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Abstract The transition from seamount to oceanic island typically involves surtseyan volcanism. How-
ever, the geological record at many islands in the NE Atlantic—all located within the slow-moving Nubian
plate—does not exhibit evidence for an emergent surtseyan phase but rather an erosive unconformity
between the submarine basement and the overlying subaerial shield sequences. This suggests that the tran-
sition between seamount and island may frequently occur by a relative fall of sea level through uplift,
eustatic changes, or a combination of both, and may not involve summit volcanism. In this study, we
explore the consequences for island evolutionary models using Madeira Island (Portugal) as a case study.
We have examined the geologic record at Madeira using a combination of detailed fieldwork, biostratigra-
phy, and 40Ar=39Ar geochronology in order to document the mode, timing, and duration of edifice emer-
gence above sea level. Our study confirms that Madeira’s subaerial shield volcano was built upon the
eroded remains of an uplifted seamount, with shallow marine sediments found between the two eruptive
sequences and presently located at 320–430 m above sea level. This study reveals that Madeira emerged
around 7.0–5.6 Ma essentially through an uplift process and before volcanic activity resumed to form the
subaerial shield volcano. Basal intrusions are a likely uplift mechanism, and their emplacement is possibly
enhanced by the slow motion of the Nubian plate relative to the source of partial melting. Alternating uplift
and subsidence episodes suggest that island edifice growth may be governed by competing dominantly
volcanic and dominantly intrusive processes.

1. Introduction

The emergence of Capelinhos volcano (Azores, Portugal) in 1957, and especially the emergence of Surtsey
Island (Iceland) in 1961, provided some of the first modern scientific accounts of volcanic seamounts that
rose above sea level by means of summit eruptions to form precursory islands. As a consequence, the term
‘‘surtseyan’’ entered the volcanological lexicon and is associated with hydromagmatic, explosive eruptive
styles typical of a volcanic system whose vent is located in shallow waters [Thorarinsson, 1967a, 1967b].
Additionally, the eruptions at Surtsey and Capelinhos also provided insight into the transition between
emergent and subaerial shield-building stages of island evolution. Both volcanoes started as submarine
structures (effusive in the case of Surtsey). Submarine eruptions gradually increased in explosivity as the edi-
fices shoaled, due to higher magma fragmentation with decreasing water/magma ratios and hydrostatic
pressures [Machado, 1962; Zbyszewski and Ferreira, 1962; Wohletz and McQueen, 1984; Moore, 1985; Kokelaar,
1986]. A series of steam-driven blasts followed, disrupting the sea surface and producing large quantities of
tephra that accumulated around the vents to form cones or rings that eventually breached the sea surface
[Machado, 1962; Zbyszewski and Ferreira, 1962; Thorarinsson, 1967a; Kokelaar, 1983; Moore, 1985]. As these
submarine tephra cones built up above sea level, their vents were gradually isolated from seawater resulting
in vigorous sets of uprush eruptions that rapidly and drastically declined to give way to strombolian erup-
tions when water in the system was completely (or almost completely) expended [Machado, 1962;
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Thorarinsson, 1967a; Moore, 1985; Sohn, 1995]. Soon, the onset of subaerial effusive activity followed, lead-
ing to the formation of lava flow caps (less prominently on Capelinhos) that consolidated and protected the
island edifices from marine erosion and led to longer island survival [Thordarson and Sigmarsson, 2009].

Since the events at Capelinhos and Surtsey, it is inferred that most ocean island volcanoes experienced a
surtseyan phase during their emergence and that the products of this eruptive stage (even if partially
eroded) lie buried deep under the large subaerial edifices that we see today, and in most islands made
even more inaccessible by subsidence and rising Holocene sea level. However, the geological record from
several uplifted and eroded islands in the Atlantic does not seem to exhibit the remains of a surtseyan
phase [see Staudigel and Schmincke, 1984; Schmidt and Schmincke, 2000, 2002; Ramalho, 2011; Johnson
et al., 2014], suggesting that island emergence may take place through a process other than summit volca-
nism. This process of emergence must involve a relative fall in sea level through either uplift, eustatic
changes, or a combination of both between eruptive periods [Ramalho et al., 2013]. Such a process is sug-
gested by the presence of an irregular erosive unconformity between the seamount products and subaerial
shield sequences that compose these island edifices [e.g., Staudigel and Schmincke, 1984; Madeira et al.,
2010; Johnson et al., 2014]. However, little is known about this process of island emergence, its timing, and
the magnitude of the vertical movements involved. This study aims to document one such case—Madeira
Island—in order to gain better insight on island emergence and early subaerial development stages of
ocean island volcanoes, particularly those that exhibit long but intermittent eruptive lives as observed for
edifices located on slow-moving plates [Schmincke, 2004; Ramalho, 2010, 2011; Ramalho et al., 2013].

Figure 1. Location and geologic maps of Madeira Island. (a) Location of Madeira Archipelago at the end of the hot spot track as inferred by Geldmacher et al. [2005]. (b) Location of
Madeira Island relative to nearby Porto Santo and Desertas islands. Note the elongated shield-morphology of Madeira island edifice. (c) Simplified geologic map of Madeira Island [after
Brum da Silveira et al., 2010a, 2010b]. Note the position of the basal unit CVI1 within S~ao Vicente valley and the area around Porto da Cruz, as well as the position of the marine sediments
(CVI2) at S�ıtio dos Lameiros. Basemaps created from Global Multi-Resolution Topography (GMRT) Synthesis [Ryan et al., 2009], using GeoMapApp (http://www.geomapapp.org).
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2. Geological Setting

Madeira Island is located in the NE Atlantic, between latitudes 32�380N and 32�520N, and approximately
700 km to the west of Africa (Figure 1a). The island is the emerged part of a large volcanic edifice that rises
almost 6 km from the surrounding seafloor, from the 24000 m isobath to 1861 m above present sea level
(a.p.s.l). The island is a deeply dissected shield-volcano elongated in a E-W direction, extending to 57 km in
maximum length and 21 km of maximum width. Madeira is generally considered the result of a hotspot
that impinged the slow-moving African (Nubian) plate, leaving a possible hotspot track (see Figure 1a) that
extends northeast to Porto Santo Island (8–18 Ma) and the seamounts of Seine (22 Ma), Unicorn (27 Ma),
Ampere and Coral Patch (31 Ma), and Ormonde (65–67 Ma) [Ferreira, 1985; Ferreira et al., 1988; Geldmacher
et al., 2005]. The nearby island of Porto Santo (Figure 1b) corresponds to a volcano that shoaled and
emerged around 11–14 Ma by means of hydromagmatic volcanic activity, and was subsequently uplifted
by at least 330–365 m [Schmidt and Schmincke, 2002; Mata et al., 2013].

The subaerial history of Madeira Island is inferred to extend from the Late Miocene or Early Pliocene, to the
Holocene. Previous workers suggested a complex intermittent magmatic life and reported ages ranging
between 5.6 Ma and 6.5 ka [Watkins and Abdel-Monem, 1971; Feraud et al., 1981; Ferreira, 1985; Ferreira et al.,
1988; Mata et al., 1995; Mata, 1996; Geldmacher and Hoernle, 2000; Geldmacher et al., 2000; Ech-chakrouni,
2004; Kl€ugel et al., 2009]. As previous studies note, the absence of obvious submarine volcanic products on
the exposed Madeira shield edifice is noteworthy (except for very recent littoral volcanism). However, the
presence of in-sequence marine sediments exposed at S�ıtio dos Lameiros—a locality within S~ao Vicente Val-
ley and at 300–450 m in elevation (Figure 1c)—is well documented [e.g., Romariz, 1971a, 1971b; Mitchell-
Thom�e, 1974; Zbyszewski et al., 1975; Mata, 1996] and recognized as possible evidence for a complex history
of vertical movements affecting the island edifice [Mata, 1996]. The stratigraphic reconciliation between the
presence of marine sediments at those elevations and the apparent absence of submarine volcanic mor-
phologies anywhere on the island is still largely unresolved, a fact mainly attributed to the scarcity of expo-
sures and the lack of detailed island-scale stratigraphic studies. Consequently, little is known about the
mechanism(s) that resulted in these marine sediments arriving at their present position.

A recent detailed geological survey of Madeira Island took place between 2002 and 2010, from which two
1/50000 scale geologic maps and an accompanying memoir were published [see Brum da Silveira et al.,
2010a, 2010b, 2010c] (Figure 1c). The field observations conducted during this survey, as well as the strati-
graphic information derived from these observations, constitute the basis for the present study. As such,
Brum da Silveira et al. [2010a, 2010b, 2010c] concluded that the island’s stratigraphic succession comprises
seven formal unconformity-bounded units/formations (from the base to the top, Figure 1c): Porto da Cruz
(CVI1) and Lameiros (CVI2) Fms within the Lower Volcanic Complex (Complexo Vulcânico Inferior); Encu-
meada (CVM1), Penha D’�Aguia (CVM2), and Curral das Freiras (CVM3) Fms within the Middle Volcanic Com-
plex (Complexo Vulcânico M�edio); and Lombos (CVS1) and Funchal (CVS2) Fms within the Upper Volcanic
Complex (Complexo Vulcânico Superior). The Porto da Cruz Fm, composed of strongly altered hydrovolcanic
rocks, possibly relates to the seamount building volcanic stage and is locally covered by marine sedimen-
tary deposits of the Lameiros Fm. The Middle Volcanic Complex, which lies above the the Lower Volcanic
Complex, constitutes the largest portion of Madeira’s subaerial volume and comprises three unconformity-
bounded units. These formations comprise successions of basaltic lava flows and tephra layers, with inter-
bedded epiclastic deposits, accumulated during the main subaerial shield-building stage of island evolution.
Finally, the Lombos and Funchal Fms correspond to, respectively, a capping and a posterosional, topogra-
phy filling volcanic stages.

3. Material and Methods

3.1. Characterization of Geological Units and Stratigraphic Contacts
The nature and geometry of the contacts between the geological units, and the nature of these units them-
selves, were studied in detail in the field using direct observations and geological mapping at different
scales (1/10000 and 1/50000). Geological units were defined as individual volcanostratigraphic entities,
reflecting distinct phases in the evolution of the island edifice bounded by regional unconformities [Brum
da Silveira et al., 2010c].
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3.2. Marine Sediment Characterization and Paleoenvironmental Reconstructions
The marine sediments at S�ıtio dos Lameiros (Figure 2) are exposed along Corgo do Barrinho creek (the larg-
est exposure) and at Lombo da Eira (a residual outcrop). Strip logs for stratigraphic sections were assembled
along a composite vertical profile following the Corgo do Barrinho stream bed. Care was taken to register
changes in facies and occurrences of fossils. Variations in fossil content were noted and representative
examples were photographed. Paleoenvironmental reconstructions were based on characteristic facies and
macrofossil content. Additionally, three sets of samples were collected at the lower, intermediate, and upper
portions of the sedimentary sequence for calcareous nannofossil screening. Preparation for calcareous nan-
nofossil observations, by petrographic microscope, followed the optimized procedure described in Johnson
et al. [2014]. Calcareous nannofossil taxonomy follows criteria standardized by Perch-Nielsen [1985] and
Bown [1998].

3.3. X-Ray Diffraction
X-ray diffraction (XRD) was used to investigate the hydrovolcanic nature of both the parent rock and the
alteration affecting CVI1 lithologies, and in particular to test the presence of vitreous/amorphous material
and signs of palagonitization. Vitreous material is a common constituent of hydrovolcanic rocks and pala-
gonite is a common hydrated first alteration product of mafic glass when exposed to water and so it is usu-
ally associated with subaqueous basaltic volcanic successions [Bonatti, 1965; Summers, 1976; Furnes, 1984;
Zhou et al., 1992; Stroncik and Schmincke, 2002; Michalski et al., 2005; Achilles et al., 2013]. Two samples were
collected at Porto da Cruz and subsequently analyzed. Additionally, an unaltered subaerial basalt from Cabo
Gir~ao was used as a control sample. The analyses were performed on a Philips PW1710 diffractometer, using
the software PC-APD, version 3.6 (Philips Scientific). A ‘‘peak search’’ function was used to detect reflection
angles 2h and respective intensities, with ‘‘Minimum and Second Derivative of Peak.’’ A copper anode was
used as the X-ray radiation source (20 mA and 40 kV). Data were obtained using a continuous scan, between
2
�

and 65
�
2h, with a scanning speed of 0:02hs21. Resulting diffractograms were analyzed with MacDiff (ver-

sion 4.25, by Petschick [2004]), and feature in Appendix A (Figure A1).

3.4. Sample Collection for 40Ar=39Ar Geochronology
The outcrops at S�ıtio dos Lameiros were extensively reduced by historic mining to produce quicklime, limit-
ing available sampling sites. Four targets were selected for sampling: two samples correspond to exposures
interpreted as volcanic products underlying the sediments at Lombo da Eira, and two correspond to differ-
ent basaltic clasts included within the upper portion of the main marine sediment exposure at Corgo do
Barrinho (see Table 1 for sample reference, location and description). Sampling was also attempted where
the volcanic deposits that cap the marine sediments are exposed, but it was not possible to recover samples
pristine enough for geochronology. Samples were collected with a handheld gasoline diamond core drill.
Drill cores were later cut into smaller pieces and the least altered samples were used for thin sections and
geochronology.

Figure 2. Approximate boundaries between main geological units along the eastern wall of S~ao Vicente Valley. Please note the location of Lameiros outcrops (CVI2, in red) wedged in
between Porto da Cruz Fm (CVI1) and the massive effusive sequence of Penha D’�Aguia (CVM2). Note also that Encumeada (CVM1) locally ends abruptly at the upper reaches of the valley
(CVI1, Porto da Cruz Fm; CVI2, Lameiros Fm; CVM1, Encumeada Fm; CVM2g, basal conglomerates of Penha D’�Aguia Fm; CVM2, Penha D’�Aguia Fm; CVM3g, basal conglomerates of Curral
das Freiras Fm; CVM3, Curral das Freiras Fm; CVS1, Lombos Fm; CVS2, Funchal Fm; dv, slope deposits; dm, landslide deposits; la, lahar deposits).
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3.5. Laser Step Heating 40Ar=39Ar Geochronology
The 40Ar=39Ar analyses were performed at the USGS in Denver, CO. Samples were prepared by crushing and
isolating fresh rock fragments (�1 mm3) free of obvious alteration. The rock fragments were washed in deion-
ized water and together with standards, were irradiated for 2 MW h in the central thimble position of the
USGS TRIGA reactor. Laser fusion of >10 individual Fish Canyon Tuff sanidine crystals (28.201 6 0.046 Ma)
[Kuiper et al., 2008] at each closely monitored position within the irradiation package resulted in neutron flux
ratios reproducible to 60:25%ð2rÞ. Isotopic production ratios were determined from irradiated CaF2 and KCl
salts and for this study the following values were measured: (36Ar=37ArÞCa 5 (2.45 6 0.05) 31024;
(39Ar=37ArÞCa 5 (6.59 6 0.10) 31024; and (38Ar=39ArÞK 5 (1.29 6 0.03) 31022. Cadmium shielding during irra-
diation prevented any measurable (40Ar=39ArÞK. The irradiated basalt samples and standards were loaded into
numbered positions of a stainless steel planchette, placed into a laser sample chamber with an externally
pumped ZnSe window, and evacuated to ultrahigh vacuum conditions in a fully automated stainless steel
extraction line designed and built at the USGS in Denver. Using a 25 W CO2 laser equipped with a beam
homogenizing lens, the samples were incrementally heated and the liberated gas was expanded and purified
by exposure to a cryogenic trap maintained at 2135

�
C and two hot SAESTM GP50 getters. Following purifica-

tion, the gas was expanded online into a Mass Analyzer ProductsTM 215-50 mass spectrometer in static mode
and Ar isotopes were measured by peak jumping using an electron multiplier in analog mode. Data were
acquired during 10 measurement cycles and time zero intercepts were determined by best fit linear and/or
polynomial regressions to the data. Data were also corrected for the source mass discrimination (1.0045 amu)
by regular measurement of pipetted atmospheric argon assuming an atmospheric 40Ar=36Ar value of
298.56 6 0.31 [Lee et al., 2006]. The isotopic data were corrected for the laser extraction line and mass spec-
trometer blanks by applying a time-integrated blank value constructed from blanks analyzed before and after
each sample. The decay constants tabulated in Steiger and J€ager [1977] were used for the age calculations.

4. Results

4.1. Evidence for a Submarine Volcanic Basement
The oldest stratigraphic unit in Madeira (Porto da Cruz Fm—CVI1) is only exposed within two regions in the
northern half of Madeira Island, at Porto da Cruz and S~ao Vicente valleys (see Figure 1c). At Porto da Cruz
valley, CVI1 crops out from sea level up to 390 m in elevation, whereas in S~ao Vicente valley it crops out
from 70 to �800 m in elevation (Figure 2). In both areas the lithologies composing this unit are intensely
altered to a distinctive clay-rich mass with a color ranging from orange/yellow to light brown, in which
internal structures/textures are rarely discernible. However, in places where internal structures are percepti-
ble, they mostly correspond to hyaloclastite and pillow breccias (see Figure 3a) and more rarely to massive
lava flows. The distinctive alteration suggests a pervasive palagonitization [Bonatti, 1965; Singer, 1974; Stron-
cik and Schmincke, 2002; Michalski et al., 2005; Brum da Silveira et al., 2010c; Achilles et al., 2013]. X-ray diffrac-
tograms (samples PC-01 and PC-02, see Figure A1) are consistent with altered glass to amorphous material
[Stroncik and Schmincke, 2002; Achilles et al., 2013] of basaltic composition. These diffractograms indicate
the presence of saponite (a trioctahedral smectite), maghemite and hematite, phillipsite (a hydrated potas-
sium, calcium and aluminum zeolite), opal and tridymite. These minerals are characteristic of seawater/
basalt interaction and the corresponding palagonitization process, and are in stark contrast with the unal-
tered subaerial basalt of the control sample (sample MA-21, see Figure A1) that simply exhibits the peaks of
basaltic mineralogy.

The hydrovolcanic products of CVI1 are intruded by a dense dyke swarm with an overall E-W trend. More
voluminous masses of intrusive rocks also occur within this unit; for example, the small gabbroic plutons in
the vicinity of Porto da Cruz and the trachyte plugs on the lower reaches of S~ao Vicente Valley [see Brum da
Silveira et al., 2010b]. Since these intrusive masses were exposed by erosion and mass wasting processes—

Table 1. Summary of Sample Information for 40Ar=39Ar Geochronology

Sample ID Geographic Coordinates (Lat/Lon WGS84) Type

M-05 N32�47044.200W17�01031.400 Volcanics underlying the sediments
M-15 N32� 47052.400W17�01022.500 Basaltic cobble/boulder within marine sediments
M-18 N32� 47044.300W17�01031.100 Volcanics underlying the sediments
M-19 N32� 47052.400W17�01022.500 Basaltic cobble/boulder within marine sediments
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that removed the overlying formations—it is not clear if they are penecontemporaneous with the envelop-
ing CVI1 lithologies or, conversely, coeval with a subsequent magmatic phase.

The upper contact of CVI1 is marked by an erosional unconformity defining a very pronounced topography
over which lie the products of the Middle and Upper Volcanic Complexes. The boundary between CVI1 and
the sequences of the Middle Volcanic Complex is of particular importance as it reflects the mode of island
emergence. Our observations revealed that, throughout the island, where the eroded remains of CVI1 are
directly covered by sequences of the Middle Volcanic Complex, the latter are subaerial and dominantly effu-
sive in nature. For example, at Porto da Cruz CVI1 is largely covered by subaerial products of the Encumeada
Fm (CVM1), ranging from volcanic and sedimentary breccias to dominantly effusive sequences exposed

Figure 3. Outcrop photos. (a) Intensely altered pillow and hyaloclastite breccias and penecontemporaneous dykes of CVI1, at Porto da
Cruz; (b) blocky and fluidal peperites resulting from the interaction between a pyroclastic flow and the marine sediments; (c) contact
between the conglomeratic calcarenites (that terminate the Corgo do Barrinho marine sedimentary sequence) and the overlying subaerial
lava flow; (d) detail of contact illustrated on the previous photo; note the blocky peperites that characterize this contact; (e) conglomeratic
calcarenites rich in rhodolith debris, from the lower part of the marine sequence; (f) biocalcarenites with large macrofossils. Note the Cly-
peaster sp. test in living position; (g) fossil coral reef structures at the upper part of the sedimentary sequence.
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from sea level up to 500 m in elevation. In this same area where the sequences of Encumeada have been
eroded away, exposures show that CVI1 was again subsequently mantled (down to present sea level) by
lahars and subaerial lava flows of the Penha D’�Aguia Fm (CVM2), or more recently by products of the Upper
Volcanic Complex. Similarly, within S~ao Vicente Valley, exposures at the headwall of the valley and down to
600 m in elevation show that Encumeada subaerial products unconformably overlie the eroded CVI1 edifice
(see Figure 2). At lower elevations, CVI1 has been eroded away and the existing topography represents infill-
ing to present sea level by the massive subaerial effusive sequences of Penha D’�Aguia, a unit that comprises
the bulk of the island’s shield sequence. More recently, eruptions coeval with the Upper Volcanic Complex
extruded subaerial lavas flows that ran down the valley and reached the present-day coastline.

4.2. The Marine Sediments at S�ıtio dos Lameiros
The marine sediments at S�ıtio dos Lameiros are wedged between the eroded CVI1 edifice and the effusive
sequences of Penha D’�Aguia (CVM2), the second unit of the Middle Volcanic Complex (see Figure 2). These
sediments are exposed along a discontinuous cross section at Corgo do Barrinho canyon, from 360 to 430 m
in elevation, in addition to some isolated exposures at the nearby Lombo da Eira (350 m to SW of Corgo do
Barrinho) at 320 m in elevation (see Figure 2). The whole area has been exposed by retreat of the valley-
bounding vertical cliffs (mostly by mass wasting processes) and is extensively covered by landslide debris and
mud and debris flow deposits, a fact that (along with the dense vegetation) contributes to the poor exposure
of the in situ sequence. In spite of the poor exposure, at Corgo do Barrinho, it is possible to observe the con-
tact between the marine sediments and overlying basaltic lava flows and pyroclastic flow deposits (see Fig-
ures 3b–3d and 4). This contact unambiguously exhibits the presence of blocky peperites, which indicates
coeval mixing between rapidly quenched subaerial lava flows and the soft, incoherent sediment that termi-
nates the marine sequence. Along this contact at an old mining cave approximately 50 m SE of this outcrop
exposures also exhibit a fluidal peperitic texture, albeit more complex. Here breccias are overlain by purple
tuffs. The breccias include highly heterometric (varying from mm-size to dm-size), clasts of compact (and often
recrystallized) limestone and basalt, all embedded in a volcaniclastic matrix similar to the overlying tuff. Addi-
tionally, irregular pockets of green to grey clay pervasively crosscut the breccias, corresponding to spilitized
basaltic injections through the sediment. Despite the complexity of this outcrop, it also reflects magma-
sediment interaction, this time with a pyroclastic flow. As such, we can confidently infer that the marine sedi-
ments at Lameiros were conformably capped by subaerial volcanic products, noting that CVI2 is in reality a
volcano-sedimentary unit. The capping volcanic sequence, however, is not very thick, as the massive effusive
succession of Penha D’�Aguia Fm (and their basal conglomerates) is clearly observable at the valley-bounding
cliffs immediately above Corgo do Barrinho, upward of 430–450 m in elevation (Figure 4).

Figure 4. Corgo do Barrinho schematic cross section. Note the approximate position of strip logs at locations with symbols numbered 1, 2,
and 3. Approximate position of samples M-15 and M-19 also shown; samples M-05 and M-18 were collected at adjacent Lombo da Eira.
(Key: CVI1, Porto da Cruz Fm; CVI2, Lameiros Fm; CVM1, Encumeada Fm; CVM2g, basal conglomerates of Penha D’�Aguia Fm; CVM2, Penha
D’�Aguia Fm; dv, slope deposits; dm, landslide deposits; la, lahar deposits).
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The contact between the marine sediments and the underlying volcanic lithologies is not exposed at Corgo
do Barrinho or Lombo da Eira. The latter, however, are the closest exposures of the underlying volcanic
basement, at 310 m in elevation. Our observations reveal that these lithologies must correspond to volcanic
products penecontemporaneous with CVI2 (instead of CVI1), as they do not exhibit the same pervasive
alteration of typical CVI1 exposures but instead exhibit the same mineral paragenesis rich in plagioclase
phenochrysts like the CVI2 peperites. These lithologies constitute the only dateable target stratigraphically
below the marine sedimentary sequence and, as such, this site was selected for geochronology (samples M-
05 and M-18). Exposures of CVI1 crop out, nevertheless, less than 50 m to the SW and confirm the strati-
graphic position of both the sediments and the penecontemporaneous volcanic succession.

4.3. Marine Sediment Characterization and Paleoenvironmental Reconstruction
Despite the discontinuous exposure of the marine limestones at Corgo do Barrinho, it was possible to
assemble a composite strip log of the sedimentary sequence (see Figure 5). These sediments generally com-
prise fossiliferous limestones and biocalcarenites, and conglomerates and microconglomerates with a bio-
calcarenitic matrix. The following stratigraphic succession was observed, from the base to the top:

1. Conglomerates and microconglomerates with a biocalcarenitic matrix, generally matrix-supported, poorly
sorted, with well-rounded pebbles of basaltic nature; abundant rhodolith debris and rare pectinids.

Figure 5. Composite strip logs for marine sediments exposed along Corgo do Barrinho. See Figure 4 for approximate location of individual logs 1, 2, and 3. Letters a, b, and c mark the
approximate location of, respectively, the upper, intermediate, and lower sample sets for calcareous nannofossils. Note the transition between submarine and subaerial environments at
the top of the sequence.
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2. Conglomeratic biocalcarenites rich in rhodolith debris and abundant well-rounded pebbles of volcanic nature
and broken rhodoliths (Figure 3e); rare large echinoids (mostly complete and incomplete tests of Clypeaster sp.),
pectinids and other large bivalves; most large shells are disarticulated and many in the stable position.

3. Biocalcarenites with abundant very large macrofossils such as echinoids (mostly tests of Clypeaster sp.),
coral fragments, pectinids (including the large Gigantopecten latissimus), rare oysters and other bivalves,
and rare whole rhodoliths. Large shells are all disarticulated and frequently occur in stable positions; echi-
noid tests are generally complete and in stable positions (Figure 3f).

4. Conglomerates to microconglomerates with a biocalcarenitic matrix, matrix to clast-supported, poorly
sorted, rich in rhodolith debris and abundant well-rounded pebbles of volcanic nature and broken rhodolits;
rare large echinoids (tests), pectinids and other large bivalves frequently in the stable position; rare boulders
of coral (intraclasts).

5. Conglomeratic biocalcarenite, with irregular alternating layers rich in rhodoliths (typically smaller than
1 cm but occasionally 1–3 cm) and rhodolith debris; rare large pectinids and other bivalves.

6. Reefal limestones (Figure 3g), dominated by coral bioedifications—bioherms—embedded in biocalcaren-
ites with abundant coral fragments, pectinids, rare oysters and fragments of other shelly mollusks; bioherms
range from small (30–50 cm) coral piles to irregular and dome-shaped masses usually less than �1 m in
diameter and in height (Figure 3g).

7. Conglomeratic calcarenites with abundant well-rounded volcanic clasts, of variable size, and containing echi-
noid spicules, coral boulders (bioeroded), rare pectinids and oysters, and fragments of other shelly mollusks.

8. Peperites (Figures 3b–3d) and mafic lava and pyroclastic flows.

The results of our calcareous nannofossil screening are summarized in Table 2. Preservation of the fossil
assemblages are poor and often have etched or recrystalized rims. However, this taphonomic effect does
not introduce important bias due to strong diagenetic lixiviation and elimination of important components
of the assemblage because small (<3 lm) specimens are still present. Concerning their biostratigraphy, the
overall assemblages are compatible with an upper Miocene-lower Pliocene age interval (Tortonian-Zan-
clean), despite the absence of classic biostratigraphic markers (e.g., species of discoasterids [see Bown,
1998]). Finally, in terms of paleoenvironment, featured associations are relatively diverse indicating open
marine conditions. However, specimens belong to placolith robust taxa with scarce presence of typical
deep ocean genera such as the Sphenolithus and Discoaster, perhaps a reflection of deposition in a shelf
environment. The associations found across the entire sedimentary sequence at Corgo do Barrinho are com-
patible with those found in similar Miocene to Pliocene coastal transitions from submarine to subaerial vol-
canic sequences on other volcanic islands such as Porto Santo (Madeira Archipelago) [Cach~ao et al., 1998],
Santiago and S~ao Nicolau from Cape Verde Archipelago [Johnson et al., 2012, 2014].

The sedimentary sequence at Corgo do Barrinho preserves a faint but discernible subhorizontal (or dipping
gently to the north) stratification, with a vertical facies variation between more energetic and lithic-rich con-
glomeratic lithologies to biocalcarenites, and then to coral reef limestones and beach biocalcarenitic depos-
its. No obvious lateral variations were observed. The sequence replicates a general fining-upward pattern
(despite some rhythmic fining and coarsening in the middle of the sequence) with decreasing terrigenous
input and increasing biogenic contribution toward the top. The section generally corresponds to the onlap
of marine sediments against a steep rocky shore and offshore slope, carved on the emerged portion of the
volcanic edifice, and reflects the gradual development of a small fringing coral reef (typical of very young
volcanic coastlines in warm seas) and overlying perched sandy beach. The sequence also suggests a pro-
gressive transgression until the stabilization of a coastal marine paleoenvironment before it was capped
abruptly by subaerial volcanic deposits. Finally, the fossiliferous content suggests a paleoenvironment typi-
cal of oceanic tropical to subtropical (warm) waters, similar to other Miocene outcrops in nearby Porto Santo
[Johnson et al., 2011; Santos et al., 2011, 2012; Mata et al., 2013] and other Atlantic islands [e.g., Serralheiro,
1976; �Avila et al., 2012; Johnson et al., 2014].

4.4. 40Ar=39Ar Geochronology
The 40Ar=39Ar data for samples corresponding to the sediment’s volcanic basement are presented as incre-
mental age spectra in Figure 6. Isochron plots from the 40Ar=39Ar data are not presented here because no
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statistically meaningful regressions can be made through the individual data points. Given the criteria in
this study used for determining an 40Ar=39Ar plateau age (>50% of the cumulative 39Ar gas released in
three or more contiguous heating steps with statistically identical ages at the 2r level of uncertainty), the
volcanic basement basalt M-05 is the only sample that satisfied those criteria yielding an 40Ar=39Ar plateau
age of 6.86 6 0.07. Other 40Ar=39Ar results, particularly those from basalt boulders within the marine sedi-
ments (CV12) are less precise, but of similar overall age and we make preferred inferences as to their erup-
tion ages by weighting selected contiguous 40Ar=39Ar incremental steps with high radiogenic argon
concentrations and similar ages. For example, data from sample M-18, although they plot as a relatively flat
40Ar=39Ar age spectrum, no 40Ar=39Ar plateau age can be calculated with the strict criteria mentioned
above. However, a weighted mean 40Ar=39Ar age determined from the last five incremental heating steps
that also have the highest radiogenic argon (40Ar�) contents results in a preferred 40Ar=39Ar age of 6.5 6 0.4
Ma (2r). Samples M-15 and M-19, from clasts within the marine sediments, have similar 40Ar=39Ar age spec-
tra, with old and progressively decreasing apparent ages in the low to midtemperature heating steps and
relatively constant but younger ages in the highest temperature heating steps. The 40Ar=39Ar age spectra
from these two samples are consistent with the presence of excess argon, possibly related to alteration of
the basalt. However, weighted mean ages of the high-temperature steps for samples M-15 and M-19, which
also have the highest 40Ar� contents, yield preferred ages of 7.0 6 0.8 and 6.7 6 0.4 Ma, respectively. Collec-
tively, the 40Ar=39Ar data from all of the basalt samples indicate a narrow age range (6.5–7.0 Ma) for the
underlying volcanic sequence, with the most precisely dated sample (M-05) at 6.86 6 0.07 Ma.

5. Discussion

The oldest geological unit of Porto da Cruz Fm (CVI1) exhibits characteristics of a subaqueous volcanic
nature, dominantly clastic and autoclastic, and more rarely effusive. This submarine origin is consistent with
the presence of structures/textures that correspond to hyaloclastites and pillow breccias, and also by a per-
vasive palagonitic alteration as confirmed by XRD data. As such, CVI1 represents the remnants of a volcanic
seamount building phase, similar to other very similar basal units found across the Atlantic islands—e.g., La
Palma, Porto Santo, S~ao Nicolau, Santiago, and Brava [Staudigel and Schmincke, 1984; Schmidt and
Schmincke, 2002; Macedo et al., 1988; Serralheiro, 1976; Madeira et al., 2010; Ramalho, 2011].

Present-day exposures of CVI1 are confined to two areas along the northern half of the island, where they
can be found up to �800 m in elevation. These elevations, together with the steep erosive unconformity
that truncates this unit, signifies that the volcanic edifice exhibited a prominent but irregular paleotopogra-
phy before it was covered by subsequent stratigraphic units. More importantly, this means that the submar-
ine edifice was gradually exposed to subaerial erosion by a relative fall of sea level prior to being covered
by subsequent subaerial shield volcanism. Thus, the geological record of Madeira Island unequivocally
shows that, in the long run, island emergence essentially took place by a relative sea-level fall and not by
summit volcanism. Indeed, even if surtseyan volcanism occurred during edifice shoaling and its products
were subsequently eroded, it must have played a minor role during the process of emergence.

Unfortunately, no outcrops of CVI1 were found with lithologies pristine enough for dating. Despite this limi-
tation—and assuming a Late Miocene age for CVI1—a minimum vertical displacement of �750 m is
required to raise the top of CVI1 above coeval sea-level highstands (reaching a maximum of �50 m above

Table 2. List of Calcareous Nannofossils Found at Corgo do Barrinho, for Each Sample Subset

Lower Sample Set Intermediate Sample Set Upper Sample Set

Cyclicargolithus floridanus C. pelagicus s.l. C. pelagicus s.l.
Coccolithus pelagicus s.l. D. antarticus Calcidiscus leptoporus
Dictyococcites antarticus Dictyococcites productus (<3 lm) D. productus
(5Reticulofenestra antarticus) (5Reticulofenestra productus) D. antarticus
Discoaster sp. (six arms, recristalyzed) Small Gephyrocapsa spp. (<3 lm) Small Gephyrocapsa spp. (<3 lm)
Helicosphaera carteri R. haqii-minutula H. carteri
Small Gephyrocapsa spp. (<3 lm) Reticulofenestra minuta (<3 lm) P. lacunosa (?)
Pseudoemiliania lacunosa (?) R. haqii-minutula
Reticulofenestra haqii-minutula (3–7 lm) R. minuta
Reticulofenestra pseudoumbilicus Sphenolithus sp.
Sphenolithus abies-neoabies
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present sea level (a.p.s.l.)) [see Miller et al., 2005] to its present elevation, indicating that the submarine edi-
fice inevitably experienced substantial uplift. Therefore, we can infer that the emergence of Madeira Island
is essentially due to uplift, which occurred before volcanism resumed to form the bulk of the voluminous
subaerial shield volcano we see today.

The presence of marine sediments at Corgo do Barrinho offers a unique opportunity to understand the timing
and mode of emergence of Madeira’s edifice. These outcrops are essentially wedged between CVI1 and the
bulk of the Middle Volcanic Complex and record the significant vertical movements that affected Madeira’s

Figure 6. 40Ar=39Ar age spectra of selected samples from CO2-laser incremental heating experiments. Each 40Ar=39Ar age spectrum plots the cumulative %39Ar released per heating
step versus apparent age (Ma), Ca/K ratio, and radiogenic argon (40Ar�). Sample M-05 yielded an 40Ar=39Ar plateau age (� 3 contiguous heating steps comprising � 50% of cumulative
39Ar released with ages overlapping at the 2r level of uncertainty) of 6.86 6 0.07 Ma. Samples M-15, M-18, and M-19 failed to yield plateau ages, and for these samples, we calculated
weighted mean ages for incremental heating steps toward the end of the experiments (identified by asterisks) that had nearly similar ages and high radiogenic argon contents. The
resulting ages are less precise (7.0 6 0.8 Ma, 6.5 6 0.4 Ma, and 6.7 6 0.4 Ma, respectively) but are sufficient to show that these basalts were erupted in a narrow time interval between
about 6.5 and 7 Ma. All reported ages (results) and the heights of boxes for individual heating steps (data) are shown with 2r levels of uncertainty.
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early evolutionary history, as pointed out by previous authors [e.g., Mata et al., 1995; Mata, 1996; Mata et al.,
2013]. Our paleoenvironmental reconstructions suggest that the marine sedimentary sequence at Corgo do
Barrinho essentially corresponds to the establishment of a tropical to subtropical shoreline, with onlap and
development of a small fringing coral reef and adjacent perched beach against a steep rocky shore during
the late Miocene. Furthermore, the outcrops at Corgo do Barrinho (despite the poor exposure) clearly docu-
ment the transition between submarine and subaerial environments (Figure 5), marking very accurately sea
level when sedimentation was abruptly interrupted by subaerial volcanic activity. This transition is presently at
430 m a.p.s.l. and the presence of peperites at the transition zone provides unequivocal evidence that the
overlying volcanic sequence is penecontemporaneous with the underlying sediments. This study clearly dem-
onstrates that the Lameiros stratigraphic unit (CVI2) is not exclusively composed of marine sediments, but
also includes penecontemporaneous volcanic formations that should be the focus of further research.

The precise age of the marine sequence at Corgo do Barrinho has proven difficult to date. It was initially con-
sidered as ‘‘Vindobonian’’ (15.5–11.0 Ma) on the basis of its macrofauna [Romariz, 1971a, 1971b; Mitchell-
Thom�e, 1974; Zbyszewski et al., 1975], using criteria that are now considered invalid [Mata et al., 2013]. Later,
Ferreira et al. [1988] considered it to be younger than 5.2 Ma, based on a K-Ar age on a seemingly subjacent
lava flow. Ramalho [2011] attempted dating the sediments using strontium isotope stratigraphy on macrofos-
sils extracted from the sedimentary sequence. Four fossils were analyzed and yielded an age between 9 and
10 Ma; however, high values of Fe and Mn suggest that the fossils were not pristine enough to yield an accu-
rate numerical age. In order to get a more precise age constraint on these sediments, in this study, we used 40

Ar=39Ar geochronology of underlying volcanic rocks and boulders included within the sedimentary sequence
to provide maximum age constraints on the sediments. Our data indicate a narrow time interval (6.5–7.0 Ma)
for the eruption of these volcanic rocks, which is in general agreement with calcareous nannofossil biostratig-
raphy and provides an approximate age for the consolidation of the sediments. Additionally, these results
show unequivocally that subaerial volcanism at Madeira Island started at least 1.4 Myr earlier than previously
reported, allowing a refinement of existing hotspot track models [e.g., Geldmacher et al., 2005].

The 40Ar=39Ar geochronology results presented here constrain the age of the coastline preserved at Corgo
do Barrinho to 6.5–7.0 Ma, and therefore provide a vertical benchmark that we can use to estimate the
amount of uplift experienced by Madeira Island during its initial stages of island building. Effectively, the
establishment of such coastline at �6.9 Ma and subsequent uplift to its present elevation at 430 m—before
the onset of subaerial shield volcanism no later than �5.6 Myr ago [Ech-chakrouni, 2004]—requires a mini-
mum vertical displacement on the order of �405 m in �1.4 Myr (assuming that the highest estimated sea-
level highstand during the considered time interval corresponds to �25 m a.p.s.l. [Miller et al., 2005]). This
corresponds to a minimum uplift rate of �290 m/Myr, a relatively high value for the Atlantic context. As a
comparison, Santiago, S~ao Nicolau, and Brava (Cape Verde) experienced uplift rates of 97, �32, and
�210 m/Myr, respectively, whereas La Palma in the Canary Islands experienced higher uplift rates of 400–
600 m/Myr [Ramalho, 2010; Ramalho et al., 2010a; Madeira et al., 2010; Kl€ugel et al., 2005].

The evidence presented here therefore suggests that Madeira Island edifice (a seamount) emerged essen-
tially by an uplift process, possibly without involving summit surtseyan volcanism. Because it was not possi-
ble to date CVI1 directly, the maximum elevation at which this unit crops out (800 m a.p.s.l., 370 m above
Corgo do Barrinho benchmark) cannot be used to compute a longer-term uplift rate. Nonetheless, this fact
indicates that the amount of uplift was much higher than that recorded by the marine limestones, and
that the uplifting process started earlier than the establishment of a paleo-shore at Corgo do Barrinho,
showing that the emergence of a large volcano is a protracted process. The 40Ar=39Ar ages reported here
represent the best current time estimate for the emergence of the Madeira Island edifice.

The geological record at vertically stable or uplifting volcanic oceanic islands is almost invariably rich with
geologic evidence for higher relative sea level, such as submarine volcanic products, marine terraces, and
wave-cut notches [e.g., Zazo et al., 2007; Madeira et al., 2010; Ramalho, 2011; Ramalho et al., 2013] that were
formed during recurring glacio-eustatic highstands higher than present sea level [Miller et al., 2005; Bintanja
et al., 2005] and preserved within the now subaerially exposed coastal sequences/morphology. However, our
study confirms that the Middle and Upper Volcanic Complexes of Madeira Island are entirely subaerial in
nature, with the notable exception of a few very recent hydromagmatic explosive products associated with
coastal eruptions. Furthermore, even on old stretches of coast sheltered from rapid marine erosion (e.g., on
the southeastern coast of the island), no morphological or stratigraphic evidence can be found for recent
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highstands such as Marine Isotope Stages 5e, 7 or 11, as observed on uplifting or vertically stable island edifi-
ces (e.g., Santa Maria in the Azores, Sal, Santiago, and S~ao Nicolau in the Cape Verdes). For these reasons, we
infer that Madeira Island probably entered a slow process of subsidence during subaerial shield volcanism.

In summary, we infer that Madeira Island emerged through an uplift process rather than volcanic activity
around 7.0–5.6 Ma, and probably slowly subsided ever since. The origins of this complex uplift/subsidence
trend are not yet completely understood and need further research. Presently, it is not possible to correlate
the timing of uplift episodes at Madeira and Porto Santo but these two islands may have experienced coe-
val uplift. If the latter is true, it could be interpreted as a sign of regional uplift driven by buoyancy changes
in the mantle beneath these islands. However, the contrasting maximum uplift magnitudes between
Madeira and Porto Santo (750 versus 365 m, respectively) on such small spatial scales (the islands are only
�40 km apart) suggests a local rather than regional uplift source—possibly driven by basal intrusions—as it
has been inferred for other Atlantic islands [Staudigel and Schmincke, 1984; Kl€ugel et al., 2005; Ramalho,
2010; Ramalho et al., 2010a, 2010b; Madeira et al., 2010]. Similarly, we infer that the syn-subaerial shield sub-
sidence trend at Madeira may be linked to flexural surface loading associated with the vigorous volcanism
that formed the bulk of the island’s subaerial edifice.

There are several implications of this study. First, it confirms that islands may emerge through a slower uplift
process rather than the relatively fast process of summit volcanism, which necessarily implies very high
magma supply rates. Thus, even seamounts subjected to very low summit eruption rates may still breach
the sea surface and become islands, but only if they experience enough uplift. When they shoal, submarine
volcanic edifices with low summit eruption rates do not grow fast enough to compensate for marine ero-
sion and so rarely become islands—unless slow volcanic growth is compensated by uplift [Ramalho et al.,
2013]. This type of emergence involving uplift and volcanic quiescence has been reported in many other
islands located on the slow-moving Nubian plate, e.g., La Palma, Sal, Maio, Santiago, S~ao Nicolau, and Brava
[Staudigel and Schmincke, 1984; Kl€ugel et al., 2005; Ramalho, 2010; Ramalho et al., 2010a, 2010b; Madeira
et al., 2010]. Brava, for example, represents a former seamount (no older than 3 Ma) that uplifted about
300 m during a volcanic gap lasting about 1.3 Myr until 0.25 Ma, and continued to uplift an extra 100 m
into the Holocene [Madeira et al., 2010]. This perhaps suggests that plate-movement exerts an indirect influ-
ence on the mode of island emergence. In slow moving to stationary plates with respect to existing sources
of partial melting (i.e., hot spots), magmatism is inevitably more concentrated in space and time leading to
longer but more intermittent island magmatic histories and higher degrees of crustal thickening driven by
intrusive processes (the main source of uplift). Therefore, in these settings, chances for emergence by uplift
between eruptive periods are thus increased, in contrast to fast-moving plate settings such as in the Pacific
Ocean [Ramalho et al., 2013]. More importantly, given the aforementioned considerations, the geological
record in these islands possibly shows that uplift and subsidence in oceanic islands is essentially governed
by competing processes of internal growth (intrusions) and surface loading (volcanism). In other words, we
propose that island edifice growth may reflect an alternation between dominantly volcanic and dominantly
intrusive activity. Finally, Madeira’s Archipelago complex uplift/subsidence history also serves to highlight
that our knowledge on island isostasy and its relation to volcanism/plutonism is, perhaps, still in its infancy.

6. Summary and Conclusions

Our study on the mode and timing of emergence of Madeira Island reveals that the bulk of Madeira’s
subaerial shield edifice lies unconformably over the eroded remains of a volcanic seamount that was
exposed subaerially prior to the extrusion of the subaerial shield sequence. The marine sediments at S�ıtio
dos Lameiros, within S~ao Vicente Valley, constitute a solid benchmark that helps constrain the history of ver-
tical movements affecting Madeira Island, and their present position at 320–430 m a.p.s.l. has now been
largely reconciled with the island’s stratigraphy. These observations suggest that Madeira Island’s proto-edi-
fice emerged above sea level essentially by means of uplift and not summit volcanism between 5.6 and 7.0
Ma ago, and involving over 405–750 m of vertical displacement. The source of such uplift is probably
related to basal intrusions, as it has been inferred for other islands located in the Nubian plate.

Several implications may be drawn from this study concerning ocean island evolution on slow-moving vs fast-
moving plate settings, with respect to melting source behind island volcanism. First, this study shows that
island emergence, i.e. the transition between seamount and emerged island, may take place by means of a
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relative fall of sea level through uplift, eustatic changes or a combination of both, and may not involve signifi-
cant summit surtseyan volcanism. This mechanism is more likely to occur on island edifices subjected to long
but intermittent magmatic lives and uplift trends, such as the ones located on slow-moving to stationary
plates with respect to their melting source. Finally, the complex vertical movement history experienced by
many islands in the Nubian plate - with alternating uplift and subsidence episodes - suggests that island edi-
fice growth may be governed by competing dominantly volcanic and dominantly intrusive processes.

Appendix A: XRD Diffractograms

X-ray diffraction of two samples from Porto da Cruz Formation were performed to confirm palagonitization
of its volcanic products. Figure A1 presents the diffractograms of one sample from the basal submarine unit
(PC-02) and another one of a subaerial lava (M-21) for comparison. The second sample from Porto da Cruz
Formation (PC-01) yielded a similar diffractogram.

Figure A1. XRD diffractograms for samples PC-02 and M-21 (sample PC-01 is virtually identical to PC-02). (a) X-ray-diffraction patterns
(CuKa radiation) for the powdered sample PC-02 (Porto da Cruz palagonitized basalt) and X-ray diffraction traces of oriented aggregates
solvated with ethylene glycol (in red). Note the numerous mineral peaks arising from a hump (in green). The hump derives from the pres-
ence of glass to amorphous material in the sample, and these overall characteristics are typical of samples from rocks that experienced a
palagonitization process as a result of seawater/basalt interaction [see Gurenko and Schmincke, 1998; Stroncik and Schmincke, 2002; Achilles
et al., 2013]. (b) XRD patterns of the bulk-rock powdered sample PC-02 (Porto da Cruz palagonitized basalt) oriented aggregate. Several
peak minerals like saponite (a trioctahedral smectite 15.78 and 4.53 Å), maghemite (2.51 and 1.47 Å), and hematite, phillipsite (a hydrated
potassium, calcium, and aluminum zeolite 2.93 Å), opale (4.08 and 2.51 Å), apatite (2.69 and 2.79 Å), anhydrite (3.50 and 2.85 Å), and tridy-
mite (4.26, 4.07, and 3.80 Å), among others, emerge from a hump of vitreous/amorphous material (in green) [see Stroncik and Schmincke,
2002; Michalski et al., 2005; Achilles et al., 2013]. (c) Bulk XRD spectra (CuKa radiation) of M-21, a control sample of subaerial basalt from the
Cabo Gir~ao effusive succession, showing the typical mineral peaks of basalt.

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005657

RAMALHO ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 535

 15252027, 2015, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014G

C
005657 by U

niversidade D
e M

adeira, W
iley O

nline L
ibrary on [20/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



References
Achilles, C. N., R. V. Morris, S. J. Chipera, D. W. Ming, and E. B. Rampe (2013), X-ray diffraction reference intensity ratios of amorphous and

poorly crystalline phases: Implications for CHEMIN on the Mars Science Laboratory Mission, Proc. Lunar Planet. Sci. Conf., 44th, 3072.
�Avila, S. P., R. Ramalho, and R. Vullo (2012), Systematics, palaeoecology and palaeobiogeography of the Neogene fossil sharks from the

Azores (Northeast Atlantic), Ann. Pal�eontol., 98(3), 167–189.
Bintanja, R., R. S. van de Wal, and J. Oerlemans (2005), Modelled atmospheric temperatures and global sea levels over the past million

years, Nature, 437(7055), 125–128.
Bonatti, E. (1965), Palagonite, hyaloclastites and alteration of volcanic glass in the ocean, Bull. Volcanol., 28(1), 257–269.
Bown, P. (1998), Calcareous Nannofossil Biostratigraphy, Br. Micropalaeontol. Soc. Publ. Ser., Chapman and Hall, London.
Brum da Silveira, A., J. Madeira, R. Ramalho, P. Fonseca, C. Rodrigues, and S. Prada (2010a), Carta Geol�ogica da Ilha da Madeira na escala de

1:50000, Folha A, technical report, Secr. Reg. do Ambiente e Recursos Naturais, Governo Reg. da Madeira, Funchal, Madeira Island.
Brum da Silveira, A., J. Madeira, R. Ramalho, P. Fonseca, C. Rodrigues, and S. Prada (2010b), Carta Geol�ogica da Ilha da Madeira na escala de

1:50000, Folha B, technical report, Secr. Reg. do Ambiente e Recursos Naturais, Governo Reg. da Madeira, Funchal, Madeira Island.
Brum da Silveira, A., J. Madeira, R. Ramalho, P. Fonseca, C. Rodrigues, and S. Prada (2010c), Not�ıcia Explicativa da Carta Geol�ogica da Ilha da

Madeira na escala de 1:50000, technical report, Secr. Reg. do Ambiente e Recursos Naturais, Governo Reg. da Madeira, Funchal, Madeira
Island.

Cach~ao, M., D. Rodrigues, C. M. da Silva, and J. Mata (1998), Biostratigrafia (Nanof�osseis calc�arios) e interpretaç~ao paleoambiental do Neo-
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Univ. de Lisboa. Lisboa, Portugal.
Mata, J., T. Boski, A. Boven, and J. Munh�a (1995), Geocronologia das lavas da Madeira: Novas dataç~oes K-Ar, Gaia, 11, 53–56.
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