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Abstract volcanism in the Eastern Azores Plateau occurs at large central volcanoes and along subaerial
and submarine fissure zones, resulting from a mantle melting anomaly combined with transtensional
stresses. Volcanic structures are aligned WNW-ESE and NW-SE, reflecting two tectonic stress fields that
control the direction of lateral melt transport. Terceira Island is influenced by both stress fields, dividing the
island into an eastern and western part. Several submarine volcanic ridges with variable orientations are
located west of Santa Barbara, the youngest central volcano on Terceira. Major, trace element and Sr-Nd-Pb-
Hf isotope compositions from submarine lavas and glasses, in part associated with the 1998-2001 Serreta
Ridge eruption, vary between different lava suites, suggesting a formation from different mantle sources.
Submarine lavas are more primitive than those from Santa Barbara volcano, indicating that they are not
laterally connected with the shallow magma reservoir located in 2- to 5-km depth beneath the central
volcano. Mineral thermobarometric data suggest that the older Serreta magmas were laterally transported at
depths >5 km from Santa Barbara predominantly in WNW direction. We propose that lithospheric
extension controls magma transport from the central volcano to Serreta Ridge. The youngest Serreta lavas
differ from Santa Barbara and other submarine ridges in having less radiogenic Pb and higher Hf isotope
ratios representing a new magma pulse ascending from the mantle. We conclude that lateral magma
transport and the morphology of volcanic ridges are controlled by tectonic stresses in the lithosphere,
whereas vertical melt transport is initiated by processes in the mantle.

Plain Language Summary The submarine eruption of lavas along elongated volcanic fissure
zones close to volcanic oceanic islands provides the opportunity to chemically decipher the movement of
magmas in the crust. Submarine samples from the active Serreta Ridge situated only some 10 km's west of
the inhabited island of Terceira in the Azores show that the magmas were transported in the crust at depths
of >5 km from the westernmost volcano Santa Barbara to the site of eruption using pathways predefined by
the Azores tectonic situation between the Eurasian and African plates. Lavas from the 1998-2001

eruption of Serreta Ridge, however, indicate that the youngest magmas ascended directly from the mantle
through the crust independent of the existing crustal pathways. We interpret the changes in geochemical
signals as a transgression from a fissure system being directly related to a central volcano to a new volcanic
system acting as a precursor for the formation of a central volcanic edifice west of Santa Barbara.

1. Introduction

The interaction between ascending magmas and extensional tectonic stresses commonly leads to formation
of elongated volcanic fissure zones reflecting numerous repeated dike intrusion (Fiske & Jackson, 1972;
Furumoto, 1978). In such environments, both magmatic and tectonic processes affect melt formation,
ascent, temporary ponding, and finally eruption to varying extents (Garcia et al., 1996; Gudmundsson
et al., 2014; Kliigel, Hansteen, & Galipp, 2005). Tectonic stresses in particular define the pathways of ascend-
ing melts in the crust and are thus one major controlling factor on the morphology of the resulting volcanic
structures, for example, volcanoes at oceanic spreading axes are commonly elongated reflecting the intru-
sion of kilometer long dikes and the formation of volcanic ridges (Smith & Cann, 1993). As a result of the
interacting magmatic and tectonic processes the orientation of dikes, sills, volcanic cone alignments, and
fault systems are commonly oriented perpendicular to the least compressive stress a3 (Walker, 1999) allow-
ing to reconstruct how melts are transported in the crust.

ROMER ET AL.

5394


https://orcid.org/0000-0001-5700-9725
https://orcid.org/0000-0001-7014-7049
http://dx.doi.org/10.1029/2019GC008562
http://dx.doi.org/10.1029/2019GC008562
http://dx.doi.org/10.1029/2019GC008562
mailto:rene.romer@fau.de
https://doi.org/10.1029/2019GC008562
https://doi.org/10.1029/2019GC008562
http://publications.agu.org/journals/

~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2019GC008562

Eurasian Plate

28.0°wW

-4000 -2000 0

Elevation (m)

Figure 1. Map of the Eastern Azores Plateau with major tectonic boundaries
(contours are 1,000-m elevation) using grids from R/V Meteor and R/V
Poseidon cruises M79, Pos232, Pos286, M113 (Hiibscher et al., 2016), and M128
(Beier et al., 2017) and bathymetric metadata and digital terrain model data from
the EMODnet Bathymetry portal—http://www.emodnet-bathymetry.eu. The
black solid lines indicate the orientation of volcanic structures on the islands and
submarine ridges. They are separating the Eastern Azores Plateau into a western
(WNW-ESE domain) and an eastern (NW-SE domain) part with distinct preferred
orientations. Note that the distinct orientations are a spatial rather than a tem-
poral effect because young <100 ka volcanism occurred along structures from
both stress domains. The black box shows the extend of Figure 2a. Structural
features (WGB: Western Graciosa Basin; EGB: Eastern Graciosa Basin; HB:
Hirondelle Basin) and volcanic islands and seamounts (SM: Sao Miguel; SMA:
Santa Maria; P: Pico; F: Faial; SJ: Sdo Jorge; G: Graciosa; JAC: D. Jodo de Castro
seamount) are labelled with abbreviations.

Fissure zones, marked by linear alignments of eruptive centers, fis-
sures and dike swarms are often associated with the large crustal mag-
matic system of a central volcano. Studies on Iceland (Gudmundsson,
2000), Hawaii (Tilling & Dvorak, 1993) and Fernandina (Geist et al.,
2006) show that dike swarms of central volcanoes are often fed later-
ally from a shallow crustal magma reservoir. Lateral magma transport
in the (shallow) crust along sills and dikes depends on the local and
regional stress fields, as well as on the mechanical properties of crus-
tal layers (Gudmundsson, 2006). The isotopic composition of lavas
erupted from fissure zones and from the corresponding central vol-
cano will be similar if they are fed from the same magma reservoir.
Sigmarsson and Halldorsson (2015) used Sr and Nd isotope ratios to
show that on the neighboring Icelandic Bardarbunga and Askja volca-
nic systems each central volcano and its associated dike swarm erup-
tions are isotopically similar and thus derived from the same source.
Contrastingly, the Bardarbunga and Askja volcanic systems are isoto-
pically distinct from each other, showing that both central volcanoes
have independent plumbing systems and tap compositionally distinct
sources. Studies on the Azores also show that focused melt transport
can result in volcanic rift structures with distinct lava compositions
on a spatial scale of less than few kilometers (Romer et al., 2018).

On Hawaii Big Island, the evolution of the Kilauea volcanic system
displays a notable progressive change in the mantle source composi-
tion since CE 1960 based on trace element and Sr-Nd-Pb isotope
ratios (Pietruszka et al.,, 2018). However, most eruptions from
Kilauea above a shallow summit reservoir are associated with immi-
nent volcanic activity along the fissure zones with lavas that have a
similar isotopic composition. This suggests that melts that are later-
ally transported over several tens of kilometers from a shallow sum-
mit reservoir along fissure zones are able to preserve the isotopic
signature of the magmatic system.

The submarine volcanic systems and islands from the Azores archipelago are strongly influenced by extension
of the lithosphere above a mantle melting anomaly (Beier et al., 2008; Gente et al., 2003; Vogt & Jung, 2004),
making them an ideal locality for studying volcano-tectonic interactions. The island of Terceira is ideally suited
to investigate the relationship between a central volcano and associated submarine fissure zones, because the
most recent volcanic activity in the Azores occurred between 1998 and 2001 at Serreta Ridge, located 10 km off-
shore the youngest central volcano (Santa Barbara) of Terceira. This allows to temporarily correlate the forma-
tion of the Serreta Ridge and the Santa Barbara volcano using geochemical and structural observations.

Here, we combine new major and trace element and Sr-Nd-Pb-Hf isotope data of glasses and lavas with
clinopyroxene-melt thermobarometry and observations on the structural features from the submarine
Serreta Ridge along with previously published data from Santa Barbara central volcano. We show that the
older parts of Serreta Ridge formed by lateral westward transport of melts over several tens of kilometers
from Santa Barbara. Similar lateral magma transport processes may also occur at other volcanic systems
from the Azores, or other volcanic areas influenced by extensional/transtensional tectonic stresses. The most
recent Serreta eruption, however, displays distinct trace element and isotope data indicating a vertical melt
transport from the mantle. We develop a model in which the youngest eruption shows the presence of a
young magmatic plumbing system underneath Serreta Ridge which may result in the formation of a new
central volcanic system west of Santa Barbara.

2. Geological Background

The Azores archipelago in the central Northern Atlantic is separated by the Mid-Atlantic Ridge (MAR) into an
eastern and western part (Figure 1). The Azores Plateau formed from a melting anomaly in the mantle, either
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due to a small thermal plume head (Cannat et al., 1999; Schilling, 1975; White et al., 1976) or from an anoma-
lous volatile rich mantle (Asimow et al., 2004; Beier et al., 2012; Bonatti, 1990; Métrich et al., 2014; O'Neill &
Sigloch, 2018; Schilling et al., 1980). The young volcanic islands of the eastern Azores (e.g., Sio Miguel,
Terceira, and Graciosa; Figure 1) formed by volcanism along the Terceira Rift or its predecessors; only the older
Santa Maria Island displays no obvious rift component. The Terceira Rift is an ultraslow oblique spreading axis,
with a divergence rate of 2-4 mm/a (Vogt & Jung, 2004) forming part of the diffuse plate boundary between the
Eurasian and African plates (Marques et al., 2013; Miranda et al., 2018; Sibrant et al., 2014). Islands and sea-
mounts along the Terceira Rift are separated by deep non-volcanic basins (Beier et al., 2008; Figure 1).
Islands along the Terceira Rift or along subparallel lineaments typically show an overall decrease of age of mag-
matic centers from the ESE to the WNW (e.g., Abdel-Monem et al., 1975; Calvert et al., 2006; Hildenbrand et al.,
2008; Hildenbrand et al., 2012; Hildenbrand et al., 2014; Johnson et al., 1998; Moore, 1990; Nunes et al., 2014).
Submarine fissure zones are located NW or WNW of most islands, extending from subaerial volcanic structures
into the northwestern submarine basins, respectively (Beier et al., 2017; Casalbore et al., 2015; Casas et al., 2018;
Hiibscher et al., 2016; Romer et al., 2018; Weif3 et al., 2015). Eruptions from volcanic fissure zones either occur
subaerially on the islands or along the submarine island flanks forming several kilometer-long volcanic ridges.
Volcanism at the central volcanoes and fissure zones in the eastern Azores is largely controlled by tectonic stres-
ses, as is evident from the WNW-ESE and NW-SE elongated shaped islands and ridges (Hildenbrand et al.,
2014; Lourenco et al., 1998). The dominant orientation of islands and ridges in the Azores varies systematically
with respect to their distance from the MAR (Figure 1). The central Azores Islands (e.g., Faial, Pico, Sdo Jorge
and Graciosa) are located closer to the MAR and are predominantly oriented WNW-ESE. Conversely, islands,
seamount and ridges (i.e., D. Jodo de Castro seamount, Pico Ridge and the western part of Sdo Miguel) that are
located further from the MAR have a NW-SE orientation (Lourenco et al., 1998). The island of Terceira com-
prises two distinct major orientations (Madeira et al., 2015) because it is located on the boundary between
the two stress domains (Lourenco et al., 1998; Marques et al., 2015).

Terceira is generally dominated by extension/transtension in WSW and ENE directions in the western part,
and SW and NE directions in the eastern part (Lourengo et al., 1998; Marques et al., 2015; Figure 2). This
results in WNW-ESE and NW-SE striking structural and volcanic features, respectively (Figure 2). The
orientations of these structures continue offshore, in particular at two volcanic ridges that extend from the
island in WNW (Serreta Ridge) and NW (NW Terceira Ridge) directions (Casalbore et al., 2015; Quartau
et al., 2014). Terceira Island is formed by four central volcanoes and a young system of subaerial and submar-
ine volcanic fissure zones. The central volcanoes are from east to west: Cinco Picos, Guilherme Moniz, Pico
Alto and Santa Barbara (Self, 1976). The oldest and easternmost Cinco Pico volcano (Figure 2a) was active
>400 ka ago and is inactive (Calvert et al., 2006; Hildenbrand et al., 2014) whereas volcanic activity at
Guilherme Moniz volcano lasted from >270 ka to 34 ka (Gertisser et al., 2010), and that of Pico Alto volcano
probably lasted from ~140 ka (Gertisser et al., 2010) to <1 ka (Calvert et al., 2006).

Volcanic activity at the youngest and westernmost central volcano Santa Barbara started 65 ka ago
(Hildenbrand et al., 2014) and the youngest trachytic eruption occurred CE 1761 on the eastern flank
of the volcano (Pimentel et al., 2016). Fissure zone volcanism began ~43 ka ago in the eastern part
and <15 ka ago in the central and western part of Terceira, following a general SE-NW age progression
of the subaerial fissure zone volcanism which is continued submarine at Serreta Ridge (Calvert et al.,
2006; Zanon & Pimentel, 2015). The most recent volcanic eruption occurred between 1998 and 2001
along the southernmost segment of Serreta Ridge. The intermediate-depth Strombolian-style eruption
was characterized by the intermittent emission of lava balloons and ash (Casas et al., 2018; Gaspar
et al., 2003; Kueppers et al., 2012).

3. Sampling and Methods
3.1. Bathymetry and Sampling of the Volcanic Structures

Bathymetric data from Serreta Ridge (Serreta sub-ridge A [SR-A]; Figure 2) and N’ Serreta Ridges (Serreta
sub-ridge B [SR-B] and Serreta sub-ridge C [SR-C]; Figure 2) were obtained during R/V Meteor cruises
M113 (Hiibscher et al., 2016) and M128 (Beier et al., 2017; Figure 2). The bathymetric data were obtained
using the hull mounted EM122 and EM710 multi-beam systems with signal frequencies of 12 kHz and
70-100 kHz, respectively.

ROMER ET AL.

5396



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE.

Geochemistry, Geophysics, Geosystems 10.1029/2019GC008562

N.c8

N.8.

27.45°W 27.30°W 27.15°W

-3000 -2000 -1000 0 1000 2000
c NW Terceira I W —am

N' Serreta, % +—— Ridge ;
wges \ \‘é\' ‘ 9 Elevation (m)

A\

38.90°N

sample locations: structural elements:

A\ Santa Barbara volc.
A\ W fissure zone

fault scarp

subaerial

caldera rim

-+ main fissure zone X
L elongated eruptive centers
& cone alignments

Serreta
Ridge

S/ O

unit 1 eruptive centers

[ unit 1 (N' Serreta Ridge, SR-B)
@ unit 1 (Serreta Ridge, SR-A)

38.70°N

submarine

@ unit 2 (Serreta Ridge, SR-A) unit 2 eruptive centers

3 b
Bérbara graben @® literature

volcano

major fissure zones

27.45°W 27.15°W

Figure 2. Map of (a) Terceira Island and its submarine volcanic fissure zones (contours are 200m). Subaerial central vol-
canos are labelled with abbreviations (CP: Cinco Picos; GM: Guilherme Moniz; PA: Pico Alto and; SB: Santa Barbara). (b)
Map of Serreta Ridge (Serreta sub-ridge A; SR-A) and the N’ Serreta Ridges (Serreta sub-ridge B [SR-B] and Serreta sub-
ridge C [SR-C]; after Casas et al., 2018, and other, small unnamed ridges) with major elongated eruptive centers (contours
are 100 m). White field highlights the area in which the 1998-2001 Serreta eruption occurred (Casas et al., 2018). Symbols
in (a) and (b) mark sample localities of subaerial and submarine lavas. The classification of subaerial volcanic units is
modified after Madureira et al. (2005). The submarine samples from Serreta Ridge (SR-A) and one N' Serreta Ridge (SR-B)
are subdivided based on structural features and their relative age into an older unit 1 (at SR-A and SR-B) and a younger
unit 2 (only at SR-A). Location and orientation of the NW Terceira Ridge is from Quartau et al. (2014). (c) Simplified map
of Terceira and surrounding seafloor with volcano-tectonic structures modified after Navarro et al. (2009); Nunes et al.
(2014); Quartau et al. (2014); Casalbore et al. (2015); and Madeira et al. (2015). Light grey area highlights submarine areas
with less than 500 m water depth. Dark grey fields qualitatively show the location and orientation of major volcano-tec-
tonic segments on Terceira, with a steeper NW-SE oriented segment, submarine along the NW Terceira Ridge and sub-
aerial in the eastern part of Terceira, and less steep oriented segments in the western part of Terceira, intersecting Santa
Barbara volcano and Serreta Ridge (Santa Barbara Rift). For details on the classification of Santa Barbara Rift and Serreta
units 1 and 2 as well as the tectonic segments see main text.

Submarine rock samples were taken from Serreta Ridge and the N’ Serreta Ridge SR-B (Figure. 2) using a TV-
guided grab (GEOMAR Helmbholtz-Zentrum fiir Ozeanforschung Kiel) and with a Remotely Operated Vehicle
(ROV MARUM Quest 4000). Submarine samples are divided based on their sample locations considering
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structural features, relative age and rock composition. Samples from the elongated eruptive centers along which
the 1998-2001 Serreta eruption occurred (Gaspar et al., 2003; Casas et al., 2018; Figure 2) are considered to
represent the youngest unit (unit 2). All other submarine samples are older and are summarized as unit 1,
further subdivided into lavas from Serreta Ridge (SR-A) and lavas from the N' Serreta Ridge (SR-B).

3.2. Geochemical Methods

Major element analyses for whole rocks from cruises M113 and M128 were carried out using a Spectro
XEPOS He-XRF spectrometer at the GeoZentrum Nordbayern (GZN), Friedrich-Alexander-Universitét
(FAU) Erlangen-Niirnberg following the methods described in Romer et al. (2018). Precision and accuracy
are better than 0.8% (20) and 1% (20), respectively, based on repeated measurements of the international
rock standard BE-N, BR, and BHVO-1.

The major element analyses of glasses and clinopyroxenes were performed on a JEOL JXA-8200 Superprobe
electron microbe at the GZN, FAU Erlangen-Niirnberg using methods and standards described in Beier et al.
(2018). For glasses an acceleration voltage of 15 kV, a beam current of 15 nA, and a defocused beam (10 pm)
were used. For clinopyroxene crystals the instrument was operated at 15nA, 15kV and a fully focused beam.
Precision and accuracy relative to the natural volcanic glass standards VG A-99 were better than 5% (20)
(Beier, Brand], et al., 2018; Brandl et al., 2012) (Table S1 in the supporting information).

Major element analyses of groundmass material were performed by laser ablation ICP-MS with a NewWave
UP193ss coupled to a Thermo Element2 at University of Bremen. By using a laser beam of 100 um diameter,
the major element isotopes were analyzed at high resolution. The data were quantified using the Cetac
GeoPro software with USGS glass BCR-2G as external calibration standard (Jochum et al., 2005) and Ca
as internal standard element; the calculated concentrations were subsequently normalized to an oxide
sum of 100 wt.% with total Fe as FeO. Analytical precision and accuracy as determined by regular analyses
of USGS basalt glass BHVO-2G (Jochum et al., 2005) along with the samples was <2% for most elements and
<5.5% throughout (Table S3).

Trace element analyses of submarine glasses were carried out using an Agilent 7500i quadrupole ICP-MS
coupled with an Analyte Excite 193nm laser (Teledyne Photon Machines) at the GZN, FAU Erlangen-
Niirnberg. The trace element concentrations were determined on the same glass fragments analyzed for
major element contents using the method described in Woelki et al. (2018). Ablation pattern were set to sin-
gle spot analyses with 20 Hz repetition rate, 35 wm crater size in diameter and a fluence of 3 J/cm?. Counting
times were set to 20 s for background and 25 s for analysis. Accuracy was better than 15% except for Zn and
Cu and reproducibility was better than 10% except for As (Table S1).

Solution trace element analyses for selected submarine whole rock samples were carried out using a Thermo
Fisher Scientific X-Series 2 quadrupole ICP-MS connected to an Aridus 2 membrane desolvating sample
introduction system at the GZN, FAU Erlangen-Niirnberg. For the dissolution of sample powder and rock
standards (BHVO-2) we used the method described in detail in Freund et al. (2013) following standard tech-
niques using a 3:1 mixture of HF and HNOs. Precision and accuracy are better than 1.1% (20) and 1.1% (20),
respectively, based on repeated measurements of the international rock standard BHVO-2.

New Sr-Nd-Pb-Hf isotope data from submarine samples from Serreta Ridge and N' Serreta Ridge were pro-
cessed (Sr-Nd-Pb-Hf) and analyzed (Sr-Nd-Pb) at the GZN, FAU Erlangen-Niirnberg. For Sr-Nd-Pb analysis
~150- to 200-mg dried sample powder and glasses were leached in hot 6M HCl for at least 2 h and in a 1:1:2
mixture of H,0,, 2.5M HCI and Milli-Q H,O, respectively, then dissolved using the method described in
Haase et al. (2017). Strontium-Nd-Hf were separated in ion-exchange columns using Biorad S0W-X8 (200-
400 mesh) cationic resin with variably concentrated HCl (and HF). Neodymium was separated from Sm
using LN-spec resin and the method described in Haase et al. (2017). Hafnium was separated from Ti using
LN-spec resin mixture of 6M HCI+H,0, and 2M HF after the method described by Hamelin et al. (2013).

Strontium and Nd isotopes were analyzed using a Thermo Fischer Triton Plus thermal ionization multicol-
lector mass spectrometer in static mode. Strontium isotope measurements were corrected for mass fractiona-
tion using 885r/85Sr = 0.1194, and mass 85 monitored to correct for possible contribution of 87Rb to mass 87.
Neodymium isotope data were corrected for mass fractionation using a ***Nd/***Nd ratio of 0.7219.
Samarium interference on masses 144, 148, 150 were corrected by measuring *’Sm, although the

ROMER ET AL.

5398



'AND SPACESCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2019GC008562

correction was negligible for all samples presented here. During the analysis, SRM987 standard yielded *’Sr/
86Sr = 0.710256 + 0.000005, and the Erlangen Nd standard gave **Nd/***Nd = 0.511543 + 0.000003 (corre-
sponding to a value of 0.511850 for the La Jolla Nd isotope standard). The data were not normalized to the
measured standards.

For the digestions and Pb column chemistry only double-distilled acids were used to keep the blanks as low
as possible. The separation of Pb was carried out using the method detailly described in Romer et al. (2018)
using Sr-spec resin column chemistry. Lead isotope measurements were carried out on a Thermo Fisher
Neptune multicollector inductively coupled plasma mass spectrometry using a 2°’Pb/?***Pb double spike
to correct for instrumental mass fractionation. Spiked and unspiked sample solutions were introduced into
the plasma via a Cetac Aridus desolvating nebulizer and measured in static mode. Interference of **Hg on
mass 204 was corrected by monitoring ***Hg. An exponential mass fractionation correction was applied off-
line using the iterative method of Compston and Oversby (1969), the correction was typically 4.5 permil per
amu. Twenty measurements of the NBS981 Pb isotope standard (measured as an unknown) over the course
of this study gave 2°°Pb/?°*Pb, 2°7Pb/?°*Pb, 2°*Pb/?**Pb ratios of 16.9410 + 0.0020, 15.4993 + 0.0019, and
36.7244 + 0.0046, respectively. The Pb blanks are generally below 30 pg.

The Hf isotopes analyses for submarine samples from Serreta Ridge and N' Serreta Ridge were carried out
using a Nu Instrument Nu-Plasma II multicollector inductively coupled plasma mass spectrometry at the
Bergen Geoanalytical Facility, Universitetet i Bergen, Norway. Hafnium isotopic compositions were normal-
ized to '7°Hf/*"’Hf = 0.7325. Repeated measurements of the Ames-Grenoble Hf standard (Chauvel et al.,
2011) during analyses yielded Y77HE/7SHE = 0.282107 + 0.000006 (n = 25, 20). Hafnium isotope data are
reported relative to the recommended values published by Vervoort and Blichert-Toft (1999) for IMC 475
(75Hf/Y"Hf = 0.282160). Standard measurements can be found in Table S2

3.3. Clinopyroxene-Melt Thermobarometry

Euhedral clinopyroxenes in textural equilibrium with the host melt (glass or groundmass) of 12 basaltic sam-
ples were selected for clinopyroxene-melt thermobarometry. The host melt compositions were determined
by glass analyses using electron microprobe, or by LA-ICP-MS analyses of groundmass if the samples were
not glassy or the glass contained abundant microliths (Table S3). Clinopyroxene rim composition were deter-
mined by six to eight single point analyses at 5- to 10-um distance from the rims by electron microprobe,
which reflect the conditions of last equilibrium between crystal and melt. For most clinopyroxene-host melt
pairs the thermobarometer calibrations by equations A and B of Table 4 of Putirka et al. (2003) were used,
which provide the most precise estimates (Putirka, 2008). They have a standard error of estimate of +33°C
and +1.7 kbar, although estimates can be more precise if a number of analyses are used and averaged
(Putirka et al., 2003). For three trachytic samples from the subaerial Santa Barbara volcano the thermoba-
rometer calibrations Palk2012 and Talk2012 of Masotta et al. (2013) were applied instead, which for highly
evolved alkalic melts performs better than the Putirka et al. (2003) calibrations.

The clinopyroxene-melt pairs were tested for chemical equilibrium by applying the following filters: (1) the
equilibrium constant for Fe-Mg exchange Kp ™M js within 0.28 + 0.08 (Putirka, 2008) and (2) the calculated
clinopyroxene components DiHd, EnFs, CaTs, and Jd are within +2c of the values predicted by the Putirka
(1999) model. For trachytes the observed Kp"*™® had to agree with the value predicted by eq. (35alk) of
Masotta et al. (2013). All clinopyroxene-melt pairs failing any of these criteria (210 of 477 measured) and
those yielding negative pressures were discarded. A further assessment of chemical equilibrium is provided
by the clinopyroxene Al content normalized to six oxygens, which for all analyses is above the equilibrium
threshold of 0.11 (Neave & Putirka, 2017).

4. Results
4.1. Bathymetry and Orientation of Volcanic Structures

West of Terceira, the Serreta Ridge and the NW Terceira Ridge form two major volcanic structures that rise
up to 2500 m above the surrounding seafloor extending from the island into the Eastern Graciosa Basin
(Quartau et al., 2014; Figure 2). Both ridges are narrow and consist of several aligned volcanic cones, lava
flows and elongated eruptive centers (Casalbore et al., 2015; Chiocci et al., 2013; Quartau et al., 2014).
Serreta Ridge has an along axis length of ~25 km and extends from the Santa Barbara volcano in WNW
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direction. The NW Terceira Ridge has a NW-SE orientation with elongated eruptive centers striking in ~140°
direction (Casalbore et al., 2015), in contrast to those from Serreta Ridge striking ~120°. Smaller volcanic
ridges with elongated volcanic centers forming SR-B and SR-C of the N' Serreta Ridges (Figure 2) are located
between the Serreta and Northwest Terceira Ridges. Their strike direction is relatively variable between 135°
and 170° (Casalbore et al., 2015; Figure 2). Elongated eruptive centers that are oriented different to those at
Serreta Ridge also occur south of Serreta Ridge [striking between 65° and 90°; Figure 2; Casalbore et al.,
2015]; however, volcanic structures related to the magmatism offshore Terceira are much more common
north of Serreta Ridge. The ridges and elongated eruptive centers west of Terceira (excluding the NW
Terceira Ridge) form a radial arrangement around the subaerial Santa Béarbara volcano, with Serreta
Ridge as the most pronounced submarine structure.

Subaerially, volcano-tectonic structures in the western part of Terceira are also oriented radially around a com-
mon center that seems to be located at the caldera of the Santa Barbara volcano and these structural features
continue into the offshore environment (Figure 2). Structures located subaerially in the extension of the
Serreta Ridge form the most pronounced subaerial volcano-tectonic structures in the western part of
Terceira. Alignments of volcanic cones ESE of the Santa Barbara caldera are oriented between 110 and 120°
strike (Pimentel et al., 2016), equivalent to similarly oriented structures WNW of Santa Barbara (Madeira
et al., 2015), and Serreta Ridge (Casalbore et al., 2015). The area in which subaerial and submarine volcano-
tectonic structures are predominantly oriented WNW-ESE is therefore summarized as Santa Barbara Rift.

4.2. Major and Trace Element Geochemistry

Published data for the volcanic rocks from the subaerial Santa Barbara volcano (see Figure 3 for references)
and the new data from the submarine Serreta Ridge and N' Serreta Ridge range from alkali basalts to tra-
chytes and thus cover the entire range from mafic to highly evolved rock composition (Figure 3). Lavas from
the submarine fissure zones are mafic to intermediate in composition ranging from 12.9 to 4.6 wt.% MgO and
45 to 48 wt.% SiO,, respectively. In contrast, lavas from the subaerial Santa Barbara central volcano are inter-
mediate to highly evolved rocks with MgO from 4.6 to 0.1 wt.% and SiO, from 47 to 70 wt.% (Figure 3). Glass
and groundmass analyses from the submarine fissure zones have a notably smaller range in MgO than the
whole rocks and lie between 7.1 and 4.6 wt.%. The primitive Terceira melts have been interpreted to have a
MgO content >8 wt.% (Madureira et al., 2011), however, lavas >12.5 wt.% MgO are likely the result of the
accumulation of clinopyroxene and olivine (Beier et al., 2008). Subaerial lavas from fissure zones display
the largest variability with 12 to <0.5 wt.% MgO, but the majority of these lavas have a MgO content >5
wt.%, similar to the submarine lavas.

The submarine lavas cover a relatively large range in major elements, for example, ranging from 2.0-3.5 wt.%
TiO, and 8.5-12.0 wt.% FeO", respectively, at a given MgO content of ~7 wt.% (Figure 3). Lavas from unit 2,
which are partly associated with the 1998--2001 Serreta eruption, tend toward the lowest TiO,, FeOT, Na,0,
and K,0 and highest SiO, and CaO contents.

Similarly, lavas from unit 2 have the highest Ba/Nb, Lu/Hf and lowest La/Yb and Nb/U (Figure 4). Lavas
from unit 1 have a larger range in major elements and trace element ratios than unit 2, irrespective of
whether they are from Serreta Ridge or the N' Serreta Ridge (Figure 4). Subaerial lavas from the W' fissure
zone with MgO >4 wt.% have compositions similar to submarine lavas. In contrast, lavas from the main fis-
sure zone are chemically different from all other volcanic units in that they display Ba/Nb and La/Yb ratios
of 8-15 and 12-18 at given MgO contents >5 wt.%, compared to 5.0-7.5 and 10-14 for the submarine lavas.

4.3. Isotope Geochemistry

The radiogenic Sr-Nd-Pb-Hf isotope ratios show significant variations between the different subaerial and
submarine units (Figure 5). In general, lavas from subaerial and submarine fissure zone as well as from
the Santa Barbara volcano are within the range of lavas from the central Azores [Faial, Pico, Sao Jorge
and Graciosa; Elliott et al., 2007; Beier et al., 2008; Hildenbrand et al., 2008; Millet et al., 2009; Beier et al.,
2012; Hildenbrand et al., 2014; Larrea et al., 2014; Béguelin et al., 2017; Beier, Haase, & Brandl, 2018;
Romer et al., 2018], for example, ranging from 19.7 to 20.1 and from 0.70345 to 0.70364 in 206py, /204py,
and ¥’Sr/®¢sr, respectively. The only exception are some lavas from Terceira's main fissure zone which have
less radiogenic Pb and Sr isotope ratios ranging from 19.3 to 19.7 and 0.7033 and 0.7035 in *°°Pb/?**Pb and
87Sr/%6Sr ratios, respectively (Figure 5).
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Figure 3. (a) SiO,, (b) TiO,, (c) FeOT, (d) CaO, (e) Na,0, and (f) K,0 versus MgO contents of submarine Serreta and N'
Serreta Ridge and subaerial Terceira lavas. Bright blue fields highlight the lavas from the youngest volcanic eruptive fis-
sure at Serreta Ridge (unit 2) along which the 1998-2001 Serreta eruption occurred. Subaerial data from Terceira are from
Beier et al. (2008); Madureira et al. (2011); Hildenbrand et al. (2014); Zanon and Pimentel (2015) and Pimentel et al. (2016).
Submarine literature data are marked with a black dot and are from Zanon and Pimentel (2015) and Madureira et al.
(2017).

Other lavas from Terceira and its submarine fissure zones can be further distinguished based on their isotope
geochemistry. Submarine lavas from unit 1 have more radiogenic Pb isotope ratios compared to unit 2 lavas,
but similar Sr and Nd isotope ratios. Lavas from unit 1 have °°Pb/?**Pb and 2*®Pb/***Pb of 19.94-20.02 and
39.25-39.39 compared to 19.73-19.86 and 39.12-39.16 for unit 2 lavas. One single sample of unit 1
(IEAZ00995) is within the range of unit 2 lavas for 206pp 204py, put is different in 2°6Pb/?**Pb, 37Sr/%6Sr
and '7°Hf/"""Hf. The '"°Hf/'””Hf ratios of unit 1 lavas are relatively variable ranging from ~0.28302 to
~0.28316 and overlap with lavas from unit 2. There is, however, a broad negative correlation in Hf-Pb isotope
space with unit 1 lavas trending toward more radiogenic Pb and lower *"°Hf/*””Hf (Figure 5). Subaerial lavas
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Figure 4. (a) La/Yb, (b) Ba/Nb, (c) Lu/Hf, and (d) Nb/U ratios versus MgO contents. Data sources are the same as in
Figure 3.

from Santa Barbara volcano and the W' fissure zone overlap with lavas from unit 1 in all radiogenic isotope
ratios considered here. They are, however, distinct from unit 2 lavas in ***Pb/***Pb and ***Pb/***Pb ratios
and the majority also tends to lower "°Hf/'””Hf.

4.4. Thermobarometry

The clinopyroxene-melt thermobarometry for the submarine lavas shows a wide range of pressures from
around ~0 to 8.9 kbar, with a well-defined frequency maximum at 6.25-6.75 kbar (Figure 6). This frequency
maximum is similar for both units 1 and 2 but also for Serreta Ridge and the N' Serreta Ridge (both unit 1).
The results overlap with fluid inclusion data from the 1998-2001 Serreta eruption, which indicate a maxi-
mum pressure at 5.75 kbar (Zanon & Pimentel, 2015). As the depth to the Moho is inferred to be at around
18-20 km based on fluid inclusion and geophysical studies (Spieker et al., 2018; Zanon & Pimentel, 2015),
equivalent to about 5.0-5.5 kbar, our data indicate that pre-eruptive magma storage and crystal fractionation
occur in the uppermost mantle (Figure 6). In contrast to the fluid inclusion studies from Zanon and Pimentel
(2015) our submarine data displays subordinately lower pressures down to ~0.3 kbar and ~2.5 kbar for unit 1
and unit 2, respectively. In contrast to unit 1, unit 2 lavas display a subordinate frequency maximum near the
Moho around 5 kbar, and the maximum at 6.25-6.75 kbar is less pronounced.

Temperatures obtained by clinopyroxene-melt thermometry reveal some differences between unit 1 and unit
2 lavas. Temperatures for unit 1 range from 1133 to 1218°C with a mean of 1184 + 17°C and a median of
1184°C (Figure 6). The frequency maximum for unit 1 is similarly well-defined for both Serreta Ridge and
N’ Serreta Ridge. Unit 2 displays a narrower range and higher temperatures from 1181 to 1231°C with a
mean of 1208 + 10°C and a median of 1211°C.

The clinopyroxene-melt thermobarometry on the evolved Santa Barbara lavas results in significantly lower
pressures and temperatures compared to the basaltic submarine and subaerial lavas from the fissure zones
(Zanon & Pimentel, 2015). Pressures and temperatures for Santa Barbara lavas are well-defined with a range
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Figure 5. (a-d) Sr-Pb-Hf isotope ratios of submarine and subaerial lavas from Terceira. Areas highlighted in bright and
dark grey are background reference data from the D. Jodo de Castro seamount (Béguelin et al., 2017; Beier et al., 2008)
and the MAR (Agranier et al., 2005; Dosso et al., 1999; Gale et al., 2011; Gale et al., 2013; Hamelin et al., 2013; Shirey et al.,
1987). Red rectangles highlight the isotopic range of Santa Barbara volcano. Data sources of Terceira samples are the same
as in Figure 3 with additional data from Béguelin et al. (2017).

from 843 to 862°C and 0.64 to 1.3 kbar, respectively (Figure 6). The temperatures for Santa Barbara overlap
with the temperature range for peralkaline felsic volcanism of Terceira of 773-936°C from Jeffery and
Gertisser (2018), which were derived from studies of the neighboring Pico Alto volcano (D'Oriano et al.,
2017; Jeffery et al., 2017).

5. Discussion
5.1. Chemical and Structural Segmentation

Subaerial lavas from Terceira are separated into those erupting from central volcanoes and those from the
fissure zones (Self & Gunn, 1976). Distinct mantle sources involved in the formation of lavas from subaerial
and submarine fissure zones and central volcanoes may be used as tracers for magma transport through the
crust. The source composition of lavas from related volcanic units are highly variable indicating mantle
source heterogeneity on a small spatial scale (Madureira et al., 2011) similar to other Azorean islands
(Béguelin et al., 2017; Beier, Haase, & Brandl, 2018). Notably higher Ba/Nb and Nb/U and less radiogenic
Pb isotope ratios of lavas from the main fissure zone compared to lavas from Santa Barbara volcano are inter-
preted to result from different mantle source compositions. Lead-Hf isotope ratios, most trace element ratios
(Figure 7) and recent studies by Madureira et al. (2011) and Béguelin et al. (2017) show that these lavas are
influenced by a low Pb and Hf mantle source endmember. In contrast to main fissure zone, submarine lavas
and from the subaerial W' fissure zone (Figure 2) have Ba/Nb and Nb/U overlapping with Santa Barbara
lavas at comparably radiogenic *°°Pb/>**Pb, 2°’Pb/>***Pb, and 2**Pb/>**Pb ratios (Figure 7). Thus, generally,
lavas from the submarine fissure zone and the W' fissure zone have a mantle source composition comparable
to Santa Barbara, indicating that they are genetically linked, independent of whether lavas derive from a vol-
canic fissure zone or the central volcano.
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Figure 6. (a and c) Pressures (P) and (b and d) temperatures (T) of selected submarine lavas from Serreta Ridge and the N'
Serreta Ridge (cf. Figure 2) from clinopyroxene-melt thermobarometry versus their frequency of occurrence (bin size is 0.5
kbar and 10°C, respectively). Lavas from unit 1 are subdivided into whether they derive from Serreta Ridge or the N’
Serreta Ridge. The dotted lines in (a, unit 1) and (b; unit 2) display 90% of all crystallization pressures (between 2.70 and
7.96 kbar). The dotted lines in (c; unit 1) and (d; unit 2) mark the +o on the means of 1184 °C (unit 1) and 1208 °C (unit 2).
The grey bar in (a) and (b) marks the location of the Moho beneath Terceira, inferred to be located at ~18-km depth
(Spieker et al., 2018). Red bar in (a) and (c) highlight the pressure range of Santa Barbara lavas from clinopyroxene-melt
thermobarometry (see details in the text).

Volcanic cones of the main fissure zone, like, for example, those immediate north and east of the W' fissure
zone, erupted geochemically and petrologically distinct lavas. These are interpreted to derive from different
plumbing systems but have similar ages [<10 ka; Zanon & Pimentel, 2015], showing that melt transport
through the mantle and crust preserves source differences on a small spatial and temporal scale. This has
been shown in previous studies from Pimentel et al. (2016) on the basis of two neighboring volcanic systems,
the Mistérios Negros (W' fissure zone) and the CE 1971 lava flow (main fissure zone) situated <2-km dis-
tance from each other. More importantly, these data show that the fissure zones (<50 ka; in the example
above <10 ka) and Santa Barbara (<65 ka) volcano are active contemporaneously (Madureira et al., 2011;
Pimentel et al., 2016; Self, 1976), suggesting that the variability of mantle source compositions is spatial
rather than temporal in nature. We note, however, that only four isotope data from the eastern and older
central volcanoes Cinco Picos, Guilherme Moniz and Pico Alto are available. The available samples have
relatively low Ba/Nb ratios between 6 and 9, thus, they do not cover the entire compositional range of 4 to
13 of the island (Figure 7). Hence, it remains to be tested if the eastern central volcanoes are isotopically simi-
lar to the main fissure zone. We conclude, that lavas from Santa Barbara volcano, the W' fissure zone and the
submarine fissure zones (Santa Barbara Rift) are derived from a different mantle source than those from the
main fissure zone.

These differences in mantle source composition chemically divide the island into an eastern and western
part (Figure 7) in the younger volcanic history of <65 ka. This chemical segmentation is in agreement with
a segmentation of the volcano-tectonic structures in the eastern and western part of Terceira (cf. Figure 2c).
The predominant WNW-ESE orientation of the Santa Barbara Rift (consisting of the W' fissure zone, Serreta
Ridge and the Santa Barbara volcano; Figure 2), is accompanied by the distinct mantle source of the western
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ratios for all submarine and subaerial Terceira lavas >3 wt.% MgO (a, ¢, and d). Lavas erupted in the eastern part of
Terceira along predominantly NW-SE oriented structures are chemically distinct to lavas from the western part of Terceira
erupted along WNW-ESE oriented structures. Fields with a dotted line highlight lavas from the Santa Barbara Rift; fields
with solid line highlight lavas from the main fissure zone. Brown field additionally highlights literature data of the central
volcanoes located in the eastern part of Terceira from Beier et al. (2008) and Hildenbrand et al. (2014). The black arrow
indicates the trace element and isotope signature of D. Jodo de Castro (JdC) seamount based on data from Beier et al.
(2008) and Béguelin et al. (2017). Data sources are the same as in Figure 5.

Terceira magmatic system (Figure 7). However, small-scale mantle source heterogeneities still exist
underneath the western part of Terceira, the implications of which will discussed below. In contrast to the
western part of Terceira, structural features in the eastern part of Terceira (eastern central volcanoes and
the main fissure zone) are dominated by NW-SE oriented structural features coherent with the
orientation of the Lajes graben (Madeira et al., 2015; Marques et al., 2015; Navarro et al., 2009; Nunes
et al., 2014). This NW-SE orientation is accompanied by the distinct mantle source signature of the main
fissure zone, which has been shown to be influenced by the D. Jodo de Castro seamount mantle sources
located ~60 km SE of Terceira (Madureira et al., 2011; Béguelin et al., 2017; Figure 7).

We conclude that the western and eastern part of Terceira are situated on a tectonically defined segment
(Lourenco et al., 1998), respectively, each with distinct magma compositions. We find no obvious evidence
for large scale magma or source mixing between the segments. We will discuss below whether and how the
volcanic activity of Santa Barbara volcano and the western submarine and subaerial fissure zones are linked
considering that these systems are genetically decoupled from eastern Terceira.

5.2. Chemical Variation in the Western Terceira Magmatic System

Crustal melt transport via sills and dikes generally favors tectonic pathways in the crust, that is, for the spe-
cific case of Serreta Ridge, magma transport will occur as a result of the WSW-ENE transtensional stresses
(Neves et al., 2013). Based on the structures, Serreta Ridge and the N’ Serreta Ridges can be separated into
several subparallel segments, reflecting several focused volcanic eruptions (Figure 2). It is common for
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single eruptions to emit from several segments of an en-échelon fissure (Kliigel, Walter, et al., 2005). Lavas
from the different segments, however, also differ in composition, suggesting that different segments repre-
sent different volcanic eruptions.

At a given MgO content lavas from unit 1 comprise a larger variability in major and trace element composi-
tion compared to the younger unit 2 (Figures 3 and 4). Despite of larger chemical variability of unit 1, lavas
from the youngest part of Serreta Ridge (unit 2) display the most depleted source signature. In agreement
with the highest SiO,, CaO and lowest TiO,, FeOT, and K,0 contents of unit 2 relative to unit 1, incompa-
tible trace element ratios such as Ba/Nb and Lu/Hf are highest and Nb/U and La/Yb are lowest (at a given
MgO content of >5 wt.%). Lower La/Yb ratios additionally indicate that lavas from unit 2 may have origi-
nated from a higher degree of partial melting than unit 1 lavas (Bourdon et al., 2005). We note, however, that
the degree of partial melting and the mantle source composition may be linked, that is, differences in trace
element ratios such as La/Yb may result from both, different degrees of enrichment in the mantle source and
changes in degree of partial melting (Haase et al., 2011).

Unit 1 isotopically resembles lavas from Santa Barbara and the W' fissure zone, suggesting a connection to a
common magma plumbing system. Lavas from the N' Serreta Ridge resemble those from Serreta Ridge unit
1, indicating that they may have originated from similar mantle source and plumbing system, although they
are located on distinct and differently oriented ridges. The chemically distinct character of unit 2, which is
the youngest lava suite, indicates that melts erupted at Serreta Ridge display a progressive change in compo-
sition with age.

5.3. Ponding Depth and the Role of Fractional Crystallization

Previous studies have shown that lavas from Terceira display a bimodal distribution of lava compositions
(Mungall & Martin, 1995; Self, 1976). Santa Barbara and the other central volcanoes erupt intermediate to
highly evolved rocks (<5 wt.% MgO), whereas those erupted from the subaerial and submarine fissure zones
are mafic to intermediate in composition (<12 wt.% MgO; Figure 3). Thus, lavas from the subaerial and sub-
marine fissure zones experience less extensive fractional crystallization during their ascent than those from
Santa Barbara. This implies that Santa Barbara volcano has a well-established shallow crustal magmatic sys-
tem where extensive (50--65%) crystal fractionation occurs which led to explosive volcanic activity in the
past and the formation of a caldera ~15 ka ago (Larrea et al., 2018; Madureira et al., 2011; Mungall &
Martin, 1995). The fissure zone magmas, on the other hand, are more primitive and may ascend directly
from deeper and more mafic levels of the magma system, bypassing the shallower reservoir.

Mineral thermobarometry is useful to define stagnation levels of ascending magmas in the mantle and crust
and allows to refine the implications arising from changes in melt movement at crustal levels. High pres-
sures of ~5 and ~6 to 7 kbar around and beneath the Moho, respectively, dominate the submarine lavas from
Serreta Ridge and N' Serreta Ridge (Figure 6) as well as from subaerial fissure zones [maximum at 4.98 kbar;
Zanon & Pimentel, 2015], and are in agreement with the relatively low degree of fractionation. Moho and
sub-Moho depths are common levels of stagnation in ocean islands (Kliigel et al., 2015; Kliigel, Hansteen,
& Galipp, 2005; Zanon & Frezzotti, 2013; Zanon & Pimentel, 2015). The highest pressures for the Serreta
lavas are at ~ 7 kbar, which is higher than those from Zanon and Pimentel (2015) based on fluid-inclusion
thermobarometry (maximum at 5.75 kbar), and can be explained by the different response rates of fluid-
inclusion and clinopyroxene-melt barometers (Kliigel et al., 2015).

Jeffery and Gertisser (2018) have shown that peralkaline intraplate volcanoes from the Atlantic Ocean com-
monly have a magma reservoir in 2- to 5-km depth, where melts fractionate to trachytic compositions. The
base of a central volcanoes is a common upper crustal level for stagnation of ascending magmas, where sedi-
mentary layers and the volcanic edifice have lower densities (Kliigel, Hansteen, & Galipp, 2005). For the spe-
cific case of the Azores we consider the presence of large quantities of sediments unlikely due to the young
age and limited quantity of sediments however, the igneous lithologies may act as a density barrier. Other
central volcanoes in the Azores, for example, the neighboring Pico Alto volcano (Jeffery et al., 2017), Sete
Cidades (Beier et al., 2006) and Furnas (Jeffery et al., 2016) on Sdo Miguel, and the Caldeira volcano on
Faial (Dias et al., 2007) also have shallow magma reservoirs in 2- to 4-km depth (3-7 km for the Caldeira vol-
cano) and our barometric data for Santa Barbara agree with these observations.
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Figure 8. Pressures (P) versus temperatures (T) from clinopyroxene-melt
thermobarometry for submarine units 1 and 2 as well as for subaerial
lavas from Santa Barbara grouped based on classification used in Figure 3.
Bright and dark blue arrows indicate the P-T conditions of units 1 and 2
during magma ascent. Note that lavas from unit 2 display higher tempera-
tures compared to lavas from unit 1. The temperature differences between
mafic to intermediate submarine and evolved Santa Barbara lavas indicate
that extensive fractional crystallization occurs predominantly at very shal-
low stagnation levels. The lack of higher pressures for the Santa Barbara
lavas indicates that melts feeding submarine fissure eruptions may also have
replenished the shallow Santa Barbara magmatic system. Dark grey bar
shows the pressure range for the Moho beneath Terceira from Spieker et al.
(2018). The light grey field highlights the depth range for shallow magma
reservoirs for Pico Alto volcano (and Guilherme Moniz volcano) on Terceira
(Jeffery et al., 2017; Jeffery & Gertisser, 2018), which is similar to the typical
depth range for peralkaline magmas in crustal reservoirs of Atlantic Ocean
islands in general (Jeffery & Gertisser, 2018). The depth (km) refers to the
crust beneath Serreta Ridge based on a density of 2800 kg/m3 (Zanon &
Pimentel, 2015).

Using a density of 2500 kg/m® for the crust beneath Terceira based on
Zanon and Pimentel (2015), the obtained pressures of 0.6- to 1.3-kbar
result in a depth of 2.6 to 5.2 km for Santa Barbara volcano. This is in
agreement with the depth for the base of the central volcanoes beneath
Terceira of ~2 km based on seismic studies from Spieker et al. (2018).

We thus conclude that the highly evolved rock compositions from Santa
Bérbara indicate that stagnation and fractional crystallization in upper
(<5-km depth) crustal levels is a major process in the evolution of the cen-
tral volcano. Santa Barbara thus represents a mature stage in the evolution
of a oceanic intraplate volcano (Kliigel et al., 2015) with a more complex
plumbing system compared to the generally mafic lavas from the
fissure zones.

5.4. Implications on the Melt Transport in the Western Terceira
Magmatic System

5.4.1. Link Between Santa Barbara and Serreta Ridge

The strong structural connection, similar isotopic signatures and thermo-
barometric results (Figures 2, 5, and 8) indicate that unit 1 and Santa
Barbara share a common plumbing system at depth and are laterally
transported from the deeper plumbing system located beneath Santa
Bérbara volcano to the Serreta Ridge. This is also supported by studies
on fossil flow patterns from dykes on the Azorean islands (e.g., Sdo
Miguel and Santa Maria), indicating that melts generally propagate away
from a volcanic center (Moreira et al., 2015).

Studies on Iceland (e.g., Gudmundsson, 2000), Hawaii (e.g., Garcia et al.,
1996) and Fernandina Island (Geist et al., 2006) show that dyke swarms
are often fed laterally from a shallow crustal magma reservoir beneath a
central volcano. A possible mechanism driving the emplacement and flow
direction of dykes is a topographic gradient between the shallow reservoir
and the eruptive site. This can be observed at Krafla volcano on Iceland,
where a shallow magma reservoir located at ~3-km depth feeds dykes
migrating in NNW direction while increasing in dyke depth
(Hollingsworth et al., 2012). Similarly, melt transport from the central vol-
cano on Fernandina Island (Galapagos) into submarine fissure zones

occurs very shallow in 1.5-km depth at comparable crustal and lithospheric thicknesses compared to
Terceira (Geist et al., 2006; Gibson & Geist, 2010). The bimodal distribution in the degree of fractionation
between Santa Barbara and the corresponding fissure zones shows that magmas erupted from Santa
Barbara have stagnated and fractionated in a shallow magma reservoir, which is however bypassed by mag-
mas erupted from the fissure zones. There is no petrological or geochemical evidence such as magma mixing
or felsic xenoliths that the mafic to intermediate Serreta magmas have interacted with highly evolved melts
from Santa Barbara. Thus, the lateral transport of melts from the Santa Barbara plumbing system into the
fissure zones must occur at depths greater than the levels at which extensive fractional crystallization occurs
(>5 km; Figure 8). The predominant occurrence of Moho and mantle pressures at the volcanic fissure zones
rule out prolonged upper crustal residence and ascent. Extensive fractional crystallization is absence in the
uppermost crust at Fernandina Island with SiO, contents of erupted lavas that do not exceed 52 wt.% (Geist
et al., 1995). Thus, lateral melt transport at Fernandina Island occurs at shallower crustal levels compared to
the Santa Barbara magmatic system which we interpret to result from the stronger structural regime in the
Azores and more evolved melts in the shallow crust compared to the Galdpagos islands. We note, that the
presence of more evolved melts beneath Santa Barbara is related to differences in the magmatic production
between these systems, which is notably higher at Galapagos compared to the Azores (Mjelde et al., 2010).

Similar to lavas from unit 1, the fissure zones between Santa Barbara and Pico Alto volcanoes also display
ponding at shallower crustal levels [~8.5-km depth; Zanon & Pimentel, 2015]. These are interpreted to reflect
stagnation at intra-crustal magmatic bodies related to the plumbing systems of Santa Barbara volcano, acting
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as density barrier for ascending melts. We conclude that lateral melt transport along the fissure zones occur
within the lower crust to Moho depths over tens of kilometers.

5.4.2. Direction of Melt Transport

The predominant WNW-ESE orientation of volcano-tectonic structures along the Santa Barbara Rift indi-
cates that lateral melt transport occurs predominantly in WNW and ESE directions. Because dykes as hydro-
fractures are mostly oriented perpendicular to the least compressive stress o; (Anderson, 1951) the NNE-
SSW directed opening of the Terceira Rift at the western part of Terceira explains the WNW-ESE oriented
volcanic and tectonic structures and follow the regional tectonic stress field (Pimentel et al., 2016). In con-
trast, radially oriented volcano-tectonic structures around a common center are known from dyke injections
from a shallow magma reservoir of a volcanic edifice (Burchardt et al., 2018), for example, at the central vol-
cano of Fernandina Island (Chadwick & Dieterich, 1995) and associated radially oriented submarine fissure
zones (Geist et al., 2006). Some subaerial structures around Santa Barbara volcano and submarine structures
at the N' Serreta Ridges and south of Serreta Ridge are oriented radially around Santa Barbara caldera
(Figure 2). These structures are influenced by local volcanotectonic and gravitational stresses derived from
the magma reservoir beneath Santa Barbara volcano. Indeed, several known volcanic systems combine
structural features from both regional and local stresses in subcircular edifices like Santa Barbara, for exam-
ple, Mt. Etna, Italy (Acocella & Neri, 2009; McGuire & Pullen, 1989). Thus, whereas most dominant volcano-
tectonic structures around Santa Barbara volcano reflect melt movement along the rift in WNW and ESE
directions, local stresses force magma pathways distributed radially around the Santa Barbara
caldera (Figure 9).

The lateral extent of submarine volcanic activity at the Serreta Ridge related to the Santa Barbara volcano is
much larger (~25 km) than the subaerial W' fissure zone with a 5 km along axis distance (Figure 9). Thus,
lateral melt transport from the Santa Barbara plumbing system is asymmetric and preferentially occurs in
WNW direction, whereas ESE melt transport seems to be of subordinate importance. This asymmetry
may be the result of the abundant crustal intrusions beneath Terceira. Crustal intrusive complexes feeding
the central volcanoes hamper the ascent and transport of melts in the crust beneath Terceira (Zanon &
Pimentel, 2015). The crust beneath Terceira is warm with an estimated bulk density of around 2500
kg/m’, significantly lower than 2,800 kg/m® for the crust beneath Serreta Ridge (Zanon & Pimentel,
2015). Both the low density and elevated temperatures are an obstacle for propagating mafic dykes
(Menand, 2011) and can result in dyke arrest or deflection and lateral propagation. In addition to pre-
existing crustal intrusions, the observed asymmetry in dyke distribution may reflect the influence of local
gravitational stress from the topographic load of the Terceira central volcanoes, which superimposes the
regional tectonic stress field (McGuire & Pullen, 1989). It is a common observation that seamounts and vol-
canic islands develop radiating submarine ridges during their growth (Mitchell, 2001).

5.4.3. New Mantle Magma Pulse at Serreta Ridge

The Serreta Ridge is fed by two independent magmatic systems with distinct mantle source compositions.
Lavas from unit 2 are not linked to Santa Barbara volcano, in contrast to unit 1 lavas (Figure 6), implying
that the compositional variability in the different units along Serreta Ridge occurs on a very small spatial
scale (distance between the eruptive fissures is <2 km). Thus, Serreta Ridge does not form one single volca-
nic unit, but reflects the evolution of at least two magmatic system. It is however unclear which factors con-
trol how melts ascend and interact in the crust beneath Serreta, that is, why lavas from unit 1 are similar and
lavas from unit 2 are distinct compared to Santa Barbara lavas.

The tectonic stress field prevailing in the Azores is a major controlling factor on the pathways and ascent of
melts and on the morphology and orientation of volcanic bodies. This has been shown to be the case for most
Azorean islands (e.g., Madeira et al., 2015) and other tectonically influenced settings, for example, in Iceland
(Gudmundsson, 2000). Another controlling factor for volcano distribution at these systems are processes in
the mantle. Magmatism along the Terceira Rift indicates focused melt ascent beneath the islands and sea-
mounts, whereas areas in between the islands are generally volcanically inactive (Beier et al., 2008). These
observations are consistent with distinct mantle source compositions for each island/seamount with limited
evidence of mixing between the magmatically active segments. On most islands in the Eastern Azores the
occurrence of central volcanoes/volcanic centers is characterized by a progressive age propagation from east
to west (Calvert et al., 2006; Feraud et al., 1980; Hildenbrand et al., 2008; Hildenbrand et al., 2012;
Hildenbrand et al., 2014; Johnson et al., 1998; Larrea et al., 2018; Quartau et al., 2014) indicating that the
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Figure 9. (a) Map of the western part of Terceira Island and the submarine Serreta Ridge. The dark red arrows schema-
tically indicate the transport of melts from the Santa Barbara plumbing system, whereas most melts are transported along
the Santa Barbara Rift and in ESE and WNW direction feeding Serreta unit 1. Additional melt transport occurs subordi-
nately in variable directions radially around Santa Barbara as indicated by thinner arrows. The red arrow schematically
illustrates the magma pathway of the younger Serreta unit 2, which has a smaller spatial distribution than and is inde-
pendent from lavas from the Santa Barbara plumbing system. The plumbing systems beneath Santa Barbara and Serreta
Ridge (indicated by the grey fields) consist of a system of sills, melt pockets, crystal mush and crystallized intra-crustal
magmatic bodies. The yellow field at Serreta Ridge highlights the area in which earthquakes occurred in 1998, which are
interpreted as precursors for the Serreta eruption (Gaspar et al., 2015). (b) Schematic model for the emplacement and
movement of melts feeding the Santa Barbara volcano and units 1 and 2 of Serreta Ridge. Model represents a cross section
along an ESE-WNW oriented profile forming the Santa Barbara Rift. The Santa Barbara plumbing system is a mature well-
established system of sills, melts pockets and crystallized magmatic bodies. Melts feeding Santa Barbara ascending
through this plumbing get hampered and laterally expand into the fissure zone in predominantly WNW and ESE direc-
tions at depths >5 km forming unit 1. The occurrence of earthquakes in the lithosphere beneath Terceira is from Fontiela
et al. (2018).

deep magmatic systems and melting regions beneath the islands are not fixed within a segment and relative
to a central volcano. Within the past 400 ka four central volcanoes have formed on Terceira displaying a
gradual shift of the central volcanoes toward west (Calvert et al., 2006; Hildenbrand et al., 2014). Thus,
the formation of Serreta Ridge WNW of Santa Barbara volcano likely is the result of this westward shift.
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Lavas from Serreta Ridge cover a range from enriched melts with low degree of partial melting (unit 1) to
depleted melts with higher degree of partial melting (unit 2). Combined with higher temperatures for unit
2 (Figure 6), we conclude that they reflect an early phase of volcanic activity in which melts ascend isolated
from the Santa Barbara plumbing systems, that is, unit 2 lavas can be regarded as the surface expression of an
early phase of a young, immature melting zone and plumbing system. The locations of earthquakes' epicen-
ters in CE 1998, interpreted as precursory seismic activity to the 1998-2001 Serreta eruption (Gaspar et al.,
2003) are located exclusively beneath Serreta Ridge >10 km offshore Terceira (Gaspar et al., 2015) and not
beneath Santa Barbara volcano (Figure 9). This is evidence that differences in the geochemical signatures
and temperature between Serreta unit 1 and 2 is the result of magma ascent in two independent plumbing
systems. We conclude that unit 2 and potential stratigraphically deeper, unsampled equivalents reflect the
presence of a young magma plumbing system in the mantle, which is located WNW of Santa Barbara vol-
cano. Whereas unit 1 reflects lateral flow of magmas from the Santa Barbara volcano, the young eruption
of unit 2 marks vertical magma ascent from the mantle. The young plumbing system beneath Serreta unit
2 probably heralds the early stage of a new central volcano.

6. Conclusions

The submarine Serreta Ridge west of the Azores island of Terceira forms a series of WNW-ESE oriented elon-
gated eruptive centers, cones and fault scarps, which are part of the western Terceira magmatic system.
Geochemical and structural signatures indicate that Serreta Ridge formed by focused melt transport and
eruption in several phases erupting mafic to intermediate lavas. Differences in major and trace elements
and isotope signatures show that submarine lavas originated from at least two distinct mantle sources.
The youngest lava suite which is in part associated with the 1998-2001 Serreta eruption (unit 2) shows a geo-
chemically more depleted source character than other submarine and subaerial lavas from western Terceira.
In contrast, older submarine lava suites are isotopically similar to subaerial lavas from the Santa Barbara vol-
cano and W' fissure zone. They are interpreted to represent the mafic and submarine equivalent to Santa
Barbara. We interpret much of the spatial and temporal variability of the Serreta Ridge lavas to represent
the transition from a rift system connected to the central volcano by lateral melt transport toward an inde-
pendent small plumbing system with vertical melt transport.

The younger Serreta system might be the continuation of the general westward propagation of central vol-
canic centers observed on Terceira and other island in the Eastern Azores Plateau. This study demonstrates
the importance of detailed geochemical investigation and magma pathways of ocean islands that are influ-
enced and controlled by tectonic processes.
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