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Abstract The Madeira and Desertas Islands (eastern
North Atlantic) show well-developed rift zones which
intersect near the eastern tip of Madeira (Sdo Lourengo
peninsula). We applied fluid inclusion barometry and
clinopyroxene-melt thermobarometry to reconstruct
levels of magma stagnation beneath the two adjacent
rifts and to examine a possible genetic relationship
during their evolution. Densities of CO,-dominated fluid
inclusions in basanitic to basaltic samples from Sio
Lourenco yielded frequency maxima at pressures of
0.57-0.87 GPa (23-29 km depth) and 0.25-0.32 GPa (8-
10 km), whereas basanites, basalts and xenoliths from
the Desertas indicate 0.3-0.72 GPa (10-24 km) and
0.07-0.12 GPa (2-3 km). Clinopyroxene-melt ther-
mobarometry applied to Ti-augite phenocryst rim and
glass/groundmass compositions indicates pressures of
0.45-1.06 GPa (15-35 km; Sdo Lourengo) and 0.53—
0.89 GPa (17-28 km; Desertas Islands) which partly
overlap with pressures indicated by fluid inclusions. We
interpret our data to suggest a multi-stage magma ascent
beneath the Madeira Archipelago: main fractionation
occurs at multiple levels within the mantle (> 15 km
depth) and is followed by temporary stagnation within
the crust prior to eruption. Depths of crustal magma
stagnation beneath Sdo Lourenco and the Desertas dif-
fer significantly, and there is no evidence for a common
shallow magma reservoir feeding both rift arms. We
discuss two models to explain the relations between the
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two adjacent rift systems: Madeira and the Desertas may
represent either a two-armed rift system or two volcanic
centres with separate magma supply systems. For pet-
rological and volcanological reasons, we favour the
second model and suggest that Madeira and the Deser-
tas root in distinct regions of melt extraction. Magma
focusing into the Desertas system off the hotspot axis
may result from lithospheric bending caused by the load
of the Madeira and Porto Santo shields, combined with
regional variations in melt production due to an irreg-
ularly shaped plume.

Introduction

Little is known about magma transport within the lith-
osphere slowly moving over a hotspot. Although studies
of hotspot-related volcanic ocean islands such as Ha-
waii, the Canary Islands and Iceland have led to a better
understanding of magma plumbing systems of ocean
island volcanoes (Hawaii: e.g. Eaton and Murata 1960;
Duffield et al. 1982; Clague 1987; Ryan 1988; Delaney
et al. 1990; Tilling and Dvorak 1993; Canary Islands:
e.g. Hansteen et al. 1998; Kliigel et al. 2000; Iceland: e.g.
Gudmundsson 1995), central questions remain. These
include why different magma reservoirs form beneath
the volcanoes, their depths, their evolution over time
and their control on magma petrogenesis. Moreover, it
is not clear how magma supply systems of adjacent
volcanoes may be interconnected and which inferences
can be made about melt pathways within the litho-
sphere.

The Madeira Archipelago is an ideal site to study the
evolution of hotspot-related volcanoes and their rift
zones in detail. The unique feature of the archipelago is
the occurrence of two well-developed volcanic rift zones
exposed by deep erosion: the E-W-trending Madeira rift
zone and the NNW-SSE-oriented Desertas rift. They
have been interpreted to represent a two-armed volcanic



rift system, with activity shifting between both arms
(Geldmacher et al. 2000). The possible genetic relation-
ship of the magma supply systems of the two rift arms is,
however, still unknown.

Thermobarometry is a suitable approach to address
this question. Former studies have shown that depths of
magma storage can be estimated from densities of fluid
inclusions trapped in phenocrysts and xenoliths (Roed-
der 1965, 1983; De Vivo et al. 1988; Belkin and De Vivo
1993; Szabo and Bodnar 1996; Hansteen et al. 1998;
Andersen and Neumann 2001). In addition, pressure
and temperature can be derived from the compositions
of glass and coexisting clinopyroxene phenocryst rims to
infer depths of magma reservoirs (Putirka et al. 1996).

In this paper, we present fluid inclusion and clino-
pyroxene-melt thermobarometric data from the Deser-
tas Islands and Sdao Lourengo, the easternmost tip of
Madeira located near the projected junction between the
two rift arms. Our geobarometric data, combined with
geochronological data on the evolution of the islands,
provide a first model of magma storage beneath the two
rifts. We compare our results with current models of
magma transport and storage beneath two-armed rift
systems such as Kilauea, and discuss if and how the
Madeira and Desertas rifts may have been intercon-
nected. Finally, we show what constraints can be placed
on the distribution of volcanism of the Madeira/Deser-
tas complex.

229

Geological setting

The Madeira Archipelago is located in the eastern North
Atlantic, 700 km from the north-western coast of Africa.
The archipelago consists of five islands: Madeira, Porto
Santo and the three Desertas Islands (from N to S: I1héu
Chao, Deserta Grande, Ilhéu Bugio; Fig. 1). The island
of Madeira is interpreted as the present locus of the
Madeira hotspot which can be traced back to 70 Ma
(Geldmacher et al. 2000). The main island rises from
about 4,000-m water depth to an elevation of 1,896 m
above sea level, and the Desertas to an elevation of
480 m. The underlying oceanic crust is about 140 Ma
old (Pitman and Talwani 1972).

Madeira and the Desertas Islands are interpreted to
represent a single volcanic complex, with a two-armed
rift system consisting of the E-W-oriented Madeira rift
arm and the NNW-SSE-oriented Desertas rift arm
(Geldmacher et al. 2000). Their rift axes intersect at an
angle of ~110° near Ponta de Sdo Lorengo, the east-
ernmost tip of Madeira (Fig. 1). The Madeira-Desertas
volcanic system is characterised by a shield stage and a
post-erosional stage (Geldmacher et al. 2000). The shield
stage can be divided into (1) the Early Madeira rift phase
(EMRP, >4.6-3.9 Ma), comprising the submarine
basement and the oldest subaerial rocks of Madeira, (2)
the Desertas rift phase (DRP, 3.6-3.2 Ma), with a shift
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of subaerial volcanic activity from the Madeira rift to
the Desertas rift arm, and (3) the Late Madeira rift
phase (LMRP, 3.0-0.7 Ma), during which the activity
switched back to Madeira along the E-W-trending rift
system. During the post-erosional stage (PE, <0.7 Ma),
cinder cones, tephra layers and intracanyon flows were
deposited after a period of inactivity and erosion. New
“OAr/*?Ar age determinations (van den Bogaard,
unpublished data) show that the oldest subaerial rocks
on Madeira are exposed on Sdo Lourengo and that the
stratigraphic sequence of the peninsula covers the com-
plete Madeira shield stage with ages of 5.1-4.0 Ma
(EMRP) and 2.6-0.97 Ma (LMRP). Furthermore, the
new data indicate that subaerial volcanism on the
Desertas extended from at least 5.07 to 2.7 Ma, and thus
partly overlaps with the Early and Late Madeira rift
phases.

Another rift arm of Madeira is located to the south of
Funchal (Fig. 1) and forms a 50-km-long, submarine
ridge with at least a dozen volcanic cones which occur
clustered at the southern tip. This structure, hereafter
referred to as the Funchal ridge, was discovered, map-
ped and sampled during cruise M51/1 of the German
research vessel Meteor (Hoernle et al. 2001). The
freshness of most samples suggests that this rift arm may
still be active.

Rock types

Madeira and the Desertas Islands are characterised by
alkaline rocks ranging from picrites and basanites to
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Fig. 2 TAS diagram of basaltic samples from the rift phases of the
Madeira/Desertas volcanic complex (Geldmacher and Hoernle
2000), using the field boundaries of Le Maitre et al. (1989).
Volcanic rocks are subdivided into alkalic and subalkalic after
McDonald (1968). EM RP Early Madeira rift phase, DRP Desertas
rift phase, LM RP Late Madeira rift phase, PE post-erosional phase
on Madeira

benmoreites (Fig. 2). The main phenocryst phases of
alkali basalts and basanites from the Desertas Islands
and Sao Lorengo are olivine and clinopyroxene (Ti-rich
augite). Some basalts and hawaiites additionally contain
plagioclase phenocrysts. Despite similar whole-rock
geochemistry, significant and systematic petrographic
differences between S3ao Lorengo and the Desertas
Islands can be observed (see Table 1). Olivine and
especially clinopyroxene megacrysts (>1 cm in size)
occur commonly on the Desertas Islands but only locally
on Sao Lorengo. Amphibole megacrysts (up to 4-cm
diameter) occur exclusively on the Desertas Islands.
Basalts with olivine as the only phenocryst phase
are abundant on Sdo Lourengo, whereas Desertas
basalts usually contain olivine plus clinopyroxene
phenocrysts. Fluid inclusions are far more abundant in
phenocrysts of Desertas basalts than in those from Sido
Lorengo. These observations suggest distinctive magma
chamber processes, magma ascent rates and/or stagna-
tion levels.

Analytical methods

Geobarometric data were obtained by microthermometry of
fluid inclusions and by mineral-melt equilibria. Fluid inclusions
were observed in 100-um, doubly polished plates from lavas,
dikes and xenoliths from Deserta Grande and Bugio (Desertas
Islands), Sdo Lourengco and the Funchal ridge. Microthermo-
metric measurements were carried out on a Linkam THMSG
600 heating-cooling stage calibrated with SYNFLINC synthetic
fluid inclusion standards at —56.6 (CO,) and 0°C (H,O).
Melting and homogenisation temperatures are reproducible to
better than +0.2 °C. Inclusion densities were derived from
Angus et al. (1976), and isochores were calculated using the
computer program Flincor (Brown 1989), utilizing the Kerrick
and Jacobs (1981) equation of state for the CO,—H,O system. In
order to determine the possible presence of components other
than CO,, Raman microspectroscopy of two representative
samples was carried out at the Institute of Geoscience, Uni-
versity of Leoben.

Mineral and glass analyses were performed on JEOL JXA 8900
electron microprobes (universities of Gottingen, Frankfurt and
Kiel) operated at an acceleration voltage of 15 kV. Glasses were
analysed with a beam current of 8 nA and a defocussed beam of
10 um, minerals with 20 nA and a focussed beam. To determine
average compositions, at least 15 points per glass sample and four
points per clinopyroxene were measured.

Fluid inclusion barometry

All samples studied are porphyritic with 10-15% olivine
and clinopyroxene phenocrysts, some containing pla-
gioclase as additional phenocryst phase. Most Bugio
basalts are ankaramites with 40-50% phenocrysts up to
1 cm in size. In addition, fluid inclusions in two xeno-
liths of spinel wehrlite (DES4) and spinel dunite
(DGR132) from Deserta Grande and in a harzburgite
xenolith from the southern tip of the Funchal ridge were
analysed. Petrographic descriptions of xenoliths are
given in the Appendix.
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Table 1 Lithological and petrographic differences between Desertas and Sdo Lorengo volcanics

Desertas Islands

Sao Lourenco

EMRP LMRP
Field observations
Ankaramites Abundant as lava flows and tuffs Rare Very rare
Phenocrysts >4 mm Abundant, especially cpx crystals Rare, max. -cm diameter Very rare
up to 2-cm diameter
Xenoliths Some peridotites and few gabbros None None
Petrographic
observations
Phenocrysts Ol and cpx Nearly always ol plus cpx Commonly ol plus cpx Only ol in ~55%
(~90% of samples) (~75% of samples) of samples
Plag Tabular habit Elongated habit Very rare
Single crystals Often glomerocrysts
Amph Megacrysts up to 4-cm diameter None None
in some lavas and pyroclastics
Fluid inclusions Abundant Very rare Rare

in phenocrysts

Occurrence of fluid inclusions

Several generations of CO,-dominated fluid inclusions
occur abundantly in olivine and clinopyroxene pheno-
crysts and in the xenoliths. They can be divided into (1)
primary inclusions occurring singly or in groups which
do not form trails, and (2) secondary or texturally late
inclusions forming trails reaching, and sometimes
crossing, grain boundaries. Some inclusions which show
textural evidence of partial decrepitation with measur-
able fluid phases were not incorporated. Common
inclusion sizes are 3 to 15 pm, seldom >20 pum. In
general, fluid inclusions are far more abundant in phe-
nocrysts of samples from the Desertas Islands than from
Sdo Lourenco. In the xenoliths, secondary fluid inclu-
sions are the main inclusion type and are common in
olivine, but relatively rare in clinopyroxene.

Microthermometry of fluid inclusions
Composition of fluid inclusions

Upon rapid cooling, all fluid inclusions froze to aggre-
gates between —70 and —100 °C of solid CO,; further
cooling to about —190 °C produced no visible phase
changes. Upon heating of the inclusions from about
—190 °C, the following phase transitions were observed:
(1) initial and final melting of CO, (Tm) between —57.4
and —-56.4 °C, and (2) final homogenisation of liquid
and vapour (L+V) into liquid (Thy) or into vapour
(Thy) at less than 31.1 °C. In many cases, phase tran-
sitions of inclusions homogenising into vapour could not
be accurately determined due to optical constraints.
Therefore, Thy data do not reveal distinct statistical
maxima but, nevertheless, they have to be considered as
significant.

Few inclusions show Tm below the triple point for pure
CO; (—=56.6 °C), which most likely results from thermal
gradients in the heating-cooling stage. Raman analysis of
some of these inclusions revealed no fluid components

other than CO,and traces of CO. There is no evidence for
the presence of H,O, although H,O is expected as a
component in fluids exsolved from mafic melts (Dixon
et al. 1997). This indicates that diffusive hydrogen loss
from fluid inclusions may have occurred at high temper-
atures (Bakker and Jansen 1991), changing original fluid
inclusion compositions. Another feasible process to re-
move H,O from the inclusion fluid are hydration reac-
tions between the fluid and the host mineral forming
secondary minerals such as amphiboles, sheet silicates or
carbonates (Andersen et al. 1984; Andersen and Neu-
mann 2001; Frezotti et al. 2002). We did not observe any
sign of secondary products, although this may be related
to small inclusion diameters (mostly <10 pm).

By assuming that the fluid phase coexisting with
mafic melt had an XH,O=H,0/(CO,+H,0) of 0.1,
which is an upper limit for basanitic melts at 1,000 MPa
(Dixon et al. 1997; Sachs and Hansteen 2000), all cal-
culated inclusion densities would increase by 4.5%.
Because of possible error introduced by such an
assumption, we present original rather than corrected
density data throughout this study, calculated for pure
CO,, and consider the possible error in the discussion.

Homogenisation temperatures and inclusion densities

The measured homogenisation temperatures of all
inclusions and their resulting densities are presented in
Figs. 3 and 4. Inclusion densities show distinctive his-
togram maxima (intervals) in their frequency distribu-
tion. For convenience, we subsequently define the limits
of each interval such as to comprise 90% of the
respective data points.

Basalts and xenoliths from Deserta Grande Both primary
and secondary fluid inclusions homogenised into liquid
between 12.6 and 30.3 °C in olivine and at 14.8 to
27.8 °C in clinopyroxene. Some measured inclusions in
olivine phenocrysts homogenised into vapour at 22 to
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served in olivine phenocrysts, with Thy ranging from
—4.3 to 30.9 °C. Homogenisation temperatures <15 °C
occur exclusively in texturally early fluid inclusions.
Some inclusions show vapour homogenisation at 24.1 to
28.2 °C. Inclusions in clinopyroxene homogenised into
liquid at 28.4 to 29.8 °C. These Th data give densities
ranging from 0.23 to 0.95 g cm™ with three frequency
maxima: (1) 0.23 to 0.29 g cm™, (2) 0.6 to 0.75 g cm™
and (3) 0.83t00.93 g cm™". In summary, the shallow and
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intermediate density maxima overlap with those from
Deserta Grande, but a third higher-density range can
additionally be observed.

Basalts from Sdo Lourenco Primary as well as secondary
inclusions were observed in olivine phenocrysts in one
EMRP sample (SL106) and in three LMRP samples. In
general, the inclusions homogenised into liquid at tem-
peratures between —10 and 30.4 °C. Compared with
samples from the Desertas Islands, homogenisation
temperatures are more dispersed and tend to lower
values. No fluid inclusions homogenising into vapour
were found. Fluid inclusions in sample SL106 give
densities of 0.60 g cm™. For the LMRP samples,
resulting density maxima occur at (1) 0.56 to
0.60 g cm™ and (2) 0.84 to 0.99 g cm™>

Harzburgite xenolith from the Funchal ridge Primary as
well as texturally late fluid inclusions were observed in
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olivine porphyroclasts. All homogenised into liquid
between —15.1 and 22.5 °C, comprising the lowest
homogenisation temperatures of this study. Resulting
densities range from 0.74 to 1.01 g cm™>, with a maximum
between 0.78 and 1.01 gcm™ overlapping with the
high density ranges of the Desertas Islands and Sio

Lourencgo.

Pressures of inclusion formation

Density data of CO,-dominated fluid inclusions can
provide constraints on the pressures at which they
were entrapped during crystal growth or crack healing
or at which they re-equilibrated (Roedder and Bodnar
1980; Roedder 1984). Pressures of inclusion formation
or re-equilibration corresponding to calculated densi-
ties were derived assuming a model temperature of
1,150 °C as based on clinopyroxene-melt thermoba-
rometry (see below). Since isochores of CO, inclusions
have moderately positive slopes (Fig. 6), variations in
model temperature have only little effect on calculated
pressures.

If one assumed a constant H,O fraction of 10% ra-
ther than pure CO, for all inclusions, different isochores
would result (Kerrick and Jacobs 1981). For a density
range between 0.2 and 1.05 g cm™* for pure CO, inclu-
sions, as observed in the present study (Fig. 4), the
corresponding pressures would increase from 0.063-1.01
(pure CO,) to 0.07-1.28 GPa (Xy20=10%), 1.e. by 11 to
26%. These values may be considered as an upper limit
of systematic error.

Due to decrease of inclusion densities by diffusive loss
of H,O as well as re-equilibration of fluid inclusions

0[.6 1 OT?
Density (glcm?)

C5 38

1

L L L L W e e e Rt

T T I..
02 03 04 05 06 07 08 08
Density (g/cm?)

[ o
1

T [["I.':[

0.8 0.9

during magma ascent, the following estimates represent
minimum pressures.

Desertas Islands

Densities indicated by fluid inclusions in phenocrysts
from Desertas Grande overlap perfectly with those in
xenoliths and yield two intervals corresponding to the
following pressures: (1) 0.07 to 0.12 GPa, and (2) 0.4 to
0.53 GPa. Inclusion densities from Bugio samples
largely overlap with these ranges (Fig. 4). However,
three density intervals can be distinguished whose cor-
responding pressure limits slightly differ from those of
Deserta Grande: (1) 0.075-0.1 GPa, (2) 0.29-0.44 GPa,
and (3) 0.55-0.71 GPa.

Sdo Lourengco

EMRP samples indicated pressures of 0.29 GPa, and
fluid inclusion data of LMRP samples yield two density
maxima corresponding to the following pressures: (1)
0.26 to 0.29 GPa and (2) 0.57 to 0.85 GPa. In contrast
to the Desertas Islands, no shallow pressure range
around 0.1 GPa could be identified, and no fluid inclu-
sions yielded pressures between 0.32 and 0.49 GPa. The
higher pressure range of Sdo Lourengo partly overlaps
with the highest pressure range indicated by fluid
inclusions in samples from Bugio (Desertas), but tends
to higher values.

Funchal ridge

Fluid inclusion densities from Funchal ridge samples
yield pressures between 0.48 and 0.9 GPa, overlapping
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with data from Desertas Islands and Sdo Lourengo but
extending towards higher pressures.

Clinopyroxene-melt thermobarometry

Mineral-melt equilibration pressure (P) and temperature
(T) were calculated with the thermobarometer of Putirka
et al. (1996) which is based on the exchange of jadeite/
diopside/hedenbergite components between clinopyrox-
ene and melt.

Sample description and preparation

Investigated lapilli samples from Sdo Lourengo (SL163,
LMRP), Deserta Grande (DGR101, DGR 123) and Bugio
(DBU101) have glassy to tachylitic groundmass with
plagioclase, olivine and augite micro-phenocrysts (up to
300 um, olivine up to 1 mm). Only sample DBU101 has
clinopyroxene and plagioclase phenocrysts up to4 mm. A
submarine basalt (M51/1-447DR-1) from the southern tip
of the Desertas ridge was investigated and has a tachylitic
matrix with plagioclase, olivine and clinopyroxene phe-
nocrysts and locally some fresh glass at the rim.

Since fresh glassy material was rare, some porphyritic
samples were chosen for groundmass separation. These
samples have a fresh matrix of plagioclase, clinopyrox-
ene, olivine and Fe-Ti oxides in different ratios, and
contain euhedral, optically zoned clinopyroxene and
olivine phenocrysts. More differentiated samples (e.g.
SL151) additionally contain elongated plagioclase phe-
nocrysts. Separated matrix was powdered, fused on an Ir
filament and quenched under air at the Institute of
Mineralogy (University of Frankfurt).

Data selection

Pressure and temperature data are based on EMP
analyses of coexisting augite rim and glass compositions.
EMP measurements on sector-zoned clinopyroxenes
were generally avoided. Possible equilibrium between
clinopyroxenes and melt was tested following the
empirical relation of Duke (1976):

log(Fetot/Mg)cpx = —0.564 + 0.755
+log(Fetot/Mg)jig

If the deviation between measured and predicted Fe/
Mg ratio was significant for several analyses within a
single clinopyroxene, the data were rejected. In case of a
systematic deviation for all clinopyroxenes within a
common sample, the data were incorporated. Such sys-
tematic deviations could be ascribed to differing redox
potentials and Fe’*/Fe*" ratios which were not con-
sidered by Duke (1976).

According to Putirka et al. (1996), the mean predic-
tion errors of the thermobarometer are +30 K and
+140 MPa. As an independent consistency test of the

data, calculated temperatures were compared to those of
thermometers based on olivine + liquid equilibria (Roe-
der and Emslie 1970; Ford et al. 1983; Putirka 1997).

PT-calculations

Desertas Islands

Most samples from the Desertas Islands indicate pres-
sures between 0.57 and 0.82 GPa and temperatures
ranging from 1,140 to 1,180 °C (Table 2, Fig. 5). Ol-
melt thermometers after Roeder and Emslie (1970),
Putirka (1997) and Ford et al. (1983) predict equilibrium
temperatures between 1,170 and 1,175 °C which largely
agree with the cpx-melt data. Although data obtained by
mineral-melt barometry overlap with the highest pres-
sure range indicated by fluid inclusions (Fig. 6b), they
generally tend to higher pressures. This difference can be
related to re-equilibration of fluid inclusions during
magma ascent as well as decrease of inclusion densities
by diffusive loss of H>O.

Pressure predictions of sample K8 from Bugio are
exceptional since they scatter over a wide range between
0.13 and 0.89 GPa (Table 2). The values largely overlap
with the pressure ranges indicated by fluid inclusions
within the prediction error of the clinopyroxene-melt
barometer (Fig. 6).

Sdo Lourenco

Mineral-melt thermobarometry applied to EMRP sam-
ples yield pressures between 0.45 and 1.06 GPa (Fig. 5).
The data can be divided into two PT intervals: (1) from
0.45t0 0.68 GPa and 1,160 to 1,190 °C, and (2) from 0.7
to 1.06 GPa and 1,180 to 1,235 °C (Figs. 5, 6a). Both P
intervals overlap with the highest pressure range for fluid
inclusions in LMRP samples from Sdo Lourengo (0.56—
0.83 GPa; Fig. 6a). Deviations of pressure estimates be-
low the range for fluid inclusions are within the prediction
error of the barometer (+0.14 GPa). Compared to data
from the Desertas Islands, the range of pressure estimates
for Sdo Lourenco tends to higher values, in accordance
with results from the fluid inclusion barometry.

The LMRP lapilli sample (SL163) yields temperatures
of 1,150-1,160 °C which are in accordance with crystal-
lisation temperatures of peridotite xenoliths from NW
and SE Madeira (1,150-1,300 °C; Munha et al. 1990).
Calculated pressures range from 0.56 to 0.64 GPa and
overlap clearly with the lower P interval indicated by
EMRP samples and, additionally, with the highest pres-
sure range for fluid inclusions in LM RP samples (Fig. 6c).

Discussion
Depths of magma fractionation and stagnation

Our thermobarometric data provide the base for a first
model of magma plumbing systems beneath the
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Fig. 5a, b Crystallisation pressures of clinopyroxene phenocrysts in
basaltic rocks from a the Desertas Islands and b Sdo Lorengo,
obtained by clinopyroxene-melt barometry after Putirka et al.
(1996). Each pressure value represents the conditions of crystalli-
sation for a single clinopyroxene phenocryst

Madeira/Desertas volcanic complex. We interpret the
pressure calculations derived from mineral-melt barom-
etry to reflect major levels of crystal fractionation. The
pressure data obtained by fluid inclusion barometry were
interpreted to imply magma stagnation, degassing and
crystal fractionation at a corresponding range of depths.
Since inclusion densities may rapidly re-equilibrate dur-
ing ascent, they additionally indicate depths of tempo-
rary magma stagnation at shallower levels.

Sdo Lourenco—Early Madeira rift phase

During the EMRP, major levels of magma fractionation
beneath Sao Lourengo were located at 15-35 km depth,
as documented by clinopyroxene-melt barometry
(Fig. 6a). Further magma stagnation at about 9 km
depth is manifested by few fluid inclusions, but not by
clinopyroxene-melt barometry. This observation sug-
gests that magmas stagnated temporarily in the lower
oceanic crust.



236

a) Sao Lourengo - EMRP
0

b) Desertas Islands - DRP

c) Sao Lourengo - LMRP

0.22 _ 0
- -0.32 0 . L
I 0.60% : .
. - g
© 1R <!
& 0.5 # 4? - 5
o B 1 -1 ) g
1.0 | T T » N
<
T T T T T T T T | I I | ! | !
1000 1100 1200 1300 1100 1200 1300 1100 1200 1300
T[°C] T[°C] T[C]

frequency maxima of fluid inclusion densities

085~ isochores

3

clinopyroxene-melt thermobarometry

Fig. 6a—c PT diagram summarising fluid inclusion and mineral-
melt barometry data applied to basaltic rocks from a Sdo Lourengo
(EMRP Early Madeira rift phase),b the Desertas Islands (DRPDe-
sertas rift phase) and ¢ Sdo Lorengo (LMRP Late Madeira rift
phase). Dotted areas Frequency intervals of fluid inclusion density
(see Fig. 4), shaded symbols ranges of PT conditions of clinopy-
roxene fractionation, quadranglesmean values of the respective
ranges (see Table 2)

Desertas Islands—Desertas rift phase

Clinopyroxene-melt barometry indicates major crystal
fractionation of Desertas lavas at 17-28 km depth
(Fig. 6b). This range overlaps well with fluid inclusion
data from Bugio which yield a density maximum cor-
responding to pressures between 0.55 and 0.72 GPa (18-
23 km depth, Fig. 4). Further magma stagnation, deg-
assing and crystallisation of mafic magmas at 9-17 km
depth is manifested by fluid inclusion data from Deserta
Grande as well as Bugio (Fig. 6b), and by clinopyrox-
ene-melt barometry (sample K8, Table 2). Fluid inclu-
sions in phenocrysts and xenoliths from Deserta Grande
yield a significant frequency maximum at pressures
between 0.39 and 0.55 GPa (Fig. 4), corresponding to
12-16 km depth. This range may coincide with the
Moho which we suppose to be located at 14-15 km
depth, by analogy to the western Canary Islands (Banda
et al. 1981) showing a similar age of the underlying
oceanic crust (ca. 160 Ma, Roeser 1982). The data may
thus reflect a main stagnation and fractionation level
near the Moho, possibly a crystal mush zone. This sit-
uation is comparable to the Canary Islands where fluid
inclusions indicate that primitive melts and their xeno-
liths may reside at Moho or lower crustal depths prior to
eruption (Hansteen et al. 1998).

Finally, both fluid inclusions and mineral-melt
barometry indicate a further level between 2 and 4 km
depth (Fig. 6b), which demonstrates resetting of fluid
inclusions and additional clinopyroxene fractionation at

shallower depths during temporary magma stagnation.
This stagnation level coincides with a level of neutral
buoyancy inferred for the Kilauea volcano, Hawaii
(Ryan 1988), and could reflect shallow rift pathways in
the upper crust near the base of the volcanic edifice
(Fig. 7a).

Sdo Lourenco—Late Madeira rift phase

Main fractionation levels of lavas erupted during the
LMRP are located at 18-28 km depth as indicated by
fluid inclusion barometry as well as clinopyroxene-melt
barometry (Figs. 6¢c, 7). This range overlaps with frac-
tionation depths during the EMRP and with fraction-
ation levels indicated by Desertas samples.

In contrast, a geobarometric study applied to ultra-
mafic cumulate xenoliths in LMRP units from NW and
SE Madeira infers pressures of phenocryst accumulation
between 1.2 and 1.5 GPa corresponding to magma res-
ervoirs at 3948 km depth (Munha et al. 1990). Since
our pressure calculations reflect the last equilibration
conditions of clinopyroxene prior to eruption and do not
preclude deeper magma reservoirs, we believe that the
combined data indicate crystal fractionation occurring
over a wide depth range.

As is the case for EMRP samples, another shallower
pressure range at 0.26 and 0.32 GPa is indicated only by
fluid inclusions (Fig. 6¢) and suggests temporary magma
stagnation at 810 km depth in the lower oceanic crust
prior to eruption (Fig. 7a).

Funchal ridge

Fluid inclusion densities presented from the southern tip
of the Funchal ridge indicate major fractionation be-
tween 16 and 28 km depth. Magma stagnation within
the upper crust is not indicated by our dataset. Since the
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mantle illustrating our model of magma transport and storage
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inferred melt extraction pathways. Madeira and the Desertas are
interpreted to represent two volcanoes which root in distinct
regions of melt extraction within the ascending mantle plume

Funchal ridge is supposed to be the youngest magmatic
system of the Madeira Archipelago (Hoernle et al. 2001),
shallow stagnation levels may not have developed yet.

Two-armed rift system or separate volcanic systems?

Our data indicate significant differences as well as some
similarities between the magma plumbing systems and
inferred stagnation levels beneath Sdo Lorengo and the
Desertas Islands (Fig. 7). The observations can be ex-
plained by two end-member models: (1) the island of
Madeira and the Desertas ridge represent two rift arms
of a single volcanic system with an interconnection near
Sdo Lourenco (Geldmacher et al. 2000), or (2) they
represent two separate volcanic systems with indepen-
dent magma plumbing systems.
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Model 1: two-armed rift system

Multiple-armed rift systems are a common feature of
oceanic island volcanoes such as Kilauea/Hawaii
(Walker 1999) or Tenerife/Canary Islands (Carracedo
1994). Typically, these systems are characterised by a
central volcano from which two or three rift arms ex-
tend. In the case of Kilauea, the central summit is
underlain by a shallow magma reservoir at 2-4 km
depth (Ryan 1988) which feeds two rift arms by lateral
magma injection mostly along dikes. The following
observations point to an interconnection of the Madeira
and the Desertas rifts in terms of a two-armed system
analogous to Kilauea:

1. Madeira and the Desertas ridge intersect each other
near Sdo Lourengo and appear to form a continuous
volcanic edifice (Fig. 1), suggesting that both rift arms
extend from a centre near the eastern tip of Madeira.

2. The gap in volcanic activity on Madeira during the
Desertas rift phase may indicate a close link between
the respective magma supply systems, such as an
interconnection of magma reservoirs.

3. Mineral-melt barometry as well as fluid inclusion
barometry of samples from the Madeira and Desertas
rift phases indicate overlapping fractionation levels at
15-28 km depth (Figs. 6, 7a). This may suggest a
common magma reservoir and/or lateral magma
transport to the rift zones at these depths, possibly
along the mantle—oceanic crust boundary where
density changes and subhorizontal layering could
facilitate such a scenario.

4. Major element, trace element and radiogenic isotope
characteristics of shield-stage volcanics from Madeira
and the Desertas are broadly similar and show a
continuous evolution over time (Geldmacher and
Hoernle 2000), which suggests a common magma
source for both systems.

Model 2: separate volcanic systems

The alternative model considers Madeira and the
Desertas as two discrete, overlapping volcanoes with
separate magma supply systems, a situation analogous
to, e.g. the adjacent Kilauea and Loihi edifices. The
following observations and considerations argue in fa-
vour of this hypothesis:

1. There is no petrological or field evidence for a shal-
low magma reservoir near Sao Lourengo, arguing
against lateral magma transport from a central res-
ervoir into the Madeira and Desertas rift arms. In
addition, the inferred depths of shallow magma
stagnation beneath Sdo Lourengo during both the
Early and Late Madeira rift phases are significantly
below those of the Desertas rift phase (Fig. 6). There
is thus no progressive evolution of a crustal storage
system towards shallower depths as proposed for
Hawaiian volcanoes (Clague 1987), which is sugges-
tive of two separate magma plumbing systems.
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2. If the magma supply systems of Madeira and the
Desertas had been interconnected, lateral magma
transport over tens of kilometres must have taken
place in the uppermost mantle or near the Moho
where fractionation levels overlap (Fig. 7). Lateral
transport along dikes is possible only where an
appropriate stress field exists, e.g. within a volcanic
edifice (Dieterich 1988). Alternatively, if horizontal
compressive stresses are higher than the vertical
stress, horizontal intrusions may form (Gudmunds-
son 1995). Both scenarios, however, seem unlikely
to provoke lateral magma transport over tens of
kilometres in the uppermost mantle beneath Ma-
deira.

3. There are systematic lithological differences between
the Sdo Lourengo and Desertas samples (Table 1).
Moreover, fluid inclusions in Sdo Lourenco samples
are far less abundant than in Desertas rocks, indi-
cating less fluid entrapment during crystal growth or
crack healing. This implies either faster magma as-
cent from the fractionation levels to the surface, less
degassing during fractionation, slower crystal
growth, or different volatile contents of the parental
magmas. These differences are best explained by
distinctive magma transport systems beneath Sdo
Lourenco and the Desertas.

4. The present morphology is characterized by maxi-
mum elevations in the central parts of Madeira and
the Desertas and a depression, rather than a rise, near
the intersection of both rift axes (Fig. 1). Moreover,
units of the EMRP occur up to 1,300 m above sea
level in central parts of Madeira (Geldmacher et al.
2000), but only up to 175 m on Sdo Lourengo. Such
morphology and stratigraphy are hard to reconcile
with a two-armed rift system emerging from a central
volcano near Sao Lourenco.

Inferences on volcano distribution

After considering all arguments discussed above, we
favour the model of two separate volcanoes with distinct
magma plumbing systems (Fig. 7). As a consequence,
the Madeira and Desertas volcanoes should root in
distinct regions of melt extraction within the ascending
mantle plume (Fig. 7b). The question arises, then, why
the spatial and temporal succession of volcanic activity
of the Madeira-Desertas complex is not in accordance
with that expected from the hotspot track (Fig. 1). We
propose the following model to explain (1) the occur-
rence of volcanism off the hotspot track, (2) the coupling
of Madeira and Desertas volcanism, and (3) the concept
of distinct regions of melt extraction whilst maintaining
geochemical continuity.

Island spacing of hotspot systems can be controlled
by lithosphere flexure due to the load of volcanic
shields (Ten Brink 1991). At the transition between
flexural depression and bulge, where horizontal flexural
stresses are approximately zero, magma flow to the

surface may be facilitated, forming a new volcano. For
a steady source of melt underneath a moving litho-
spheric plate, this process produces a chain of discrete
volcanoes along a single or dual line (Hieronymus and
Bercovici 1999). In contrast, the Madeira hotspot track
is ascribed to a weak, pulsating plume (Geldmacher
et al. 2000), the shape and flow of which may be
influenced by mantle convection. It is conceivable that
such a pulsating plume becomes irregularly shaped,
causing lateral variations of the melting region. Com-
bined with the flexure model of Ten Brink (1991), this
effect could result in a disperse volcano pattern, rather
than a line. Although data are lacking, a lithosphere
flexure beneath the Madeira Archipelago is likely when
compared to the analogous situation of the western
Canary Islands (Collier and Watts 2001). We thus
presume that the Desertas ridge is located at a litho-
spheric bend caused by the Madeira and Porto Santo
loads, a location with a stress field facilitating ascent of
magmas through the lithosphere (Fig. 8). Lateral vari-
ations of the melting region, combined with slow plate
motion and flexural stress, could have initiated the
Desertas volcanism off the hotspot track and caused
the shift of activity between Madeira and the Desertas
(Fig. 8). This model is in accordance with the geo-
chemical continuity of the Madeira/Desertas complex
over time (Geldmacher and Hoernle 2000), which re-
quires a common magma source for both.

Conclusions

The results presented in this paper show that thermo-
barometric data not only provide information about the
depths of magma fractionation and stagnation, but
additionally allow inferences on relations between adja-
cent volcanic systems to be made. Fluid inclusion data as
well as mineral-melt barometry indicate systematic
differences as well as some similarities between the magma
plumbing systems beneath the rift zones of Sdo Lourengo/
Madeira and the adjacent Desertas Islands. For both
systems, levels of magma fractionation and stagnation
were identified within both the uppermost mantle and the
crust. Sio Lourengo samples of Early and Late Madeira
rift phases indicate similar levels of magma stagnation
within the crust which differ from those beneath the
Desertas. This observation suggests that there is no
common shallow magma reservoir feeding both the
Madeira and the Desertas rifts. A deeper interconnection
of the two rift systems within the uppermost mantle or the
lower crust by lateral magma transport appears unlikely.
We propose that Madeira and the Desertas represent two
separate volcano systems, rather than a single volcanic
complex with two rift arms. Distinctive magma pathways
down to at least 35 km depth imply that both volcanoes
root in distinct regions of partial melting within the
Madeira plume. The shift of volcanic activity between
Madeira and the Desertas may be a result of lateral vari-
ations of the melting region in an irregularly shaped



Fig. 8 Schematic section
through the lithosphere beneath
Madeira perpendicular to plate
motion, illustrating the
influence of lithosphere flexure
on magma ascent (modified
after Hieronymus and Bercovici
1999). Hypothetical lithosphere
bending due to the load of
Madeira and Porto Santo is
strongly exaggerated. At the
transition between flexural
depression and flexural bulge,
horizontal stresses are
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plume, combined with flexural stresses within the litho-
sphere due to the loads of Madeira and Porto Santo. This
model could explain the shift of volcanic activity between
Madeira and the Desertas Islands, and possibly of other
hotspot volcanoes as well.
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Appendix
Xenolith petrography

DES4

Spinel wehrlite consisting to about 80% of early-formed
olivine up to 3 mm with some kink bands, and 20% of
interstitial clinopyroxene with abundant melt inclusions.
Cpx is associated with late-formed and smaller, euhedral
to subhedral olivines (<0.5 mm) and small spinels
(<250 pm). Fine-grained spinels (about 20 pm) occur
throughout the xenolith. Low intracrystalline deforma-
tion and the occurrence of interstitial clinopyroxene with
olivine inclusions is evidence for a cumulate origin of the
xenolith.

DGRI32

Spinel dunite with coarse-grained olivine up to 8 mm in
size showing abundant kink bands, melt and fluid

'RH“H-E.{TOSDhe@ -
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Par&gal Lat 7\"{ Tensile
melting ateral variations stresses
of plume and T Compressive
melting region Stresses

inclusions, and euhedral to subrounded spinel up to
0.6 mm in size. Basaltic matrix of fine-grained clinopy-
roxene, olivine and plagioclase locally occurs in cracks
and pockets and is interpreted as host melt which pen-
etrated along grain boundaries and cracks. The dunite
xenoliths are interpreted as cumulates.

M51/1-437DR-1

Harzburgite from the submarine Funchal ridge with
abundant fluid inclusions. Olivine porphyroclasts (about
80%) from 1 to 6 mm in size show curvilinear grain
boundaries and abundant kink bands. Orthopyroxenes
porphyroclasts (20%) with clinopyroxene exsolution
lamellae show embayments at the xenolith surface, dem-
onstrating that they have reacted with the surrounding
melt. No oxide minerals were found. Because of the
deformation indicated by kink bands and the resorbed
pyroxenes rims, the xenolith is interpreted to represent a
fragment of the refractory mantle beneath Madeira.
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