles indicate the positions 
of seismometers on ice floes16. Most ice-floe seismometers were deployed 

above the deep part (water depth of 3.8–4.8 km) of the rift valley (that is, 
segment ends), at which the estimated average crustal thickness is roughly 
2.7 km (ref. 16). Near a volcanic centre in the WVZ, the estimated crust thickness 
is 7 km (ref. 45). Thick grey lines indicate average values of the basement depth. 
c–f, Along-axis variations in the RMBA, Na8.0 composition of basaltic glasses, 
H2O in the mantle source and calculated Tp (ref. 26). The average values of each 
region are indicated by horizontal grey bars. The RMBA is a crude indicator of 
crustal thickness and/or mantle thermal structure. Black dots indicate data 
from samples obtained in this study. Na8.0 data suggest that the mantle 
beneath the Gakkel Ridge has a relatively low Tp and a reduced extent of partial 
melting15. Tp is calculated using the ReversePetrogen code29. H2O in source is 
calculated using the method PRIMELT3 MEGA.XLSM68.
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Extended Data Fig. 2 | Seismic sections and travel-time ray tracing based on 
the forward model of OBSs 32 and 5 and forward P-wave velocity models.  
a, A seismic section of the hydrophone component of OBS 32 in the across-axis 
profile. b, The recorded section with picked and calculated travel time overlaid. 
Red lines represent the predicted travel time. The coloured vertical bars 
represent the observed travel time in the same colour of rays in panel c. The size 
of the vertical bars indicates twice the uncertainty52. P2 and P3, refracted rays 
from oceanic layers 2 and 3, respectively; PmP, reflected rays at the Moho; Pn, 
turning rays in the upper mantle. c, A simulation of ray tracing using the final 
forward model. The dashed black lines represent the seabed, the sediment 
basement, the interface between oceanic layer 2 and layer 3 and the Moho 

discontinuity, from top to bottom. d–f, Seismic section of OBS 5. We select the 
two OBSs to show the good (OBS 32) and poor quality (OBS 5) of the raw OBS 
data. g,h, The forward seismic P-wave velocity structures. Thick black lines 
represent the seabed and sediment basement. Thin black lines indicate the 
contour of Vp in every 1 km s−1. The dotted line represents the iso-velocity 
contour of 6.4 km s−1. The thick dashed black lines show the Moho discontinuity, 
on which the sections constrained by PmP reflections are marked with thick 
white lines. The green rectangles along the interfaces represent the values of 
resolution for the velocity nodes of the top of layer 2 and the bottom of layer 3, 
and values greater than 0.5 are considered reliable.



Extended Data Fig. 3 | Derivative weight sum results and uncertainties test 
of tomographic inversion models. a,b, The derivative weight sum results 
with horizontal and vertical grid spacings of 0.5 km. c,d, Standard deviation  
for velocity derived from ten Monte Carlo ensembles of the along-axis and 
across-axis crustal velocity models. The contour interval of the mean standard 

deviation is 0.1 km s−1. The thick contour marks the 0.1 km s−1 standard 
deviation velocity. The thick line with error bars marks the average Moho 
boundaries. e–g, The 100 1D randomly perturbed initial models for the 
western (e) and eastern (f) sections of the along-axis profile and the 
across-axis profile (g).
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Extended Data Fig. 4 | Checkerboard resolution tests of the inversion 
models. The distance and depth grid spacing of the along-axis input model in 
panels a, e and i are 8 km × 10 km, 8 km × 4 km and 6 km × 2 km, respectively.  

For the across-axis profile, the distance and depth grid spacing in panels b, f 
and j are 8 km × 10 km, 8 km × 3 km and 6 km × 2 km, respectively. Panels c, d, g, 
h, k and l show output models.



Extended Data Fig. 5 | Observed and predicted free-air gravity anomaly 
along and across the ridge axis. a, Along the ridge axis. b, Across the ridge 
axis. For the crustal part, we used the density structure achieved from the 
velocity structure, along with the velocity–density relationship for igneous 
crust63. We also tested the presence of low densities in the mantle by applying 
the velocity–density relationship for serpentinized mantle64 and found that 
incorporating low-density mantle within the 120–150 km distance along the 
axis profile (yellow parts) led to reduced errors. These low densities may be 

attributed to serpentinized mantle17,18 and/or mantle with trapped melts19.  
A linear trend was removed from the free-air gravity anomaly of the along-axis 
profile. The magnitude of the linear trend is 7.5 mGal over 240 km, which may 
reflect the effect of the colder mantle in the east. A cooling effect was corrected 
from the free-air gravity anomaly of the across-axis profile (Supplementary 
Fig. 3). The numbers indicate density in g cm−3. On the basis of the 138 
crossovers, the root mean square is 0.2 mGal.
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Extended Data Fig. 6 | Comparison between the along-axis crustal thickness 
of the JASMInE zone and other slow-spreading and ultraslow-spreading 
ridges. The Moho at the MAR (34–35° N)22,23, the SWIR 49–51° E (ref. 10) and the 
SWIR 66° E (ref. 12) are defined by PmP arrivals. Although the MAR at 34–35° N 

has a spreading rate roughly twice that of the JASMInE region, their crustal 
thicknesses and variations along the axis remain comparable22,23. This pattern 
of anomalously thick crust at a segment centre and large along-axis variations 
could be observed in both slow-spreading22,23 and ultraslow-spreading ridges12.



Extended Data Fig. 7 | Steady-state model results from passive (black) and 
buoyant (red) models with half spreading rate of 5 mm year−1, Tp of 1,320 °C 
and reference mantle viscosity of 1019 Pa s. a, Mantle flow patterns. The solid 

lines indicate the isotherms. b–d, Vertical variations of mantle upwelling rate 
(b), mantle depletion (c) and melting rates (d) beneath the ridge axis.
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Extended Data Fig. 8 | Vertical variations of melting rate and mantle 
depletion. Results of the passive (a,b) and the active (c,d) mantle upwelling 
models at a reference mantle viscosity of 1019 Pa s and varying Tp. Results of the 

passive (e,f) and the active (g,h) mantle upwelling models at a Tp of 1,320 °C and 
varying reference mantle viscosity. All the results are calculated with a half 
spreading rate of 5 mm year−1.



Extended Data Fig. 9 | Across-axis profiles of seismically determined 
crustal thickness at slow-spreading and ultraslow-spreading ridges7,8,48,49. 
For the Gakkel Ridge 85° E (this study), MAR 21° N (ref. 48) and MAR 2° S (ref. 49), 
the Moho is defined by PmP arrivals. The lower boundary of the crust is defined 

by Vp = 7.0 km s−1 and Vp = 7.5 km s−1 for the MCSC8 and the SWIR 64° E (ref. 7), at 
which PmP arrivals are absent, respectively. Ultraslow-spreading ridges exhibit 
higher variations in crustal thickness than that at the slow-spreading MAR.
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Extended Data Table 1 | Statistics of P-wave travel-time analysis for the forward and inversion models of the JASMInE profiles

*The values in the parentheses denote the average uncertainties of each phase.
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