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The compositional variability of mid-ocean ridge basalts (MORBs) stems from a com-
bination of the heterogeneity of the mantle source, magma mixing, and partial crys-
tallisation ofmagma in the lower crust. These variations have beenmainly explored at
the global and ridge scales, with only a few studies investigating themat the kilometre
scale and below. Here, we focus on a series of tholeiitic to K-rich basalt samples
collected during a single submarine dive near the eastern intersection between the
Mid-Atlantic Ridge and the Romanche transform fault, in the equatorial Atlantic.
The geochemical and petrological variations, attributed to variations in melting
conditions, are extreme and consistent with the geological features. Clinopyroxene
phenocrysts present in certain K-rich basalts, recorded the history of magma storage.

We calculated the crystallisation pressures of clinopyroxenes and compared them tomicroseismicity depths recorded in the area,
thus providing constraints on the lithospheric structure. This multidisciplinary work highlights the interest in exploring the com-
position of MORBs at high resolution to better understand the construction of the oceanic crust.
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Introduction and Geological Context

The Mid-Atlantic Ridge (MAR) is offset by numerous transform
faults (TFs) in the equatorial zone, including the large Romanche
TF. The latter offsets the ridge axis by 900 km (Fig. 1a), resulting
in a lithospheric age contrast of ∼45 Ma and a strong cold-edge
effect (Schilling et al., 1994, 1995; Bonatti et al., 1996, 2001; Ligi
et al., 2005). In addition to the local effect of the TF, the regional
average temperature of the equatorial upper mantle is colder
than in adjacent regions (Schilling et al., 1994, 1995). A recent
study based on seismic data has highlighted the presence of a
thinner‐than‐normal crust, near the Romanche transform fault
intersection with the MAR (Gregory et al., 2021). Due to the
combination of local and regional temperature anomalies, the
degree of mantle partial melting and magma production
decrease along the axis (Brunelli et al., 2025), whereas litho-
sphere thickness increases approaching the TF (Ligi et al.,
2005). Basalts sampled along the ridge segments at the
Eastern Romanche Ridge Transform Intersection (ERRTI)
present extreme compositional variability from tholeiitic to alka-
line basalts (Schilling et al., 1994, 1995; Le Voyer et al., 2015;

Brunelli et al., 2025). Brunelli et al. (2025) suggest that the
enriched basalts are produced by reduced extents of melting
of a composite mantle, where low solidus pyroxenites are dis-
persed in a depleted mantle. Those components may have origi-
nated from ancient dismembered sedimented oceanic crust
dispersed in the mantle or from filaments of subducted oceanic
plate incorporated into an ascending hot plume (Brunelli et al.,
2025). The processes of generation and migration of different
magmas at a local scale remain poorly understood due to a lack
of studies based on detailed and dense sampling.

During the SMARTIES cruise (Maia et al., 2019), we
explored the ERRTI volcano-tectonic setting and investigated
the origin and formation of the alkaline water-rich magmas
observed in the region. We focused on dive SMA1974, combin-
ing geological, geochemical, and geophysical datasets.
Geochemical sampling along this dive revealed extreme varia-
tions in compositions ranging from tholeiitic to potassium-rich
alkaline basalts, accompanying the variations in volcanic edifice
morphology (Figs. 1, S-1). The alkaline basalts contain clinopyr-
oxene phenocrysts, which were used in geobarometry calcula-
tions to explore the magma storage history.
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By combining geological, geochemical, petrological, and
geophysical data obtained over a small sampling area, this study
provides new perspectives on our understanding of the distribu-
tion of MORB compositions through space and time and their
storage conditions.

Dive SMA1974 Dataset

The ∼2 km-long SMA1974 submersible dive was conducted
40 km south of the ERRTI, extending from the eastern part of
the rift valley floor to the eastern flank of the axial volcanic ridge
(AVR), and explored four distinct volcanic edifices: a flat-topped
seamount, a small cone, a narrow volcanic ridge, and the main
AVR (Figs. 1b, S-1, S-2). The cone was dated by the 40Ar/39Ar
method to 135.3 ± 11.1 ka and appears to be contemporaneous
with the seamount and the ridge, while the AVR seems more
recent (Grenet et al., 2025).

We present whole rock major and trace element analyses
carried out by an inductively coupled plasma-atomic emission
spectrometer and by a high-resolution inductively coupled
plasma mass spectrometer, respectively. In situ major and trace
analyses of individualminerals were performed, on polished thin
sections, by electron probe microanalysis (EPMA) and laser
ablation inductively coupled mass spectrometer, respectively.
Geochemical maps of the samples were obtained by EPMA.
The geochemical methods and thermobarometric calculations,
performed on ten clinopyroxenes, are described in the
Supplementary Information. Analyses of the composition of
the seamount and AVR glasses were carried out by Brunelli et al.
(2025).

Whole rock and petrological compositions. The four vol-
canic edifices identified during the dive have distinct petrological

and geochemical characteristics (Fig. 1b-c). The narrow ridge
samples are tholeiitic, while those from the cone are alkaline
basalts (Figs. S-3, S-4). The samples from the seamount and
the AVR have intermediate compositions. The K2O/TiO2 ratios
of the SMA1974 dive samples extend over the entire range of
global ocean basalt databases (including MORBs and
OIBs, Fig. 1c).

Lavas studied here are classified as N-MORB, E-MORB,
andK-MORB according to Brunelli et al. (2025). Samples defined
as K-MORB represent a peculiar group of alkali-rich basalts
reaching true alkaline, nepheline-normative compositions
(Brunelli et al., 2025). If oceanic basalts enriched in sodium are
common in ridge settings with low degrees of partial melting,
the K-MORB samples stand out because of their enrichment
in potassium (Fig. S-5a). The samples from the cone and the
AVR are K-MORBs (Fig. 1c), while those from the narrow ridge
and the seamount are N-MORBs and E-MORBs, respectively.
Trace element patterns are coherent with major elements and
can be separated into distinct groups corresponding to each geo-
logical edifice (Figs. 2, S-5b and S-6).

While the tholeiitic and intermediate samples have petro-
logical textures often observed in MORBs (aphyric to sparsely
plagioclase-phyric basalts), K-MORB samples from the cone
exhibit characteristics of alkali basalts. They are microlithic
basalts, containing euhedral clinopyroxene phenocrysts, a low
proportion of skeletal olivine phenocrysts, and hydrated, K-rich
mineral phases, namely microliths of amphiboles and biotites
(Figs. S-8, S-9). We also note the absence of plagioclase phenoc-
rysts in these samples (see detailed descriptions in the
Supplementary Information).

Clinopyroxene geochemistry. The clinopyroxene phenoc-
rysts display prominent sector zoning. The hourglass sectors

Figure 1 (a) Location of the ERRTI (black star). (b)Geological map of dive SMA1974with the locations of the samples. S: seamount; C: cone;
NR: narrow ridge; AVR: axial volcanic ridge (modified fromGrenet et al., 2025). (c)K2O/TiO2 ratio in samples fromdive SMA1974 compared to
the frequency occurrences of globalmid-oceanic ridge basalts (MORB, green) andocean islandbasalts (OIB, yellow) fromPetDBandGEOROC
datasets. Seamount and AVR data are from Brunelli et al. (2025).
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have compositions enriched in Si-Mg, while the prism sectors
are Al-Ti-rich (Fig. 3). Al- and Ti-rich sectors are enriched in rare
earth elements and high field strength elements compared to
Si-Mg-rich sectors (Table S-5).

On EPMA profiles, Cr2O3 peaks are observed, reaching
0.6 ± 0.006 to 1.2 ± 0.012 wt. % (Tables S-7 to S-18). These Cr
peaks correlate with an increase in compatible elements (SiO2

and MgO) and a decrease in incompatible elements (Al2O3

and TiO2) compared to regular compositions (Fig. 3).
Independent of the crystal sector-zoning and Cr2O3 peaks,
concentric bands enriched in Cr2O3 can be observed in the
geochemical maps (Fig. 3a).

Thermobarometry. The crystallisation temperatures and
pressures of clinopyroxenes were iteratively estimated using
Equation 33 in Putirka (2008) and Equation 1 in Neave and
Putirka (2017), respectively. The equilibrium between clinopyr-
oxenes and the whole rock was tested and considered to be
reached for a KD= 0.03 ± 0.08 (Equation 35 in Putirka, 2008;
Wieser et al., 2023a). Component equilibria ΔDiHd, ΔEnFs,
and ΔCaTs were tested using thresholds of 0.06, 0.05, and
0.03, respectively (Mollo et al., 2013). The procedure was applied
to the SMA1974-279 glass to evaluate the suitability of whole
rock compositions for equilibrium testing. Comparable results
between glass and whole rock data support the use of the latter
for subsequent calculations (Table S-19). According to Zhou et al.
(2021), in sector-zoned clinopyroxenes, the SiO2-rich sectors are
closer to real equilibrium than Al2O3-rich sectors. Hence, only
analyses undertaken in Si-Mg-rich sectors were kept for P–T
interpretations.

Melt H2O contents were estimated using theMORBH2O/
Ce ratio from the database of Le Voyer et al. (2015), yielding
values of 1.48 wt. % for SMA1974-278 and 1.47 wt. % for
SMA1974-279.

Ten clinopyroxenes, from SMA1974-278 and SMA1974-
279, satisfied all equilibrium criteria and were used for

thermobarometric calculations (Figs. S-13 to S-18). Calculated
temperatures range from 1112.9 to 1174.4 ± 45 °C, and pressures
from 1.0 to 5.5 ± 3.8 kbar, with an average of 2.9 ± 0.9 kbar
(Table S-20).

The results obtained with clinopyroxene barometers
should be used with caution. Wieser et al. (2023a,b) highlighted
the fact that thesemodels allow only a rough distinction between
crustal zones. They pointed out that considerable uncertainties
arise in pressure calculations due to analytical errors related to
the measurement of glass and clinopyroxene compositions
and their compositional variability. To limit the effect of these
errors, we tested different equilibrium criteria and used the aver-
age of at least five analysis points to obtain the crystallisation
pressure of each crystal. In addition, we chose the Neave and
Putirka (2017) barometer because their database is based on
the analysis of >5 clinopyroxenes and is composed of
Icelandic samples whose compositions are close to that of the
cone (Wieser et al., 2023a,b).

Discussion

Global basalt compositional variability expressed on a local scale.
The range of K2O/TiO2 ratios along the 2-km-long SMA1974
dive is almost as large as that of global oceanic basalts
(Fig. 1c). To explorewhich source compositions andmelting con-
ditions could account for this local geochemical variability, we
calculated melting curve paths derived from non-modal batch
melting involving different source compositions (Fig. 2) using
Equation 15 from Shaw (2000).

The composition of the alkaline lavas cannot be accounted
for by extremely low degree melting of a D-DMM source.
Instead, as proposed by Verhoest (2022) and Brunelli et al.
(2025), the generation of K-MORB requires the involvement
of a pyroxenite component in the mantle source (20–40 %).
Furthermore, the elevated K and H2O contents suggest the

Figure 2 Plot of Dy/Yb vs. La/Sm for samples from dive SMA1974. Solid lines represent melting models: in blue, D-DMM in the spinel and
garnet stability fields (Workman and Hart, 2005); in brown, phlogopite-bearing lherzolite in the spinel stability field (Grégoire et al., 2002);
and in light green, pyroxenite in the garnet stability field (G2, from Lambart, 2017). Dashed lines represent examples of liquid mixing
between those melts. The parameters used are detailed in Table S-1.
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presence of hydrated minerals in the K-MORB source, such as
phlogopite or amphibole. Our models indicate that magma from
the cone results from a mixing of melts including ∼40 % liquid
from melting of a phlogopite-bearing lherzolite.

These models suggest that the pronounced geochemical
variability observed in SMA1974 reflects temporal changes in
melting conditions of a heterogeneous mantle. Such variations
occurred coevally or within a time span shorter than 135.3 ±
11.1 kyr (the estimated age of the cone).

The alkaline basalts dredged near the ERRTI also exhibit
elevated volatile contents (Le Voyer et al., 2015; Yu et al.,
2025). The high averagewater content (∼1.5wt.%) inferred from
the H2O/Ce ratio (Le Voyer et al., 2015), support this interpreta-
tion. The elevated water content could be derived either from the
mantle source itself or from the assimilation of seawater-altered
crustal material. To evaluate this, we examined geochemical
proxies of seawater contamination such as Cl/Nb and Cl/K in
basalt glasses (Leroux et al., 2006). Small contributions of sea-
water, linked to the source composition or by assimilation of
altered crust material, would increase Cl concentration within
themelt. However, all samples from dive SMA1974 have normal
mantle Cl values (Cl/Nb< 22, Fig. S-10 and Cl/K< 0.08).

Consistent with our melting models, these results indicate that
the elevated water contents in K-MORBs reflect source hetero-
geneity rather than secondary contamination. Further analyses
of the volatile contents of glass (H2O, Cl and F) are required
to settle this debate.

From the magmatic reservoir to the seafloor. The occur-
rence of clinopyroxene in basalts from the cone provides key
constraints on the crystallisation and pre-eruptive evolution of
these magmas. These crystals preserve the compositional record
of their storage conditions during their growth. Variations in
clinopyroxene Cr2O3 contents reveal two distinct patterns: broad
Cr2O3-rich peaks and thin oscillatory zonation (Figs. 3 and S-11).

The high Cr2O3 peaks coincide with a decrease in incom-
patible element concentrations and enrichment in compatible
elements, consistent with magma recharge by a more primitive
melt (Ubide et al., 2019). Nickel concentration increases immedi-
ately after Cr2O3-rich peaks, whereas lanthanum content
decreases slightly (Fig. 3c), suggesting that the injected magma
was less enriched in trace elements. The presence of pronounced
sectoral zoning in clinopyroxenes, as described by MacDonald
et al. (2024), further supports magma mixing and recharge as
key processes.

Figure 3 Major and trace element analyses of clinopyroxenes. (a) Left: Backscatter electron (BSE) imageof a glomerophyre in SMA1974-279.
The dashed line marks the trace of the profile analysis in (b). Cpx: clinopyroxene; Ol: olivine; Pl: plagioclase; Bt: biotite. Centre and right: Al
and Cr element content maps, obtained by EPMA. The red arrows show the Cr2O3 peaks observed along the profile in (b). The white arrows
present oscillatory zonation. (b)Cr2O3 and SiO2 contents along theA–Bprofile. Error bars represent 1%of the value obtained. The red bands
represent the Cr2O3 peaks. Measurements taken with 10 μm steps. (c) Ni vs. La diagram separating analyses before and after Cr2O3 peaks.
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The second type of Cr2O3 variation is thinner oscillatory
zonation, not correlated with variations in compatible major ele-
ments (Fig. 3a). Crystallisation experiments show that active
convection supplies fresh Cr-cations to the melt–crystal inter-
face, which are incorporated into low-amplitude concentric
bonds (Di Fiore et al., 2021). This observation suggests that those
clinopyroxenes crystallised in a dynamic convective reservoir
(Petrone et al., 2022).

Estimation of the lithosphere brittle–ductile boundary
depth: agreement between geochemistry and geophysics.We took
advantage of the presence of clinopyroxenes in the cone samples
to estimate their crystallisation pressure and compare our results
to the depths estimated by microseismicity. Given the limited
number of clinopyroxenes analysed, the use of whole rock
composition, the limits of the barometers, and the fact that
the seismic data was only collected over a short period, further
work is needed to confirm these depths on a regional scale.

Microseismicity recorded by ocean bottom seismometers
(OBS) in this segment (Yu et al., 2025), shows some events with
focal depths between 9.1 ± 3.3 km and 19.3 ± 4.3 km below the
seafloor (Figs. 4 and S-2). This is deeper than would be expected
(<8 km) under regular slow-spreading ridges (Grevemeyer et al.,
2019). Based on the basalt chemical composition in samples from
this segment, Yu et al. (2025) predicted a high concentration
of volatiles in primary melts in this region and proposed CO2

exsolution in deep melts as a potential origin of the deep
microseismicity.

Since we do not know the exact proportion of volcanic
crust and lithospheric mantle in our region, we calculated the
crystallisation depths using densities of 2.8 g/cm3 (basalt-
dominated lithosphere) and 3.3 g/cm3 (ultramafic lithosphere).
We acknowledge that a realistic value should be somewhere
in between. The calculated crystallisation depths range from
6.2 ± 2.6 km to 13.8 ± 2.3 km below the seafloor (Fig. 4, Table
S-20). The variability in crystallisation depths could be due to
the magma stagnating at different levels, possibly in small

pockets, on its way to the surface. These depths are consistent
with the current depth of microseismicity located between four
and six kilometres west to southwest of the cone (Figs. 4 and
S-2).

Beneathmid-ocean ridges, liquids can coalesce into small,
temporary pockets under permeable barriers such as the litho-
sphere brittle–ductile boundary (BDB). In our study area, the
depth of these potential pockets corresponds to the greatest
microseismic activity and crystallisation depths (6–15 km).
Assuming the base of the oceanic brittle lithosphere is at the
750 °C isotherm (Phipps Morgan and Chen, 1993), the local
thermal model from Ligi et al. (2005) predicts a BDB depth of
∼10 km. The depths of the pockets, based on both thermobar-
ometry and microseismicity, appear consistent with the esti-
mated depth range of the BDB. These estimated magmatic
reservoir depths are greater than those obtained in other part
of the MAR (3–4 km; Wanless et al., 2015), which is consistent
with the strong cold-edge effect expected close to the
Romanche TF.

While microseismicity and crystallisation depths are com-
parable, these two datasets are snapshots taken at two different
times. Clinopyroxenes used for geobarometric calculations were
sampled from a lava flow dated at 135.3 ± 11.1 ka. Meanwhile,
the microseismicity was recorded by OBSs in 2019. We may
hypothesise that the depth of the magma accumulation and dif-
ferentiation, remained stable over this stretch of time.

Conclusions

We explored in detail a section of the slow-spreading MAR at its
eastern intersection with the Romanche TF, combining geologi-
cal, geochemical, petrological, and geophysical data. The basalts
from the studied submersible dive exhibit extreme geochemical
variability, almost as large as that of global oceanic basalts. Those
variations are coherent with the morphology of the individual
volcanic edifices observed in this area. These compositions
and their distribution can be related to different eruptive events
characterised by specific mantle compositions and melting con-
ditions. The clinopyroxenes present in some K-MORBs recorded
mixing events during themagma storage. Furthermore, the crys-
tallisation depths of these clinopyroxenes are consistent with
geophysics, suggesting that the depth of the BDB is 10–15 km
below the seafloor and has remained stable over 135 kyr.
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