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The uslands of Flores and Corvo in the Azores archipelago are the
only two of mine subaerial volcanic edifices lying west of the
Muid-Atlantic Ridge ( MAR). This makes them important_for con-
straining the evolution of this young (<40 Ma) oceanic plateau.
The alkalic basalt suites from Flores and Corvo lie on a single
liquid line of descent. Ankaramitic cumulates, with MgO contents
up to ~I18wt %, result from clinopyroxene-dominated polybaric
crystallization. The parental magmas (MgO ~ 1wt %) are
wnferred to be low-degree partial melts (¥ =35-5%) of enriched
peridotite generated at depths of ~80-90km. These primary
magmas commenced crystallizing at the lithosphere—asthenosphere
boundary and this continued in conduils over a pressure range of
~0-6-1-2 GPa. Only lavas with MgO <3wt % fractionated at
shallow crustal levels. Nd and Sr isotope data reveal variations in
the source of both magmatic systems, suggesting variable contribu-
tions_from both enriched (E-) and depleted ( D-) mid-ocean ridge
basalt ( MORB ) -source mantle components. This is supported by
the greater variability of incompatible trace-element ratios within
the Flores lavas (e.g. Ba/Nd, La/Sm, Th/Nd), whereas those from
Corvo exhibit a good correlation between key trace-element ratios
[eg. (La/Sm) s Th/Nd] and Sr isotope ratios. Lavas from Flores
display a greater variability in Sr and Nd isotope compositions and
define a mixing array between an E-MORB source and a common
Azores mantle source. The latter signature is restricted to lava suites
Jrom the north and east of Flores. We concur with the generally ac-
cepted notion that Flores and Corvo are derived from the same
mantle plume as is responsible for the eastern Azores islands.
However, there is evidence (different Nb/Zr, Ta/Hf and La/Sm,
but homogeneous Sr and Nd isotopic composition) that these two
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islands are dominated by a source component that is not as evident
in the eastern archipelago.

KEY WORDS: Azores plateau; magmatic differentiation; polybaric frac-
tionation; oceanic lithosphere; OIB

INTRODUCTION

Volcanic systems on young intraplate ocean islands have
been widely studied to gain insights into the composition
of the upper, and possibly lower, mantle and therefore
into the recycling of lithosphere-derived components.
Some of the best-studied ocean island basalts (OIB) in-
clude those from Hawaii (e.g. Macdonald, 1968; Chen &
Frey, 1983; Clague, 1987, Watson & McKenzie, 199];
Sobolev et al., 2005) and Iceland (e.g. Gudmundsson,
2000; Skovgaard et al., 2001; Kokfelt et al., 2009), which are
both inferred to represent the surface expressions of
deep-rooted mantle plumes (Woodhead, 1992; Sleep, 2006;
Zhao, 2007). Given its lower buoyancy flux, the Azores
archipelago may not necessarily reflect the surface expres-
sion of a typical mantle plume (Sleep, 1990). However, nu-
merous workers have emphasized the potential that lies in
these nine islands and the nearby Mid-Atlantic Ridge
(MAR) to study the dynamics associated with plume—
ridge interaction (e.g. Bourdon et al., 1996; Gente et al.,
2003; Madureira et al., 2005; Shorttle et al., 2010).
Additionally, the Azores basalts may provide evidence for
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the recycling of ancient, perhaps even Archaean, litho-
sphere (Schaefer et al., 2002; Turner et al., 2007).

Current models for the Azores mantle plume are based
mainly on interpretations arising from geochemical and
geophysical studies of the islands to the east of the
Mid-Atlantic Ridge (e.g. Abdel-Monem et al., 1975; Flower
et al.,1976; White et al., 1979; Dupré et al., 1982; Madeira &
Ribeiro, 1990; Turner et al., 1997; Claude-Ivanaj et al., 2001;
Haase & Beier, 2003; Franca et al., 20065; Beier et al., 2008;
Beier et al., 2010; Millet et al., 2009; Prytulak & Elliott,
2009) and the nearby MAR (e.g. Kingsley & Schilling,
1995; Bourdon et al., 1996; Yu et al., 1997, Cannat et al.,
1999; Charlou et al., 2000). The plume has been imaged to
depths greater than ~240km by seismic tomography
(Montelli et al., 2004) and is suggested to be centred either
to the NE of the island of Terceira (Moreira et al., 1999) or
potentially in the vicinity of the island of Faial (Cannat
et al., 1999; Gente et al., 2003; Shorttle et al., 2010), but in
either case on the eastern plateau, 150-200 km away from
the MAR. The remote islands of Flores and Corvo to the
west of the MAR have been much less well studied and
afford a different perspective for models for the interaction
of the Azores mantle plume with the MAR. Here, we pre-
sent the first detailed geochemical and petrological study
of Flores and Corvo to facilitate a better overall under-
standing of the Azores plume. A continuous polybaric frac-
tional crystallization model appears to best describe the
petrological and geochemical evolution of the volcanic
suites and a unique source is identified on the basis of the
trace-element and Nd—Sr isotope data.

BACKGROUND

Geological setting

The Azores islands are situated on a submarine plateau
that is subdivided by the MAR into eastern and western
parts. Seven of the nine islands are located to the east of
the MAR on the Eurasian and African plates and only
the islands of Flores and Corvo (Fig. 1) emerge from the
American plate. In contrast to the eastern islands, which
are dominated by NW-SE-striking structures parallel
to the ultraslow Terceira Rift axis (Searle, 1980; Vogt &
Jung, 2004), the two western islands lie on a NNE-
SSW-trending ridge that is subparallel to the MAR
(Fig. 1. The Azores archipelago is located in the vicinity
of a triple junction (Krause & Watkins, 1970; Searle, 1980;
Madeira & Ribeiro, 1990; Fernandes et al., 2006), and
there are no obvious extensional structures on the western
plateau similar to those found on the eastern plateau (e.g.
the Terceira Rift Axis; Vogt & Jung, 2004; Georgen, 2008;
Georgen & Sankar, 2010). The geometric shape of the west-
ern plateau is clearly influenced by the MAR, resulting in
predominantly north—south-striking tectonic structures.
The structural influence of MAR transform faults is re-
flected by the linear, east—west-striking northern and

southern coastal areas of Flores and Corvo (Fig. 2) to-
gether with a relative sinistral displacement of Corvo at
~lema™" (Baptista ef al., 1999). The motion of the North
American plate relative to a fixed triple junction point is
in a SW direction with a velocity equivalent to a
12 cma ™" half spreading rate (Georgen & Sankar, 2010).

To date, only one submarine volcanic edifice has been
identified on the western plateau and this has basalts
dated at around 4-8 Ma (Ryall et al., 1983). However,
Gente et al. (2003) identified several ridges parallel to the
MAR. The subsidence-corrected topography (Gente et al.,
2003) suggests at least one set of two seamounts roughly
50 km west of Flores and Corvo. The spatial dimensions of
these appear very similar to those of the emergent islands
and may be observed again on the magnetic Chron 6
ridge (~20 Ma). Gente et al. (2003) also showed that the
Chron 6 ridge defines the westernmost boundary of the
Azores plateau as suggested by east—west-directed seismic
profiles and the bathymetry, both of which define a sharp
drop off towards older oceanic crust (Fig. la, —32° to
—33°W). The overall dimensions of the western Azores
plateau are ~300 km from east to west and ~400 km from
north to south. The thickened oceanic crust on each flank
of the MAR has a similar thickness (~8-10km) across
the plateau (Krause & Watkins, 1970; Searle, 1980; Gente
et al., 2003; Nunes et al., 2006; Beier et al., 2008; Georgen &
Sankar, 2010). The top 2-3km can be attributed to the
plume, and the normal crustal thickness in this area is of
the order of 7-8 km. Maximum thicknesses of ~12 km are
found in the vicinity of the emergent volcanoes (Luis
et al., 1998; Gente et al., 2003).

Flores, which is the larger of the two islands (Fig. 1b), is
characterized by a group of connected and overlapping
stratovolcanoes with small independent caldera systems.
The lack of extended fissure systems (compare the
Terceira axis and the Faial horst-and-graben system), com-
bined with the absence of a large caldera, give Flores a
unique geological character in the Azores archipelago.
Current constraints from K/Ar dating of the subaerial
base of Flores suggest a maximum age of ~2 Ma
(Azevedo & Ferreira, 1999). The major volcanic and tec-
tonic features on Flores have been described by Azevedo
& Ferreira (2006). Corvo’s dominant feature is one large
caldera with a diameter of around 2km and a maximum
height of 300 m. Published ages for Corvo are somewhat
ambiguous. The oldest lavas at the base of the island are re-
ported to be 1-15 Ma whereas the youngest ages place
the Vila do Corvo flank eruption at 80 ka (Franca et al.,
2006a); no historical record of volcanic activity exists.
Both islands represent the subaerial expressions of volcanic
systems with a base as deep as 3000m below the
present-day sea level (Fig. 1b). The bathymetric map and
the NE-SW profile indicate a relative distance of 30 km
between the volcanic centres and also show the erosion
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Fig. 1. (a) Bathymetric map of the Azores plateau showing the nine islands east and west of the Mid-Atlantic Ridge. (b) Bathymetric map of
Flores and Corvo highlighting the emerging topography above the ocean floor. The erosion platforms on the west and NW of both volcanoes in-
dicate the original size of both islands prior to erosion. The profile A=A’ highlights the submarine parts of the volcanic systems, which extend
to depths of around 3000 m below present-day sea level. Map produced using GMT (Wessel & Smith, 1991, 1995). Vertical exaggeration is 475

times the horizontal.

platforms of both islands at the eastern and northern shore
at ~100 m below sea level (Fig. 1).

The thick submarine volcanic packages of both islands
lead to the conclusion that the age of initial volcanism
must be older than 2 Ma. The magnetic stripes on the
ocean floor north and south of the Azores plateau suggest
that Flores and Corvo emerged from oceanic crust that is
slightly younger than 10 Ma (Gente et al., 2003). These age

constraints, combined with plate motion of 1-15cma™,

imply that the initial volcanism of the western Azores is-
lands may have commenced when they were between 70
and 90 km from the MAR.

Stratigraphy of Flores and Corvo
The stratigraphy of Flores has previously been described
by Azevedo & Ferreira (2006), and we wuse their
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Fig. 2. Geological maps of Flores (a) and Corvo (b) indicating the sample localities from this study. The stratigraphic classification for Flores
(BVC, base volcanic complex; UVC 1-3, upper volcanic complex) is taken from Azevedo & Ferreira (1999). (See text for a full description of
these units.) The difference in scale between the two maps should be noted.

stratigraphic characterization herein. Because of the com-
plexity of the volcanic system and the different styles of
eruption that characterize the island, the finer strati-
graphic units cannot always be ascertained, but the div-
ision into Base Volcanic Complex (BVC) and Upper
Volcanic Complex (UVC1-3) is readily identifiable in the
field and is illustrated in Fig. 2a. The upper complex com-
prises all units resulting from subaerial volcanism, whereas
the BVC includes units from both submarine and emergent
stages, which are largely observed in outcrops at sea level
along the north and south coast. Owing to the possible
interaction with seawater, the BVC rocks are mostly
altered, making them mostly unsuitable for petrological
and geochemical analysis. The only location where the
BVC was sampled during this study was the SW coast of
the island, where samples appear to be relatively unweath-
ered and unaltered. The rocks belonging to the UVC are
generally better preserved, as they form the upper section
of the volcanic pile. The stratovolcanic cycles resulted in
extrusive flow and fall deposits that range from basaltic
lavas to trachytic scoria cones and ash layers. The eruptive
styles on Flores became more explosive towards the later
stages (Azevedo & Ferreira, 2006).

Franca et al. (2006a) have established a stratigraphic
record for Corvo. Similar to Flores, it can be subdivided
into a Basal (proto-island) Complex and an Upper
Complex. The latter includes pre-, syn- and postcaldera
deposits. The syncaldera episode is characterized by
more explosive, pyroclastic flow deposits. The youngest
rocks on Corvo may be associated with the Vila Nova
do Corvo flank eruption. However, there are no age
constraints.

ANALYTICAL METHODS

Sampling and sample treatment

The islands of Flores and Corvo were sampled in May
2009 (Fig. 2). The sampling campaign was based on obser-
vations in the field and previous stratigraphic work on
Flores (Azevedo & Ferreira, 1999, 2006; Franca et al.,
2008) and Corvo (Franga et al., 2006a). The aim was to
sample stratigraphic profiles, two for Flores and one for
Corvo, to encompass as much of the magmatic evolution
of both islands as possible. Whenever possible, visibly
fresh material was recovered; however, some samples col-
lected near the shoreline show evidence of surfacial
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seawater alteration. These latter samples were only investi-
gated microscopically. For analytical work, fresh cores
were cut from the unaltered samples and these were then
washed and ultrasonicated in deionized water.

Electron microprobe analysis (EMPA)

Representative samples were selected for macro- and
microscopical studies before electron microprobe analyses
were conducted. Major-element compositions of silicate
minerals were obtained using a CAMECA SX100 electron
microprobe (EMP) with five fixed wavelength-dispersive
spectrometers and one energy-dispersive X-ray detector at
the Geochemical Analysis Unit (GAU), Macquarie
University, Sydney. CroO3 and NiO concentrations were
also determined for opaque phases and iron—magnesium
silicates. Analyses were obtained using a focused beam,
with an accelerating voltage of 15kV and a beam current
of 20 nA. Calibration standards used were albite (Na),
FeoOg (Fe), kyanite (Al), olivine (Mg), chromite (Cr), spes-
sartine (Mn), orthoclase (K), wollastonite (Ca, Si), and
rutile (T1).

Major- and trace-element analysis
Sample cores were crushed using a hydraulic press and
then powdered using an agate mill to obtain a fine
powder (<50 um grain size). Thorough care was taken
when cleaning the mill with Milli-Q® water and ethanol
between samples to avoid cross-contamination.

Standard techniques (e.g. Potts et al., 1984) were used for
the major-element analysis. Glass discs for X-ray fluores-
cence (XRF) analysis were prepared by homogeneously
fusing 0-4 g of sample with 2-5 g lithium tetraborate—meta-
borate flux (12:22 mixture) and ammonium iodide in a Pt
crucible at 1050°C. The discs were analysed using a
Spectro XEPOS energy-dispersive XRF spectrometer at
the School of Earth and Environmental Sciences,
University of Wollongong. Loss on ignition was determined
for each sample at 1050°C for 15h. Analyses of interna-
tional rock standards and the samples are listed in Table 1.
Accuracy of the measured values was generally better
than 0-9%.

For the trace-clement analyses standard methods (e.g.
Eggins et al., 1997) were employed. Approximately 100 mg
of sample (n=37) was weighed into clean 15 ml Savillex®
Teflon beakers. Samples were digested using a 1:l mixture
of HF (Merck, suprapur grade) and HNOj; (Ajax) at
160°C for 24 h, then dried down and repeated. To fully dis-
solve any spinel in the samples, a HF-HCI-HCIO, mix
was added to the digestion procedure for 2 days at 160°C.
This step was repeated when necessary. After drying
down at 200°Ci the samples were then further digested in
6N HNOg for 24h, dried down again, and diluted to
10ml in 2% HNOj3 with trace HF. Then 1:1000 dilutions
of each sample were individually spiked with a 15 pl aliquot
of a solution of Li, As, Rh, In, Tm and Bi in 2% HNOs.

WEST AZORES VOLCANIC SUITES

Samples and standards were analysed by quadrupole in-
ductively coupled plasma mass spectrometry (ICP-MS)
on an Agilent 7500c/s system at the GAU, Macquarie
University, Sydney. BCR-2 was used as a calibration stand-
ard to correct for instrument sensitivity and run drift.
The background was measured on a 2% HNOj3 rinse
solution. Measured values and the deviation from refer-
ence values from GeoReM (Jochum & Nohl, 2008) for
standards BIR-1 and BHVO-2 are given in Table I
The full dataset for the analysed samples (including Sr
and Nd isotopes) is given in Electronic Appendix 1, which
is available for downloading at: http://www.petrology.
oxfordjournals.org).

Sr and Nd isotopes

Purification of Sr and Nd was carried out for whole-rock
samples (n=17) and international rock standards
(~140 mg) using powders digested in Teflon beakers with
concentrated HF and HNOsj Samples were then dried
down and ~1ml of concentrated HCIO,4 was added, fol-
lowed by 4 ml 6N HCI and H,O,. These were dried down
once again, dissolved in 6N HCI, dried, dissolved in HCI
and HF, and centrifuged to remove any undissolved resi-
due. The samples were then loaded onto Teflon columns
using Biorad® AG50W-X8 (200-400 mesh) cation ex-
change resin and eluted using a 2:5N HCI-0-IN HF solu-
tion. Sr was collected from the column followed by Nd.
Neodymium was further purified from Sm, Ba, La and
Ce using a second column [Eichrom® Ln spec resin (50—
100 um)] following the methods described by Pin &
Zalduegui (1997).

Isotopic analyses of Sr and Nd were obtained by thermal
lonization mass spectrometry (TIMS) using a Thermo
Finnigan Triton system at the GAU, Macquarie
University, Sydney. Sr was loaded onto single rhenium fila-
ments with a Ta activator and analysed between 1380 and
1430°C in a static measurement mode with rotating ampli-
fiers. Measured ¥Sr/*°Sr ratios for BHVO-2 are listed
in Table 1. NIST SRM 987 was analysed for instrument
sensitivity during times of the analyses (n=17) and
gave a long-term reproducibility of ¥ Sr/*®Sr=0-710250
(2SD = 0-000034). Ratios were normalized to *°Sr/**Sr =
0-1194 to correct for mass fractionation.

Nd was loaded as a nitrate onto double rhenium
filaments and analysed with an evaporation filament
current of 1200-1600 mA and a signal of 0-5-10 V.
Reference materials BHVO-2 and JMC 321 (n=15) were
also analysed, yielding "*Nd/"**Nd ratios close to pub-
lished values (Table 1). External precision was determined
using JMC 32, which gave "Nd/*'Nd=0-511115
(2SD =0-000047) during the time of the analyses. Ratios
were normalized to "*Nd/"**Nd=07219 to correct for
mass fractionation.
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Table 1: Major-element, trace-element and Nd—Sr isotope date for selected lavas from Flores and Corvo and international rock

standards
Sample no.: C-09-01 C-09-02  C-09-06 C-09-07 C-09-08 C-09-10 C-09-13 C-09-17.1 C-09-17.2 C-09-18 C-09-19 C-09-20
Island: Corvo Corvo Corvo Corvo Corvo Corvo Corvo Corvo Corvo Corvo Corvo Corvo
Lat. (°N): 39-6752 396766  39-6802 39-6802 397128 397081 397051 39:6727 39:6727 396736 396718 396718
Long. ("W): 31-1036 311025  31-0963 31-0963 31-1079 311029 31-0982 31-1215 311215  31-1089 311108 311108
Elevation (m): 2 2 2 5 412 460 546 5 5 5 5 5
Volcano-stratigraphy: pre-caldera caldera pre-caldera pre-caldera caldera caldera caldera VDC VDC pre-caldera VDC pre-caldera
TAS classification: Alkali Tephrite  Alkali Tephrite trachy-  Tholeiite Tholeiite Trachy- Picro- Tephrite Tephrite  Tephrite
basalt basalt andesite basalt basalt andesite  basalt
wt %
SiO, 4554 47-06 4515 45-18 4850 4655 46-07 56-08 41-05 44-56 46-82 4552
TiO, 2:43 310 266 1-98 297 1-33 1-50 1-03 299 258 313 2:30
Al,03 13:99 16-33 1379 12:48 16:34 7-60 1012 18-85 1176 14-90 16:46 1274
Fe,03 11-33 12:02 1212 1071 11-33 9-10 9-31 7-99 1413 12:05 1177 1132
MnO 018 022 0-18 0-16 0-19 0-15 0-14 0-24 017 019 022 017
MgO 9-27 4-23 876 11-49 327 1818 1552 1-23 10-67 8:08 429 1074
Ca0 12:06 861 1194 13:90 6:34 14-92 14-61 416 15-29 12:04 8:35 1321
Na,O 312 510 328 289 416 1-08 151 6-48 1-67 355 559 2:32
K,0 117 1-97 112 0-45 267 0-37 0-48 2:99 0-13 118 1-86 0-88
P,0s5 0-49 0-84 0-49 0-30 094 0-20 0-25 0-50 0-17 0-45 11 0-39
LOI 0-41 077 0-35 0-80 2:98 0-70 075 0-43 201 075 0-05 0-40
Total 99-99 100-25 99-82 100-34 99-69 100-18  100-26 9998  100-04 100-33 99-65 99-99
ppm
Sc 32:2 12:8 30-3 427 143 665 55-9 271 58-9 28-8 12:6 417
\% 268 213 327 297 172 282 264 17 625 338 184 321
Cr 456 219 418 697 240 2530 1414 2:04 716 226 371 625
Co 49-1 288 510 550 253 770 59-4 7-45 725 525 26-8 57-9
Ni 182 11-3 186 190 171 595 356 0-89 959 151 344 235
Cu 161 351 127 95-9 420 172 114 773 53-8 121 193 919
Zn 810 105 825 67-6 121 64-3 536 131 115 83-0 m 788
Mo 1-64 261 176 0-97 2:20 0-51 0-70 331 4-67 1-93 307 141
Rb 26'5 480 289 109 615 710 9-66 54-1 259 287 56-2 239
Sr 541 738 560 426 694 272 293 770 573 593 949 499
Y 24-9 389 26-0 20-0 386 17-0 16-4 417 20-2 24-9 429 24-8
Zr 185 306 181 126 347 94-6 984 591 84-8 177 325 166
Nb 64-8 109 60-2 359 124 312 30-2 200 116 61-8 131 56-4
Cs 0-28 0-40 0-26 0-37 0-40 0-14 0-09 0-13 0-03 0-29 069 0-23
Ba 380 629 384 245 573 182 191 1158 110 381 613 349
La 380 63-6 36-2 235 63-4 176 193 106 184 36-2 74-3 370
Ce 730 122 691 46-4 119 366 371 191 294 69-7 144 67-3
Pr 862 153 838 582 142 450 4-65 206 4-45 827 176 842
Nd 32:8 54.7 32:3 233 521 183 186 655 19-4 314 62-4 320
Sm 636 102 638 4-90 978 395 3-89 10-6 4-67 609 118 628
Eu 2:02 314 2:03 163 2:88 1-22 121 3:34 151 1-95 3-49 2:00
Gd 571 889 573 462 852 366 365 8:30 453 5-45 10-38 571
Tb 0-80 126 0-81 068 1-20 0-47 0-50 1-28 0-62 076 151 0-82
Dy 4-36 667 442 360 631 2:85 2:87 664 360 417 775 4-37
Ho 079 1-25 0-82 0-69 119 0-47 0-50 1-34 0-59 076 1-49 0-81
Er 214 335 217 178 314 1-31 1-36 373 1-59 2:04 384 212
Yb 171 2:68 172 1-40 2:54 0-98 1-06 368 114 161 315 1-67
Lu 0-19 0-34 0-20 019 0-33 0-12 0-09 0-57 0-14 018 0-45 019
Hf 381 5-81 366 297 6:52 231 2:30 10-6 2:92 352 7-03 362
Ta 395 669 364 1-93 742 2:20 1-69 187 0-62 358 1124 4-08
Pb 2:36 3:30 1-62 1-35 510 0-83 0-85 7-38 0-47 1-68 3-89 1-68
Th 4-67 77 422 2:62 859 1-90 2:05 167 0-65 4-05 10-54 401
u 125 194 1-02 0-65 213 0-52 0-55 421 0-44 110 2:63 1-01
875y /%8sy 0-70335 070339  0-70343 0-70334 0-70350 0-70337 070330 070341
3Nd/"Nd 051292 051293  0-51292 0-51293 0-51294 0-51292 051292 0-51292

(continued)
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Table I: Continued

Sample no.: FL-09-01 FL-09-07 FL-09-09 FL-09-19 FL-09-20 FL-09-23 FL-09-26 FL-09-32 FL-09-38 FL-09-41 FL-09-42 FL-09-58 FL-09-59
Island: Flores Flores Flores Flores Flores Flores Flores Flores Flores Flores Flores Flores Flores
Lat. (°N): 394100 39-:3769 394480 394985 395023 395149 3956149 394581 394285 394226 394244 394224  39-4094
Long. ("W): 312451 31-2373 311308 312317 31-2316 312281  31-2281 31-2645 312512 312417 312399  31-1634  31-1602
Elevation (m): 356 151 59 359 303 100 95 6 284 460 472 350 278
Volcano-stratigraphy:* UVC1 BVvVC uvCc2/3 uvCt uvC1 uvCei uvCi UvC2/3  UVvC1 uUvC2/3 UvC2/3 UuvCit uvCi
TAS classification: Trachy-  Trachyte (altered Tephrite  Alkali Alkali Alkali Trachy-  Trachy-  Alkali Alkali Alkali Tephrite
basalt basalt) basalt basalt basalt basalt basalt basalt basalt basalt
wt %
SiO, 47-64 62:11 4174  46-90 44-03 46-71 47-42 44-89 46-70 46-35 44-80 4513 44-53
TiO, 221 062 312 311 361 176 1-82 279 250 1-82 2:24 2:97 347
Al,O3 16-31 17-95 17-83  16:61 16-19 15-74 16-00 15-30 16-30 13-59 14-63 15-49 15-80
Fe,03 10-46 397 1384 1124 1318 1111 1114 12:09 1155 1074 1142 11-85 12:68
MnO 019 0-19 0-27 0-20 019 0-17 017 018 0-20 017 018 0-19 019
MgO 667 0-50 3:36 422 552 879 757 791 576 10-50 9-30 6-42 6-45
Ca0 981 1-35 557 7-88 10-27 1115 11-80 10-02 10-36 11-61 10-77 10-38 10-75
Na,O 374 614 4-32 451 258 261 277 4-36 4-08 316 278 278 334
K20 1-45 535 1-63 2:06 127 0-61 0-62 1-30 1-45 114 1-09 078 1-37
P,0s 061 014 1-67 1-33 0-86 0-43 043 070 076 046 0-64 0-65 101
LOI 1-15 1-69 6-36 179 2:00 1-09 0-38 0-31 0-38 001 1-92 311 0-67
Total 100-24 100-01 9971 9985 99-70 100-17 100-12 99-85 100-04 99-55 99-77 99-75 100-26
ppm
Sc 254 1-566 129 167 23-3 30-8 330 229 230 355 330 292 270
\Y 216 866 100 211 336 207 219 249 253 252 253 327 310
Cr 255 1-86 303 130 421 367 232 419 141 671 572 197 116
Co 390 1-92 226 227 40-6 46-2 438 456 354 517 486 435 420
Ni 106 0-56 2:57 718 306 175 113 147 665 246 209 824 56-9
Cu 64-3 567 187 275 46-7 63-9 805 54-3 56-3 961 935 95-4 566
Zn 94-2 84-9 103 100 104 74-3 776 90-5 93-2 680 76-4 89-8 103
Mo 212 0-50 1-09 2:23 1-87 0-82 097 2:35 2:43 1-89 1-36 1-98 041
Rb 364 50-2 281 469 27-4 10-1 110 290 344 326 277 5-40 323
Sr 666 99-7 654 956 866 446 484 768 698 556 627 726 915
Y 49-8 147 416 425 336 21-8 251 26-8 30-1 240 255 306 344
Zr 246 521 304 322 225 118 120 221 200 158 160 249 228
Nb 812 151 104 970 66-4 334 347 72:4 77-4 579 61-2 852 727
Cs 0-39 0-36 0-22 0-20 019 0-04 010 0-30 0-47 0-43 0-20 017 016
Ba 615 1061 1079 755 464 310 307 495 585 467 528 490 540
La 729 245 53-3 68-4 447 223 245 421 42-8 332 369 50-6 469
Ce 955 46-9 m 139 871 456 479 805 84-0 64-3 70-7 98-4 95-1
Pr 143 539 155 180 112 593 622 971 10-3 775 867 123 125
Nd 519 18-6 60-8 68-3 44-8 239 249 368 396 294 331 439 485
Sm 926 331 124 130 9-05 4-95 5-15 7-09 7-55 5-65 6:33 810 9-64
Eu 308 119 4-63 443 316 1-82 1-87 2:40 263 1-90 217 2:55 339
Gd 910 2:84 1106 1105 8:08 4-66 4-94 612 657 5-08 562 6-97 826
Tb 1-30 0-44 1-59 167 1-15 0-67 072 0-85 093 074 0-81 1-01 116
Dy 674 275 791 775 575 374 4-03 4-54 493 395 420 512 567
Ho 1-37 0-55 1-48 143 1-06 0-69 076 0-81 0-90 075 079 0-97 1-00
Er 351 1-66 366 347 2:63 1-84 2:03 216 2:43 1-99 2:07 2:46 2:49
Yb 2:66 1-62 2:80 2:57 1-90 1-46 161 1-68 191 1-64 1-67 1-97 171
Lu 0-39 0-21 0-39 0-35 0-25 0-16 018 022 0-26 0-21 0-21 0-26 022
Hf 512 978 5-96 6:19 4-59 243 248 4-26 373 3:08 310 4-85 420
Ta 659 1197 772 7-47 576 2:30 2:28 597 618 4-06 4-30 626 564
Pb 217 519 321 291 1-99 0-94 0-92 215 1-88 1-51 1-60 2:09 1-84
Th 544 667 7-39 6-49 4-04 1-89 1-92 459 416 358 355 524 352
U 1-62 1-03 1-90 173 091 0-55 0-54 124 116 097 0-94 112 078
875 /%6gr 0-70339 0-70351 070350 0-70355 0-70326  0-70331 0-70343 0-70337 070333 070337 070353  0-70350
"3Nd/"*Nd 0-51294 0-51291 051290 051290 0-51295 051294 051292 051292 051292 051293 051291  0-51290

(continued)
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Table I: Continued

Sample no.: BHVO-1 Deviation BIR-1 Deviation BHVO-2 Deviation

wt %

SiO, 50-06 0-12 4809 013 49-32 058

TiO, 279 0-08 0-97 0-01 2:67 0-06

Al,03 1377 0-03 1576 026 1353 0-03

Fe,03 12:34 0-11 1151 021 12:03 0-27

MnO 0-17 0 0-17 001 016 001

MgO 725 0-02 9-69 717

Ca0 1157 017 1358 028 1123 017

Na,O 2:27 0-01 179 0-03 271 049

K0 0-52 0 0-02 001 0-51 001

P,0s5 0-29 0-02 0-03 0-01 0-29 0-02

LOI

Total 101-03 101-61 99-62

Sample no.: n BHVO-2 2SD

751 /%6y 22 0-703480 0-000034

3Nd/"**Nd 19 0-512976 0-000015

Sample no.: BHVO-1 Deviationt BIR-1 (n=3) Deviationf BHVO-2 (n=3) Deviation
ppm

Sc 47-4 441 350 2:97
\Y, 329 10-1 324 713
Cr 391 0-43 303 233
Co 545 2:49 46-3 1-34
Ni 197 311 137 176
Cu 152 335 168 40-8
Zn 682 377 102 0-82
Mo 0-04 0-03 431 031
Rb 022 0-02 939 028
Sr 109 0-38 402 5-80
Y 173 172 290 3:00
Zr 149 0-86 185 125
Nb 0-55 0-00 199 1-83
Cs 0-00 0-00 010 0-00
Ba 643 071 132 1-39
La 0-58 0-03 155 0-35
Ce 1-88 0-04 380 048
Pr 0-34 0-03 5-44 0-09
Nd 2:35 0-03 247 019
Sm 1-07 0-05 6-23 016
Eu 0-46 0-07 2:03 0-04
Gd 1-88 0-01 6-34 010
Tb 0-32 0-04 0-95 0-03
Dy 2:50 0-01 528 0-03
Ho 0-55 0-01 0-99 001
Er 1-68 0-02 2:54 0-00
Yb 167 0-08 1-93 0-07
Lu 018 0-07 0-20 0-08
Hf 0-57 0-01 4-35 001
Ta 125 01
Pb 2:99 0-11 161 001
Th 0-03 0-00 124 0-02
U 0-01 0-00 041 001

220z 1snBny 0z uo 1senb Aq | L85G L/€291/8/€S/aI01E/ABO|0N}Rd/ W00 dNO"0IWepED.//:SdY WOl papEojUMOQ

*Volcano-stratigraphy from Azevedo & Ferreira (1999).
tDeviation refers to preferred GeoRem values (Jochum & Nohl, 2008).
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Fig. 3. Volatile-free total alkalis vs SiOy (TAS) diagram with the IUGS classification after Le Maitre et al. (1989). The stratigraphic subdiv-
isions for Flores are adopted from Azevedo & Ferreira (2006). The dividing line between alkaline and tholeiitic compositions is from

Macdonald (1968).

RESULTS

Petrography

The rocks analysed from both islands range in composition
from alkali basalt to trachyte following the TAS classifica-
tion of Le Maitre et al. (1989) (Fig. 3). However, three bas-
alts plot in the tholeiitic basalt field and were identified in
the field as clinopyroxene-dominated cumulate rocks. The
broad trend that characterizes the more primitive rocks
narrows in TAS compositional space towards the more
evolved trachyte compositions (Fig. 3). No compositional
gap is observed on either island. A summary of the petrog-
raphy of representative samples is given in'Table 2.

Primitive lavas and ankaramitic cumulates

The primitive rocks from both islands are alkali-basalts,
with the exception of three tholeiitic basalts (two from
Corvo and one from Flores), which are characterized by
megacrysts of clinopyroxene and olivine. The basalts en-
compass a range in MgO contents between 5 and 18 wt
%, though the rocks from Corvo are generally more
primitive than those from Flores. The xeno- and pheno-
crysts of olivine, clinopyroxene and plagioclase are notably

larger (up to 2 cm) in the Corvo basalts (Table 2). The
matrix of all the basalts is cryptocrystalline to finely crys-
talline and plagioclase-dominated. Glass is absent in the
groundmass, but small melt inclusions can be found in the
iron—magnesium silicate phases. However, these melt in-
clusions cannot be linked to any specific generation of
these minerals (i.e. xeno- or phenocryst). Olivines and
clinopyroxene are usually normally zoned. The Corvo
samples with MgO concentrations higher than 12wt %
(e.g. samples C-09-03, —05, —10 and —13) show evidence,
such as aggregation and the xenomorphic shape of the
crystals (Fig. 4¢), for accumulation of olivine and clinopyr-
oxene. Xenocrystic olivines have corroded cores and are
often overgrown by clinopyroxene. Large xenocrysts of
olivine and clinopyroxene are also found in the lower
MgO Corvo basalts, but their abundance is more re-
stricted (Fig. 4e—g).

Intermediate rocks and trachytes

The more evolved rocks from Flores and Corvo tend to
belong to the younger volcanic cycles and, compared with
the basalts, show greater evidence for explosive eruption
styles, such as fragmented crystals and higher vesicularity
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Table 2: Summarized petrography of selected samples from Flores ( FL-09-xx) and Corvo (C-09-xx)

Sample

Rock type

Description of lavas

Pre-caldera stage

Fresh lava flow with ~15% cpx (pheno- and xenocrystals up to 7mm), ~5% altered Ol (<2mm), 15%

Highly vesicular (20%, up to 2cm) lava, cryptocrystalline matrix with <2% PI (<1 mm)
Lower flow of an eruption sequence, up to 1 cm sized vesicles (15%), Cpx up to 7mm (10%), ~15% PI

phenocrysts (<1mm) and xenocrystals (<3mm), ~3% altered Ol, dense matrix

C-09-01 Alkali basalt
Pl phenocrysts (<3mm), <1% Fe-Ti oxides
C-09-02 Tephrite
C-09-18 Tephrite
C-09-20 Alkali basalt

Caldera related

Ankaramitic basalt, fine-grained dense matrix, large vesicles (6%, <7mm), ~10% Cpx (xenocrystals up to
2cm), ~2% Ol, <1% Fe-Ti oxides

Scoriaceous vesicular trachyandesite, weathered surface, glassy pumice (<2%), ~2% PI xenocrystals

Fresh dense lava flow, evenly distributed Ol and Cpx (10%) up to 7mm in size

Fresh ankaramitic flow, ~20% large idiomorphic Cpx (<1cm), 5% altered Ol, Fe-Ti oxides disseminated in

Altered medium- to coarse-grained mafic composition, ~20% Pl up to 7mm, ~20% weathered Cpx (<5 mm),

Massive intermediate flow, dense, ~30% Pl pheno- and xenocrystals, ~1% Bt (<1 mm)

Fresh, vesiculated but dense basalt flow, occasional mafic cumulates (<1%), ~3% Cpx, ~3% PIl, <1% Ol, Fe-

Fresh basaltic flow at the base of a sequence, fine-grained, ~3% Cpx (<2mm), ~5% Pl <2mm), ~1% Ol

Scoriaceous flow, ~20% vesicles, fine-grained dense matrix, ~3% PI, ~2% Cpx phenocrystals

Fresh mafic composition, ~4% Ol xenocrystals up to 3mm, ~2% Cpx (<3 mm), occasional (~1%) PI laths up

Fresh porous basalt, cm-sized Cpx ~2%, vesicular matrix, ~1% large Pl (<8 mm) xenocrystals enclosing small

C-09-08 Basaltic trachyandesite
C-09-09 Alkali basalt
C-09-13 Ankaramite basalt
matrix (<1%)
BvVC*
FL-09-06 Alkali basalt
relics of altered Ol (<2%)
FL-09-07 Trachyte
uver
FL-09-23 Alkali basalt
Ti oxides disseminated (<1 mm)
FL-09-26 Alkali basalt
(<1 mm)
FL-09-59 Tephrite basanite
uvez-3
FL-09-32 Trachybasalt
to 2 mm
FL-09-41 Alkali basalt
Cpx, ~1% Ol phenocrystals (<1 mm)
FL-09-42 Alkali basalt

Vesicular fresh basalt, ~5% Cpx up to 5mm, ~3% PI crystals (<3mm), ~1% altered Ol, occasional Fe-Ti

oxides

*Stratigraphy after Azevedo & Ferreira (1999).

(up to 30 vol. %). Using the TAS classification they range
from trachybasalt to trachyte in composition (Iig. 3,
Table 1). These rocks typically contain olivine, clinopyrox-
ene, magnetite and plagioclase as abundant phenocrysts.
A small amount of reversely zoned clinopyroxene is present
in some of the trachytic lavas, but the majority (>90%) of
the crystals are normally zoned, similar to the basaltic
lavas. Apatite is an accessory phase in the more evolved
rocks and can be found together with plagioclase and
clinopyroxene phenocrysts. Olivine crystals often have
iddingsitized rims and cracks that are usually filled with
iron oxides. As the rocks evolve to higher silica content,
plagioclase becomes more dominant (Fig. 4). Hydrous
phases are observed only as alteration products of

clinopyroxene in the form of kaersutitic amphiboles
(Table 3) in young scoriaceous rocks in the caldera of
Corvo and as pseudomorphs in young trachytic basalts on
Flores.

The Vila do Corvo flank eruption and hosted cumulates

The Vila do Corvo flank eruption is thought to represent
the most recent volcanic activity on Corvo (Fig. 2). Age es-
timates place this eruption at <80 ka (Franca et al.,
2006a). Based on the TAS classification, the most primitive
rock analysed here is a gabbroic enclave from this flank
eruption. The host lava is altered and finely crystalline to
aphyric, whereas the enclave is characterized by xeno-
morphic crystal shapes (Fig. 4h) and is interpreted to be a
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Fig. 4. Representative photomicrographs from Flores (left) and Corvo (right): (a) zoned clinopyroxene (Cpx) under crossed polars, FL-09-08;
(b) opaque phases surrounding olivine (Ol) and disseminated in the matrix, reflected light, FL-09-23; (c) plagioclase (Pl), Cpx and Ol aggre-
gate in FL-09-26; (d) inclusions in plagioclase, crossed polars, FL-09-41; (e) Ol overgrown by Cpx; magnetite (Mag) appears opaque;
C-09-06; (f) Ol and hour-glass sector zoned Cpx crystals, crossed polars C-09-07; (g) ankaramitic cumulate with megacrysts of Cpx and cor-
roded Ol C-09-13; (h) gabbroic cumulate enclave with hypidiomorphic plagioclase, olivine and clinopyroxene crystals C-09-17.2.
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the olivine and the host lava. The Ay value used here is 0-3 (£ 0-03).

cumulate. Relatively unaltered samples of the host lava
have evolved trachyandesite compositions, making this
one of the most evolved rocks on Corvo. This flow carries
abundant ovoid enclaves that vary in size from roughly
fist-sized to ~30 cm. The chemical characteristics of the
host lava and the enclave are summarized inTable 1.

Mineral chemistry

Olivine

A predominance of forsteritic olivines is characteristic of
lavas from both islands (Table 3). The analysed olivine
cores from Flores range from Fogg to Fog (Fig. 5). The
Corvo olivines range from Fogg to Fog), whereas Fogg 75 13
typical for the olivines in the gabbroic enclave
(G-09-172) in the Vila do Corvo flank eruption
(C-09-17.1). The lavas on Corvo contain only olivines be-
tween Foz; and Fog, and are characterized by normal
chemical zoning. Olivine rims from both islands extend
to Fo.gs. In summary, the olivines from Corvo are, on
average, slightly more primitive. The highest abundance
of olivine crystals that are in chemical disequilibrium
with the host lavas is observed for lavas with bulk-rock
Mg# between 55 and 67 (Fig. 5). NiO contents increase
with increasing Fo content and whole-rock Mg#f.
However, the NiO concentration in the most primitive
olivine cores (Fogg ) ranges from ~1000 to 2500 ppm,
which may be indicative of mixing between evolved and

primitive magmas, as has also been observed in the east-
ern island of Sdo Miguel (e.g. Beier et al., 2006).

Clinopyroxene

The clinopyroxenes from both islands are Ti-augites (Table
3). Like the olivines, their chemical composition is very re-
stricted and they seem to be slightly more evolved in the
lavas from Ilores (Wosg 46Eny; 55Fso3-16) compared with
those from Corvo (Woyg 46Enys 55Fspo-11). However, this
compositional distinction is very subtle (Fig. 6). Most crys-
tals are slightly zoned with decreasing MgO and increas-
ing TiOy and FeO contents from core to rim, but
occasionally some crystals show reverse zoning. Faint
hour-glass (or sector) zoning (e.g. Vernon, 2004) is
observed occasionally (Fig. 4f) but is not reflected in the
composition.

Feldspar

The feldspars from both islands are predominantly plagio-
clase; those from Flores have a total compositional range
of Abjo gsAny ggOrg 3. However, the basalts with the
lowest whole-rock alkali contents contain two distinct
plagioclase compositions: a more primitive plagioclase
generation with Angs 7; and a more evolved one with
Ang 5. Only the trachytic lavas on Flores contain
anorthoclase  Abg;_70An-130r19-03 (Table 3, Fig 7).
Corvo’s feldspar compositional range is more restricted
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Fig. 6. Clinopyroxene compositions projected into the pyroxene quadrilateral with temperature contours after Lindsley (1983). The 0-5 GPa
projection was chosen according to the pressure range obtained from samples with whole-rock MgO contents of around 5 wt %. Coexisting oliv-
ines are plotted on the En—Fs (Fo—Fa) base line for both primitive and evolved samples from both islands.

Corvom
Floreso

Or

Ab

Fig. 7. Feldspar ternary diagram with temperature curves from the models of Benisek et al. (2010) (continuous lines) and Fuhrman & Lindsley
(1988) (dashed lines). The 0-1 GPa projection reflects minimum pressure conditions, as the magmas most probably crystallize early plagioclase
at greater depths and higher temperatures.

(bytownite—labradorite) and also more primitive (Abyy,-  Flores and Corvo. They also occur around the rims of]

10AngH_90O0T(_9). and as inclusions in, the Fe—Mg silicates. The more mafic
rocks contain proportionally more spinel (1-2%), whereas
Fe—Ti oxides and spinels the trachytic lavas show a dominance of ilmenite

Ilmenite, titanomagnetite and chrome-spinel are the (~1%) over titanomagnetite and chrome-spinel (<0-5%)
opaque phases found in the matrix of the lavas from (Tables 2 and 3).
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€ Corvo
O Flores

Plag 0]

Fig. 8. Olivine—clinopyroxene-plagioclase phase diagram redrawn
after Presnall et al. (1978), showing the calculated mineral proportions
in the lavas from Flores and Corvo, determined using the method of
Stolper (1980). The evolution of the lavas towards the plagioclase
corner follows the change of liquidus boundaries with decreasing
pressure. The three Corvo samples in the olivine field furthest away
from the 15 GPa line represent the ankaramitic cumulates.

Amphibole

Idiomorphic to hypidiomorphic Ti-rich kaersutitic amphi-
boles were observed in one basaltic trachyandesite on
Corvo and in one trachyte on Flores (C-09-08, FL-09-44;
Table 3). These partially to completely replace original
Ti-augite, which is most clearly identified by the skeletal
(pseudomorphic) clinopyroxene crystal shape; however,
some cores of the original augite are also occasionally pre-
served. The kaersutites typically exhibit opaque rims of
magnetite (e.g. Deer et al., 1992).

Biotite

Biotite was observed only in one mildly altered trachyte
sample of the BVC unit of Flores (FL-09-07). The crystals
occur in small (2-3mm) patches around the feldspars
and in the matrix. They are brown to dark brown in
colour with strong pleochroism. Smaller (<Imm) single
crystals are also disseminated throughout the matrix.

Accessory phases

Apatite needles with a maximum length of 1 mm occur in
the matrix and as inclusions in clinopyroxene and plagio-
clase, with increasing modal abundance in the intermedi-
ate to evolved rocks (I-5wt % MgO). A few larger
apatite crystals were found in the caldera scoria cones of
Corvo with sizes up to 5 mm (C-09-08).

Whole-rock geochemistry

Major and trace elements

Representative whole-rock major-element data are given in
Table 1. The modal olivine—clinopyroxene—plagioclase
abundance in all of the lavas was calculated using the
method of Stolper (1980). The results are projected onto a
phase diagram (Fig. 8), after Presnall e al. (1978), and dem-
onstrate a good agreement with the observed petrography.
The lavas from Flores show a more variable trend when
compared with those from Corvo; their average compos-
ition appears slightly more evolved.

Bivariate plots of selected major-element oxides versus
MgO wt % are used to investigate the evolutionary
trends for the lavas from Flores and Corvo in Fig. 9. The
two islands are comparable in their overall compositional
range as MgO decreases from 12 to 4wt %. Across this
range SiOy decreases slightly, from ~47 to 44wt %, but
then abruptly increases (up to 63 wt %) in lavas with <3
MgO (wt %) (not shown; refer to Table 1 and Fig. 3).
CaO decreases over the entire MgO range with a slight
positive inflection between 4 and 6 MgO wt %. PyOj;
and TiOy first increase to a maximum at 4—4-5wt %
MgO, after which they decrease significantly as the com-
positions evolve to lower MgO (Fig. 9a and f). FeO"
(FeOT:O'8998 x FegOs) shows a similar trend to TiO;
however, it does not increase as strongly between 45 and
12 MgO wt %. AlyO3 and alkali contents (Fig. 9b—d) in-
crease towards lower MgO. A good correlation between
Al,O3 and CaO is observed (Fig. 10a). The lavas from
Flores form a dominant cluster at around 10 wt % CaO.

Both lava suites show a positive correlation between
MgO and Ni and Cr concentrations at MgO higher than
4wt % (Fig 1la and b). Maximum Ni concentrations of
250 and 300 ppm correspond to 10-5 and 111wt % MgO
respectively (Table 1). Incompatible trace-element vari-
ations (La, Sr, Y, Zr) are shown in panels (c¢)—(e) of I'g.
11. These form negative correlations with MgO and the
lowest concentrations are observed in the ankaramitic cu-
mulate rocks from Corvo at ~15 and 18 wt % MgO. The
observed trends for Corvo are better defined than the
more scattered ones from the Flores suite. On Corvo, only
sample C-09-17.2 deviates from the trends, and this can be
explained by its gabbroic nature. The scatter in the Flores
lavas cannot be attributed to relative age or location of
the samples; this is discussed further below.

The same trace eclements illustrated in Fig. 11 are
plotted against the highly incompatible element Nb in
Fig. 12. It should be noted that the x-axis is log-scaled to
highlight the differences between the Flores and Corvo
trends and to emphasize the deviation of the most primi-
tive cumulate rocks at the lowest Nb contents. Again,
relatively clean trends are observed for the Corvo suite,
whereas the Flores lavas show scatter, which is greatest
for Sr and Y.

1688

Zz0z 1snbny oz uo 1senb Aq | L8GGYL/EL91/8/€5/0101e/ABojoled/woo dno-ojwepede//:sdjy woly pepeojumod



GENSKE et al. WEST AZORES VOLCANIC SUITES

1 21
(@
S 117 &
5 115 2
S e %
= . '.1; 2
5 RN 2
T T I_15
! “(e)
2 e | o
g€ 9 110 @
2 4 =
O —
5 o l's 2
z , _ B
1 ‘—— ¢ Corvo @ N NN
R~ " | O Flores — T T T T
5r x MELTS polybaric (C) 1L © (f) 145
— — MELTS 0.1 GPa : 5
® 4o, |—MELTS05GPa . ] .
= i — MELTS 1.0 GPa 1 110 fe
2 3r% . |—MELTS15GPa . 0o
-o ) | E
o ol ] =
Al
X I 1 105 2
1.- ® . ". ® ’. ~—"
O 1 " 1 ' L " 1 N N N N \

MgO (wt. %)

02 46 81012141618 0 2 4 6 8 101214 16 18

MgO (wt. %)

Fig. 9. Major-clement contents versus MgO (wt %) for lavas from Flores and Corvo. Continuous lines represent the evolution of the liquid
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In terms of their primitive-mantle normalized incom-
patible trace-element patterns (Fig. 13), the lavas from
both islands are enriched in Nb—Ta and La—Ce, whereas
Zr and Hf show a relative depletion. Some Flores lavas
also have negative Ti anomalies. Overall, the most primi-
tive lavas from Flores appear to be somewhat more en-
riched in incompatible trace elements compared with
Corvo lavas with similar MgO concentrations. A slightly
stronger depletion in the heavy rare earth elements
(HREE) over light rare earth elements (LREE) is charac-
teristic of Corvo.

The variation of Dy/Yb and Nd/Sr versus Dy and Nd is
sensitive to the depth of partial melting and fractionation,
respectively (Fig. 14). Corvo lavas have a relatively re-
stricted range in both diagrams, whereas the data from
Flores scatter significantly. However, the trends, especially
for Corvo, do not back-project towards the ankaramites as
clearly as in Figs 11 and 12, but still fall within the observed
overall range of compositions. The Dy/Yb plot suggests
that there may be two compositional groups within the
Flores samples, possibly reflecting differences in the pres-
ence of residual garnet during source melting (Fig. 14a).
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Sr=Nd isotope systematics

The lavas from Corvo and Flores are very similar in their
Sr and Nd isotopic compositions. Lavas from Corvo
appear to be relatively invariant in their "*Nd/"*Nd
ratios (~0-51293), whereas the Flores lavas form a broad
negative trend of ¥’Sr/*°Sr versus "°Nd/"*Nd, which is
comparable with data from the eastern Azores islands of
Pico and Sdo Miguel (Fig. 15). However, the Flores and
Corvo data show a more restricted range in Sr and Nd iso-
tope compositions and are more MORB-like when com-
pared with the eastern Azores data. The most radiogenic
sample in Sr from Corvo (C-09-13, ¥Sr/*Sr ~ 0-70350) is
interpreted to be an ankaramitic cumulate; however, sea-
water alteration could be the reason for this more radio-
genic composition (e.g. Whipkey et al., 2000). Figure 15b
reveals a distinct group of lavas from Flores (red symbols)
that were predominantly sampled from a section of the
stratigraphic unit UVCI around the east and north coast
of the island. It should be noted that these samples are

characterized by higher TiOy contents (refer to Table 1)
and by differences in their trace-element ratios (see
below). These characteristics are not restricted to samples
from a discrete stratigraphic unit or location, but are
found in lavas throughout the island.

QUANTIFICATION OF INTENSIVE
PARAMETERS

Differentiation and crystallization of OIB is generally con-
sidered to take place near isobarically at shallow crustal
depths (e.g. Widom et al., 1992; Ablay et al., 1998; Beier
et al., 2006). However, we find that there is evidence for
deeper, and arguably polybaric, processes occurring be-
neath Corvo and Flores. We have attempted to calculate in-
tensive parameters for this magmatic system to provide
constraints for subsequent major- and trace-element
models for magmatic differentiation in the western portion
of the Azores archipelago.

Geothermobarometry

The iron—magnesium silicates, as well as the feldspars,
from the Corvo and Flores lavas were used to estimate in-
tensive parameters such as the pressure (P) and tempera-
ture (7) of the ascending magmas below the islands. For
the calculation of these parameters only crystals in chem-
ical equilibrium (e.g. Fig. 5) with their host-rocks were uti-
lized. One sample from each island (C-09-08, FL-09-44)
containing kaersutite phenocrysts was also used in an at-
tempt to calculate the stability conditions of the amphibole
in the shallower part of the magmatic system. A
K-feldspar geothermometer was also applied to the highly
evolved samples from Flores (MgO <Iwt %) to estimate
the (shallowest) temperature conditions of the crystalliz-
ing magmas.

Ti-augite geothermobarometry

Geothermobarometric calculations were performed on
clinopyroxene phenocryst cores using the models of
Putirka (2003, 2008). Table 4 summarizes the P—7 estimates
from the different methods; the most consistent and statis-
tically robust results are provided by the cpx-liquid
model (Putirka, 2003). The whole-rock compositions of
single lavas were used to represent the nominal liquid com-
positions; corresponding mineral core analyses were
tested for equilibrium with that liquid before proceeding
to calculate pressures and temperatures. This was achieved
by comparing the stoichiometrically calculated clinopyr-
oxene components from the lava compositions with
those of the measured mineral components (Putirka,
1999). Samples whose measured and predicted compo-
nents deviated strongly were not used for P—7 estimates.
Furthermore, mineral data that revealed Fe-Mg
exchange [Kp(Fe-Mg)®* "] values outside the range of
0-27 £0-03 were also inferred to be out of equilibrium
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Fig. 11. Compatible (a, b) and incompatible (c—f) trace-element variations versus MgO (wt %) in the lavas from Corvo and Flores.
The highest Cr and Ni contents correlate with the ankaramitic samples (C-09-10 and C-09-13). These two samples are also characterized by

the lowest incompatible trace-element concentrations.

with the liquid and therefore not used for P—7 estimates.
Figure 16a summarizes the P-7 estimates from equili-
brated clinopyroxenes from Corvo and Flores. Each data
point reflects a single lava, where the P—7 values are
based on the average compositions of corresponding equili-
brated clinopyroxenes. The highest temperatures and pres-
sures calculated for Corvo were 1302 (46)°C and 119
(£0-:06) GPa, respectively. Maximum values for Flores are
1256 (£9)°C and 105 (£0°10) GPa. Strikingly, there is a
continuum towards lower P and 7 and thus a discrete

magma chamber seems unlikely at lithospheric depths. In
detail, a linear fit through the data array from each island
(R*>0-9) suggests that the P—7 gradient of the ascending
magmas differs slightly between the two islands and that
the magmas from Corvo appear to have a slightly deeper
(c. +5km) onset of crystallization than those from Flores.
These observations contrast with inferences from some of
the eastern islands [e.g. see Beier et al. (2006) for Sao
Miguel], where two distinct and shallow magma chambers
have been suggested. It should be noted that the gabbroic
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based on the petrographic observations and is composed of cpx—ol-plag-mag (modal %: ~30-3-5-1). Partition coefficients used to calculate

the model are given inTable 7.

cumulate from the Vila do Corvo flank eruption does not
allow for reliable P—7 calculations owing to the heterogen-
eity in its mineral compositions and small size that makes
it unrepresentative in terms of a whole-rock analysis.

The Ti-augites were also plotted in the pyroxene quadri-
lateral for a first-order approximation of the temperature
conditions (Fig. 6). Because the Lindsley (1983) geotherm-
ometer is isobaric, a 15 GPa projection (not shown) best
approximates the most primitive compositions, whereas
the 0-5GPa projection (Fig. 6) displays the best corres-
pondence to temperatures calculated using Putirka (2008)
for the more evolved (trachytic) samples. The 0-5 GPa pro-
jection is illustrated in Fig. 6, because this best reflects
the crystallization depths reported for comparable

ocean island settings (e.g. Sao Miguel, the Canary
Islands, Madeira; Hansteen et al., 1998; Klugel et al., 2000;
Schwarz et al., 2004; Beier et al., 2006).

Olivine thermometry

Because olivine represents one of the earliest crystallizing
phases it was used to estimate the liquidus temperatures
of both systems. The Putirka (2008) approach was chosen
as the resulting liquidus temperatures are consistent with
the observed whole-rock MgO—temperature dependence
in the clinopyroxene (Fig. 16b). The Beattie (1993) model,
which uses the melt composition to calculate olivine equi-
librium temperatures, is consistent (£l0K) with the

Putirka  (2008) model. Accordingly, the liquidus
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Fig. 4. Element-ratio plots for fractionation-sensitive elements in the
Flores and Corvo magmatic systems. (a) Dy/Yb versus Dy indicates
a similar differentiation path for both islands; however, a cluster of
samples with higher Dy/Yb ratios from Flores may indicate a contri-
bution from a different source or assimilation processes within
the deep lithosphere. (b) Nd/Sr versus Nd also illustrates similar
differentiation processes for both magmatic systems. The ankaramitic
cumulates from Corvo have Dy<3ppm and Nd<20ppm. The
Rayleigh-fractionation model shown by the continuous line uses
the same parameters as that in Fig. 12. The tick marks represent 5%
increments of fractional crystallization and the model trend stops at
70% total fractionation.

temperature of the most primitive lava from Corvo
(G-09-03, 12:3 MgO wt %) is estimated to be ~1375°C
('Table 4).

Amphibole and feldspar thermobarometry

To estimate the lower end of the intensive parameter range
(i.e. the shallowest conditions), feldspar and amphibole
thermometry was applied. Amphibole thermobarometry
(Ridolfi et al., 2010) provides estimates consistent with the

Literature data from Pico (red field) and Sete Cidades (Sao Miguel,
grey field) are plotted for comparison (data from Turner et al., 1997,
Beier et al., 2006, 2007). The samples plot within the mantle array (a)
between Bulk Silicate Earth (BSE) and Atlantic MORB (data from
Chauvel & Blichert-Toft, 2001). (b) Close-up of the Flores and Corvo
data highlighting the differences between the two systems, with
Flores trending towards more radiogenic ¥Sr/**Sr. A distinct group
of Flores lavas is characterized as FOZO-like (red circles).

dP/dT path determined from the ferromagnesian silicates
(Table 4); the amphibole P—7 parameters lie on the extra-
polated path illustrated in Fig. 16a.

Feldspar thermometry was conducted using the
approaches described by Fuhrman & Lindsley (1988),
Benisek ez al. (2004, 2010) and Putirka (2003). The ternary
projection of the feldspar compositions onto experimen-
tally determined temperature curves is shown in Fig. 7,
where panels (a) and (b) (Corvo and Flores respectively)
provide temperatures for a 0-1 GPa projection, whereas in
panel (c) both islands are plotted onto a 1-0 GPa projec-
tion. Even though the 900°C isotherm does not change be-
tween the two depth projections, the process of continuous
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Table 4: Geothermobarometric estimates on lavas from Flores and Corvo

WEST AZORES VOLCANIC SUITES

Sample MgO (wt %) Putirka (2003) Putirka (2008)

cpx-liquid cpx (anhydr)

T (°C) 1SD P (GPa) 1SD T (°C) 1SD P (GPa) 1SD
C-09-01 93 1238 9 094 0-90 1192 22 0-55 213
C-09-05 60 1166 4 071 0-43 141 1" 0-44 1-09
C-09-06 88 1222 9 0-82 094 1187 14 0-51 151
C-09-07 115 1302 6 119 062 1193 9 1-04 110
C-09-08 33 1074 13 0-59 149 1145 5 0-29 1-81
C-09-15b 113 1283 9 118 0-87 1213 23 0-89 1-84
C-09-17.2 107 1341 63 170 399 1205 15 1-36 9-30
C-09-18 81 1211 " 0-85 0-90 1159 17 0-568 154
FL-09-01 67 1186 8 079 076 VAl 19 0-61 1-44
FL-09-11 4-4 1122 8 0-56 0-95 1121 23 0-35 1-42
FL-09-23 88 1239 10 104 1-02 1183 20 072 1-90
FL-09-41 10-5 1256 9 1-05 0-99 121 17 0-68 1-59
FL-09-59 65 1179 1" 0-85 1-30 1147 6 0-49 1-56
FL-09-69 57 1153 9 0-66 0-98 1157 18 0-49 125
Sample MgO (wt %) Fo content Putirka (2008) Beattie (1993)

ol-liquid melt (ol)
1SD T (°C) 1SD n= T (°C) Diff. from Putirka

C-09-01 93 846 07 1308 3 14 131 3
C-09-03 12:3 897 0-9 1375 8 2 1374 -2
C-09-05 60 752 0-1 1230 1 2 1235 5
C-09-06 88 830 17 1299 5 4 1302 3
C-09-07 115 882 0-2 1349 1 5 1353 3
C-09-15b 11-3 876 0-8 1356 5 4 1362 6
C-09-18 81 818 10 1284 3 4 1286 2
C-09-20 107 87:0 05 1332 2 6 1334 3
FL-09-01 67 807 0-8 1253 7 4 1257 5
FL-09-20 55 761 05 1208 2 4 1210 2
FL-09-23 88 852 06 1287 0 2 1293 5
FL-09-26 7-8 822 15 1257 4 3 1256 -1
FL-09-32 79 805 0-8 1292 3 19 1299 7
FL-09-41 1056 866 10 1336 3 7 1344 8
FL-09-58 64 767 0-2 1244 1 3 1236 -8
FL-09-59 65 787 10 1238 3 4 1242 4
FL-09-69 57 774 10 1228 3 7 1230
Sample MgO (wt %) Putirka (2008) Ridolfi et al. (2010)

K-fsp-liquid amph

T (°C) 1SD n= 7 (°C) 1SD P (GPa) 1SD n=
C-09-08 33 960 22 0-30 0-33 1
FL-09-07 05 920 1 8
FL-09-44 09 1003 14 0-31 021 25
FL-09-60 0-4 926 3 17
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Fig. 16. Temperature and pressure estimates from equilibrium minerals (summarized in'Table 4). (a) Approximate P—7 path for the lavas from
Corvo and Flores during clinopyroxene-dominated differentiation. Clinopyroxene, amphibole and K-feldspar were used for these calculations.
The grey dashed P—7 path is a summary of Flores and Corvo clinopyroxenes (linear regression, R* ~ 09), as they are the most abundant
phase and therefore the calculated values are statistically more robust. Amphibole and K-feldspar intensive parameters are plotted for informa-
tion only, but appear to confirm the trend (linear regression through all clinopyroxene P—7 estimates). (b) Temperature vs MgO content
(wt %) of the lavas highlighting the consistency between olivine- and clinopyroxene-derived temperature paths. Regression lines here corres-

pond to Flores (dashed lines) and Corvo (continuous lines), each with R? values >0-9, which may imply continuous P—7 evolution of

the magmas.
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Sdo Miguel
(Beier et al., 2006)

+ Corvo
o Flores

900 1000 1100 1200
T(°C)

Fig. 17. Log fO, vs temperature estimates for lavas from Flores
and Corvo. Ulvospinel-magnetite solid solution experiments
from Buddington & Lindsley (1964) were graphically applied to
Ti-magnetites for the oxygen fugacity estimates for different lavas.
The data are compared with the evolution of pre-caldera lavas from
Sete Cidades from Sao Miguel (Beier et al., 2006), and with lavas
fromTenerife (Ablay ef al., 1998; Bryan et al., 2002). The Ti-magnetites
appear to plot consistently above the NNO buffer, which reflects
similar oxidation states for all magmas. MH, magnetite-hematite;
NNO, nickel-nickel oxide; QFM, quartz—fayalite-magnetite; WM,
wiistite-magnetite; IW, iron—wistite.

700 800

cooling with decreasing pressure, and hence continuous
fractionation, becomes apparent in both projections be-
cause both island suites cross multiple isotherms with evol-
ving composition (900-700°C). The intersection of the
observed lava trend with the temperature contours of
Benisek et al. (2010) is generally consistent with the cooling
of the magmas during ascent, although the anorthoclase
temperatures of ~700°C are substantially lower than
those inferred from the approach of Fuhrman & Lindsley
(1988). It almost appears as if the observed trend of the
plagioclases follows an inverse temperature path (i.e. 650—
750°C) when applying the models of Fuhrman & Lindsley
(1988). Therefore, we also attempted to use the equations
described by Putirka (2005) to obtain additional feldspar
temperature estimates (Table 4). These estimates result in
a good fit to the projected P—7 gradient from the clinopyr-
oxene calculations, potentially placing the alkali feldspar
crystallization near the surface at Flores (Fig. 16a).

In summary, estimates of the pressure and temperature
conditions of crystallization of the lavas from Flores and
Corvo have been made using a number of independent
methods; the resulting P—7 paths, based on the three
major phenocryst phases, are internally consistent. A poly-
baric evolution model is suggested and we infer that frac-
tional crystallization took place during magma ascent in

WEST AZORES VOLCANIC SUITES

volcanic conduits rather than in a single magma chamber
at any specific depth. This conclusion, however, does not
negate the existence of magma chambers per se, as the
more evolved samples show petrographic (e.g. kaersutite,
K-feldspar, large apatite) and morphological (e.g. large
caldera on Corvo) features that are readily explained by
the existence of a shallow (crustal) magma chamber.

Oxygen fugacity

Lavas containing abundant iron—titanium oxides were
used to estimate the oxygen fugacity at the different differ-
entiation stages, and hence at different inferred depths
and temperatures. The titanomagnetite mineral chemistry
(Table 3) was stoichiometrically evaluated for the various
ulvospinel  proportions for comparison with the
solid-solution experiments of Buddington & Lindsley
(1964). The data are illustrated in Fig. 17 in comparison
with studies from Tenerife (Ablay et al., 1998; Bryan et al.,
2002) and Sdo Miguel (Beier et al., 2006), which highlight
the similarity between these OIB systems. The lavas from
Corvo and Flores appear to lie somewhat above the
nickelnickel oxide buffer (NNO). The lavas from Flores
may indicate open-system behaviour, as they do not define
a buffer-parallel trend. However, the clearer trend of the
Corvo samples is consistent with a closed-system fractional
crystallization process.

LIQUID LINE OF DESCENT

Primary magma compositions of Flores and Corvo

The major-element trends from Flores and Corvo suggest
a similar liquid line of descent for each island coupled
with crystallization over a comparable range of depths
(Figs 9, 16 and 18). The most primitive samples from each
island have MgO contents >11wt %. However, especially
in the case of Corvo, the most MgO-rich lavas show clear
petrographic evidence for olivine and clinopyroxene accu-
mulation (refer to Figs 4 and 5, respectively). Mineral ana-
lyses from these samples (C-09-10 and C-09-13) reveal
that olivine and clinopyroxene are not in equilibrium with
the host magma (Table 3). These minerals are most prob-
ably accumulated crystals derived from gravitational set-
tling during fractional crystallization. Therefore, these
rocks must be ruled out as potential parental or primary
magmas.

The most primitive lavas (e.g. whole-rock Mg#t =71,
Fig. 5) containing olivine (Fogg, Ni ~ 1750 ppm) and clin-
opyroxene in equilibrium with their whole-rock composi-
tions are characterized by 10-1lwt % MgO and Ni
contents of 200-300 ppm (Tables 1 and 3). Hence, samples
C-09-20 and FL-09-41 are considered to resemble near-pri-
mary magma compositions for Corvo and Flores, respec-
tively. Although their nickel content may be slightly too
low for these to be true primary magmas according to the
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criteria of Hess (1992), the model of Hart & Davis (1978)
suggests that these samples could reflect near primary
magmas formed by ~3% melting of peridotite.
The relatively low nickel contents of the olivines and the
primitive lavas, however, are consistent with eruption on
young and thin lithosphere, as has been described in
detail by Niu et al. (2011). In the following discussion, these

Table 5: Primary magma compositions and therr P—T
conditions of the Flores and Corvo suites using different

model calculations

Herzberg & Asimow Lee et al. (2009) Putirka (2005)

(2008)

FL-09-41 C-09-20 FL-09-41 C-09-20 FL-09-41 C-09-20

Si0, 463 455 463 454
TiO, 17 2:0 16 20
Al,03 12:4 13 123 112
Cr,0; 01 01 00 00
Fe,03 10 1:0 1:0 1:0
FeO 90 94 90 95
MnO 02 02 02 02
MgO 14-2 15:0 14-8 157
Ca0 107 118 105 117
Na,0 2:9 241 2:9 2:0
K,0 10 08 1:0 08
NiO 00 01

P,0s 00 03

H,0 05 04 05 04
Fo 0-90 0-90 0-90 0-90
T(°C) 1439 1458 1432 1468 1438 1467
P (GPa) 25 27

Table 6:  Mineral modes extracted from the MELTS models

two samples will be used for further investigation of melt-
ing and crystallization processes beneath both islands.

Primary magma compositions for the parental magma
samples C-09-20 and FL-09-41 were calculated following
the approach of Lee et al. (2009). The corresponding esti-
mated temperature and pressure conditions for basaltic
magma generation in the mantle beneath Flores and
Corvo are summarized in Fig. 19b and Table 5. The Lee
et al. (2009) method places constraints for the calculations
of MgO>9wt %, Fe’*/Fe' =011 in the basalts and Fog,
in the mantle source; hence P—7 conditions of equilibration
for the parental magmas of five lavas are plotted in
Fig. 19a, including the ankaramitic cumulates. A conse-
quence of this analysis is an independent estimate of the
amount of HyO present in the source. The two primary,
non-ankaramitic lavas (Fig. 19b) suggest between 0-5 and
10% H,0O. Accordingly, our best estimates for the condi-
tions of primary magma generation are just above the
spinel-garnet transition of Robinson & Wood (1998) at
depths of ~84km and at a maximum temperature of
~1450°C.

Fractional crystallization

The mineralogy, textures and bulk-rock compositions of
the lavas are consistent with fractional crystallization
being the dominant differentiation process for both the
Corvo and Flores magmatic systems. The decrease in size
of the olivine and clinopyroxene phenocrysts (from 20 to
0-5mm) and the accompanying increase in the size of pla-
gioclase phenocrysts (from 0-5 to 10 mm) with decreasing
inferred pressure supports this notion. Moreover, the
major-element trends show clear evidence of clinopyrox-
ene-dominated fractionation towards more evolved
magma compositions. The first minerals to crystallize
from the melt were forsteritic olivine (decrease of MgO
accompanied by subtle increase of iron) in minor modal
abundance followed by clinopyroxene, which is inferred
from the decrease of CaO with decreasing MgO. The
latter relationship, together with the flattening trend of

P (GPa) T (°C) 1-F (%) cpx ol plag spin + mag apt Total
12-5-6 1370-1040 700 394 2:9 37 26 03 49-0
0-1 1210-1010 728 294 93 118 2:2 0-2 529
05 1270-1040 726 366 66 7-0 22 03 527
10 1340-1090 69-1 44-8 0-0 0-0 27 04 47-8
15 1410-1150 69-6 460 0-0 0-0 19 04 483

The MgO range of the liquid evolution is ~9wt % in all models. Sample C-09-20 is the starting composition used for all

calculations.
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Table 7: Partition coefficients used during the Rayleigh-

Jractionation calculations

ol cpx plag mag
Cr 0-64 849 0-04 150
Ni 32 85 29
P 0-038 0-02
Ti 0-011 0-49 0-1 8
Rb 0-0004 0-00008 0-1
Sr 0-001 0-113 2:1*
Y 0 0-34 0-009
Zr 0-001 0-06 0-003
Nb 0-00007 0-0012 0-01
Ba 0-0001 0-0003 0-15*
La 0-0001 0-03 0-07
Ce 0-0001 0-057 0-05
Pr 0-13
Nd 0-0005 0-14 0-1
Sm 0-001 0-22 0-06
Eu 073
Gd 03 0-07
Tb 0-001 0-33 0-06
Dy 0-0017 0-33 0-06
Ho 0-0031 0-356 0-05
Er 0-3 0-05
Yb 0-05 0-25 0-04
Lu 0-024 0-31 0-03
Hf 0-0008 0-12 0-03
Ta 0-0002 0-0022 0-04
Pb 0-001 0-008 0-6*
Th 0-0002 0-007 0-17
U 0-0003 0-006 0-11

Olivine (ol) and clinopyroxene (cpx) data from Adam &
Green (2006). Plagioclase (plag) data from Aigner-Torres
et al. (2007). Magnetite (mag) values are estimates based
on Esperana et al. (1997).

*Data calculated based on Blundy & Wood (1991, 2003).

increase of aluminium with differentiation (Fig. 9d), also
suggests that the amount of plagioclase fractionation
increases as the liquid evolves. The most evolved lava com-
positions (MgO <3-5wt %) show petrographic evidence
for crystallization of Fe—Ti oxides and apatite and fractio-
nation of these phases as evidenced by decreasing titanium,
iron and phosphorus contents (Fig. 9a and f).

The major-element compositions of the lavas from
Corvo indicate that the samples lie on a single liquid line
of descent. This is not the case for the lavas from Flores.
The two sub-parallel trends seen in the Flores major-ele-
ment data, especially TiOy and PyOj5 versus MgO, suggest

WEST AZORES VOLCANIC SUITES

similar fractional crystallization histories to the Corvo
suite, but different liquid lines of descent. This suggests
that not all the samples are of cogenetic origin and that
other processes, such as source mixing or (deep) combined
fractional crystallization—assimilation (AFC), may be
needed to explain the different lava groups on Flores. The
occasional appearance of reversely zoned clinopyroxene
in some of these lavas may be attributed to such processes.

The major-element data trends do not require that plagi-
oclase is a dominant fractionating phase in the most mafic
magmas (Fig. 9); however, it appears to have been crystal-
lizing throughout the range of compositions and appar-
ently accumulated in some magmas from the Flores
suite. In the first instance we model the Flores and Corvo
suites with a single fractional crystallization model using
the MELTS algorithm (Ghiorso & Sack, 1995; Asimow &
Ghiorso, 1998).

MELTS modelling

MELTS modelling used 10°C steps and assumed the
major-element composition of the inferred parental lava
from Corvo (C-09-20) as the starting composition.
Intensive parameter inputs of 1375°CI at 12 GPa were
chosen on the basis of the thermobarometric estimates
described above. Isobaric models were then calculated at
0-1, 0-5, 10 and 15 GPa with corresponding liquidus tem-
peratures and compared with a polybaric model con-
strained by the dP/dT gradient suggested by the Fe—Mg
silicates (e.g. Fig. 16). The polybaric model uses the same
starting composition as the isobaric models, but starts at
an equilibrium pressure of 12 GPa and evolves down to
0-56 GPa, along a dP/dT gradient based on the estimates
obtained from the geothermobarometric models. The frac-
tionating solids in all models were based on petrographic
observations. From the geochemical data and the observed
petrology, the following phases are inferred to have crys-
tallized from both the Flores and Corvo magmatic sys-
tems: clinopyroxene, olivine, magnetite, ilmenite,
plagioclase, apatite (£ alkali feldspar, & amphibole). This
is broadly consistent with the fractionating phases deter-
mined by MELTS (Table 6).

As illustrated in Fig. 9, the polybaric MELTS model
seems to provide the best fit to the observed whole-rock
major-element data. This is particularly apparent for the
Corvo lavas in Fig. 9a—d. The closest isobaric model for
these lavas occurs at 10 GPa, which roughly coincides
with the depth of the lithosphere—asthenosphere boundary
(LAB) beneath the islands (Fig. 18). Nevertheless, this
cannot reproduce the low-MgO, low-TiOy end of the
arrays in Fig. 9a, and storing and fractionating all of the
magmas at or near the LAB is unlikely to produce the che-
mical evolution of the olivine, clinopyroxene and plagio-
clase phenocrysts observed in the lavas. Conversely, the
existence of transitory shallow magma chambers
(<0-1GPa) is indicated by the presence of calderas on
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Fig. 18. Schematic cross-section beneath the western Azores plateau (excess crust) indicating the ascent of the crystallizing magmas beneath
Flores and Corvo. P—T estimates as well as the MELT'S liquid model coincide and both imply the onset of crystallization near the litho-
sphere—asthenosphere boundary (LAB). Stalling of the magmas at the mantle—crust boundary (MOHO) may be inferred from amphibole pres-
sure estimates; however, clinopyroxene-dominated fractionation occurred at greater depths (>0-5 GPa). The volcanic edifices of Flores and
Corvo, as well as the submarine seamount ~50 km to the west, are shown at their present-day distance from the MAR.

both islands and is consistent with the presence of low-tem-
perature K-feldspars in the most evolved rocks (<0-8
MgO wt %) on Flores. In summary, we prefer the polyba-
ric differentiation model for Corvo. We note that the
Flores data are significantly more scattered. However,
there is no reason from the point of view of the mineralogi-
cal and major-element data that this model does not
equally apply to this island as well.

Trace-element behaviour

The fractional crystallization model calculated using
MELTS, and supported by the geothermobarometric esti-
mates, was then further appraised using the trace-element
data. Because the observed mineralogy of the basalts is
fairly simple in terms of crystallization order, a Rayleigh-
fractionation model was used (Fig. 12). Mineral modes for
the fractionating assemblage were extracted from the
MELTS outputs and cross-checked with the petrography
and mineral chemistry. Because the evolution of the
magmas is dominated by clinopyroxene fractionation (see
caption of Fig. 12), it is not expected that the Rayleigh-frac-
tionation models will discriminate between isobaric and
polybaric processes. Clinopyroxene and olivine distribu-
tion coefficients were taken from Adam & Green (2006)
to best match the highest P—7 conditions inferred here for
the near-primary magmas. However, these have only

limited applicability for shallower and cooler conditions
and must be treated with caution when calculating the
trace-element evolution during fractional crystallization.
Appropriate K1, values for Sr, Ba and Pb for plagioclase
were calculated following the model of Blundy & Wood
(1991) to best represent the anorthite contents of the plagio-
clase in the more evolved compositions. The work of
Aigner-Torres et al. (2007) was used for partition coeffi-
cients for the remaining trace elements in plagioclase.
Magnetite K values were estimated based on data pro-
vided by Esperancga et al. (1997). Clinopyroxene and olivine
fractionation, however, dominates most strongly at the
highest pressures, whereas plagioclase and Fe—Ti oxides
are increasingly fractionated towards shallower depths
(<0-5 GPa).

Unfortunately, because the trace-element trends exhibit
significant scatter in the Flores lava suite, this exercise
does mnot provide an especially robust test of the
MELTS models. Nevertheless, the Rayleigh fractional
crystallization model satisfactorily reproduces the trace-
element trends with reasonable adherence to the better-
defined Corvo data. Because this single-step model (i.e.
fixed mineral assemblage) predicts the behaviour of the
trace elements over a large range of MgO (A ~ 9wt %),
it may be argued that some of the discrepancies between
the calculated and observed trend (Fig. 12) are mainly due
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Fig. 19. Temperature and pressure estimates for the generation of the
primary melts using the model from Lee ¢t al. (2009). The P71 path
of clinopyroxene crystallization in the lavas is taken from Fig 16a.
The spinel-garnet (Spl/Grt) transition is from Robinson & Wood
(1998). Only near-primary magmas (Mg# ~ 70) were used for P-T
estimates of the primary melts (a). (b) The effect of changing input
parameters (e.g. water content and oxidation state) on the estimated
P—T conditions. The preferred conditions are shown for representative
primary magmas from Flores (FI-09-42) and Corvo (C-09-07).
Solidus lines are referenced from (1) Green & Falloon (1998), (2) Katz
et al. (2003) and (3) Green et al. (2010).

to continuous modal changes during the ascent of the crys-
tallizing magma. Alternatively, the discrepancies between
the modelled trends and the observed concentrations may
be due to the A values used and mineral-mode depen-
dence of the crystallization pressures. In the case of Sr,
which is compatible in plagioclase and apatite, we
observed a linear negative correlation with the pressures
extracted from the MELTS model (not shown), and also
with the pressures obtained from the clinopyroxene baro-
metry. This relationship may reflect two processes. First,
the plagioclase component in the residual liquid gradually
increases with decreasing pressure and, second, strontium
partitions more strongly into more albite-rich plagioclase

WEST AZORES VOLCANIC SUITES

as demonstrated by Blundy & Wood (1991). This latter rela-
tionship could not be tested sufficiently, as plagioclase
becomes efficiently fractionated from the magmas only at
shallower levels («0-5 GPa), and even then only in minor
amounts (~5%).

Figure 12 shows the predicted fractional crystallization
trends based on a starting composition assumed to be that
of sample C-09-20. The trends of the compatible elements
(N1, Cr) against Nb clearly support clinopyroxene-domi-
nated fractional crystallization as the major process con-
trolling the evolution of both basaltic suites. Again, the
scatter in the Flores lavas is probably indicative of other
ascent-related processes, such as assimilation. This is even
more prominent in the variation of Sr, Y and Zr versus
Nb. The low-Nb samples are ankaramitic cumulates. The
Corvo sample C-09-17.2 with the lowest Nb concentration
indicates clinopyroxene crystallization at depths close to
the lithosphere—asthenosphere boundary (Table 4).

In Tig. 14 we compare the MELTS model-based
Rayleigh-fractionation model with the variation of Nd/Sr
vs Nd and Dy/Yb vs Dy in the lavas. These element pairs
were chosen to investigate the relative roles of garnet and
plagioclase in the system. The samples with Nd concentra-
tions <20 ppm and Dy <3 ppm are petrologically classified
as ankaramitic cumulate rocks. The crystallization model
confirms this interpretation because these samples lie on
the Corvo fractionation trend at 155 and 182 wt % MgO.
The parental starting composition has a Sr content of
~500 ppm and a Nd content of ~30 ppm ('Table 1). As the
magmas fractionate to shallower levels the Nd concentra-
tion increases as well as the Nd/Sr ratio. Furthermore,
two sub-parallel trends for Flores are apparent when com-
pared with Corvo, reflected in variable Nd/Sr at a given
Nd concentration (Fig. 14b).

The trends of Dy/Yb versus Dy in Fig. 14a are different
between the two islands, but the Dy and Yb concentrations
of the most primitive magmas are comparable. The
Dy/Yb ratio remains relatively consistent for Corvo,
but appears to define two distinct groups for Flores.
This may reflect subtle differences in the mantle source
beneath Flores and/or some deep fractional crystalliza-
tion—assimilation process. The differences in the behaviour
of these trace elements during magmatic differentiation
between the two islands may be explained by temporal
variations (e.g. different ascent rates and thus different
amounts of assimilated material in some magmas), but
also by a difference in the source composition between the
two islands.

The polybaric, fractional crystallization model from
MELTS is broadly consistent with Rayleigh-fractionation
of the trace elements. A total fraction of ~70% of the par-
ental magma is crystallized in the preferred model to
explain the most evolved compositions (Table 6).
Arguably, crystallization commenced close to the
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lithosphere—asthenosphere boundary, the depth of which
was calculated using the equations of Parsons & Sclater
(1977) and Stein & Stein (1992), illustrated in a geological
cross-section in Fig. 18. The onset of crystallization was
slightly deeper beneath Corvo (~38km), although the
range of crystallization pressures beneath both islands is
inferred to be similar. The occasional appearance of rever-
sely zoned clinopyroxene in some of the Flores lavas may
also suggest mixing of more mafic liquid with the crystal-
lizing ascending magmas (e.g. Neumann et al., 1999).
Convection in the magma conduits can readily explain
some of the observed disequilibrium features, with small-
scale stagnation perhaps occurring in magma pockets in
sidewalls. Such a model has been invoked for basaltic
magma systems previously, especially where there is clear
evidence in the evolution of the fractionated mineral
assemblages (e.g. Cox & Jamieson, 1974; Cox, 1980; Fram
& Lesher, 1997; Nekvasil et al., 2004).

SOURCE COMPOSITION

The P—T conditions in the source region of the melts were
constrained through application of the model of Lee et al.
(2009) and confirmed by calculations based on the work of
Herzberg & Asimow (2008); this indicates temperatures
and pressures of ~1470°C, 2:7GPa for Corvo and
~1430°C, 2:5GPa for Flores (Table 5). These depths are
comparable with those inferred for Sao Miguel, but consid-
erably greater (~15km deeper) than those for Graciosa,
Terceira and Joao de Castro [compare fig. 11 of Beier et al.
(2008)].

The mantle source composition beneath Ilores and
Corvo was evaluated using the radiogenic isotope systema-
tics in combination with key trace-element ratios. Sr and
Nd isotope variations are plotted versus key trace-element
ratios in Fig. 20 along with data for the MAR basalts in
the vicinity of the Azores plateau (Bourdon et al., 1996;
Dosso et al., 1999). Most lavas from the two islands overlap
on the various plots, but, as described above, there is a
group of lavas from Flores with a consistently different
composition. These lavas are characterized by Sr—Nd iso-
tope compositions similar to the so-called ‘FOZO’ mantle
reservoir (e.g. Workman et al., 2004; Stracke et al., 2005)
and have elevated Th/Yb ratios (Fig. 20a and d). When
combined with plots of Sr and Nd isotopes versus Th/Nd
and (La/Sm)y, respectively, it becomes apparent that
the bulk of the lavas from the two islands plot between
the MAR basalts and the distinct FOZO-like group
from Flores (Fig. 20). We note that it is primarily their
elevated Sr isotope ratio that distinguishes these
latter rocks. This might be attributed to contamination by
earlier basalts that evolved to higher ¥’Sr/*®Sr during
ageing in the lower crust. However, this is precluded by
the low Rb/Sr ratios of all of the lavas, coupled with the
likely 10 Ma maximum age of the islands. Therefore we

conclude that a distinct radiogenic source component
(¥Sr/*Sr ~ 0-70355), only observed locally on Flores, was
involved during magma generation. The melts from this
reservoir are also characterized by relatively high Th/Yb
(>0-55).

On a plot of U/Nd versus Th/Nd (Fig. 21d) the lavas
from Flores and Corvo define a mixing trend, in which
the data from Corvo extend the trend towards more
enriched compositions. The enriched MORB samples
from the adjacent MAR (Bourdon et al., 1996; Dosso
et al., 1999) are similar to the majority of the Flores lavas
in Th/Nd and U/Nd. In contrast, divergent trace-element
trends for the two islands are evident on a plot of Ba/Nd
versus Th/Nd (Fig. 21b), with the MAR basalts plotting
somewhat between the two islands. The relationships in
Fig. 21 in general suggest that the MORB-source mantle
beneath the MAR (also shown in Fig. 20) is a common
end-member from which the lavas from Flores and
Corvo extend towards distinct compositions. Thus,
three mantle source components, two of which are
enriched and one is MORB-source like, appear to be
required to explain the compositions of the Flores and
Corvo lavas.

Finally, we attempt to constrain the extent of partial
melting and the possible role of residual garnet in the
source of the Flores and Corvo lavas using a plot of Tbh/
Yb, largely sensitive to residual garnet, versus La/Ybh,
which is largely sensitive to the extent of melting (Fig. 22).
The three panels in Fig. 22 are contoured for melt fraction
using different mantle source compositions from which we
infer that around 3-5% melting of an enriched mantle
source containing around 5-6% residual garnet (but see
below) could explain the primitive lavas from both islands.
However, as suggested above, there is a group of Flores
lavas that seems to require a different source composition,
which is also apparent in the Th/Yb and La/Yb systematics
(see also Figs 20 and 21). These magmas appear to require
amounts of garnet that exceed 10% and might be attribu-
ted to either deeper melting or mixing with melts from a
distinct mantle source.

Despite the above discussion, the implication of Fig. 19 is
that melting may not, in fact, reach into the garnet stabi-
lity zone. To reconcile these apparently conflicting observa-
tions, we suggest that the garnet trace-element signature
may be inherited. Indeed, because the "Nd/"**Nd ratios
of all the lavas are consistently higher than CHUR, with
epsilon Nd values around +5-5, they must have been
derived from mantle source regions that had evolved with
time-integrated LREE depletion. However, the degree of
LREE enrichment observed in the lavas could not plausi-
bly have been produced by reasonable degrees of melting
of a depleted source. Therefore, it seems likely that the
LREE enrichment of the lavas reflects recent metasoma-
tism of their source region (e.g. Hawkesworth et al., 1979;
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Lustrino et al., 2007). The corollary is that the preceding
arguments for the presence and amounts of residual
garnet are subject to this caveat and we suggest that melt-
ing may not have commenced this deep.

CONCLUSIONS

Lavas from Flores and Corvo provide new constraints on
the evolution of the Azores archipelago. New major-ele-
ment data from these westernmost islands provide evidence
for continuous, polybaric, fractional crystallization from
the lithosphere—asthenosphere boundary (~38 km depth)
to the crust-mantle boundary (~12km depth). Corvo
lavas are, on average, slightly more primitive than those
from Flores and constrain initial fractionation assemblages
from the presence of ankaramitic cumulate rocks. Corvo
lavas require deeper melting conditions at higher tempera-
tures than lavas from Flores. Modelling of the major ele-
ments supports the polybaric fractionation model and we
propose that no long-lived magma chamber is required to
explain the most differentiated lavas, which have ~3wt
% MgO. Only more evolved lavas (<3 wt % MgO) may
have formed through stagnation at shallow crustal levels
(1-3 km), consistent with the caldera system observed on
Corvo.

The Nd—Sr isotope ratios of the Corvo and Flores lavas
are similar to those observed amongst the eastern islands
of Terceira, Graciosa and western Sao Miguel, but display
a more restricted range. Trace-element ratios (e.g. Nb/Zr,
Ta/Hf, La/Sm) suggest the involvement of an enriched
source composition that is not observed in the eastern
Azores islands or along the Mid-Atlantic Ridge. A discrete
mantle component [e.g. high Th/Yb and lower (La/Sm)x]
is seen in a particular lava suite on Flores but is not
observed on Corvo, suggesting a limited geographical dis-
tribution. We conclude that 3-5% melting of an enriched
mantle formed the primary melts underneath Flores and
Corvo at depths around 80 km and temperatures around
1450°C.. The resultant primary melts commenced to frac-
tionate upon entering the lithosphere, potentially under-
going short-term storage at the lithosphere—asthenosphere
boundary. Only small, short-lived magma chambers are
interpreted to have existed immediately below the current
volcanic edifices.
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