Accepted Manuscript

Origin of widespread cretaceous alkaline magmatism in the
Central Atlantic: A single melting anomaly?

Renaud E. Merle, Fred Jourdan, Massimo Chiaradia, Hugo K.H.
Olierook, Gianreto Manatschal

Pll: S0024-4937(19)30238-5

DOI: https://doi.org/10.1016/].1ithos.2019.06.002
Reference: LITHOS 5098

To appear in: LITHOS

Received date: 25 October 2018

Accepted date: 3 June 2019" role="suppressed

Please citethisarticle as: R.E. Merle, F. Jourdan, M. Chiaradia, et a., Origin of widespread
cretaceous akaline magmatism in the Central Atlantic. A single melting anomaly?,
LITHOS, https://doi.org/10.1016/].lithos.2019.06.002

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


https://doi.org/10.1016/j.lithos.2019.06.002
https://doi.org/10.1016/j.lithos.2019.06.002

Origin of widespread Cretaceous alkaline magmatism in the
Central Atlantic: a single melting anomaly?

Renaud E. Merle"" renaud.merle@nrm.se, Fred Jourdan2’3, Massimo Chiaradia4, Hugo K.H.
Olierook?, Gianreto Manatschal’

'Swedish Museum of Natural History, S-104 05 Stockholm, Sweden

?School of Earth and Planetary Sciences, Curtin University, GPO Box U1987, Perth, WA
6845, Australia

’Western Australian Argon Isotope Facility & JdL Centre, Curtin University, GPO Box
U1987, Perth, WA 6845, Australia

4Departmen‘[ of Earth Sciences, University of Geneva, 13 rue des Maraichers, 1205 Geneva,
Switzerland

5IPGS—EOST, Université de Strasbourg, 1, rue Blessig, 67084 Strasbourg, France

"Corresponding author.



Abstract

The age and origin of the Cretaceous magmatism on the North American and Iberian-African
margins and the adjacent northern Central and Southern North Atlantic ocean are not well
constrained due to the lack of appropriate data. To solve this issue, we used the **Ar/*’Ar
geochronology and Sr—Nd-Pb isotopes geochemistry of basalts from the New England
Seamounts and the J-Anomaly Ridge (North American margin) as these localities are still
poorly investigated. We obtained a reliable age of 82.39 + 0.12 Ma (20) for the Nashville
Seamount (NES) and an alteration age of 76 Ma for the JAR. Our new dates from the New
England Seamounts combined with those available from the Tore-Madeira Rise and SW
Portugal, on the Iberia—African margins confirm an overlapping period of activity around
105-80 Ma on both the North American and Iberian-African margins and the adjacent
oceanic basins. Plate kinematic reconstructions indicate that these magmatic occurrences
were located within a ~1000 km radius within the yet narrow Atlantic Ocean. The J-Anomaly
Ridge samples were most likely formed at the mid-Atlantic ridge around ~120 Ma.

The Sr—Nd—Pb initial isotopic ratios from the New England seamounts show similarities with
the chemical signature of the Tore—Madeira Rise and, to a lesser extent, SW Portugal.
Moreover, New England Seamounts display a trend towards EMI isotopic end-member,
similar to those documented in at the Late Cretaceous Godzilla seamount on the Tore—
Madeira Rise and sills from ODP Site 1276. The shared chemical signature is distributed
across a torus-shaped area of ~2000 x 2000 km at a near-fixed location on Earth and is not
temporally-controlled, suggesting a large-scale chemical anomaly in the shallow mantle.
Therefore, geochronological, geochemical and plate reconstructions imply a large-scale,
anomalously fertile mantle source that generated widespread magmatism during the

Cretaceous in the northern Central Atlantic.
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Introduction

The mantle plume model has been universally used to explain linear, age-progressive,
intraplate oceanic magmatism (e.g. Wilson, 1963; Morgan, 1971; Coffin and Eldholm, 1994).
Linear intraplate magmatic products show chemical signatures of ocean island basalts (OIB),
which are attributed to the involvement of deep-rooted mantle plumes. However, not all
oceanic volcanic buildings are part of alignments, nor do they necessarily show age trends
that can be linked to quasi-stationary mantle plumes (Hoernle et al., 2011; Van den Bogaard
et al.,, 2013). Demonstrating age progression along seamount chains is complicated by the
difficulty in obtaining reliable ages. Moreover, pseudo-age trends may be produced when
using unreliable geochronological data. For example, ages obtained using the K—Ar technique
on matrix samples are very sensitive to potassium leaching during seawater alteration and do
not yield reliable results for rocks older than Cenozoic (Verati and Jourdan, 2014).
Nowadays, the most common method for acquiring geochronological data from volcanic
seamounts is via the *’Ar/*’Ar technique using mineral or groundmass separates (e.g. Verati
and Jourdan, 2014). However, materials such as plagioclase or groundmass are also
susceptible to K transfer during seawater alteration (Verati and Jourdan, 2014), which might
prevent obtaining reliable crystallization ages. Any attempt to verify the legitimacy of age
trends proposed along seamount chains has to rely on filtered datasets based on strict criteria
assessing data quality (Merle et al. 2009, 2018).

The Cretaceous New England seamount (NES) chain, located off the NE US coast is
probably the best example in the Atlantic Ocean of a linear seamount chain with an apparent
decreasing age trend away from North America coast (Duncan, 1984; Fig. 1). Its origin has
been attributed to the so-called New England hot-spot, which would include continental
alkaline magmatism across the North American Plate during Jurassic and Early Cretaceous

(Heaman et al., 2000). The activity of the hot-spot could have lasted up to the Late



Cretaceous to form NES, the Corner seamounts and eventually until the Miocene when it
formed the Atlantis—Meteor Seamounts now located on the African Plate (Tucholke and
Smoot, 1990, Sleep, 1990). However, on the oceanic sector of this hot-spot track, this
hypothesis is based on wunreliable geochronological and scarce isotopic data.
Geochronological data for the NES chain were acquired using: (1) the K—Ar method, which
is notoriously inaccurate for volcanic samples older than the Quaternary since it is not
possible to test if the sample has been affected by secondary processes, (2) single-step total
fusion *’Ar/*’Ar, which fails to provide repeat measurements from a single sample, or (3)
step-heated *’Ar/*’Ar measurements, which failed to yield a reliable plateau (Baksi, 2007).
Moreover, most analyses were acquired on groundmass or whole-rock, in which alteration is
much harder to visually detect than for mineral separates (Hofmann et al., 2000). Thus, such
analysis can yield alteration-related plateau ages. In addition, no geochronological analyses
exist for the Corner Seamounts and only one single age has been obtained from groundmass
for the Atlantis—Meteor Seamounts (Geldmacher et al., 2006) despite previous attempts by
the K-Ar method (Wendt et al., 1976). The result of combining all these data is an apparent
age progression with an age distribution along the track, which seems compatible with a fixed
hot-spot hypothesis (Fig. 2).

Other Late Cretaceous magmatic occurrences in the Central Atlantic Ocean and its
rifted margins include the Tore—-Madeira Rise (TMR) and surrounding area (Ormonde-
Ampere seamounts), the J-Anomaly ridge, ODP Site 1276 alkaline sills, Newfoundland
seamounts, SW Portugal (Sullivan and Keen, 1977; Tucholke and Ludwig, 1982; Geldmacher
et al., 2006, Hart and Blusztajn, 2006; Grange et al., 2010; Merle et al., 2006; Miranda et al.,
2009; Merle et al., 2009, 2018) and possibly the Canary Island seamount province (Van den
Bogaard, 2013). Each of these provinces has been interpreted as the expression of several

distinct deep mantle plumes. Such model presents the issue of the presence in a radius of



approximately 12000 km of at least five mantle plumes. Considering a head size of 1000-
2000 km (Griffiths and Campbell, 1990; Campbell, 2007), this implies that these mantle
plumes would be in contact with each other. This raises the question of the relevance of an
alternative model involving a single melting anomaly in such a radius and at the time of the
initiation of the magmatism at each of these localities. Ultimately, there is no comprehensive
geodynamic model that explains the occurrence of widespread alkaline magmatism since 100
Ma in the Central Atlantic Ocean.

In this contribution, we present high quality *’Ar/*’Ar ages and Sr—Nd-Pb isotopic
data from the NES chain and, for the first time, from the J-Anomaly Ridge (JAR) which
coincides with the J magnetic anomaly (Cretaceous). Together with a filtered database of
reliable geochronological and Sr—Nd-Pb isotopic data from other Late Cretaceous alkaline
magmatic products in the Central Atlantic, we test the validity of a single Late Cretaceous
Central Atlantic magmatic province hypothesis. Ultimately, we assess the causes and
mechanisms that facilitated magma generation and emplacement in order to form magmatic

products during the Late Cretaceous in the Central Atlantic.

Geological setting
New England Seamount chain and other possibly related occurrences

The NES forms a NW-SE oriented, ~1200 km long chain of approximately 50
submarine volcanoes stretching from Bear Seamount off the coast of the NE US to the
Nashville Seamount (Fig. 2). The largest edifices protrude ~3000—4000 m above the
surrounding abyssal plain. All the volcanic samples recovered from the NES were altered
basaltic rocks containing olivine, plagioclase and occasional primary amphibole phenocrysts
(Houghton, 1979; Duncan et al., 1984). These rocks have incompatible trace and rare earth

element (REE) patterns and Sr—Nd-Pb isotopic signatures typical of ocean island basalts



(OIB), which have been interpreted as compatible with a mantle plume origin (Houghton,
1979; Taras and Hart, 1987). So far, geochronological investigations on the NES volcanoes
have yielded only poor-quality K—Ar, single-step “’Ar/*’Ar total fusion and statistically-
inconsistent step-heated “°Ar/*’Ar plateau ages (Houghton et al., 1979, Duncan 1984), which
can be considered unreliable from an analytical and statistical point of view (see discussion in
Merle et al., 2009; Verati and Jourdan, 2014; Merle et al., 2018). Nevertheless, Duncan
(1984) advocated an age progression from ~104 Ma on Bear Seamount to ~82 Ma on
Nashville Seamount (Fig. 2). This trend would be compatible with the northwest-ward
motion of the North America plate over a fixed mantle plume (New England hot-spot).
Nevertheless, assuming a constant lithospheric drift as suggested by Duncan (1984),
neighbouring seamounts such as the Atlantis II and Gosnold Seamounts show a time
difference of ~9 Ma for a distance of approximately 100 km, whereas the Gosnold and
Allegheny Seamounts show a time gap of ~7 Ma for a distance of 300 km, which is not
compatible with a classical linear age-progression of the hot-spot track such as Hawaii (e.g.
Dalrymple and Clague, 1976). This remains to be asserted with reliable geochronological
investigations.

The New England hot-spot, invoked to explain the trend of the NES volcanoes, may
also include the alkaline intrusions of the ~124 Ma Monteregian Hills (Foland et al., 1986)
and possibly some ~124-120 Ma intrusions of the White Mountain magmatic province on
inland NE Canada and US (Foland and Faul, 1977). Late Triassic to earliest Cretaceous
kimberlites and other ultra-alkaline and ultramafic rocks with younger ages from west to east
across Canada have been interpreted as a further continuation of the hot-spot track (e.g.,
Heaman et al., 2000). However, the Monteregian Hills and White Mountain intrusions might
not form an alignment with the Early Triassic—earliest Cretaceous kimberlites nor with the

NES (McHone, 1996). Further east of the NES, the Corner Seamounts are estimated at ~75



Ma (Tucholke and Smoot, 1990) but, to date, no expedition has collected any geological
samples from these seamounts. The present-day locus of the mantle plume is now purportedly
located on the Atlantis—Meteor Seamounts (Morgan, 1983, Sleep, 1990; Fig. 1). However, the
Great Meteor-Atlantis seamount group have also been related to the Azores magmatic
province and may not belong to the New England hot-spot track (Gente et al., 2003; Ribeiro
et al.,, 2017). Indeed, the magmatic activity from the Atlantis—Meteor Seamounts may be
more recent, ranging between 33 Ma (Plato Seamount: 33.4 + 0.5 Ma obtained by K-Ar
technique on matrix, Ribeiro et al., 2017) and 17 Ma (Great Meteor Seamount: 17.3 + 0.3 Ma
obtained by step-heating *°’Ar/*’Ar on matrix; Geldmacher et al., 2006). It should be noted
that the dated sample from Plato Seamount presents a Loss On Ignition (LOI) of 2.5 wt%
(Ribeiro et al., 2017) that does not preclude slight seawater alteration then a possible bias on

the calculated age.

J-Anomaly Ridge

The JAR, located approximately 800 km to the northeast of the Nashville Seamount,
is a ~1000 m high, NE-SW oriented submarine rise that extends off the south-eastern end of
Grand Banks, Canada (Fig. 1). The JAR overlies the J magnetic anomaly (M3-M0 Cretaceous
magnetic anomalies: 130-125 Ma; Gradstein et al., 2004), which suggests that it has been
emplaced close to or at the spreading axis and has the age as the underlying oceanic crust
(Tucholke and Ludwig, 1982). It was interpreted as a locally thickened oceanic crust formed
together with the conjugate TMR during the final breakup of the Newfoundland-Iberia
continental lithosphere (Tucholke and Ludwig, 1982). The excess magma needed to form a
ridge as large as the JAR-TMR ridge requires involvement of an anomalously hot source
underneath the rift axis, commonly attributed to a mantle plume (Tucholke and Ludwig,

1982). When oceanic spreading began, the newly formed ridge was split apart, forming the



JAR on the Newfoundland margin and the TMR on the Iberia margin, the latter being
covered by Late Cretaceous magmatism (Tucholke and Ludwig, 1982).

The only basaltic samples recovered from the JAR were drilled during DSDP Leg 43
at Site 384 (Tucholke et al., 1979). Approximately 300 m thick marine sediments overlie
directly the basalts and are interpreted as deposited between upper Barremian to lower Aptian
(130-112 Ma; Tucholke et al., 1979).

The drilled rocks correspond to fine-grained basalts with common pyroxene and rare
plagioclase phenocrysts. These rocks experienced various degrees of alteration by seawater,
as expressed by calcite- and clay mineral-filled vesicles, patches of bowlingite (olivine
alteration product), altered groundmass as well as chlorite and epidote (Houghton, 1979).

The few analysed samples display slightly enriched incompatible element patterns
compared to those of normal mid-ocean ridge basalt (MORB). So far, there are no Sr—Nd-Pb
isotopic data from the JAR. The few samples investigated for geochronology yielded broadly
Cretaceous ages but correspond to statistically-inconsistent *°Ar/*’Ar and K-Ar age data

(Houghton et al., 1979).

Magmatic occurrences in the northern Central Atlantic and southern northern Atlantic area
Other OIB-like magmatic occurrences are present on the North American Plate within
a radius of ~1000 km. These include two basaltic sills drilled at ODP Site 1276 (Fig. 1),
which yielded a series of whole-rock *°Ar/*Ar ages of 105.3 £ 1.2 Ma and 99.7 + 1.8 Ma for
the upper and lower sills, respectively (Hart and Blusztajn, 2006). Note that the younger age
from the lower sill was derived from a mini-plateau (63% of *°Ar released, fully developed
plateau should have more than 70% of *°Ar released; Merle et al., 2009). Thus, the age may
be considered as inaccurate and is likely contemporaneous with the ~105 Ma sill. These sills

are located in the vicinity of the Newfoundland seamounts (Fig. 1) for which an age of ~98



Ma has been estimated based on “’Ar/*’ Ar measurements (Sullivan and Keen, 1977). So far,
there are no ages available for the Milne seamounts (Fig. 1).

On the Iberia and Africa plates, the Cretaceous magmatic occurrences include the
continental intrusions of SW Portugal (94-68 Ma), the TMR and surrounding seamounts
(104-0 Ma) with the Madeira archipelago at its southern extremity (Fig. 1). These
occurrences have been interpreted as the result of the activity of a deep Hawaiian-like fixed
mantle plume based on an observed NE-SW age trend (Geldmacher et al., 2000; D’Oriano et
al., 2010). In this model, a 450 km-wide Madeira hot-spot track imprints its path through the
Iberia plate forming successively Serra de Monchique (7668 Ma), Ormonde (6662 Ma),
Ampere (32 Ma), Unicorn (28 Ma), and Seine (22-25 Ma) seamounts and eventually the
Madeira archipelago (Geldmacher et al., 2000; D’Oriano et al., 2010). A variant of this model
involves the successive activities of Canary and Madeira hot-spots where TMR 1is built up by
two magmatic phases, the first one during Cretaceous times (>95-80 Ma) related to the
Canary mantle plume and the second magmatic activity (16—0.5 Ma) related to the Madeira
mantle plume (Gelmacher et al., 2006). These hypotheses are poorly constrained as they rely
on a partial dataset and unreliable dates (Merle et al., 2009; 2018).

It should be noted that the magmatic activity of the Canary Island seamount province
(CISP) might have started as early as 142 Ma, Van den Bogaard, 2013). This suggests that
the magmatic activity of the CISP could have been coeval to those of the other Cretaceous
magmatic provinces in northern Central Atlantic. However, the beginning of this phase of
activity is not well constrained. Indeed, many dates are unreliable as they are either weighted
average ages of multiple single-step total fusion Ar measurements in plagioclase or whole-
rock “Ar/*’Ar step heating technique yielding mini-plateaus (Van den Bogaard, 2013). The
approach of calculating weighted average ages from multiple aliquots of single-step total

fusion Ar measurements in plagioclase is not reliable as (1) plagioclase doesn’t have enough



Ar to generate a proper age at the single grain level and (2) this approach is likely prone to
mask any disturbance in the K/Ar system.

Based on the approximate periods of the magmatic activities on the Iberia and North America
plates between 104 and 80 Ma, Merle et al. (2009) noted that all these magmatic occurrences
were close to each other (~1000 km) as the Atlantic ocean was still narrow and therefore may

have formed a single magmatic province. This hypothesis has not been properly tested so far.

Samples and Results

The NES samples studied here were drilled during DSDP Leg 43 at the foot of
Nashville (Site 382) and Vogel seamounts (Site 385), while the JAR samples were collected
on the top of the ridge at the DSDP Site 384 (see Fig. 2). The tops of DSDP Sites 382 and
385 are located 5527 m and 4956 m below sea level, respectively (Tucholke and Vogt, 1979).
From these sites, only breccias containing volcanic clasts were drilled. DSDP Site 384 is
located 3910 m below sea level and yielded basaltic rocks. The samples studied here were
extracted from the same cores as the samples investigated by Houghton (1979). Our samples
were selected at different depths along the cores and are distinct from the samples
investigated by Houghton (1979). The details of sampling sites, the position of the selected
rocks in the recovered cores and hand specimen descriptions are given in Table Al in the
supplementary material.

We investigated five basaltic samples from the NES and three from the JAR for
YAr°Ar geochronology, major and trace element contents, and Sr-Nd-Pb (method
descriptions and tables including full data set of Y Ar/*’ Ar measurements are available in the

supplementary material).

Brief Petrographic description of the investigated samples



The NES samples (NES 2, 3, 7, 8, 9 and 10; see Table A 1 in supplementary material) are
breccias containing basaltic clasts of up to Scm large cemented by calcite (Fig. 3a). Most of
the clasts show a red-brown colour typical of seawater alteration (Fig. 3a-d). Some clasts are
very vesicular with most of the voids filled with calcite (Fig. 3b). Phenocrysts of 2-3 mm
black prismatic pyroxenes or amphiboles as well as completely oxidized olivine are visible
(Fig. 3c). Other clasts are more massive with empty vesicles (Fig. 3d). The JAR samples
(JAR4, 5 and 6; Table Al in supplementary material) display a green colour and large
vesicles filled with green and white alteration material. No phenocrysts are visible (Fig. 3e).
In thin sections, the porphyritic NES samples contain relatively fresh ~ 2-3mm euhedral
amphibole and pyroxene phenocrystals embedded into an altered fine-grained groundmass
containing very altered plagioclase microliths and glass partly transformed into clay and
hydroxides (Fig. 4a, b, ¢). The aphyric NES samples like NES7 show a groundmass formed
by ~100um plagioclase microliths and oxides (Fg. 4d). The interstitial glass is partly
transformed into hydroxides and clay (Fig. 4d).

The JAR samples show olivine phenocrysts (2% vol.) up to ~2mm in size (Fig. 4e) and
transformed into bowlingite that is a green-colour alteration product of olivine (Fig. 4f).
These phenocrysts are included into a groundmass formed by plagioclase laths. Vesicles are

lined with hydroxides, clay and calcite (Fig. 4e).

“4r/’ Ar dating

Six samples were dated including two hornblende separates and one groundmass
fraction from the Nashville Seamount, one groundmass fraction from the Vogel Seamount
and two groundmass fractions from JAR (Fig. 5). A summary of the YA/ Ar data is

presented in Table 1. The details of the analytical results are given in the supplementary



material. The hornblende fractions yielded two reliable plateau ages of 82.39 + 0.12 Ma
(Mean Square Weighted Deviation: MSWD = 0.24, Probability of fit: P = 1; sample NES2)
and 82.25 + 0.16 Ma (MSWD = 0.70, P = 0.81; sample NES3) that are identical within
analytical uncertainties. A groundmass aliquot extracted from the sample NES3 yielded a
statistically valid plateau age of 77.80 = 0.29 Ma (MSWD = 0.28, P = 0.99) that is
significantly younger (~4 Ma) than the hornblende age. Only one groundmass fraction from
JAR (sample JARO) yielded a valid plateau age of 75.96 + 0.72 Ma (MSWD = 1.14, P =

0.33). The other two samples (NES7 and JARS) failed to yield plateau ages (Fig. 5).

Major and trace elements

The NES samples are altered with LOI (Loss On Ignition) higher than 6.5 wt%,
except one sample from the Vogel seamount (NES7, LOI = 0.78 wt%; Table A2 in
supplementary material). The JAR samples are less altered according to their LOI (2.6-3.9
wt%). All the samples investigated here show evidence of interaction with seawater (see
discussion of the effects of alteration on chemistry of the samples in supplementary material).
In this study, we will therefore avoid using elements that are typically mobile during seawater
alteration (e.g., Mg, Na, K, Ba and Sr; Pearce et al., 2008). As a consequence, the
classification of the rocks using the TAS diagram (Total Alkali Silica: SiO, vs. K;O+Na,0) is
not possible.

Despite the pervasive alteration that affected the samples (see discussion of the effects
of alteration on chemistry of the samples in supplementary material), the rocks display
magmatic chemical characteristics for most of the incompatible elements (IE) in particular,
the high field strength elements. We plotted the NES and JAR in discriminant plots for
geodynamic settings using immobile elements such as Zr, Y, Nb, Ta, Th and Yb.

Specifically, we used the ternary plot Nb-Zr-Y (Meschede, 1986; Fig. 6a), Ta/Yb vs. Th/Yb



(Fig. 6b; modified from Pearce, 1982) and Zr vs. Zr/Y (Fig. 6¢; Pearce and Norry, 1979). In
these diagrams, the NES samples plot in the field of the OIB (within plate volcanism; Fig. 6).
On the other hand, the JAR samples plot in the field or very close to the field of the MORBs
(in the field of OIB, Fig. 6). Note that JARG6 plots away from the two other JAR samples in
the Ta/Yb vs. Th/YDb and Zr vs. Zr/Y plots (Fig. 6b, c).

The JAR samples are near-primitive as shown by the compatible trace element
contents: Co = 3841 ppm, Ni = 144-197 ppm and Cr = 422-557 ppm. Note that JAR6 has
the highest SiO, and highest Fe,Oso) contents and lowest MgO, Ni and Cr contents (see
Table A2 in supplementary material). However, these chemical contents are only marginally
different from those of the two other JAR samples.

Immobile incompatible elements and REE patterns of the NES samples are similar to
those of average OIB (Fig. 7a, b), showing enrichment in the most incompatible elements
relative to the less incompatible elements. The NES samples display enriched REE patterns
with [La/Sm]cn = 2.8-3.9 and [Dy/Yb]en = 1.5-2.2 (CN: chondrite normalised ratio using
the values of Sun and McDonough, 1989; Fig. 7a). The IE patterns show negative Pb and
positive Nb and Ta anomalies that are typical of mantle-derived magmas uncontaminated by
continental crust (Fig. 7c). The patterns of the samples investigated here overlap the field of
the previously analysed samples (Houghton, 1978; Taras and Hart, 1987).

Compared to the NES, the JAR samples display distinct IE and REE patterns (Fig. 7).
Two samples (JAR4 and JARS) display IE and REE patterns similar to normal MORB (N-
MORB) while the third one (JAR 6) has patterns more similar to enriched MORB (E-
MORB). All the samples display slight negative Sr anomalies and positive Ta anomalies,
indicating the absence of any continental crust contamination (Figs. 7b and d). Samples JAR4
and JARS show IE and REE patterns parallel to N-MORB with a typical depletion in light

REE ([La/Sm]cn = 0.80-0.90) and nearly flat heavy REE pattern ([Dy/Yb]en = 1.3-1.4).



Both IE and REE patterns of these two samples overlap the field of the JAR samples
previously documented (Houghton, 1979). The third sample (JAR6) is more enriched in
incompatible elements compared to JAR4 and JARS (Fig. 7b and d). It also shows an
enrichment in light REE ([La/Sm]cn = 2) and flat heavy REE pattern ([Dy/Yb]cn = 1.2). The
REE pattern of this sample is parallel to those of E-MORB (Fig. 7b). The REE pattern of
JARG shows a significant Eu negative anomaly that is neither observed in the patterns of the
two new JAR samples investigated here nor documented in previously published JAR
samples (Fig. 4; Houghton, 1979). In addition, the heavy REE (Dy-Lu) and less incompatible
element patterns of this sample are rather parallel to those of the other JAR samples (Fig. 7b
and d).

In the JAR samples, Pb contents were below detection limit; U contents range from
0.2 to 0.8 ppm and Th contents 0.4 to 6.5 ppm with the highest concentrations measured in
sample JARG (see Table A2 in supplementary material). This range of contents is similar to
those expected for average E-MORB (Sun and McDonough, 1989) excepting for the high Th

content in JAR6 which might be related to an analytical problem.

Sr—Nd—Pb isotopes

Here we present Sr-Nd-Pb isotopic data for the NES and, for the first time, for the
JAR samples. The measured Sr-Nd-Pb isotopic ratios of samples were back-calculated to
initial, using an age of 82 Ma from Nashville Seamount (Fig. 5) and 91 Ma for Vogel
Seamount (Houghton, 1979). The measured Sr-Nd isotopic ratios of the JAR samples were
back-calculated to initials using an age of 76 Ma (Fig. 5). As Pb concentrations for these
samples were below detection limit and no previously published Pb elemental contents are
available, the Pb isotopic data of the JAR samples were not back-calculated to initial isotopic

ratios.



The NES and the JAR samples define distinct fields in the isotopic plots: the JAR plot
close or in the field of the Atlantic MORBs while the NES plot in the field of OIBs (figs. 8
and 9).

For the NES samples, the initial ratios show significant variations: *’Sr/*Sr =
0.702923-0.704683; 'Nd/'*Nd = 0.512757-0.512823; *“Pb/*Pb = 19.14-20.36;
27pp/2Ph = 15.55-16.09; 2*°Pb/**Pb = 38.71-40.342 (Figs. 8 and 9). In some samples, Pb
and Sr isotopic ratios are considered unreliable. For instance, the highest **’Pb/***Pb isotopic
ratio from NES 7 (Vogel) is anomalously high (16.09) and clearly distinct from the Pb
isotopic ratios observed in the all other NES samples (Table 2). Therefore, this ratio is
considered suspicious and will not be considered any further. However, the other Pb isotopic
ratios for this sample are not very different from those observed in the other NES samples.
They do not show any evidence of analytical issues and are considered reliable. *’Sr/*°Sr
initial ratios are correlated with LOI in the NES samples (Fig. A2 in supplementary material).
This is a common phenomenon in submarine samples due the mobility of Sr during seawater
alteration as shown by the trend of decreasing Sr content with increasing LOI (Fig. A2 in
supplementary material). Note that such a correlation is not observed for the Pb isotopic
ratios (Fig. A2 in supplementary material). Only initial *’Sr/**Sr ratio obtained from sample
NES7 (*’St/*®Sr = 0.702923), which has the lowest LOI (0.78 %) can be considered reliable.
We therefore omit the **’Pb/***Pb isotopic ratio of NES7 and the Sr isotopic ratios from all
samples other than NES7 from further discussion.

In the 7Pb/***Pb vs. *°Pb/***Pb and ***Pb/**Pb vs. 2°°Pb/***Pb plots, the initial Pb
ratios of the NES samples overlap the field defined by the previously published data of NES
(Fig. 9). Like some previously published data, the data points of some samples analysed in
this study straddle the Northern Hemisphere Regression Line (NHRL, Hart, 1984),; Fig. 6;)

toward an HIMU-like component (High time-integrated ***U/**'Pb ratio) that would be



located below this line (Fig. 9). The previously published and new NES data overlap with or
are proximal to the TMR lavas, SW Portugal rocks and Great Meteor Seamount isotopic data
(Fig. 9). In the *°Pb/***Pb vs. '*Nd/'"**Nd plot (Fig. 8b), the NES, ODP Site 1276 sills and
Godzilla Seamount form an array between TMR and Enriched Mantle I (EMI). In particular,
the lavas from Godzilla Seamount show Nd and Pb compositions close to the EMI end-
member (Geldmacher et al. 2008).

For the JAR, the initial *’St/**Sr (0.703291-0.703438) and '**Nd/'**Nd (0.512984—
0.513012) and measured Pb ratios (**°Pb/*'Pb = 18.165-18.418; **’Pb/**Pb = 15.432-
15.522; *®Pb/*"Pb = 37.861-38.094) show limited variability. In the 'Nd/'**Nd vs.
7S1/*°Sr plot, the JAR samples plot in the field of the 0-55 °N Atlantic MORB (Fig. 8a).
Sample JARG has IE and REE contents distinct from the two other JAR samples, has *’Sr/*Sr
initial ratios overlapping within uncertainty of one of the two other samples but has higher
"N d/'"*Nd initial ratios. The measured Pb ratios of the JAR samples plot in the field of the
Atlantic MORB (Fig. 6). Despite these ratios being uncorrected, the effects of in-situ decay
correction would not exceed 10% of the measured ratios for younger than 100 Ma assuming
an E-MORB composition (Pb = 0.6 ppm, U = 0.2 ppm and Th = 0.6 ppm; Sun and
McDonough, 1989). Therefore, the expected initial ratios would not differ significantly
enough to move the data points out of the MORB field.

It should be noted that there is no correlation between “**Pb/***Pb or *’Sr/*Sr ratios
and MgO content for the NES or JAR samples suggesting that contamination by upper
continental crust did not occur (Fig. A3). In addition, this magmatism occurred on oceanic
lithosphere (Louden et al., 2004). This suggests that the observed isotopic characteristics of

the samples record mantle source signature.

Discussion



Our new data from both NES and JAR provide new constrains on the geodynamical
triggering of the magmatic activity during Cretaceous time in the northern Central Atlantic
and allow testing the single magmatic province hypothesis (Merle et al., 2009). In particular,
the location of NES and JAR samples are clearly distinct in the Nb-Zr-Y, Ta/Yb vs. Th/Yb
and Zr vs. Zr/Y classification diagrams with the NES having an OIB affinity while the JAR
have a MORB affinity despite some enriched chemical characteristics. As NES and JAR
magmatic events do not have the same age (>82 Ma for the former and ~76 Ma for the latter),

it is clear that these magmatic occurrences are not genetically related.

Interpretation of age, geochemical and isotopic data of the NES and JAR

Age of the New England Seamount chain.

We obtained two statistically indistinguishable hornblende plateau ages of 82.39 +
0.12 Ma and 82.25 £ 0.16 Ma on the Nashville seamount. Since samples NES2 and NES3
have indistinguishable ages, we calculate a weighted mean age of 82.34 + 0.10 Ma (2c;
MSWD = 2, P = 0.16) for the age of the magmatic activity at the southern extremity of the
NES chain.

Statistically reliable hornblende and groundmass ages from NES3 yielded ages that do
not overlap within uncertainty. The groundmass from NES3 yielded a plateau age of 77.80 +
0.29 Ma, ~4-5 Myr (~5.5%) younger than the hornblende age (Fig. 5). Such a discrepancy
between analytically and statistically valid **Ar/*’Ar plateau ages obtained on groundmass
and separated minerals has been previously observed for mafic samples, with the groundmass
dates consistently younger than the ages obtained on mineral separates (see comparison
between groundmass and mineral separate ‘’Ar/*’Ar results in Hofmann et al., 2000 and

Jourdan et al., 2007; Renne et al., 2015). For example, a basalt dredged on Seine Seamount



from the TMR yielded a groundmass analysis of 22.2 + 0.2 Ma that is ~ 10% younger than
the age of 24.6 £ 0.45 Ma obtained from hornblende analyses (Merle et al., 2009; 2018). It
should be noted that in some case, the date yielded by the groundmass can be older than those
obtained in the fresh feldspars from the same rock (Deccan basalt; Renne et al., 2015).
Potassium is notorious for being mobile during rock—seawater interaction in oceanic settings
(e.g. Cann, 1979; Honnorez, 1981) that can adversely affect the K-Ar geochronometer. As the
groundmass has significantly more surface area than mineral phenocrysts and minerals can be
more efficiently screened for alteration, mineral separates tend to retain true geochronological
information while a slight alteration of the groundmass can yield apparent younger ages,
which should be treated with caution and used as a minimum age for the crystallisation of the
rock.

With this observation in mind, critical evaluation of published geochronological data
from the NES clearly indicate that many reported ages do not conform to stringent reliability
tests, including failing statistical tests (i.e., p-value indicating scatter beyond analytical
uncertainties) or obtained as a single datum that prohibits verification of closed system
behaviour (single step-total fusion *°Ar/*’Ar and K-Ar analyses, see Baksi, 2007; Merle et al.,
2009, 2018; Verati and Jourdan, 2014, for a review of critical parameters used to assess the
data quality; Fig. 10). By following these strict criteria, none of the previously obtained ages
on NES were found to be reliable except our hornblende separates at 82.34 + 0.10 Ma (Fig.
5). However, the “’Ar/*’Ar groundmass ages and the amphibole age with poor-statistical
parameters (See age compilation in supplementary material) can provide a reasonable
estimate within a few million years of the true crystallisation age of the rocks. These data can
be used as semi-quantitative information to estimate the approximate period of activity of the
NES. By discarding the unreliable single step-total fusion **Ar/*’Ar and K/Ar data, only eight

data over twenty-eight remain to assess the timing of the magmatic activity on the NES (Fig.



10a). The filtered data form a spread between 104 and 77 Ma suggesting an intense period of
magmatic activity in the Late Cretaceous on the NES (Fig. 10) but this has still to be
confirmed due to the limited number of data.

The remaining data tend to display an apparent age trend (Fig. 10) which should be
considered with caution: (1) only half of the seamounts previously investigated are
represented in this age trend, (2) the oldest data are matrix analyses then should be considered
as minimum age estimates and as such, they are still not reliable enough to establish the
occurrence of an unequivocal age trend, and (3) the scatter observed among the data
precludes the calculation of a statistically robust migration rate for the magmatic activity.

This latter aspect is particularly critical for the geodynamic and absolute plate
reconstruction models. Indeed, many studies utilise the radio-isotopic ages from the NES as a
framework for absolute plate motions (e.g., Doubrovine et al., 2012; O'Neill et al., 2005;
Seton et al., 2012; Steinberger, 2000; Steinberger et al., 2004). These models may require
some readjusting to accommodate the significant uncertainty on the magmatic activity
migration rate.

Therefore, the apparent age trend displayed by the NES is poorly constrained and not
well supported by data. As a result, there is no unambiguous age-progressive trend along the
New England Seamounts chain as previously proposed (Duncan, 1984). Despite age
differences might exist between the seamounts, it is difficult to assess their extent considering
the potential age shift due to the seawater alteration. This illustrates the drawbacks of
establishing hot-spot tracks based only on apparent age trends relying on unreliable and

partial set of data.

Age and origin of the J-Anomaly Ridge




Our new plateau age of 76.0 + 0.7 Ma obtained on JAR basaltic sample has to be
interpreted with care since it was obtained on groundmass (see discussion above). Since in
basaltic samples, in particular MORB, potassium is mainly incorporated into the groundmass,
slight pervasive alteration could have biased the age even if the rock displays low LOI
(Caroff et al., 1995; Merle et al., 2009). The sample shows a LOI slightly high for a fresh
MORB (2.6%) and the petrographic evidence for seawater alteration (presence of clay
minerals, chlorite and epidote, Houghton, 1979) suggests that our new age does not represent
the crystallisation of the rock. Therefore, the meaning of this age has to be assessed. The JAR
samples show a MORB affinity that suggests an origin related to the Mid Atlantic Ridge.
South of the Newfoundland—Azores fracture zone, the area surrounding the JAR is
interpreted as oceanic lithosphere (Nirrengarten et al., 2017, 2018). Specifically, the JAR
overlaps the MO magnetic anomaly, which is clearly identified in this area (Fig. 1) and has an
age of ~120 Ma (Nirrengarten et al., 2017, 2018) suggesting that the JAR was formed at the
same time. The first sediments overlaying the JAR have been interpreted as deposited during
the Upper Barremian to lower Aptian (130—112 Ma; Tucholke et al., 1979) which argues also
for an age of around 120 Ma. As the JAR samples show evidence of seawater interaction and
moderate hydrothermal alteration as shown by the presence of chlorite and epidote, our age
of 76.0 = 0.7 Ma represents the age of a low-temperature alteration or hydrothermal event
after the formation of the oceanic crust that occurred at 120 Ma. It is important to note that a
statistically reliable groundmass mini-plateau or plateau age can thus be shifted by ~45 Ma
from its true crystallization age. Therefore, it seems difficult to relate the magmatic activity
on the JAR with those occurring on the TMR as suggested by previous studies (e.g. Tucholke
and Ludwig, 1982). As the JAR samples tend to show a MORB-like chemical affinity (Figs.
6, 8a and 9), we conclude that these samples are originated from the local oceanic crust

formed by the mid-Atlantic ridge around 120 Ma and eventually hydrothermally altered at



low temperature around 76 Ma, which is also supported by the occurrence of upper
Barremian to lower Aptian sediments overlaying these basalts.

As the origin of the JAR should be related to the activity of the Mid Atlantic Ridge,
this raises the issue of the origin of the geochemical characteristics of one of the JAR samples
(JARG), which is different from typical normal MORB (Fig. 7). JARG6 is only marginally
different from the two other JAR samples in term of major and compatible trace elements
composition (see table A2 in supplementary material). . Therefore, it seems that JAR6 is not
significantly more differentiated than the other two JAR samples. JAR6 has higher middle
and heavy REE contents than JAR4 and JARSY, yielding parallel Gd—Lu patterns that could be
related to a more differentiated stage for JAR6 through fractional crystallisation, which could
also explain the negative Eu anomaly. Nevertheless, fractional crystallisation does not
explain the light REE enrichment observed specifically for this sample. The difference in
terms of isotopic composition between JAR6 and the two samples is noticeable limited (Fig.
8, 9). The Sr—Nd signatures of all the JAR samples (*°Sr/*’Sr; = 0.703291-0703438;
"SNd/"**Nd; = 0512984-0.513012) are similar to those of the MORB produced by the MAR
on an area located north of the Oceanographer Fracture Zone (*°Sr/*’Sr = 0.703176—
0.704040; '"*Nd/'"*'Nd = 0.512668-0.512992; Dosso et al., 1999). The specific chemical
characteristics of these MORB, which also have high LREE contents (La/Sm >2), have been
interpreted as originated from a continental lithospheric-like chemical heterogeneity in the
upper mantle (Dosso et al., 1999). As the JAR basalts were formed by the Mid-Atlantic ridge
in the vicinity of the Oceanographer Fracture Zone and they display isotopic characteristics
similar to those of the MORBs investigated by Dosso et al. (1999), we interpret the JAR
basalts as their older equivalents. The JAR would sample the same mantle source, that is, the
ambient asthenosphere containing a continental-like heterogeneity. In this hypothesis, the

light REE enrichment observed in the chemical characteristics of JAR6 could be related to a



stronger contribution of this shallow mantle heterogeneity compared to the other JAR
samples. A shallow mantle source is also supported by the nearly flat HREE patterns of these
rocks, such a feature precluding residual garnet in the source. It should be noted that the
Azores mantle plume has been suggested as an origin of the enriched composition of the
MORBs from the northern Oceanographer Fracture Zone area (Ribeiro et al., 2017 and
references therein). We note that the postulated beginning of the Azores hot-spot activity is
estimated at ~85 Ma based on the assumed age of the Corner seamount and that the main
phase of magmatic activity of the Azores province started between 30-20 Ma (Gente et al.,
2003; Ribeiro et al., 2017). Regardless of these poor geochronological constraints on the
beginning of the Azores mantle plume activity (K—Ar dates on matrix for the Azores
magmatic province and no geochronological data for Corner seamounts), the JAR was
formed by the MAR at ~120 Ma implying a gap of approximately 35 Ma between this
magmatic event and the very first evidence of the Azores mantle plume activity. Therefore,
we suggest that the enriched signature observed in JAR6 was in the shallow asthenospheric

mantle at 120 Ma and cannot be related to the Azores mantle plume.

Evidence for widespread Late Cretaceous alkaline magmatic activity in the northern Central

Atlantic and southern North Atlantic

New and published geochronological, geochemical, Sr—Nd—Pb isotopic data (Figs. 8,
9 and 11) and plate reconstructions (Fig. 12) permit a re-evaluation of whether the northern
Central Atlantic and southern North Atlantic alkaline magmatic occurrences form a single
province (Merle et al., 2009).

In the Late Cretaceous, magmatic activity potentially coeval with the NES is

occurring throughout the northern Central Atlantic and southern northern Atlantic area (Fig.



1). On the North American Plate, these include the ~80—76 Ma Corner Seamounts (Tucholke
and Smoot, 1990), the ~98 Ma Newfoundland Seamounts (Sullivan and Keen, 1977) and two
sills drilled close to the Newfoundland Seamounts during ODP Site 1276 (~105-100 Ma,
Hart and Blusztajn, 2006). On the Iberian and African Plates, magmatic activity occurred in
SW Portugal (88—68 Ma, Miranda et al., 2009; Grange et al., 2010), in the TMR and
surrounding areas (103 Ma—present, Geldmacher et al., 2000, 2005, 2006, 2008; Merle et al.,
2006, 2009, 2018), and in the CISP (142 Ma to present; Van den Bogaard, 2013).

It should be noted that the CISP could also have been active as early as the Early
Cretaceous (142Ma; van den Bogaard 2013). However, many dates from seamounts of this
province including the oldest date were obtained by either Ar total fusion (Bisabuelas
seamount: ~142 Ma) or mini-plateau **Ar/*’Ar step-heating methods (Van den Bogaard,
2013). Based upon the data quality criteria already mentioned earlier, these data cannot be
considered as reliable. So far the oldest reliable date is 126.3 + 0.3 Ma obtained by step-
heating on K-feldspar, which developed a full Ar degassing plateau (Kliigel et al. 2011).
Nevertheless, a major phase of magmatic activity occurred during the Cretaceous (>70 Ma)
on the CISP and on the TMR province and lasted until the last million years despite. a gap of
magmatic activity on TMR between 62 Ma and 32 Ma (Merle et al., 2018).

The chemical and isotopic characteristics of the rocks from SW Portugal, TMR and
surrounding seamounts (Ormonde—Ampere), NES and ODP Site 1276 show that these
Cretaceous alkaline magmatic products are derived from a depleted asthenosphere (Atlantic
MORB), an EMI-like component as well as an HIMU-like component, which is required to
explain the high **°Pb/***Pb and ***Pb/***Pb ratios displayed by some samples (Figs. 8 and 9).
Despite significant variations within a given sub-province (Fig. 8, 9 and 11), all the
Cretaceous magmatic provinces tend to show overlapping Sr-Nd-Pb isotopic compositions

through time (Fig. 11). NES and TMR display **°Pb/**'Pb and ***Pb/***Pb ratios similar to



those of the 14-0 Ma rocks from Madeira archipelago and Atlantis-Great Meteor Seamounts
(Fig. 9). However, NES and most of the TMR lavas have '*Nd/"**Nd lower than 0.5129
while the Madeira archipelago rocks have '**Nd/'**Nd higher than 0.513. This could be
explained by the trend shown by in the "*Nd/'*Nd vs. **Pb/***Pb plot, by the NES and in a
lesser extent, the TMR lavas, toward the composition of the rocks from the ODP Site 1276
and Godzilla seamount which have distinct isotopic characteristics from the other Cretaceous
rocks (Fig. 8b). Specifically, the ODP site 1276 sills and Godzilla Seamount lavas have lower
"Nd/M*Nd, 2°°Pb/***Pb and ***Pb/***Pb ratios (Figs. 8 and 9) that can be related to a stronger
contribution of the EMI-like component. Indeed, Godzilla Seamount may represent one of the
EMI type localities in the northern hemisphere (Geldmacher et al., 2008).

Plate reconstructions based on seafloor spreading anomalies show that, from the
Cretaceous through to the present time, these alkaline magmatic occurrences are located
between two concentric circles of ~1000 and 2500 km in diameter (Fig. 12). All northern
Central Atlantic oceanic magmatism occurred on the periphery of a single ~25° x 20° area on
the Earth’s surface. This area is relatively fixed with respect to absolute plate motions,
located at 5-32° West and 20-40° degrees north during the Cretaceous (Fig. 12). It should be
noted that there is no magmatic activity outside this domain in the Central Atlantic
throughout that entire period, with the exception of the Cape Verde Islands and the Bermuda
Rise.

The above presented geochronological, geochemical, Sr—Nd-Pb isotopic data and
plate reconstructions from the northern Central Atlantic and southern Northern Atlantic
reveal that: (1) these alkaline magmatic provinces were active at the same time during the
Cretaceous, (2) during this period of activity, these magmatic products were emplaced in the
vicinity to each other on both sides of the mid Atlantic ridge, and (3) they share similar

chemical characteristics in particular, isotopic ratios despite noticeable variations within each



province. These observations suggest that they should be considered as a part of a single

magmatic province. The question remains by what mechanism this alkaline magmatism was

triggered and, potentially, is still triggered today.

Models for the origin of Cretaceous Central Atlantic alkaline magmatism

Individual and random deep-seated Hawaii-type mantle plumes

All the alkaline Cretaceous magmatic provinces occurring in the northern Central
Atlantic show similar chemical characteristics, in particular, overlapping isotopic
compositions over a period of 110 Ma (Fig. 11). This is in contradiction to the significant
variations of isotopic ratios through time observed on the Hawaii-Emperor seamounts chain
(Regelous et al., 2003). This has never been observed for any Hawaiian-type mantle plume.
Despite some variations within each province, this suggests the sampling by the magmatism
of a common mantle source over a large area.

Based on the review of all the geological and geodynamical aspects of the Early
Cretaceous alkaline magmatism in Northwest America (central New England and Quebec)
and its possible connection with NES, the involvement of a Hawaii-type deep mantle plume
has been challenged as an origin of the NES (McHone, 1996). In addition, the hypothesis
suggesting that the Atlantis—Meteor Seamounts are the latest expression of the NES hot-spot
track after the Corner Seamounts (Tucholke and Smoot, 1990) is not confirmed owing the
lack of age from this seamount group. If we consider that the age of the magmatic activity on
Atlantis-Meteor Seamounts is close to 17 Ma (Geldmacher et al., 2006), then there is a gap of
approximately 60 Ma between the activity on the Corner and Atlantis—Meteor Seamounts. So

far, there is no evidence of older magmatic activity on the Atlantis—Meteor Seamounts.



A single, flattened mantle plume head of 1000-2500 km in diameter (Campbell,
2007) is also not possible as magmatic products would be expected not only at the periphery
of the ~1000-2500 km diameter region but also within its interior, which is not observed
(Fig. 12). Chemical differences (different petrological rock types, variations in term of
isotopic ratios) should be expected between the centre of the plume, where melting degree is
higher and the deep mantle plume component is supposed to be mostly sampled and the rims
of the plume head where melting degree is lower and the deep mantle source is more diluted
with ambient mantle. Ultimately, a Hawaii-type or large-scale single mantle plume model is
not a plausible explanation for the northern Central Atlantic and southern North Atlantic

alkaline magmatic products.

Mantle plumes from a shared slab graveyard.

The stem of deep mantle plumes have an estimated average diameter of ~200 km
(Campbell, 2007 and references therein). If each of the Cretaceous magmatic provinces
(NES, TMR, Newfoundland Seamounts and Canary) originated from individually-rooted
mantle plumes, this leads to a space issue of accommodating four mantle plumes in a
relatively restricted area (1000 x 1000 km) at the time of their activity. To reconcile this
unusual number of mantle plumes in a localized area, a large-scale deep process has to be
considered. We posit that these deep mantle plumes may have formed at the periphery of a
large slab graveyard located at either the ~660 km discontinuity or the core—mantle boundary,
where deep mantle plumes allegedly originate (e.g. Morgan, 1971; Steinberger, 2000;
Campbell, 2007). This slab graveyard would have been formed by the accumulation of
oceanic lithospheres recycled into the mantle during ancient subductions, which might have
begun during Pangea assembly around 500 Ma and eventually evolved to the circum-Pangea

subduction just before 200 Ma. Several hundred million years would be required for large



slab sections to reach the ~660 km discontinuity, where their material would mature, mix
with either ambient mantle and potentially rise toward the surface due to either their own
buoyancy or dragged by deeper mantle plumes. This hypothesis is supported by the
occurrence of numerous mantle plumes all over the Earth, starting during the Early
Cretaceous period as expressed by the emplacement of several large igneous provinces
(Kerguelen, Parana-Etendeka, Ontong-Java; Coffin and Eldholm, 1994). Mantle plumes
arising from the same slab graveyard would not only exhibit EMI and HIMU characteristics
but share the same isotopic signatures.

The lack of alkaline magmatism within the ~1200-2500 km region (Fig. 12) is also
explained by the fact that mantle plumes tend to form at the edges of slab graveyards, where
the strongest convection takes place (Burke et al., 2008). In the center of slab graveyards,
where the adjacent mantle struggles to convect, no plumes are produced. Hence, no magmatic
products are found within the center of the ~1200-2500 km region in the northern Central
Atlantic. As small-scale plumes originating from the slab graveyard, they can mix with the
shallow Atlantic MORB mantle to form the observed chemical array between this mantle and

subduction-related enriched components like EMI and HIMU.

Melting of a heterogeneous mantle source along lithospheric discontinuities.

McHone (1996) suggested that the magmatism of the NES could have been generated
by the melting of a heterogeneous mantle along lithospheric discontinuities. Edge-driven
convection (e.g. Anderson, 1994; King and Ritsema, 2000) at continental-oceanic
lithospheric interfaces could also facilitate partial melting and upward ascent of magma via
lithospheric discontinuities. This process could explain the convoluted and multiple chains of
seamounts (e.g., NES, Newfoundland Seamounts, Fogo Seamounts). Such a hypothesis has
been suggested to explain the distribution of magmatism on TMR (Geldmacher et al., 2008,

Merle et al., 2006, 2018). However, this hypothesis presents several issues: (1) there are



many areas in the Atlantic Ocean proximal to lithospheric discontinuities that are not
associated with magmatic activity (Matton and Jebrak, 2009), (2) decompression melting
along an oceanic fracture zone would likely involve melting the asthenosphere then produce
MORB-like melts yet none of the volcanic provinces considered here show a MORB affinity,
and (3) in the case of volcanic provinces straddling the ocean—continent boundary (e.g., the
Cameroon Volcanic Line), there is no major chemical difference between the volcanic rocks
emplaced over continental or oceanic sectors, both of which display OIB-like signatures (e.g.
Merle et al.,, 2017). Therefore, decompression melting along lithospheric discontinuities
cannot fully explain the nature and distribution of alkaline magmatic products in the northern
Central Atlantic and the presence of an enriched component in the vicinity of the lithospheric

discontinuities is required to explain the chemistry of the rocks.

Melting of shallow mantle chemical anomaly.

An alternative model to explain the origin of this widespread magmatism is to
consider a large, relatively shallow melting anomaly emitting pulses of magmas (Merle et al.,
2009). Such shallow source would explain the range of Dy/Yb ratio (1.5-2.2) observed in the
NES sample that suggests a small amount of residual garnet in the source. A similar
hypothesis has been suggested to explain the coeval (s.l.) magmatism and rather similar
isotopic characteristics of the Madeira and Canary archipelagos (Mata et al., 1998). This
magmatism would have originated from a low-velocity mantle anomaly extending over a
2500 km % 4000 km area and ~100-200 km deep presently residing under Western Europe
and the eastern Atlantic Ocean (Hoernle et al., 1995). This sub-lithospheric low-velocity
mantle, could be the source of the Cenozoic circum-Mediterranean anorogenic magmatism
(Hoernle et al., 1995; Lustrino and Wilson, 2007). However, it is uncertain whether this low-

velocity mantle anomaly was already present during the Cretaceous.



Although some isotopic characteristics of the Cretaceous rocks are close to HIMU
(Figs. 8 and 9), some Cretaceous TMR and NES samples plot below the NHRL in the Pb
isotopic plots (Fig. 9). Such a feature has been interpreted as the involvement in the source of
a younger oceanic crust (~1400-400 Ma, Thirlwall, 1997). Specifically, the HIMU-like Pb
isotopic signatures of the Madeira archipelago are compatible with the involvement of a ~900
Ma recycled oceanic lithosphere present in a deep mantle plume (Geldmacher and Hoernle,
2000, 2001). Therefore, we suggest that such a young HIMU-like component is present in the
source of the NES samples. Alternatively, this HIMU component could originate from supra-
subduction mantle remnants preserved in the Atlantic oceanic lithosphere at ODP Site 1277
(located in the immediate vicinity of ODP Site 1276; Fig. 1) and underneath the Lion and
Dragon Seamounts on the southern TMR (Miintener and Manatschal, 2006; Merle et al.,
2012). If valid, this hypothesis would definitively confirm the melting of a shallow source
instead of a deep mantle plume as the origin of the alkaline magmatism in this region.

Also observed is a trend with decreasing '**Nd/'**Nd and **°Pb/***Pb ratio toward an
EMI component (Fig. 8b), defined essentially by some SW Portugal and NES samples, the
ODP Site 1276 sills and the rocks from Godzilla Seamount (Figs. 8b and 9). However, this
trend shows no temporal control on the chemical characteristics of the mantle source. Indeed,
rocks from Godzilla Seamount have the same age as those from SW Portugal but show a
much stronger EMI affinity (Fig. 11). The ODP Site 1276 sills and Godzilla seamount rocks
are distinct from the other rocks by having lower "“Nd/'*Nd, **°Pb/***Pb and ***Pb/***Pb
ratios compared to the other samples, which are rather similar to those of Atlantis Seamount
and Madeira archipelago (Figs. 8, 9 and 11). As there is no clear space—time progression for
the occurrence of this EMI component in the lavas of the Cretaceous magmatic province in
northern Central Atlantic and southern North Atlantic, this suggests that the source of these

magmas is rather a large-scale heterogeneous mantle. This hypothesis is supported by the



North Oceanographer fracture Zone MORB (Dosso et al., 1999), which still samples this
source component. Furthermore, despite some variations within each of the sub-provinces,
the isotopic ratios overlap the compositions of those found in the recent Madeira archipelago
and Atlantis—Meteor Seamounts. As a consequence, we suggest that the Cretaceous
magmatism of the TMR, NES, ODP Site 1276 sills could have been produced by a large
mantle melting anomaly containing small-scale EMI-like heterogeneities. Melting of such a
mantle source probably lasted until the present-day to produce Cenozoic magmatism on
TMR, the Madeira archipelago, and the Atlantis—Meteor Seamounts.

The nature of the EMI end-member remains debated (e.g. Zindler and Hart, 1986, Lustrino
and Dallai, 2003; Collerson et al., 2010). It has been interpreted as: (1) recycling into the
deep mantle by subduction of various material, including lower continental crust,
subcontinental lithospheric mantle, oceanic lithosphere (crust and/or mantle) potentially
metasomatised with old pelagic or terrigenous sediments and eventually carried back to the
surface by mantle plumes (White, 1985; Tatsumoto and Nakamura, 1991; Weaver, 1991,
Chauvel et al., 1992; Woodhead et al., 1993; Rehkdmper et al., 1997; Eisele et al., 2002; Niu
and O’Hara, 2003); (2) delamination of sub-continental lithospheric mantle in the shallow
mantle (Hoernle et al., 2011), and (3) a metasomatised mantle wedge recycled into the
shallow mantle (Kempton et al., 2002). According to this latter definition, the preserved
sections of supra-subduction zone mantle found at ODP Site 1277 and on the Lion and
Dragon Seamounts (Miintener and Manatschal, 2006; Merle et al., 2012) could be the origin
of the EMI chemical anomaly. This hypothesis leads to question the nature of the material
carrying the HIMU signature. A possibility is that pelagic sediments associated with the
oceanic lithosphere, which eventually formed the sub-arc mantle remnants, could have been

also incorporated into the Atlantic oceanic lithosphere or are present in the topmost



asthenosphere. However, there are no isotopic data for the mantle remnants from ODP Site

1277 and TMR and therefore this hypothesis has not been confirmed so far.

Conclusions

Our new ages combined with the filtered dataset from the dated NES samples reveal that
there is no robust age trend along the NES. The ages and Sr—Nd—Pb isotopic signatures of the
NES magmatism share similarities with those of the TMR, ODP Site 1276 sills, SW Portugal
and, potentially, the Corner and Newfoundland Seamounts. All these magmatic provinces
were active between 105 and 70 Ma. This magmatic activity might have been coeval to the
CISP, which was active since at least 126 Ma and potentially as early as 142 Ma but this has

to be confirmed by reliable data. CISP and TMR also lasted until the last million years.

Our new age and isotopic data for the JAR samples indicates that the JAR originated from on
the activity of the Mid-Atlantic ridge around 120 Ma. The coeval magmatic activity and
overlapping range of isotope ratios shown by these Cretaceous magmatic provinces justify
considering them as a single magmatic province. The presence of a small-scale EMI-like
component in the chemical characteristics of some of the TMR, NES and ODP Site 1276
rocks argue for the melting of a heterogeneous mantle. This EMI component seems to be
sampled randomly in term of location and through time that cannot be explained by
chemically-distinct, Hawaii-type plumes. The presence in the Atlantic oceanic lithosphere or
shallow asthenosphere of supra-subduction zone mantle remnants could account for this

EMI-type chemical heterogeneity.
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Figure captions

Fig. 1: Topographic and bathymetric map of the Central Atlantic Ocean and surrounding
continents with major alkaline seamounts and ocean island provinces labelled. Map made
using GeoMapApp (Ryan et al., 2009). FZ: Fracture Zone. See text for references of

seamount ages.

Fig. 2: Bathymetric map of the New England Seamount Chain and J-anomaly Ridge,
annotated with new ages and published age estimates (Houghton et al., 1978; Duncan, 1984).

Map made using GeoMapApp (Ryan et al., 2009). Smt.: Seamount.

Fig. 3: Photographs of hand specimen of rocks from New England seamounts (a-d) and J-
anomaly ridge (e). (a): Breccia with basaltic clast from Nashville seamount. (b): Very
vesicular basaltic fragment from Vogel seamount. (¢): Slab of basalt from Vogel seamount
showing phenocrystals of olivine completely oxidised and pyroxene. Note the vacuoles filled
with calcite. (d): Slightly vesicular fragment of basalt from Vogel seamount. (e): green-
coloured fragments from J-anomaly ridge. Note the large vacuoles filled with green and white

alteration material.

Fig. 4: Microphotographs of thin sections of the NES and JAR samples. (a): Large amphibole
phenocrystal from Nashville seamount (NES2). (b): clinopyroxene phenocrystal from Vogel
seamount (NES10). (c): Low-temperature seawater alteration shown by crystallisation of
fibrous zeolite in vesicle. Example from Nashville seamount. (d) Aphyric sample from Vogel
seamount (NES7) with microlithic groundmass (plagioclaset+Fe-Ti oxide). (e): Porphyritic

sample from JAR. Seawater alteration is evidenced by crystallisation of calcite in the



vesicles. (f) Detail of an altered olivine phenocrystal partly transformed into bowlingite

(green alteration phase) and oxidised.

Fig. 5: *Ar/ °Ar apparent age and related K/Ca ratio spectra of the hornblende and
groundmass separates versus the cumulative percentage of *’Ar released for samples from
New England Seamounts (NES) and J-anomaly Ridge (JAR). Errors on plateau and mini-
plateau ages are quoted at 2¢ and do not include systematic errors (i.e. uncertainties on the
age of the monitor and on the decay constant). MSWD and probability are indicated. See

online supplementary material for full **Ar/*’Ar data tables.

Fig. 6: Geotectonic discriminant diagrams. (a) Triangular plot Nb-Zr-Y (Meschede, 1986);

(b) Ta/Yb vs Th/Yb plot (Pearce, 1982); (c) Zr vs Zr/Y plot (Pearce and Norry, 1979).

Fig. 7: Rare earth elements and incompatible trace element patterns of new and published
NES in (a) and (c) and JAR samples in (b) and (d). Normalisation and N-MORB, E-MORB
and OIB patterns after Sun and McDonough (1989).Previously published data from
Houghton (1979) for the JAR samples and from Houghton et al.(1979) and Taras and Hart

(1987) for the NES samples.

Fig. 8: (a) "Nd/'*Nd vs. ¥Sr/*Sr and (b) "“Nd/"**Nd vs. **°Pb/”*Pb plots showing the
initial ratios of NES. Note that the *°°Pb/***Pb ratios for JAR samples are measured and not
back-calculated to initial (see details in text). Also shown the NES data from literature (Taras
and Hart, 1987) as well as data from TMR and surrounding seamounts (Bernard-Griffith et

al., 1997; Geldmacher et al., 2005, 2006, 2008), SW Portugal (Bernard-Griffith et al., 1997)



and ODP site 1276 sills (Hart and Blusztajn, 2006). Isotopic fields for Atlantic MORB,

Madeira and Canary Islands from GEOROC database.

Fig. 9: 27Pb/*™Pb vs. 2°Pb/***Pb and ***Pb/***Pb vs. *°Pb/***Pb plots showing the new initial
isotopic ratios of NES and other northern Central Atlantic alkaline magmatic provinces. Note
that JAR data has not been back-calculated to initial. Same data references as in Fig. 8.

Anomalous value of *’Pb/**'Pb ratio from NES 7 (Vogel seamount) is not plotted (see text

for further details).

Fig. 10: Age vs. latitude for the NES samples from this study and literature (Houghton et al.,
1978, Duncan, 1984). (a) Unfiltered dataset. The data shown in light grey were obtained by
K-Ar and *Ar/*°Ar single-step total fusion techniques and are considered unreliable. (b)
Filtered dataset. The errors bars represent 2c errors and are smaller than the symbols for the

step-heated *’Ar/*°Ar data.

Fig. 11: Age vs initial isotopic ratios for NES, TMR, SW Portugal and ODP site 1276 sills. .
Same data references as for Fig. 5. The grey band represents the range of overlapping

compositions.

Fig. 12: Plate reconstructions of the Central Atlantic made using GPlates software, version
1.5, using the rotation poles, plate polygons, magnetic lineations and mid-ocean ridges of
Seton et al. (2012). Fracture zones were manually added using known present-day fracture

zones patterns as those in Seton et al. (2012) were incomplete. The positions of fixed mantle



plumes from Whittaker et al. (2015) were used as present-day positions but were modified
back in time to include a moving hot-spot reference frame developed by Doubrovine et al.

(2012).



Highlights

e  We made *Ar/’Ar dates for New England Seamounts (NES) and J-anomaly ridge (JAR).
e We present the first Sr-Nd-Pb isotopic ratios for JAR and new Sr-Nd-Pb data for NES.

e The NES magmatic activity occurred at 100-82 Ma.

e JAR yielded an alteration age of 76 Ma but likely formed around 120 Ma.

e Source of the Cretaceous magmatism in Central Atlantic is an heterogenous mantle.
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Table 1: Summary of Ar/ Ar dating

General characteristics Plateau characteristics Isochron characteristics
PAr OAr e Ar
T et e TS e MWD P A e s
(%) g (+26) MSWD P °
Nashville seamount (NES)
NES 2 Hornblende 0.1630 82.39+0.12 100 0.24 1 82.40+0.14 17 296.6+17.3 0.25 1 10
NES 3 Hornblende 0.1100 82.25+0.16 100 0.70 0.81 82.24+0.16 19 2992+1.2 0.7 0.8 91
NES 3 Groundmass 0.0100 77.80+0.29 82 0.28 0.99 78.37 £0.82 14 288.8+13.4 0.14 1 294

Vogel seamount (NES)
NES 7 Groundmass - No plateau - - - - - - - - - -

J-anomaly ridge(JAR)
NES 5 Groundmass - No plateau - - - - - - - - - -
NES 6 Groundmass  0.0220  75.96 +0.72 64 1.14 0.33 76.25 £ 3.37 9 2974+133 1.3 0.24 14.6

*MSWD and probability of fit (P) for plateau and isochron, percentage of PAr degassed used in the plateau calculation, number of analyses included in

the isochron, and *Ar/*°Ar intercept are indicated. Analytical uncertainties on the ages are quoted at 2 sigma (20) confidence levels.
*Samples with suffix -A are aliquots of the same sample prefix




Table 2: Sr-Nd isotopes data from NES and JAR basalts
1437 4,144

location Sample (*’Sr/*Sr) ... 26 YRbMsr F'Sr*Sr) . 26 (PNA'MNA) e 226 YSm/™Nd (P°Nd/'Nd) ;. £20

Vogel NESS8 0.705492 0.000006 0.625442 0.704683 0.000006 0.512897 0.000002  0.129126 0.512820 0.000002
Vogel NESIO0 0.703825 0.000005 0.302962 0.703433 0.000005 0.512885 0.000002  0.118919 0.512814 0.000002
Vogel NES9 0.703664 0.000004 0.128372 0.703498 0.000004 0.512894 0.000002  0.119614 0.512823 0.000002
Vogel NES7 0.703352 0.000005 0.331326 0.702923 0.000005 0.512889 0.000001  0.112874 0.512822 0.000001
Nashville NES2 0.704245 0.000005 0.275704 0.703924  0.000005 0.512819 0.000002  0.115439 0.512757 0.000002
JAR NES6 0.703327 0.000011 0.018791 0.703306  0.000011 0.513082 0.000003  0.140927 0.513012 0.000003
JAR NESS 0.703466 0.000012  0.025459 0.703438 0.000012 0.513079 0.000003  0.190266 0.512985 0.000003

JAR NES4 0.703309 0.000012  0.016207 0.703291 0.000012 0.513075 0.000003  0.183626 0.512984 0.000003




Table 3: Pb isotopes data from NES and JAR basalts

locality Sample C*°Pb/"*Pb) e %26 Z*UA“Pb CUPH/2"Pb) peae 226 25UAYPb CE¥PBAYP) 1 226 22TH%Pb U°PbA2"Pb) ., 26 (VP %Pb),; *26  (UPb %Pb),; 26
Vogel  NESS8 20.159 0.0040  69.77 15.650 0.003 051 40.087 0.008  220.81 19.164 0.004 15.602 0.0032 39.090 0.008
Vogel  NESI0 20276 0.0072  54.54 15.592 0.005  0.40 40.066 0.014  206.64 19.498 0.0072 15.555 0.0055 39.133 0.014
Vogel  NES9 20.205 0.0049  28.03 15.617 0.003 021 40.061 0.008 16827 19.805 0.0049 15.597 0.0029 39.302 0.008
Vogel ~ NES7 20.721 0.0061  25.27 16.112 0.005  0.19 41373 0012 22846 20.361 0.0061 16.095 0.0049 40.342 0.0124
Nashville NES2 20.253 0.0063  86.46 15.661 0.005  0.64 40.190 0012  363.54 19.144 0.0063 15.608 0.0048 38.713 0.0124
JAR NES6 18.165 0.0213 - 15.432 0.018 - 37.861 0.045 - - - - - - -
JAR NES5 18.528 0.0177 - 15.522 0.015 - 38.094 0.036 - - - - - - -
JAR NES4 18.418 0.0161 - 15.489 0.013 - 38.058 0.032 - - - - - - -
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