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ABSTRACT

The fixity of mantle plumes has been a cornerstone assumption for the reconstruction of tectonic plate motions'.
However, paleomagnetic records and age progression along hotspot tracks have suggested substantial drift of
plumes below the Pacific plate’. Identifying the individual motion of a plume usually requires a long and
continuous chain of seamounts, and precise geochronological and paleomagnetic data. Hence Hawaii is the only
plume with clear evidence of drift so far’*. Here, we use plume-derived basalts from the Mid-Atlantic ridge
(MAR) to map the mantle temperature over a large region in the upper mantle centered on the Azores. We show
the thermal anomaly associated with the plume is asymmetric, spreading over ~2,000 km southwards and ~1,000
km northwards. The extent, shape and asymmetry of this anomaly cannot be accounted by a stationary plume.
Using a 3D spherical mantle convection model allowing for self-consistent plate-like tectonics and drifting
plumes, we show that the Azores plume moved northwards by 1-2 cm/yr from 85 Ma, independently from other

Atlantic plumes, developing the Great-Meteor and Corner Rise volcanic chains.
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The Azores plateau is an oceanic area of about 135,000 km?, with a magmatic center located about 100-200 km’*
away from the MAR axis. The spatial correlation between bathymetric highs®’, anomalously thick crust®’,
gravity anomalies'® and geochemical signatures'' along the MAR point to an interaction between the ridge and a

12714 and global seismic tomography studies" describe the presence of a

deep mantle plume. Both upper-mantle
narrow and rather vertical low seismic velocity conduit beneath the Azores. This seismic anomaly extends in the
lower mantle” and the high *He/’He ratios of the lavas'® further consolidates the deep origin of the Azores

plume.

The symptoms of the plume-ridge interaction spread over a large region. The bathymetric high along the ridge
forms a bulge declining by 2.5 km over 1000 km towards the North, and by 2 km over 3000 km towards the
South®’” (Fig. 1 SI). High resolution tomographic models of the upper mantle support the presence of an
asymmetric slow velocity region spreading along the ridge over 3,000 km (see Fig. 1). These observations
suggest an asymmetric thermal anomaly along the MAR, elongated southwards. To characterize the temperature

of the mantle over that region, we have analyzed the composition of mid-oceanic ridge basalts (MORBs).

MORBs are extracted from a partially melted region in the shallow ambient convective mantle. Their chemistry
likely reflects the potential temperature (Tp) of this region, corresponding to the temperature that the ambient
mantle would reach, should it raise adiabatically to the Earth surface without melting'”. Global systematics of the
chemistry of MORBs suggest T, variations of 200° to 250°C along, and immediately below, mid-oceanic
ridges®", challenging some previous estimates (~100°C'®'?). However, whether or not these variations simply
reflect chemical heterogeneities in the mantle source, inappropriate corrections for fractionation® or the presence

of fluids in the magmatic source®' remains a source of debate.

A more selective but secure approach relies on the chemical composition of primary magma formed by melting
of dry, fertile peridotite, with limited fractional crystallization prior to magma emplacement in the crust.
Inferences, though limited, already suggest that MORBs appear often too differentiated to yield T, estimates
with the PRIMELT method*?. Conversely, intraplate volcanism, which also gives birth to primary magmas
through decompression melting of deeper and hotter sections of the mantle (e.g. mantle plume), can provide

successful solutions of calculation with PRIMELT (less than 10%).

Here, we propose to integrate this set of PRIMELT values when discussing the significance of T, variations
along the MAR close to the Azores, acknowledging that interactions through time between the Azores plume and
the ridge produce a wide range of T, estimates. Geochemical data considered in this study come from Gale et al.,
2013 who compiled an extensive chemical database of near zero-age (i.e. < ca. 300 kyrs) MORBs collected
along the axis of mid-oceanic ridges (Fig. 2 SI to 7 SI). We focus on the northern sections of the MAR (Fig. 2),
from latitude O to 90°N where data is the most abundant. Fig. 3b illustrates the distribution of T}, obtained with
PRIMELT along the MAR, showing a peak in temperature centered on Iceland (1530°C) and Azores (1520°C),
with decreasing mean temperatures toward the north and the south of the volcanic archipelago. At a smaller

scale, an apparent asymmetric zoning is observed around Azores (> 2,000 km): temperature decreases by 60°C
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over ~2,000 km (0.03°C/km) towards the south while it decreases by 60°C over at least 500 km (0.12°C/km)

towards the north.

Fig. 2 and 3 show that the decrease in temperature correlates with a chemical depletion in calcium for MORBs.
Calcium depletion is related to (i) an increasing melting of pyroxenite in the mantle, given the lower solidus of
pyroxenites relative to peridotites; or (ii) an increasing fractionation (crystallization then subtraction) of
magmatic pyroxenes during the ascent of primary melts through the lithospheric column, with such
crystallization being primarily controlled by the temperature of the mantle or the crustal section crossed by these
melts. In both cases, the depletion in calcium for MORBSs is indicative of a colder oceanic lithosphere or
asthenospheric mantle below the MAR. Petrological equilibrium curves® show that MORBs sampled away from
Iceland and Azores crystallized pyroxenes at greater pressures and that the decrease in pressure correlates with
the distance to hotspots in both cases (Fig. 3a). This supports the idea of mantle temperature control on calcium
depletion in MORBs, and suggests that beneath Iceland or Azores, pyroxenes crystallize only in the oceanic

crust while further away, pyroxenes mostly crystallize in the mantle section.

Theoretical studies of plume-ridge interactions®** have characterized relationships between extent of hot plume
material spreading along the ridge (called waist) and its volume flux. The estimates for the volume flux vary
between 51 m?/s, based on the spreading rate of the MAR* to 90 m?/s, deduced from the topographic swell
around the hotspot™. Accounting for a waist > 2,000 km consistent with bathymetry®, seismic tomography (Fig.
1) and our temperature estimates, drives the theoretical models to unrealistic volume flux predictions, being
close to 400 m*/s *'. Neither can the presence of anomalously high temperatures more than 2,000 km south of the
plume be accounted for by a burst of plume activity in the past. Such increase in the volume flux or temperature
of the plume was proposed for the Azores about 10 My ago based on V-shaped gravity and topographic
structures recognized south of the Azores™, but would have led to a discontinuous gradient of temperature
decrease with a local increase of T, of about 70°C, at about 600 km from the hotspot location and lasting only a

few million years™,

We explore the hypothesis that the thermal anomaly below the MAR corresponds to the thermal wake behind the
Azores plume, formed by a relative motion between the African plate and the plume™®. The southward shearing
of the hot mantle flux would be a consequence of the northward motion of the Azores conduit relative to other
Atlantic plumes. Both the hotspot chains of St-Helena and Tristan show that the African plate is moving towards
the east-north-east relative to their source® (Fig. 8 SI). This motion of the African plate is consistent with
absolute kinematics deduced from anisotropy in the uppermost mantle®. The scenario of a northward motion of
the Azores plume relative to the African plate also supports the proposal that the Corner Rise and the Great
Meteor oceanic plateaus are the hotspot chains of the Azores built over the past 85 My™. To further evaluate the
hypothesis of a moving plume leaving such an elongated asymmetric thermal wake below the ridge, we compute
a 3D spherical convection model in which self-consistent plate tectonics interact with naturally drifting plumes
(see Methods). Instead of using multiple regional models and imposing potentially unphysical constraints to our
system to generate relative motions below a ridge, we compute one global model with multiple plumes where a

situation like the MAR-Azores interaction naturally emerges from the self-organizing system.
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The numerical model produces surface velocities, heat flow and plate size distributions comparable to Earth. We
detect about 25 plumes on average at each time step. These plumes have a 210+45°C average temperature excess
with respect to the ambient mantle, an upper mantle vertical velocity of 25.6+8.3 cm/yr, conduit diameters of
200+150 km, and volume fluxes of 25+15 m*/s. We identify a total of 76 distinct plumes over the 320 My of
model duration, moving laterally relative to a no-net rotation surface at 1.75+0.38cm/y. Relative motions
between hotspots are limited to 1.2+0.4 cm/yr. We observe that 46 of them interact at some point with ridges,
either ponding below them or contributing to their propagation. We identified one plume with a volume flux of
45+5 m*/s moving along a stable ridge (ridge axis 1) at about 1 cm/yr over 70 My before escaping it at a lateral

velocity reaching 2.9 cm/yr (Fig. 4, Table 2 SI).

Fig. 4 shows the temporal evolution of the potential temperature at 110 km depth along ridge axes 1 (Fig. 4e-h)
and 2 (Fig. 4i-1). At this depth, the average temperature below the thermal boundary layer is about 1,300°C. In
Fig. 4a-d, the thermal anomaly extends along ridge axis 1 from more than 3,500 km at 10 My to 2,000 km at 100
My, as the plume moves away from the ridge system. A thermal gradient asymmetry along ridge axis 1 is
persistent throughout the sequence, even when the plume is 1,000 km away from the ridge (Fig. 4d,h,l). The
horizontal temperature gradient is sharp southeastwards in the direction of plume motion, reaching up to
1°C/km, while it is 0.05°C/km northwestwards. Ridge axis 2 is near perpendicular to the plume motion between
10 and 40 My. Throughout that period, the potential temperature profile is symmetric as expected (Fig. 4e).
From 70 My, the temperature profile becomes asymmetric, being sharper northwestwards (thermal gradient of
0.8°C/km), as the plume now moves at a small angle relative to ridge axis 2. This asymmetry compares to
observations at the MAR in the vicinity of the Azores hotspot (about 0.8°C/km towards the North and
0.03°C/km towards the South according to Fig. 3b). Therefore, we propose that an absolute northward motion of
the Azores plume at a rate of about 1-2 cm/yr explains both the extent and asymmetry of the observed thermal
anomaly, as shown on Fig. 4. The proposed role of the Azores plume in the building of Corner Rise and Great
Meteor plateaus (located about 1,000 km away from the present-day location of the plume) from 85 My to 20
My**" is consistent with velocities of the order of 1-2 cm/yr. Moreover, such velocities fit with the proposed

migration velocity of the Azores plume away from the MAR at 10+5 My™.

Our study shows that characterizing thermal anomalies linked with plume-ridge interactions has the potential to
unravel absolute plume motions, questioning our knowledge of mantle plumes. Hence, the motion of the Azores

340 which is

plume we described here appears at odds with the common view that Atlantic plumes are stable
mainly based on St-Helena and Tristan da Cunha/Gough hotspot tracks. However, the proposed motion of the
Azores plume is consistent with evidences of moving mantle plumes*'. Tarduno et al., 2003 * proposed that the
plume beneath Hawaii could have moved southward by > 4 cm/yr between 81 and 47 Ma. Moreover, in a fully-
dynamic convective system, plume conduits are likely to be swept away by moving slabs in the lower mantle at
rates exceeding 5 cm/yr , or by the ambient mantle flow*. The possible anchorage of the Azores plume on the
edge of a dense and stable large low shear velocity province (LLSVP), as suggested in tomographic models™, is

not accounted by our convection model. However, convection calculations do not show enhanced fixity of

plumes with chemical anomalies at the core-mantle boundary*. Also, slow deformation of the edges of LLSVPs



150 produce plume motions of the order of 1 cm/yr*®, and plumes can propagate longitudinally along the edges of

151 LLSVPs which undergo significant thermomechanical or thermochemical instabilities*’.
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METHOD

PRIMELT

Mantle T calculation using PRIMELT is based on the MgO content of the primary magma, and MgO typically
correlates with FeO. The calculations require that FeO be obtained from FeO; (total iron reported as a single
oxide) and this can be estimated assuming Fe,0,/TiO, = 0.5 or assuming a constant redox condition in the
magmatic source (Fe2+/>Fe = 0.9 or 0.8). We tested different hypotheses and results are given in Fig. 2 SI.
Uncertainties that arise by calculating FeO using Fe,05/Ti0,=0.5 instead of FeO/FeO; = 0.9 propagate to
uncertainties in mantle T}, lower than 30 °C for high-Ti type lavas (TiO,> 1 wt%) up to 60 °C for low-Ti types
(Ti0,< 0.5 wt%). MORBs are dominantly characterized by Ti content > 1 wt% (Fig. 2d SI). As such, alternative
adoption of a Ti-dependent redox condition is unlikely to affect our calculation toward more elevated Tp.
Consistently, a more oxidizing ratio of Fe2+/¥ Fe = 0.8 will decrease FeO in the primary magma, yielding lower
MgO and lower mantle T} but such general decrease will not change our general conclusions because it involves

the whole set of data.

The petrological software is calibrated by anhydrous melting experiments on fertile peridotite, and its application
to lavas assumes a similar fertile and dry peridotite source. Uncertainties in fertile peridotite composition do not
lead to significant errors in mantle T,*. Conversely, melting of wet peridotite is likely to result in MgO values
that are too elevated. We excluded all samples that have undergone augite and/or plagioclase fractionation as
indicated by depletion of CaO and Al,O; or enrichment in FeO. Such discrepancies can be highlighted in a
simple graph by plotting the chemistry of sample against its “liquid line of descent” (i.e. LLD, Fig. 3 SI). Our
calculations have been filtered according to a graphic procedure* leading to reduced uncertainties that arise from
pyroxenite source lithology, source volatile content from metasomatized peridotite, and clinopyroxene
fractionation (Fig. 4 SI). We assume that the remaining samples have been affected only by minor amounts of
olivine addition and subtraction. Solutions of our calculation are provided in the supplementary material (Table

1S1).

Fig. 2 and 3 unravels the chemical changes of MORBs along the MAR. The database records slightly elevated
CaO (wt%) values for MORBs centered on Azores (~40° N) and a progressive decrease further south and north
of the archipelagos, following a bell-shaped evolution. The percentage of samples for which PRIMELT predicts
a primary magma composition depleted in calcium, by comparison with primary magmas deriving from
peridotite-source, is given in Fig. 2b. Ca-depletion is minimal in the Azores region. It progressively increases in
the south and north of the archipelagos, raising its maximum values (~100%) along the Gakkel ridge that is
positioned on the northern segments of the MAR (Fig. 5 SI). Such differences in calcium cannot solely be
explained by a fractionation of olivine (forsterite : Mg-rich endmember) and either require an increasingly
subtraction of pyroxene (diopside : Mg_Ca-rich endmember) from the primary magma and/or an increasingly
melting of Ca-depleted source (pyroxenites) in the mantle*® which, we infer, must be related to changes in the

mantle temperature below the MAR.

A cooler mantle will promote pyroxenite melting over peridotite because of its lower temperature. Likewise, low

thermal gradients in a mantellic section will promote the crystallization and sequestration of pyroxene at deeper
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levels, decreasing the content of Ca in the residual melt. Elevated T, values (> 1500°C) are observed in the north
of the Azores archipelagos, extending to Iceland. A progressive decrease in temperature is observed southwards
of the Azores and a marked decrease northwards of the Azores, giving the appearance of asymmetric thermal
structure. However, a gap of data exists between 45° and 55° of north latitude (Fig. 6 and 7 SI). This section is
associated with a change in the orientation of the ridge, which here operates with a strong strike-slip component
(e.g. Charlie Gibbs's fault). The depth of pyroxene fractionation for MORBs was estimated using the equation
(6) of  and results are given in Fig. 3a. MORBs in which olivine and plagioclase fractionation likely occurred
have been filtered out as discussed in Herzberg, 2004 »*, these have CaO > -0.3*MgO + 14.5. As expected, lower
pressures of crystallization are observed around Azores and Iceland where elevated Ty have been calculated. The
pressures of crystallization increase with decreasing Tp, as observed in the south of Azores. The highest

pressures are observed for MORBS associated with ridge segment terminations (e.g. Gakkel ridge).

NUMERICAL MODELING

We use the thermochemical convection code StagYY* to model mantle convection in 3D spherical geometry
with continental lithospheric rafts and self-generation of plate-like tectonics at its surface. We solve the
equations of mass, momentum and energy conservation under the Boussinesq approximation. The Rayleigh
number of the system, based on the temperature drop across the layer is 107, which results in a convective vigor
comparable to the Earth. All mantle parameters are constant with depth, except the thermal expansivity
coefficient (decreasing by a factor of 3 throughout the mantle), and the viscosity, which varies with temperature
T and pressure P as in Coltice and Shephard, 2018, The activation energy is 146 kJ/mol, implying 7 orders of
viscosity variations. The activation volume is 13.8 cm*/mol, and we impose a viscosity jump by a factor of 30 at
660 km, consistently with postglacial rebound and geoid modeling®'~*.

We introduce pseudo-plasticity™ to generate plate-like behaviour (plate boundaries emerge, they are not
imposed). After exploration of the parameter space, we choose a yield stress value of 48 MPa for the oceanic
lithosphere, so that the dynamic regime produces a plate-like behavior. The surface yield stress is 10 and 20
times higher for the margins and the interior of continental rafts respectively, to avoid their excessive mechanical
erosion. The yield stress varies with depth by a factor of 1.8 MPa/km for all materials.

We first run the model to reach a thermal statistical steady state. Then, we compute a total evolution of 400 My.
Such model is at the limit of computation capabilities and required about 7 weeks of computing time on a
parallel supercomputer of the National Computational Infrastructure (Australia). In the numerical solution,
mantle plumes originate from the CMB where the heat flow is about 5 TW. Internal heat is produced at a rate of
about 8.5 10712 W/kg. Surface heat flow reaches 34 TW, and the root-mean square surface velocity is 3.26
cm/yr. Plumes and plate boundaries are emergent structures, not imposed in such models. All plumes can
spontaneously move relatively to a no-net rotating surface. After the run, we examine these structures produced

in a self-consistent manner by the system of equations.
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Figure 1- (a) Surface topography of the Central Atlantic Ocean and potential temperatures obtained from the

PRIMELT method along the MAR (see Fig. 3). (b-d) Upper mantle shear wave tomography slices from the
global upper mantle and transition zone model 3D2017_09SV*.
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Figure 2 - (a) Chemical evolution of (near zero-age) MORBs sampled along the Mid-Atlantic Ridge. Data have
been plotted against the latitudes between 0 and 90°N along the x-axis. The Jan Mayen, Iceland and Azores
plume-like volcanic edifices forming on the ridges are indicated. (b) Percentage of MORBs for which PRIMELT
predicts a primary magma composition depleted in calcium. Mean values (black points), obtained by bootstrap

analysis, are reported at 5° step of latitude.
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Figure 3 — (a) Depth of pyroxene crystallization then subtraction (e.g. fractionation) in a primary magma that,

later, will give birth to MORBSs, calculated using equation (6) in Herzberg, 2004 ** and assuming a ratio of1:3

between pressure (kb) and depth (km). Data have been plotted against latitudes along the x-axis. (b) Depth at

which adiabatically upwelling mantle bellow the MAR segments crossed their solidus, depending on their

potential temperature (T}) calculated with PRIMELT3 MEGA software® using reduced conditions (Fe2+/3 Fe =

0.9) in the source. Solutions of calculation have been filtered for MgO < 8 wt% (blue dots in Fig. 2 SI). Mean

values (black points), obtained by bootstrap analysis, are reported at 5° step of latitude.
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Figure 4 — (a-d) Temporal evolution of the relative position of a ridge (straight colored lines) and a mantle
plume in a global mantle convection model self-generating plate-like tectonics. Colored contour lines outline the
studied mantle plume isotherm 1480°C at (a) 10 My (magenta), (b) 40 My (red), (c) 70 My (orange) and (d) 100
My (yellow). The transparent filled circles show the location of the plume head maximum of temperature near
the surface. Brown, dark green and light green contours show the location of mantle plume through depth by
delimitating the 1700°C (0.9), 1480°C (0.8) and 1390°C (0.76) isotherms, respectively. Black arrows scale with
surface plate velocities and blue transparent areas show the location of continents. (e-h) Temporal evolution of
the potential temperature distribution at 110 km depth along ridge axis 1 and (i-1) ridge axis 2 (see (a) for
location) at 10 My (magenta), 40 My (red), 70 My (orange) and 100 My (yellow). The colored arrows
correspond to the location of the plume maximum of temperature at corresponding time steps. The grey dashed

lines show the junction between ridge axis 1 and 2.



