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Hydrothermal flow and serpentinization  
in oceanic core complexes controlled by 
mafic intrusions

Hanchao Jian    1  , J. Pablo Canales    1  , Robert Dunn    2 & 
Mladen R. Nedimović    3

Deep-sea hydrothermal systems at slow/ultraslow-spreading mid-ocean 
ridges are often located within ultramafic rocks that are part of oceanic core 
complexes. These complexes contain lower-crustal and mantle sections 
exhumed due to detachment faulting. Hydrothermal circulation in these 
environments leads to massive sulfide deposits, hydration of oceanic 
lithosphere and conditions resembling early Earth’s life origin. However, 
the relationship between hydrothermal pathways in these environments 
and crustal and mantle lithologies, faulting, magmatism, serpentinization 
and alteration is poorly understood. Here we present seismic models of a 
Mid-Atlantic Ridge core complex and its ultramafic-hosted hydrothermal 
system derived from full waveform inversion of controlled-source seismic 
data and from local earthquake tomography. The models and derived rock 
properties reveal high-permeability channels within serpentinized peridotite 
along the flanks of the core complex. These channels converge beneath 
active and fossil hydrothermal fields and are diverted around mechanically 
strong, impermeable shallow mafic intrusions (2–3 km wide, ~1 km thick), 
causing hydrothermal outflow and the formation of massive sulfide deposits 
around the intrusions’ edges. These mafic intrusions also act as lids that 
limit fluid downflow—and thus serpentinization—in the centre of the core 
complex. Our results demonstrate that hydrothermal flow in ultramafic 
settings is controlled by lithology contacts, with mafic intrusions modulating 
hydrothermal pathways and extent of mantle serpentinization at depth.

Hydrothermal circulation at mid-ocean ridges (MORs) accounts for 
~10% of total heat loss of oceanic plates1. Hydrothermal systems host 
macrobiota and chemosynthetic microbial communities2 and form 
seafloor massive sulfide (SMS) deposits3. At slow/ultraslow-spreading 
MORs, lithospheric heterogeneity resulting from temporal and spatial 
variations in magmatic, tectonic and alteration processes gives rise 
to a variety of hydrothermal systems classified as4: type I, hosted 

in volcanic terrain, driven by magmatic heat and characterized by 
high-temperature (high-T) and acidic fluids, enriched in magmati-
cally derived CO2 relative to seawater and variable concentrations 
of H2 and CH4; type II, hosted in a mixture of gabbroic and ultramafic 
material venting CO2-rich fluids with elevated concentrations of H2, 
CH4 and other hydrocarbons indicative of serpentinization; and type 
III, low-temperature (low-T), peridotite-hosted systems where fluid 
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structures at scales adequate for linking seafloor observations of  
hydrothermal discharge with sub-seafloor structures14,15, and the 
fine-scale VP/VS structure derived from microearthquake data16 could 
provide the necessary constraints for distinguishing the roles of lithol-
ogy, porosity and serpentinization in controlling hydrothermal cir-
culation. In this study, application of these high-resolution imaging 
methods on datasets from the Rainbow massif11,17–19 (Methods) reveals 
that type II–III hydrothermal systems are controlled by mafic intrusions 
that modulate fluid pathways at depth, location of outflow zones on 
the seafloor and extent of serpentinization.

The Rainbow massif
The Rainbow massif is an ultramafic OCC located in a non-transform  
offset of the Mid-Atlantic Ridge20 (Fig. 1a). Basement outcrops at the 
centre of the massif expose predominately serpentinites with sporadic 
gabbros, while basalts have been recovered only around its edges21 
(Fig. 1b). The massif hosts the Rainbow hydrothermal field (HF), a 
well-studied type II active system venting ~365 °C, H2-rich, CH4-rich, 
CO2-rich and Fe-rich fluids22 at high heat and volume fluxes23 that has 
been active for ~23 kyr (ref. 24) and is associated with one of the most 
extensive active polymetallic SMS deposits found at MORs3,25. Two 
fossil hydrothermal fields, ~110 kyr-old Ghost City and ~25.5 kyr-old 
Clamstone, located 1.2 km and 2.5 km from the Rainbow HF, respec-
tively, show characteristics typical of type III systems, such as low-T, 
metal-poor and alkaline vent fluids4,26,27. Additional hydrothermal 
outflow zones are inferred from mineralized rock samples21 (Fig. 1b).

A previous seismic study shows that the massif is characterized by 
thin seismic crust (defined as VP ≤ 7.2 km s–1) and a cone-shaped core of 
high VP (reaching 6.0–7.2 km s–1 at 1–2 km below seafloor (b.s.f.)) capped 
by shallow low-VP flanks11. Seismic reflection images reveal reflectors 
beneath the flanks of the massif dipping away from the summit and 
short, sub-horizontal reflectors broadly distributed throughout the 
massif interpreted as solidified and possibly partially molten magmatic 
sills intruding ultramafic rocks17. The massif is inferred to be deformed 
by some combination of tectonic extension, thermal contraction and 

circulation is driven predominantly by cooling and serpentiniza-
tion of mantle material and where fluids exiting carbonate chim-
neys are CO2-poor but enriched in H2, CH4 and other hydrocarbons of  
abiogenic origin.

Type I systems share many of the characteristics of fast-spreading 
systems4, but types II and III, collectively known as ultramafic-hosted 
systems, appear to be exclusive of slow/ultraslow-spreading MORs, 
with nearly all of the known cases being associated with oceanic core 
complexes (OCCs)5. High-T and low-T hydrothermal systems—both 
active and fossil, on-axis and off-axis—are common in OCCs6,7, indi-
cating that hydrothermal circulation is a fundamental process that 
accompanies tectonic and magmatic activity throughout the life 
cycle of an OCC8. However, our knowledge of how crustal and mantle 
lithologies, rock hydration and alteration, faulting and magmatism 
collectively determine hydrothermal pathways in these settings is 
limited, hindering progress on understanding of the importance of 
OCCs and associated hydrothermal circulation for the formation of 
SMS ore deposits, for hydration of young lithosphere and for creating 
chemical and structural environments potentially analogous to those 
that facilitated the origin of life on early Earth2.

Modelling hydrothermal flow in these complex settings has been 
restricted to investigating the role of some particular features, such 
as the geometry and permeability of faults in focusing hydrother-
mal discharge9, or the feedbacks between permeability and serpen-
tinization10. The few seismic studies conducted to date in OCCs with 
type II or type III systems provide first-order constraints on crustal 
structure11,12 but lack the resolution for adequately addressing how 
hydrothermal circulation is influenced by a complex, heterogeneous 
lithological and alteration structure. Furthermore, because P-wave 
velocity (VP) is influenced by a variety of factors such as composition, 
alteration, porosity and pore space topology, distinguishing among 
these factors from VP alone is in many cases problematic and requires 
additional constraints such as shear-wave velocity (VS) or the VP/VS 
ratio13. Advanced seismic imaging such as full waveform inversion 
(FWI) of controlled-source seismic data has the potential to illuminate 
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Fig. 1 | Bathymetry map and multichannel seismic layout. a, Regional 
bathymetry19 and multichannel seismic profiles (black lines) across the Rainbow 
non-transform offset and neighbouring segments. White arrows and numbers 
show full spreading direction and rate. The inset shows the location of the study 
area (red dot) within the central North Atlantic Ocean. White box outlines the 

area shown in b. b, Bathymetry and dredged lithologies21 of the Rainbow massif. 
The brown lines are the multichannel seismic profile sections shown in Fig. 2 and 
Extended Data Figs. 4 and 5, with small white dots marking inline distances at 
every 2 km.
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serpentinization-driven volume expansion, as suggested by a high 
constant rate of low-magnitude, shallow microseismicity (<4 km b.s.f.) 
lacking mainshock–aftershock sequences or swarming activity18.

Hydrothermal pathways and mafic intrusions
Seismic velocity models derived from the FWI of downward-extrapolated 
multichannel seismic data (Extended Data Figs. 1–3 and Methods) illu-
minate the high-VP core of the massif bounded by sharp transitions 
on its top and sides, accompanied by dipping low-VP channels along 
the flanks (Fig. 2a–c and Extended Data Figs. 4a–c and 5a–c). These 
channels extend from near the seafloor in the immediate vicinity of 
the known hydrothermal fields to depths greater than 5 km below 
sea level. This geometry suggests that the low-VP channels represent 
hydrothermal pathways that focus fluids heated from deep, partially 
molten sills17 to a narrow region at the centre of the massif. Alternative 
interpretations of these narrow low-VP anomalies based on temperature 
or presence of melt28 would require too large temperature gradients 
and large amounts of partial melt that we deem unrealistic. The low-VP 
channels beneath the western flank of the massif converge beneath the 
Rainbow HF and are therefore highly permeable active upflow zones. 
By contrast, channels beneath the eastern flank of the massif converge 
beneath the fossil Clamstone HF and are inferred to be inactive because 
of a decrease in permeability due to clogging of pore space by low-VP 
alteration products (for example, serpentinites) and/or because of 
waning of a local heat source. At the top of the low-VP channels and 
immediately beneath the hydrothermal fields, the FWI models exhibit 
~300–1,000 m wide low-VP zones in the upper few hundred metres 
(Fig. 2a,b and Extended Data Figs. 4a,b and 5a,b). We interpret these 

shallow low-VP zones as sub-seafloor brecciated stockwork assem-
blages, in agreement with the extent of the Rainbow HF stockwork 
inferred from seafloor samples25 and the internal structure of other 
SMS deposits inferred from drilling29.

The VP/VS ratio obtained from a local earthquake tomography 
(Extended Data Fig. 6 and Methods) provides independent constraints 
for distinguishing between ultramafic and mafic lithologies13,30. Cross 
sections of the VP/VS volume coincident with the FWI VP models show 
that while the Rainbow massif generally exhibits VP/VS > 1.9 indica-
tive of serpentinization13 and consistent with the overall ultramafic 
nature of the massif, there is important variability (Fig. 2d and Extended 
Data Figs. 4d and 5d). Most prominent is a region of low VP/VS located 
westwards of the summit above ~3.5–4.0 km depth below sea level. 
This region overlaps the upper section of the high-VP core, strongly 
suggesting the presence of gabbro intrusions. Statistical analysis 
of existing laboratory and in situ measurements of seismic proper-
ties for mafic and ultramafic lithologies (Extended Data Fig. 7) indi-
cates that high-concentration gabbro intrusions can be identified 
using VP > 5.5 km s–1 and VP/VS < 1.85 (Methods). Using these criteria, a 
gabbro-dominant region (2–3 km wide, ~1 km thick) at shallow depths 
beneath the summit of the Rainbow massif is interpreted from the seis-
mic models (grey shaded regions in Fig. 2 and Extended Data Figs. 4 and 
5). It is comparable in size to other seismically imaged and/or drilled 
OCC gabbroic cores (for example, refs. 14,31,32), which probably 
formed deeper into the lithosphere and were subsequently uplifted 
through detachment faulting21,33.

The upper sections of the low-VP channels run beside the borders 
of this gabbro-dominant region, and the known HFs are located roughly 
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Fig. 2 | Geophysical cross sections along profile 112. a–c, VP (a), VP anomalies (b) 
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locations of hydrothermal fields as shown in Fig. 1b. The insets in a and b show 
zoomed-in plots of the shallow low-VP zones associated with the hydrothermal 
fields. Black-and-white dashed lines on a, b and e delineate low-VP channels 
as interpreted in b. Red-and-white dashed lines on c and f delineate high-VP 
gradients as interpreted in c. The dark grey patches on e and f mark interpreted 
gabbro-dominant regions.
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around the edges of this region when projected to the seafloor (Fig. 2e 
and Extended Data Figs. 4e and 5e). These observations indicate that 
the mafic intrusions control the hydrothermal outflow zones in these 
settings by providing a rheological contrast that favours nucleation and 
development of fractures between the low-permeability, mechanically 
strong mafic rocks and the weak serpentinized peridotites34 around it 
as well as other weak alteration minerals formed in response to strain 
localization and hydrothermal alteration during denudation8.

Extent of serpentinization
We use effective medium theory and constraints from lab measure-
ments to explore the range of porosity, crack aspect ratio and serpen-
tinization structures that are consistent with our VP and VP/VS models 
(Extended Data Fig. 8 and Methods). Although solutions are not unique, 
in this Article, we report on the endmember solution that results in 
the maximum extent of serpentinization allowed by the data. We con-
sider these our preferred porosity and serpentinization models for 
two reasons. First, the preferred serpentinization models (Fig. 2e and 
Extended Data Figs. 4e and 5e) are the most geologically plausible as 
indicated by the complete serpentinization of seafloor samples21,25. 
Second, the preferred solution consists of an ~1 km thick high-porosity 
uppermost layer (Fig. 2f and Extended Data Figs. 4f and 5f), in which 
porosity, crack aspect ratio (Extended Data Fig. 9b) and a sharp porosity 
reduction at its base are all comparable to drilling results in ophiolitic 
serpentinized mantle35. The sharp porosity reduction also explains 
the high FWI–VP-gradient boundaries. Solutions with lower extents of 
serpentinization (for example, Extended Data Fig. 9d–i), while compat-
ible with our VP and VP/VS models, are inconsistent with the extent of 
serpentinization in seafloor samples21 and require a gradual (rather 
than a sharp) decrease in porosity with depth that conflicts with the 
modelled FWI VP gradients.

Our preferred serpentinization models show that the high-porosity 
upper ~1 km of the massif is almost completely serpentinized (>80%) 
(Fig. 2e and Extended Data Figs. 4e and 5e). Deeper within the massif, 
serpentinization varies laterally, with the low-VP channels displaying 
~60% serpentinization while the area below the gabbro-dominant 

region is characterized by less-altered peridotites (<40%). This rein-
forces our interpretation of the low-VP channels as fluid pathways, 
and it highlights the role that the mafic intrusions play in controlling 
alteration of the massif. Gabbros are strong materials resistant to 
retrograde metamorphism21 and would remain relatively intact and 
less permeable than serpentinized peridotites during exhumation36. 
Therefore, we posit that the mafic intrusions act as a low-permeability 
barrier that prevents extensive fluid circulation beneath it, thus limit-
ing the hydration within the central core of the OCC (Fig. 3). Such a 
barrier to fluid downflow may also help maintain a warmer thermal 
regime than the surrounding rock by reducing convective cooling, 
consistent with the presence of partially molten sills imaged beneath 
the gabbro-dominant region17, thus further limiting the extent of hydra-
tion by damping serpentinization reaction kinetics, which sharply 
decreases for temperatures above ~320 °C (ref. 37).

Fluid flow in ultramafic settings and global 
implications
Detachment faulting is a fundamental mode of lithospheric accre-
tion that may comprise up to 50% of slow-spreading and about 40% 
of ultraslow-spreading lithosphere38–40. OCCs formed by this mecha-
nism are systematically characterized by kilometre-scale exhumed 
mafic intrusions as revealed by seismic investigations and deep 
drilling (for example, refs. 14,31,32) and host the majority of known 
ultramafic-hosted hydrothermal systems5,7. Therefore, our results 
from the Rainbow massif can be synthesized into a general model of 
hydrothermal circulation and serpentinization in OCCs that is rep-
resentative of these features along slow/ultraslow-spreading ridges, 
which comprise ~50% of the global MOR system40.

In our model, large mafic intrusions formed during active detach-
ment faulting and uplifted to shallow levels act as one of the two pri-
mary controls in modulating hydrothermal fluid flow and mantle 
serpentinization; the other primary control is availability of adjacent 
magmatic heat sources to drive hydrothermal convection17 (Fig. 3). 
The mechanically strong and less permeable gabbros prevent sub-
stantial fluid downflow into the core of the OCC, thus sheltering it from 
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Fig. 3 | Schematic model for hydrothermal circulation and serpentinization 
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fluid downflow into the core of the OCC, sheltering it from extensive convective 
cooling and serpentinization. Magmatic sills intrude into ultramafic rocks 
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more slowly cooled. Localized strains around the lithology contact form focused 
hydrothermal outflow pathways, leading to the formation of hydrothermal fields 
located around the vertical projection of the gabbro-dominant region’s edges. 
Figure adapted with permission from ref. 11, John Wiley and Sons.
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extensive serpentinization and providing a warmer thermal regime 
beneath the gabbro-dominant region. By contrast, fluid downflow 
and serpentinization are favoured down the flanks of the OCC, creat-
ing dipping high-permeability channels within highly serpentinized 
peridotite. The warmer thermal regime beneath the large shallow mafic 
region facilitates intrusion of younger, deep-sourced magmatic sills17. 
When these sills are intruded in the vicinity of the channels, deep heated 
fluids exploit these channels as preferential outflow zones, leading to 
further alteration and focusing of fluids along the channels8,41 (Fig. 3). 
At shallow levels, hydrothermal outflow is focused beside the borders 
of the gabbro-dominant region favoured by the rheological contrast 
between weak serpentines and gabbros, leading to the formation of 
hydrothermal fields and SMS deposits that are not randomly distrib-
uted on the seafloor but instead are located around the vertical projec-
tion of the edges of the gabbro-dominant region (Fig. 3).

The similarities in structure beneath the Rainbow and the Clam-
stone HFs suggest that the characteristics of hydrothermal activity at 
Clamstone was at some point in the past similar to that of the Rainbow 
HF. As pore space within the focused upflow zones gets clogged due 
to mineral precipitation and/or serpentinization-induced volume 
expansion42, and/or the magmatic heat source wanes or shifts away, 
hydrothermal outflow may be suppressed, leading to the evolution 
from a type II to a type III hydrothermal system, which eventually 
would become inactive. Thus, type II and type III hydrothermal sys-
tems probably represent different evolutionary stages of a single 
ultramafic-hosted style of hydrothermal convection. This further 
implies that SMS deposits can probably be found beneath both types 
of systems, as indicated by the similar low-VP stockwork zones imaged 
beneath the Rainbow and Clamstone HFs (Fig. 2b).

These results and models thus provide insight into the geophysical 
and geological environments influencing SMS deposit formation and 
preservation. Such characterization is crucial for developing sustaina-
ble and responsible management and mitigating strategies in the event 
these systems were to be commercially exploited by deep-sea mining, a 
scenario potentially having long-lasting ecological and environmental 
impacts43 that could become reality in coming years44.

Furthermore, serpentinization of oceanic lithosphere plays a 
key role in global carbon and water cycles45 and serves as a notable 
source of molecular hydrogen and abiotic methane40,46, which in turn 
has important implications for subduction zone processes, mantle 
rheology, climate stability and the life origin on early Earth, as well as 
the functioning of the present-day deep biosphere45–48. For example, 
during the past ~320 Myr, global subduction of serpentine-rich oceanic 
lithosphere has episodically peaked over the last 100 Myr, driven by 
serpentinization associated with slow/ultraslow seafloor spreading 
following supercontinent break-up45,46 and subduction during the 
closing of internal oceans49. Our results indicate that extensive ser-
pentinization (>20%) at OCCs is limited to the upper ~3–4 km of the 
lithosphere, contrasting with recent claims that oceanic lithosphere 
hydration at MORs may extend ~30 km into the mantle, at least locally 
beneath transform faults50. Thus, our estimates on the extent of ser-
pentinization at OCCs should be considered when quantifying past, 
present and future global volatile fluxes.
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Methods
Multichannel seismic data acquisition and processing
The multichannel seismic (MCS) dataset was collected in April–May on 
board the R/V Marcus G. Langseth51. Twenty-one two-dimensional (2D) 
MCS profiles were acquired with different orientations (Fig. 1a). The 
acquisition parameters and full data processing flow are presented in 
Supplementary Table 1. A crucial step in the processing involved the 
downward extrapolation of the sea surface data to a virtual datum 
near the seafloor52–54, which would migrate the crustal phases ahead 
of seafloor reflections at near offsets, effectively suppressing seafloor 
scatterings and enhancing the coherency of wide-angle crustal arriv-
als (for example, Supplementary Figs. 1–3). We used a 2D Kirchhoff 
integral method for the extrapolation55. The virtual datum was set at 
100 m above a smoothed seafloor model, containing virtual sources 
spaced at 37.5 m and virtual receivers positioned behind sources from 
100 m to 8 km. This was applied on all MCS profiles.

Streamer travel-time tomography
To mitigate cycle-skipping issues in FWI, we first performed 3D 
streamer tomography using first arrival data from all MCS profiles 
around the Rainbow massif. We picked ~6.99 million travel times with 
an average uncertainty of 15.8 ms within the tomography model area 
(43.2 km × 27.9 km; Supplementary Fig. 4a). We adopted the tomog-
raphy code developed by ref. 56 and added parallelization to handle 
the large data and model size. It utilizes the shortest-path57 and LSQR 
(method for solving least-squares problems using QR factorization 
at each iteration)58,59 methods for forward modelling and inversion, 
respectively. The forward and inversion modelling grids have hori-
zontal by vertical spacing of 37.5 m × 25 m and 150 m × 100 m, respec-
tively. We used the controlled-source ocean-bottom seismometer 
(OBS) travel-time tomography model11 as a starting model. The χ2 
(average of squares of the travel-time misfit normalized by picking 
uncertainties) was 18.5 for the starting model and reduced to ~1 after 
the streamer tomography (Supplementary Fig. 4b). The cross sections 
of the streamer tomography model along profiles 112, 114 and 113 
(Extended Data Fig. 1a and Supplementary Figs. 5a and 6a) were used 
as starting models for FWI.

Full waveform inversion
We adopted a 2D time-domain FWI routine60, which uses the 
fourth-order staggered-grid finite-difference method61 for elastic 
waveform modelling and the adjoint-state method62 to efficiently 
calculate the first-order gradient with respect to velocity models. To 
facilitate the convergence, we incorporated the limited-memory BFGS 
(Broyden–Fletcher–Goldfarb–Shanno) method63 together with a pre-
conditioning method based on source field illumination64, which could 
provide important information about the inverse of the second-order 
gradient65. We used a least-squares objective function60 that is highly 
nonlinear and prone to cycle skipping66. To tackle this issue, in addition 
to starting from the streamer tomography model, we applied data time 
windowing60 and frequency-continuation strategies67.

The downward-extrapolated MCS dataset shows coherent early 
P-wave arrivals, including wide-angle refractions and reflections, 
and rarely shows P-to-S converted waves (Supplementary Figs. 1–3).  
Seafloor scattering is largely collapsed by the extrapolation but still 
hinders the exploitation of near-offset reflections. Hence, we designed 
time windows to select only early P-wave arrivals, starting immediately 
before first arrivals, with length of 1 s or shorter to exclude any water 
waves (direct, seafloor reflection). These time windows were used for 
all FWI steps. In addition, we implemented the frequency-continuation 
strategy67 by sequentially inverting seismic data between 3 and 6 Hz, 3 
and 9 Hz, and 3 and 14 Hz.

The waveform modelling was performed on a regular grid spaced 
at 12.5 m, with a time step of 1 ms. The initial VP model for the first 
FWI stage was extracted from the streamer tomography model, and 

the initial VS and density models were related to VP using empirical 
relationships68. For later FWI stages with higher-frequency data, the 
best-fitting model results from the previous step were used as start-
ing models. During the FWI iterations, both VP and VS models were 
updated, whereas the density model was always linked to VP using 
the empirical relationship68. This is consistent with the dominance of 
wide-angle P-wave refractions in the windowed seismic data, which are 
relatively insensitive to fine-scale density model structures. Although 
the medium-wavelength VS structure variation is required to better fit 
the wide-angle P-wave reflection amplitudes and reduce artefacts in the 
VP model results, we do not interpret the FWI VS models in this study 
because the VS model results are less reliable than the VP model results 
due to the lack of S-wave phases in the MCS data.

For each stage, we ran the FWI twice with different initial source 
signatures. The first run started from a band-limited spike function 
and updated it at every fifth iteration of velocity model update69, con-
cluding after 30 iterations. Then the second FWI run was reinitiated 
using the starting velocity models and the inverted source signature 
from the first run to update only velocities for 30 iterations. To avoid 
overfitting data noise, we utilized the L-curve method to select the  
most suitable model, balancing data misfit reduction and model  
roughness increment.

We present the 2D multi-scale FWI results on three MCS  
profiles (112, 114 and 113) covering the massif centre and three known 
hydrothermal fields. More-detailed model structures emerge with 
higher-frequency data (Extended Data Fig. 1 and Supplementary Figs. 5 
and 6). The final FWI models are validated by the significant improve-
ment in waveform fitting (Extended Data Fig. 2 and Supplementary 
Figs. 7 and 8). The size (sample by sample summation of the squared 
amplitude within each shot gather) of final residuals is much smaller 
than the size of the initial residuals (modelled with tomography-derived 
initial models and inverted 3–14 Hz source signatures) and the observed 
data size. The cross-correlation coefficients between modelled and 
observed shot gathers are significantly improved through the FWI, 
mostly exceeding 0.7 for the final models. These improvements, along 
with visual examination of observed and modelled shot gathers (for 
example, Supplementary Figs. 1–3), confirm that the final FWI mod-
els are close to the globally optimum solutions and largely free of 
cycle-skipping issues.

FWI resolution tests
We utilized chequerboard tests to evaluate the FWI model resolution, 
which is linked to seismic wavelength. To estimate the highest resolu-
tion limit, we conducted chequerboard tests based on the starting 
models and source signature used in the final FWI stage of 3–14 Hz data. 
The VP models were perturbed by alternating positive and negative 
anomalies with amplitude of 5% and various dimensions. Synthetic 
data generated from perturbed models were combined with 20% 
band-limited (3–14 Hz) Gaussian noise. The FWI of the noisy synthetic 
data started from the unperturbed models, with the same parameters 
as in the last stage of field data inversion.

Three chequerboard patterns are examined, with horizontal × ver-
tical anomaly dimensions (half wavelength) of (I) 750 m × 500 m, (II) 
375 m × 375 m and (III) 250 m × 200 m. The results for profiles 112, 114 
and 113, presented in Extended Data Fig. 3 and Supplementary Figs. 9 
and 10, respectively, indicate that the patterns I and II can be well recov-
ered throughout the Rainbow massif, whereas the pattern III can be 
recovered only within low-VP (<6 km s–1) regions. This is consistent with 
the theoretical resolution limit corresponding to a half wavelength 
of seismic wavefield. These tests demonstrate that the interpreted 
features are resolvable in our FWI results.

Local earthquake tomography
We inverted for the 3D VP and VS structure of the study region using 
the local earthquake tomography (LET) method LOTOS70 and a 
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microearthquake catalogue obtained from recordings on 13 OBSs 
deployed during a period of ~9 months (May 2013–January 2014) 
on and around the Rainbow massif18 (Extended Data Fig. 6). The full 
catalogue consists of hypocentres for 58,919 events. We extracted 
a subset of data by selecting only the best constrained events 
located within a 17 km × 18 km area between 36° 08.384–18.097′ N 
and 33° 47.255–58.627′ W. The criteria were (1) event depth is 10 km 
below sea level; (2) event root-mean squared travel-time residual 
is <0.2 s; (3) event must have at least four P-wave and four S-wave 
travel-time picks. The selected catalogue consisted of 15,496 events 
with 113,071 and 149,678 P-wave and S-wave arrival times, respectively 
(Extended Data Fig. 6).

LOTOS solves the ray-tracing problem using the ray-bending 
method71 and solves simultaneously for event location and the 3D VP 
and VS structure using a regularized nonlinear tomographic inversion70. 
In the inversion, we chose smoothing and damping weights guided by 
previous similar studies16,72 and by exploring trade-offs between data 
misfit and model roughness in chequerboard tests.

We derived a starting 1D VP model from averaging the 
controlled-source OBS travel-time tomography model11 in a 
3-km-radius region centred on the Rainbow HF (Supplementary 
Fig. 11a). The starting 1D VS structure was obtained from applying a 
VP/VS function to the starting VP model. Tests showed that solutions 
were sensitive to the starting VS model (and therefore, starting VP/VS 
model). To mitigate bias from a specific starting model choice, we fol-
lowed a Monte Carlo approach (for example, ref. 73). We conducted a 
large number of inversions (N = 100), each with a different, randomly 
chosen starting 1D VS model. The P-wave and S-wave arrival times of 
the microseismicity catalogue are consistent with an average VP/VS 
value of 2.05 for the whole region18. However, it is known that the VP/VS 
structure of oceanic crust varies with depth, with high values near 
the seafloor rapidly decreasing to typical values of 1.75–1.88 within 
the upper hundreds of metres74–79. Thus, we constructed the 100 
starting VP/VS structures as 2-layer models (Supplementary Fig. 11b). 
The thickness of the upper layer was chosen from a uniform random 
distribution between 0.2 and 1.0 km; the lower-layer VP/VS value was 
constant and chosen from a uniform random distribution between 
1.7 and 2.3; and the upper-layer VP/VS value decreases linearly from a 
seafloor value (chosen from a uniform random distribution between 
the lower-layer VP/VS value and 3.5) to the lower-layer VP/VS value. Typi-
cally, significant reduction in data misfit is achieved in two to three 
iterations. Thus, all inversions were run for five iterations, achieving 
a misfit reduction by 55–80% (Supplementary Fig. 12). The presented 
preferred VP/VS model (Fig. 2d and Extended Data Figs. 4d and 5d) is 
the average of the 100 solutions, and the standard deviation of all 
the solutions is taken as an estimate of the VP/VS model uncertainty 
(Supplementary Fig. 13).

The VP/VS model resolution was assessed through chequerboard 
tests. The input perturbation models consist of variations in VP/VS with 
an amplitude of 0.3, varying either laterally or vertically. Synthetic 
P-wave and S-wave travel times were generated from those models 
with the geometry identical to the field data. We present the recovered 
model anomalies from four chequerboard tests containing laterally 
varying perturbations with an anomaly dimension of 2 km × 2 km (Sup-
plementary Fig. 15a–d) and with an anomaly dimension of 1 km × 1 km 
(Supplementary Fig. 15e–h); and vertically varying perturbations with 
an anomaly dimension of 2 km (Supplementary Fig. 15i) and 1 km (Sup-
plementary Fig. 15j). These results indicate that lateral variations with a 
half wavelength of 2 km can be well resolved across the Rainbow massif 
at depth above ~4 km b.s.f., whereas around the centre of the massif 
and the hydrothermal fields, lateral variations with a half wavelength 
of 1 km can also be resolved. Vertical resolution is best within ~3 km of 
the model centre, where variations with a half wavelength of 1 km can be 
well resolved up to ~3 km b.s.f., while variations with a half wavelength 
of 2 km are resolved up to 4 km b.s.f.

Seismic properties and lithology
To discriminate between the seismic properties of gabbro and those 
of more olivine/serpentine-rich lithologies, we compiled labora-
tory measurements of samples obtained predominately through 
ocean deep drilling into gabbro and ultramafic rocks80–82, along with 
a few serpentinite samples from seafloor dredges and ophiolites83–85. 
Measurements under confining pressure between 50 and 200 MPa 
are considered, corresponding to approximately 1–6 km b.s.f. The 
relevant lithologies are categorized into five groups: gabbro/gab-
bronorite (with <2% olivine), olivine/troctolitic gabbro (2–25% oli-
vine), troctolite (14–28% olivine), serpentinite and dry ultramafic 
rocks (Extended Data Fig. 7). Statistical analysis indicates that VP/VS 
for gabbro/gabbronorite is mostly (95%) below 1.830, and entirely 
below 1.845, with a maximum likelihood at 1.780. The olivine/troc-
tolitic gabbro has slightly higher VP/VS, with a maximum likelihood 
at 1.820 and a maximum value of 1.875. Together, these two groups of 
gabbroic rocks have 95% of VP/VS values below 1.85. For serpentinite, 
the VP/VS is mostly (95%) larger than 1.85. Troctolite has VP/VS values 
almost evenly distributed between 1.81 and 1.94, but their abundance 
in the drilled gabbroic cores is much less than that of gabbroic rocks; 
for example, troctolite groups account for 8.1% of lithologies, whereas 
gabbro groups account for 88% in the 1.4-km-deep hole drilled into 
the core of the Atlantis massif86. In this study, we selected VP/VS = 1.85 
as a reference value to distinguish between gabbro and serpentinite, 
where the 95% confidence level of gabbroic VP/VS distribution and 
the 5% confidence level of serpentinite VP/VS distribution coincide 
(Extended Data Fig. 7d).

On the basis of the preceding considerations, the LET-derived VP/VS 
variations provide robust constraints on long-wavelength lithology 
variations, indicating a larger concentration of gabbro at the core of 
the Rainbow massif. In addition, the higher-resolution FWI VP mod-
els aid in delineating sharp lithological boundaries. The laboratory 
measurements show that gabbro’s VP values are generally >6.3 km s–1 
(Extended Data Fig. 7a). However, the macro-scale measurements, 
such as sonic log and MCS experiment, would observe lower velocities 
than the micro-scale lab measurements. We refer to the studies of the 
Atlantis massif, where its gabbroic core has been studied using both 
drilling and FWI of downward-extrapolated MCS data14,32. These studies 
indicate that the intact gabbro core’s VP is generally larger than 6 km s–1, 
which may be sharply lowered to 5–6 km s–1 by deformation and altera-
tion at the surficial hundreds of metres and within certain internal 
sections, where more olivine-rich lithologies locally dominate14. Our 
FWI models reveal similar sharp transitions across 5–6 km s–1 around 
the high-VP core (Fig. 2c). Consequently, we can further constrain 
the identification of the parts of our models dominated by gabbroic 
intrusions using VP > 5.5 km s–1 as an additional discriminant. Due to 
the sharpness of transitions imaged by the FWI, selecting different VP 
values in the 5–6 km s–1 range has only a minor effect on delineating 
the gabbro-dominant region.

In summary, gabbro intrusions can be confidently interpreted in 
our models using VP > 5.5 km s–1 and VP/VS < 1.85 as delineating criteria. 
This delineation reveals a gabbro-dominant region in the core of the 
Rainbow massif at shallow depths (grey shaded regions in Fig. 2 and 
Extended Data Figs. 4 and 5).

Porosity and serpentinization estimates
We calculated the fine-scale porosity structure and extent of serpen-
tinization of the Rainbow massif by comparing the FWI VP and the LET 
VP/VS values with predictions from effective medium theory (EMT)87 
(Extended Data Fig. 8). Effective moduli for a two-phase media are 
computed assuming a background matrix consisting of serpentinized 
peridotite with serpentine fraction s, with a porosity c of brine-filled 
inclusions of aspect ratio α. Shear (μ0) and bulk (K0) moduli for the 
background matrix are calculated using laboratory measurements in 
serpentinized samples relating density (ρ0), compressional (VP0) and 
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shear (VS0) wave velocity to serpentine fraction82 and relationships 
between seismic velocities and isotropic elastic moduli:

ρ0[kgm−3] = −890 × s + 3, 340 (1)

VP0[ms−1] = −2,858 × s + 7,931 (2)

VS0[ms−1] = −1,921.6 × s + 4, 277 (3)

μ0 = V 2
S0 × ρ0 (4)

K0 = V 2
P0 × ρ0 −

4
3 μ0 (5)

For the inclusions, we use the following properties: 
ρ′ = 1,030 kg m−3; μ′ = 0 GPa; K′ = 2.5 GPa (ref. 88).

In the case of a matrix lithology consisting of unaltered peridotite, 
the majority of our observations can be explained by some combina-
tion of c and α (Extended Data Fig. 8a). However, if serpentinization 
of the matrix is included, only a portion of our [VP, VP/VS] pairs can be 
explained by the EMT model. For example, for a 50% serpentinization, 
only data points with VP < 6.5 km s–1 are consistent with the model 
(Extended Data Fig. 8b). If full serpentinization is assumed, only data 
points with VP less than ~5 km s–1 and VP/VS greater than ~2 are consistent 
with the model (Extended Data Fig. 8c). These examples illustrate that 
although EMT solutions are non-unique, some portions of our seismic 
velocity models are consistent only with a narrow range of properties 
(for example, all data points with VP > 7.4 km s–1 require a background 
matrix <20% serpentinized) while other portions are consistent with 
any degree of serpentinization (for example, VP < 5 km s–1 and VP/VS > 2).

Despite the non-uniqueness, we can explore endmember struc-
tures with the minimum and maximum extents of serpentinization 
that are consistent with our results. The endmember case with mini-
mum serpentinization is trivial and is derived from EMT solutions 
in Extended Data Fig. 8a. It assumes that the massif consists exclu-
sively of unaltered peridotite (except where the gabbro-dominant 
region is interpreted) with low porosity of ~2–4% in the upper ~1.5 km 
and negligible below, and smallest pore aspect ratio (Extended Data 
Fig. 9g–i). Alternatively, the endmember solution that allows for the 
maximum extent of serpentinization is built iteratively from EMT 
solutions spanning values of s between 0% and 100% at 1% increments. 
We start by determining c and α with s = 100% for [VP, VP/VS] values that 
have an EMT solution, which locate in the upper few 100s of metres 
b.s.f. (Extended Data Fig. 9c). We then proceed to determine c and α 
with s = 99% (which generally map into data points slightly deeper 
than the previous iteration), then s = 98% and so forth until s = 0%, 
which fills in the deepest portions where VP is highest. This results in a 
porosity structure consisting of high porosity in the upper ~1 km rapidly 
decreasing with depth and including high-porosity regions along the 
FWI-imaged low-VP channels (Extended Data Fig. 9a). The serpentiniza-
tion structure shows a fully serpentinized Rainbow massif in the upper 
~1 km, with serpentinization progressively decreasing with depth and 
including high-serpentinization regions (60–80%) along the low-VP 
channels (Extended Data Fig. 9c). The pore aspect ratio is 0.01–0.10 at 
depth <2 km b.s.f. (Extended Data Fig. 9b). Solutions between these two 
endmember models exist and are consistent with our velocity models, 
for example, solution with the maximum extent of serpentinization 
capped at 50% (Extended Data Fig. 9d–f).

Data availability
The MCS raw data are archived with the IEDA Marine Geoscience Data 
System (https://doi.org/10.1594/IEDA/320244). The OBS data are 
archived at the IRIS Data Management Center under code X3 (https://
www.fdsn.org/networks/detail/X3_2013). The local earthquake 

catalogue and travel-time data used in this study are available at fig-
share (https://doi.org/10.6084/m9.figshare.25484716)89. Source data 
are provided with this paper. Seismic models and derived rock prop-
erties are provided in the source data files associated with Fig. 2 and 
Extended Data Figs. 4 and 5.

Code availability
The LOTOS code for local earthquake tomography is publicly accessible 
(http://www.ivan-art.com/science/LOTOS/). Other codes are available 
upon request from the corresponding authors.
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Extended Data Fig. 1 | VP model evolution through the streamer tomography 
and full waveform inversion (FWI) of profile 112. a and b, VP model and spatial 
gradients after the streamer traveltime tomography; c and d, after FWI of 3-6 Hz 
data; e and f, after FWI of 3-9 Hz data; g and h, after FWI of 3-14 Hz data, same as 

shown in Fig. 2. Models in a, c and e are used as starting models in following stages 
that result in models in c, e and g, respectively. Inverted triangles are projected 
locations of hydrothermal fields as shown in Fig. 1b.
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Extended Data Fig. 2 | Waveform data fitting along profile 112 around the 
Rainbow massif. a, Bathymetry along profile 112. b, Sum of squared amplitude 
within each windowed shot gather, for the observed data, initial residual 
(modeled with the tomography-derived starting model and inverted 3-14 Hz 

source signature) and final residual, respectively. c, The initial and final residual 
normalized by the observed data size. d, The cross-correlation coefficients 
between the observed and the initial model data and between the observed and 
final model data.
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Extended Data Fig. 3 | Chequerboard tests for the full waveform inversion 
(FWI) of profile 112. a, c and e, Input chequerboard patterns with different 
anomaly size or half wavelength that are described in the plot. b, d and f, 

Recovered anomalies from the FWI of the noisy synthetic data generated using 
input patterns of a, c and e, respectively. Labeled contours are VP from the final 
FWI model of field data (Fig. 2a).

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-024-01444-y

Extended Data Fig. 4 | Geophysical cross-sections along profile 114. a. VP;  
b. VP anomalies; and c. VP gradients (amplitude of total spatial gradient combined 
with the sign of vertical gradient) derived from the full waveform inversion of 
multichannel seismic data. Labeled black contours in a-c all correspond to the 
VP model in a. d. VP/VS ratios derived from the local earthquake tomography. 
Preferred estimates of, e. degree of serpentinization and, f. porosity from 
effective medium theory consistent with the [VP, VP/VS] results in a and d 

(Methods). Inverted triangles are projected locations of hydrothermal fields as 
shown in Fig. 1b. The insets in a and b show zoomed-in plots of the shallow low-VP 
zones associated with the hydrothermal fields. Black-white dashed lines in  
a, b and e delineate low-VP channels as interpreted in b. Red-white dashed lines in 
c and f delineate high-VP gradients as interpreted in c. The dark gray patches on e 
and f mark interpreted gabbro-dominant regions.
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Extended Data Fig. 5 | Geophysical cross-sections along profile 113. a. VP; b. 
VP anomalies; and c. VP gradients (amplitude of total spatial gradient combined 
with the sign of vertical gradient) derived from the full waveform inversion of 
multichannel seismic data. Labeled black contours in a-c all correspond to the 
VP model in a. d. VP/VS ratios derived from the local earthquake tomography. 
Preferred estimates of, e. degree of serpentinization, and, f. porosity from 
effective medium theory consistent with the [VP, VP/VS] results in a and d 

(Methods). Inverted triangles are projected locations of hydrothermal fields as 
shown in Fig. 1b. The insets in a and b show zoomed-in plots of the shallow low-VP 
zones associated with the hydrothermal fields. Black-white dashed lines in  
a, b and e delineate low-VP channels as interpreted in b. Red-white dashed lines in 
c and f delineate high-VP gradients as interpreted in c. The dark gray patches on e 
and f mark interpreted gabbro-dominant regions.
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Extended Data Fig. 6 | Bathymetry and microseismicity of the Rainbow massif. Red dots represent relocated epicenters from a subset of the microseismicity 
catalog of ref. 18 used for 3-D local earthquake tomography (Methods). Open circles locate thirteen ocean bottom seismometers, six of which are clustered at the 
Rainbow hydrothermal field.
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Extended Data Fig. 7 | Relationship of VP/VS ratio and lithology. The dataset is 
a compilation of results derived from laboratory measurements (see Methods for 
data source details). a, VP versus VS diagram with dashed lines denoting constant 
VP/VS values. b-d, Histograms of VP/VS values for different lithology groups. Solid 

curves represent cumulative distribution functions, with black curves for groups 
represented by gray histograms, and dark green curves for groups represented 
by green histograms. Vertical lines indicate the 95% confidence level (dashed 
lines) and the 5% confidence level (dotted lines), respectively.
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Extended Data Fig. 8 | VP vs. VP/VS diagrams and effective medium theory 
predictions. Scatter plot of the full waveform inversion (FWI) VP and local 
earthquake tomography (LET) VP/VS model values. Multi-colored curves 
represent effective medium theory (EMT) predictions of VP and VP/VS as a 
function of porosity for a given aspect ratio (dashed lines), or as a function 

of aspect ratio for a given porosity (solid lines). Dotted green lines with 
labels correspond to predictions for a non-porous peridotite as a function 
of serpentinization fraction82 (labeled in 20% increments). Rock matrix is a, 
unaltered peridotite; b, 50% serpentinized peridotite; c, fully serpentinized 
peridotite.
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Extended Data Fig. 9 | Estimates of porosity, crack aspect ratio, and extent of 
serpentinization along profile 112. a-c, Endmember models in which the matrix 
rock is allowed to reach the maximum extent of serpentinization (up to 100%). 

d-f, Intermediate models in which the maximum extent of serpentinization is 
limited at 50%. g-i, Endmember models in which the matrix rock is forced to be 
unaltered peridotite (0% serpentinization).
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