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Abstract The relationship between rift zones and
flankinstability in ocean island volcanoes is often inferred
butrarely documented. Our field data, aerial image analysis,and
40Ar/39Ar chronology from Anaga basaltic shieldvolcano on Tenerife,
Canary Islands, support a rift zone—flank instability relationship.
A single rift zone dominatedthe early stage of the Anaga edifice
(~6–4.5 Ma).Destabilization of the northern sector led to partial
sea-ward collapse at about ~4.5 Ma, resulting in a giantlandslide.
The remnant highly fractured northern flank ispart of the
destabilized sector. A curved rift zone devel-oped within and
around this unstable sector between 4.5and 3.5 Ma. Induced by the
dilatation of the curved rift, afurther rift-arm developed to the
south, generating a three-armed rift system. This evolutionary
sequence is sup-ported by elastic dislocation models that
illustrate how acurved rift zone accelerates flank instability on
one sideof a rift, and facilitates dike intrusions on the
oppositeside. Our study demonstrates a feedback relationship
be-tween flank instability and intrusive development, a sce-nario
probably common in ocean island volcanoes. Wetherefore propose that
ocean island rift zones representgeologically unsteady structures
that migrate and reor-ganize in response to volcano flank
instability.

Keywords Tenerife · Rift zone · Dike intrusion · Volcanoflank
instability · Constructive-destructive feedbackmechanism · Canary
Islands

Introduction

Rift zones and volcano flank instability

Dikes in ocean island volcanoes are commonly concen-trated in
rift zones forming axes of major intrusive vol-cano growth. The
orientation of such dike swarms iscommonly subparallel to the
direction of the maximumcompressive stress, only a small fraction
of dikes everreaching the surface (Gudmundsson et al. 1999).
Lastingintrusive and extrusive activity along rift zones
typicallyresults in a morphological ridge that may become unsta-ble
and be destroyed by giant landslides (Dieterich 1988;Carracedo
1994; Walter and Schmincke 2002).

It is, therefore, of major interest to better
understandformation and dynamic interplay of rift zones and
flankinstability. It is not clear whether rift zones on
oceanislands are stable and long-lasting features that
ultimatelydestabilize volcano flanks by outward push, or
whetherrift zones are transient arrangements that build-up,
cease,or change their direction. If the rift architecture is
atemporary arrangement that may adjust to near-surfacechanges in
the stress pattern of a volcano, our assessmentand long-term
prognosis of volcano development will besignificantly affected.

Rift zones are arguably the most prominent structuralfeatures on
the Hawaiian and the Canary Island volcanoesand frequently display
a curved axis (Fig. 1). For theHawaiian Islands, Fiske and Jackson
(1972) suggestedthat the ridge-like topography of rift zones is a
principalfactor in geometrically focusing dike intrusions. A
rift-ridge system causes horizontal expansion normal to
itselongation and vertical sagging because of its weight.
Thetopography of rift zones, once established, focuses
dikeintrusion parallel to the axis of the ridge. Continued
deep-reaching faulting that predominates in rift zones allows
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expansion and thus permits dike intrusion and rift per-sistence
(Dieterich 1988). An existing rift zone tends tostabilize itself.
But the initial mechanisms of rift forma-tion, often accompanied by
flank destabilization, re-mained controversial. One hypothesis
suggests that dikeswarms may push a volcano flank seaward and thus
fa-cilitate fault slip of huge edifice segments (Clague
andDenlinger 1994; Iverson 1995; Elsworth and Voight1996; Cayol et
al. 2000). An alternative hypothesis favorsthe passive control of
intrusive rift zones when a flankdeforms gravitationally (Delaney
et al. 1998; Owen et al.2000; Walter and Troll 2003). There is
growing evidencethat the number and orientations of dike swarms in
vol-canic edifices are largely controlled by the
near-surfaceimbalance that arises from the instability of
volcanoflanks. A bi-directional interaction may be given, say,when
the volcano sector instability changes the structureof a rift
volcano, which in turn influences the develop-ment of the unstable
sector. This might control thestructural evolution of individual
volcanic edifices. In thispaper, we describe the structural
evolution of Anaga, theshield volcano that dominates the
northeastern sector ofTenerife (Canary Islands). We demonstrate how
the ar-rangement of volcanic rift zones is altered through
in-teraction with an unstable island flank.

Geologic background

Tenerife is located ca. 300 km off the coast of NW Africa.Three
basaltic shield volcanoes occupy three corners ofthe island, each
representing an independent edifice withits own volcanic history
(Ffflster et al. 1968). These areAnaga in the northeast, Teno in
the west, and Roque delConde in the south of the triangular island
(Fig. 1). TheseMiocene-Pliocene shields were amalgamated by a
Pleis-tocene fourth edifice (Ca�adas) in the center,
successivelyoverlapping the three old shields (Ancochea et al.
1990).

Fractures and rift zones on Tenerife repeatedly de-veloped in
triaxial patterns. These triple-armed rifts arethought to result
from either magmatic doming, and thusslight upward bending of the
crust (Carracedo 1994), orgravitational spreading effects (Walter
2003). Severalsuch “triaxial rift zones” exist on the island, some
ofwhich were active simultaneously (Fig. 1). The Miocenerift zones
developed in the northwest of the island (Teno)and later in the
northeast (Anaga). The Teno and Anagacenters represented separate
volcanic islands at that time(Carracedo 1994). The youngest
triaxial system formedon the Pleistocene central Ca�adas volcano
and eruptedhistorically several times.

To understand the evolution of rift zones we focusedon the
deeply eroded Anaga massif (Fig. 2A). Anagabegan to grow in the
late Miocene and practically ter-minated in the Pliocene at around
3.3 Ma (Ancochea et al.1990). The polygenetic evolution of the
Anaga massifbegan with basanitic activity around 8 Ma, alkali
basalt

Fig. 1 Relation between flankinstability and rift zone
positionillustrated for the Hawaiian andCanary Islands.
Submarineavalanche deposits (dashedblack lines) frequently
originatein between two rift arms of athree-axis system. Each
islandformed several rift systems,shown in detail for Tenerife
Is-land (large insert). On a shadedrelief map, morphologicalscarps
from flank collapses arevisible, commonly enclosed bytwo rift zones
(e.g. G�imar).Study area Anaga is in thenortheast. Hawaiian Island
mapincludes data by Fiske andJackson (1972) and Moore et al.(1989);
Canary Island maps in-clude data from Carracedo(1994) and Walter
andSchmincke (2002)
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around 5.8 Ma and, again, basanitic activity at ca. 4.2 Maago
(Thirlwall et al., 2000). The Anaga volcanic series
arecharacterized by two unconformities (Carracedo 1975)about 7 and
4 Ma old (Ancochea et al., 1990). Thissubdivision is oversimplified
for the composite Anagaedifice, but it allows to distinguish three
major subseries.We use herein the terms Lower, Middle and Upper
Series(from old to young).

The northern area is formed by the Lower Series andoutcrops in a
structural window, concave to the north,with a radius of 10–14 km
(Ara�a et al. 1979; Ancocheaet al. 1990; Rodriguez-Losada et al.
2000). The MiddleSeries are made of strongly eroded basaltic and
phonoliticrocks that blanket the Lower Series and are
inclinedseaward. The Upper Series are made up of capping
sub-horizontal basalt flows, differ morphologically and aremore
resistant than the older units. All three series aretraversed by
numerous dikes that form well-defined dikeswarms, striking NNW–SSE,
WSW–ENE, and W–E. The

high density of the Anaga dikes resembles that of dikecomplexes
on Oahu, Hawaii (Walker 1992). The step-wise evolution of such rift
zones is unclear, particularlythe degree to which its development
was influenced byflank instability. The occurrence of a giant
northward-directed landslide from Anaga was suggested
previouslybased on a distinct embayment at the northern flank andan
associated submarine debrite (Hern�ndez-Pacheco andRodr�guez-Losada
1996; Masson et al. 2002; Mitchell etal. 2003). Here, we attempt to
unravel the relationshipbetween initiation and development of the
unstablenorthern flank and the triaxial rift system on Anaga
andemployed several different methodologies.

Methods

Our methods comprise (1) lineament analysis from aerialimages,
(2) local validation of dike distribution in the

Fig. 2 Maps of Anaga areashowing (A) a simplified geo-logical
map with the three ma-jor geological series, and (B)lineament
distribution fromaerial images on Anaga. Dashedblack line marks the
morpho-logically prominent horseshoe-shaped amphitheater and
deb-rite outcrops. Note the numer-ous lineament paths that
outlinethis amphitheater. In centralAnaga, a NE–SW swarm
oflineaments is pronounced. Thistrend becomes more diffuse to-wards
the northeastern coast ofAnaga. To the southeast, linea-ment traces
are oriented NNW-SSE (160�) and thus perpen-dicularly to the
topographicridge WSW-ENE. This trend isnot favored by topography
andis not found within the northernsector, i.e. it appears to
beconfined to the south of theamphitheater
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field, (3) determination of crosscutting relationships
andsampling, (4) 40Ar/39Ar age dating, and (5) elastic dislo-cation
modeling.

The combination of these methods allows identifica-tion of
sector instability and related episodes of rifting.

Lineament analysis

We used remote data to map the structural characteristicsof
Anaga. Our analysis is based on high resolution 1:8000colored
stereo-paired images (GRAFCAN, Spain). Wetraced all major obvious
lineaments (Fig. 2B). A linea-ment can be a continuous linear or
curvilinear feature oran alignment of shorter features observed on
an image. Incombination with topographic maps and digital
elevationmodels, we studied lineament orientation and
lineamentdistribution. Our fieldwork confirms that most of
thelineaments are dikes.

Fieldwork and relative age analysis

Large parts of Anaga are accessible by hiking trails andoutcrops
are good, except at altitudes above 500 m a.s.l.where the ground is
densely vegetated. Dike trace orien-tations were measured in the
field and data were correctedaccording to the actual International
Geomagnetic Ref-erence Field (IGRF). We took account of the
relative agesof intrusive phases such as the stratigraphic position
of aunit, the groups of dikes that cut this particular unit, andthe
crosscutting relationships between these groups ofdikes. We used
samples from key localities for age de-termination.

Isotopic age analysis

Plagioclase crystals, whole rock fragments or glass frag-ments
(80–480 �g) were separated and cleaned for40Ar/39Ar laser probe
dating. Irradiations were carried outat the GKSS reactor
(Gesellschaft f�r Kerntechnik undStrahlenschutz, Geesthacht,
Germany). For the laserprobe 40Ar/39Ar analyses, we fused
individual rock,mineral or glass fragments in single heating steps
by aSpectraPhysics 25-W argon ion laser (514 and 488 nm).The argon
isotope ratios were determined in a MAP 216Series mass
spectrometer. Argon isotope ratios werecorrected for mass
discrimination, neutron flux gradients,and interfering neutron
reactions. Ages are quoted with 2sigma errors, including the
uncertainties of the monitor’s40Ar/39ArK relation and procedural
blank measurements.

Numerical modeling

We carried out elastic dislocation models based on thedata set
of dike intrusions and the rift zone geometry inAnaga. We simulated
the displacement and dilatations

caused by rift zones of dimensions similar to the onesfound in
Anaga, and calculate displacement vectors and adislocation map.
Further details are given below.

The combination of these methods allows identifica-tion of
sector instability and related episodes of rifting.

Structural development of Anaga

Our aerial image analyses reveal a high density of sub-parallel
lineaments in Anaga (Fig. 2B). At the northernflanks of Anaga, the
lineaments seem less parallel ori-ented than in the southern half
of Anaga. We distinguishthree zones (1) complexly crosscutting
orientations in thenorth of the edifice, (2) parallel SW-NE
trending linea-ments in the center and southwest of Anaga, and (3)
aNNW–SSE oriented trend in the southeast. Below wedescribe these
structural trends, together with field ob-servations, in a
geological context starting with the oldestunits.

Early linear rifting

The northern flank of Anaga is intruded by an excep-tionally
dense, largely basaltic dike swarm plus severalalkali gabbro and
syenite plugs. The oldest and deepestAnaga rocks are exposed within
this eroded sector (en-circled by dashed line in Fig. 2; Ara�a et
al. 1979).Abundant dikes in the eroded northern sector allow
toestimate the earliest stage of rifting on the edifice.
Thesubparallel direction of dike traces implies a SW–NE-oriented
rift zone. The northern flank is dominated bysubparallel dikes
(Fig. 3), striking broadly 060� €20�. Theamount of dike intrusions
along several profiles differssignificantly from photolineament
analysis (Fig. 2B). Asignificant part of the rock mass is formed by
dikes alongthe northern and northwestern coast, making it hard
tofind any host rock. The maximum amount of dikes justsouth of
Taganana constitutes more than 80% of the entirerock mass (measured
along 100-m-profiles). By consid-ering the rift zone width, one can
thus infer the amount ofextension normal to the rift. Although only
part of theentire rift zone is accessible, a horizontal extension
of atleast 0.5 km is derived. This value has to be treated
withcaution, however, because the Taganana Rift ZoneComplex is
tectonically deformed, sheared and altered(see below).

Flank deformation and flank instability in the north

Individual traces of the beds, layers and dikes at thenorthern
edifice sector are difficult to correlate due toshearing and
secondary mineralization. Faults and frag-mentation patterns show
small scale rotational offsets, butalso define km-sized megablocks,
resulting in a range ofdike inclinations. The old dikes at the
Taganana embay-ment dip towards the southeast at about 50�–70�, a
feature
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that is untypical for generally subvertical dike swarms
onTenerife (Carracedo 1994). Only the few unbroken dikesthat were
emplaced into this rift zone later, are subverti-cal. These later
dikes are characteristically segmented andhave wavy contacts,
typical for dikes that intrude into amechanically weak
material.

Deformation was mostly brittle, causing secondaryfractures in
the dikes and shearing near their (chilled)margins. Figure 4 shows
typical outcrops of highly frac-tured and altered dikes that dip to
the southeast (dip to theleft in the photograph). The fracture sets
as shown inFig. 4B show that extension was accomplished by a

conjugate fracture system. Brittle deformation occurredalong
abundant small-scale fractures, often with fracturespacing of a few
millimeters only. Fracture length is on acentimeter scale, giving
the rocks a breccia appearance,i.e. defining small jigsaw pieces.
The intensely shearedcharacter of the Taganana sector suggests that
this vol-cano sector was creeping towards the sea fracturing
therocks involved. The majority of the dikes are brecciatedimplying
that an episode of profound extensional tec-tonics followed the
main rifting period.

Age of flank creep

Dating of individual volcano-tectonic episodes, especiallyflank
deformation processes, is generally difficult. Ourstrategy on how
to obtain the age of the flank instabilitywas to date two critical
samples: a representative sheareddike intrusion within the northern
sector, and a largelyundeformed dike intrusion that crosscuts
marginal deb-rites of this sector. Sample locations are given in
Fig. 5.The oldest ages were found for Plg-crystals of a dike in
adeeply eroded valley in the southeastern Anaga(5.1€0.2 Ma), and of
a highly fractured dike west ofTaganana (5.0€0.7 Ma). A date,
resulting from agroundmass separate of one of the sheared dikes in
theeastern Taganana embayment yielded an age of4.7€0.1 Ma, and for
one sheared sample E of that weobtained 4.3€0.1 Ma. Plg-crystals of
a nearby young andundeformed phonolitic dike gave a lower age limit
of4.1€0.3 Ma. The samples therefore span the likely timeperiod of
flank creep and fracturing between ca. 4.7 to

Fig. 4 Photographs of sheared northern sector of Anaga.
Landslidedetachment surface is eroded and thus not found near sea
level (seeinset). (A) The footwall is intensely sheared, movement
“top to thenorth”. Dikes of the oldest WSW-ENE rift zone show
intrusivevolumes reaching up to �90% of the rock mass. (B) Close-up
photoillustrates mixed-mode shearing and jigsaw fractures. Dike
intru-

sions here occurred prior to fracturing. The material is
extremelyaltered and unstable. Strong shearing and fragmentation
has lead tostructures resembling those of proximal debris avalanche
deposits.Dike traces are unclear and have diffuse margins, a
feature thatearned them the name “ghost dikes” by local geologists
(Spanish“diques fantasma”)

Fig. 3 Taganana embayment looking eastward (photograph
takennorth of the El Bailadero tunnel, see Fig. 2a). Most rocks
here aredikes, inclined to the south (to the right of the picture).
Later dikes(arrows) have wavy contacts and intruded
subvertically
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4.1 Ma, probably between 4.3 and 4.1 Ma. Repeatedlandslides
possibly occurred on a smaller scale towardsthe north, which, in
combination with erosion of the weakand fractured material, carved
the present north embay-ment into the shield volcano.

Faulting and intrusion around the unstable sector

The northern sector is structurally and lithologicallyseparated
from the younger series by a unit of brecciatedpolylithological
material inclined towards the north. Thisunit locally contains
debris avalanche deposits and com-monly redeposited breccias. The
latter beds characterizecyclic slumps into a scarp and are
generally inclined 20–35� to the north. Outcrops are common
particularly athigher levels in cliffs as e.g. at Limante and
around Roqueel Fraile, outlining a horseshoe-shaped sector that
opensto the north. This belt is covered and surrounded byyounger
rocks of the Middle Series. Faults and fractureswithin the Middle
Series indicate extension at the crest of

the morphological ridge, but also around the intrusivecomplex of
Taganana. The density of faults and fractures,however, increases
significantly towards the unstablenorthern sector. Many faults also
cut the intrusions of theold WSW-ENE rift zone; fractured rocks are
altered andshow secondary mineralization. The faulting event
thuspostdates the old Taganana rift zone activity. Fault
trendscommonly outline a curved sector in a concentric andradial
pattern, defining a sector that is somewhat larger(1–3 km) in the
west than the landslide scarp (Figs. 2A,5). The horseshoe-shaped
sector encircled by faults,fractures and breccias thus shows
characteristics typicalfor collapsed sectors of ocean island
volcanoes (seeWalter and Schmincke 2002).

Younger dike intrusions and differentiated domes wereemplaced
during a stage that followed the period of tec-tonic deformation
and erosion in the north (see also An-cochea et al., 1990). The
younger dikes are orientedslightly differently when compared to the
old Tagananarift zone. The intrusions contain generally more
differ-entiated dikes and domes of trachytic and phonolitic

Fig. 5 Geologic map and sam-ple localities for 40Ar/39Arsamples
(stars). Ages are givenin Ma. The 4.1 Ma age is de-rived for a
phonolitic dike thatcrosscuts the landslide uncon-formity. Within
the fracturednorthern sector, fractured dikespre-date flank
failure. Dike ageshence define the timing duringwhich the sector
collapse oc-curred at around 4.2 Ma. Seetext for details
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composition (see also Carracedo, 1975). The orientationwe
measured for this younger dike swarm is curved fromWNW-ESE (105�)
to E-W to SW-NE (050�) around thenorthern embayment, consistent
with our aerial photo-lineament analysis described earlier. In the
western part ofthe horseshoe-shaped scarp, an up to 15-m-thick
phono-litic intrusion that crosscuts the landslide unconformityand
the northward inclined debrites was dated by us at4.1€0.3 Ma from
K-feldspar single crystals. This post-dates the tectonic episode of
the north flank of Anaga(Fig. 5).

Atypical rifting in the south?

Most of southern Anaga is made of the Upper Series(Ffflster et
al., 1968; Carracedo, 1975). Intrusions hereinrepresent therefore a
more recent activity. Our aerialphotolineament map shows a
restricted zone on thesouthern flank of Anaga where the direction
of dikesdiffers fundamentally (atypical) from the ones in the
northby being orientated NNW-SSE (160�). Similar dike ori-entations
were not found either on the northern edificeflank, nor in the
eastern or western areas of Anaga. ThisNNW–SSE direction is a
locally developed rift arm, ori-ented away from the unstable
northern sector.

Vesicle elongations in these dikes indicate a subhori-zontal
flow direction. This may imply horizontal magmatransport along the
rift zone. The atypical NNW-SSE riftzone has nucleated at the
curved rift zone in the north, toform a triaxial rift zone with a
likely focal point at theheadwall of the destabilized
horseshoe-shaped Tagananasector in the north (Fig. 6). This focal
point probablymarks the position of the volcanic center of the
youngerAnaga edifice.

Extensional faults are the dominant faults in southernAnaga,
where about 80% of the faults are normal faults,most striking
NNW–SSE. The direction of extension insouthern Anaga is hence
WSW–ENE. Based on two roadprofiles, Marinoni and Gudmundsson (2000)
calculated ahorizontal extension of ca. 160 m for southern Anaga
indirection 60�, and a horizontal extension in direction 145�of ca.
190 m. The dikes strike approximately perpendic-ular to these
extensional directions 160� and 055�, re-spectively (Fig. 6). For
the NNW–SSE rift, horizontalextension by dike intrusions was about
one order ofmagnitude larger than that due to faulting.

Development of a triaxial rift zone

Rift zones that curve around unstable volcano sectorshave been
reported from several other locations (e.g.Lipman 1980; McGuire and
Pullen 1989; Walter andSchmincke 2002; Walter and Troll 2003). Rift
curvaturetakes place due to the stress field reorientation near
anunstable volcano flank. Younger dikes follow normal tothe new
least compressive stress direction (Anderson1951) and thus intrude
preferentially around unstable

sectors. The rift zone that trends towards the south ofAnaga,
however, seems to be atypical in the context ofgravity-driven
volcano deformation in the north of Anagaedifice. Below, we study
how the swarm of southwardintruding dikes is coupled to the
development in the northof Anaga.

Elastic dislocation models

We developed elastic dislocation models to explain theformation
of the third rift arm in Anaga, which we sup-pose is coupled to
sector destabilization in the north. Wenumerically simulate a
dilating rift zone with curved tip-line that has a similar outline
and dimension as the curvedrifting episode of the destabilized
Anaga sector (Figs. 6,7). We assume that rift zone-widening imposes
a tensilecomponent of displacement. The underlying theory
ofdislocation and opening of a crack-like body was de-scribed in
detail by Okada (1985, 1992). Following theequations of Okada
(1992), we define uniform dislocationplanes that simulate opening
of a rift zone in a homoge-neous, isotropic elastic half-space.

A number of planar dislocation bodies describe thesegmented rift
zone. We assume a height of this rift zonefrom the free surface to
7 km depth, the lower limit thus

Fig. 6 Reconstructed rift development on the basis of
crosscuttingrelationships of dikes. The straight SW–NE dike trend
crops outmainly within the unstable sector and in the younger
southwesternpart of Anaga. A curved rift developed later where many
dikestransect the Middle Series. The rift with a NNW–SSE (160�)
di-rection formed during the late evolutionary stage of the curved
rift
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translating approximately to the base of the edifice. Thesole
applied load was rift zone-opening by 1 m. We as-sume a Young’s
Modulus E=50 GPa, coefficient of fric-tion m=0.6, and a Poisson’s
Ratio v=0.25. We calculatedisplacement vectors and volumetric
distortion at 2 kmdepth, which translates approximately to sea
level inAnaga.

The displacement vectors caused by intrusive widen-ing normal to
the curved rift are shown in Fig. 7A. Thelength of displacement
vectors is scaled to the displace-ment magnitudes in the horizontal
plane. Close to the rift,displacement is 0.5 m in each direction
(half the totalwidening) normal to the rift. With slight distance,
how-ever, horizontal displacement in the northern sector is up

to more than twice as much as south of the rift zone. Inthe
northern sector, the northward displacement is ac-cordingly a sum
of the dilatation at the enclosing curvedrift. This suggests that
once a curved rift zone formed,forceful intrusions amplify
deformation and increase in-stability and lateral spreading of the
sector enclosed bythe concave rift.

Fig. 7B shows the elastic strain (volumetric dilatation)due to
rift opening. The dilatation is defined by the di-mensionless
number exx+eyy+ezz. We assume that theintrusion of dikes is
facilitated in areas subjected topositive dilatation, whereas dike
intrusions are hinderedin areas where the volumetric dilatation is
negative. Thesole load we apply is again opening of the rift zone
by1 m. The resultant area of calculated positive dilatation isto
the southeast of the curved rift (Fig. 7B; red area). Thisarea
matches the position of the 160� rift zone as de-scribed earlier.
The compressive field north of the rift, inturn, explains the
virtual absence of dikes in this directionwithin the unstable
sector.

Discussion

Flank creep on ocean island volcanoes is facilitated oreven
triggered by dike intrusion into rift zones, and giantlandslides
are often located between two axes of a three-armed (triaxial) rift
system (Siebert 1984). We studied theAnaga shield volcano on
Tenerife island and found thatthe northern embayment of Anaga
represents the deeproot of a creeping flank. Hern�ndez-Pacheco and
Ro-dr�guez-Losada (1996) and Rodr�guez-Losada et al.(2000)
suggested that the tensional stress on Anaga wasproduced by major
normal faults located offshore to thenorth. Also our data suggest
that a giant landslide deeplycarved out the northern flank, where
the remainder, i.e.the intensely disturbed rock mass, belongs
actually to thefootwall of the proposed major normal faults. The
olderdikes in the northern sector of Anaga are brecciatedthroughout
and tilted (dip towards the south). Conjugateslip-lines (optimum
fault traces), which may be listric,could cause such rotation and
thus variability of the dikedip (Fig. 8). The structure of the
northern flank of Anagathus resembles areas subjected to rock flow.
Rock flowscan occur in bedrock where movement roughly resemblesthe
velocity distribution of fluids and common flows(Varnes, 1978). In
northern Anaga, the deformation isspread throughout the displaced
material, which is typicalfor rock flow, suggesting that volcano
flank deformationand flank creeping can potentially occur as a
flow. In themarginal region of the destabilized flank, discrete
faultscaused block rotation and influenced also the dike strike.In
comparison, the creeping flanks of Piton de la Four-naise (Reunion)
or at Casita (Nicaragua) may be recentanalogues, where local zones
of highly altered volcanicrocks encourage flank instability (van
Wyk de Vries et al.2000; Merle and Lnat 2003). The common
assumptionthat such flank deformation is accomplished along
fewdiscrete fault planes may be oversimplified. Our study

Fig. 7 Dislocation models calculated at a horizontal plane.
Asegmented rift zone was defined with an outline similar to
themiddle rift episode on Anaga. A curved tensile fault simulates
thecurved rift zone, uniform dislocation is 1 m. (A) Surface
dis-placement vectors show that movement focused on the
northernflank that is encircled by the rift zone. Dike intrusion
along such acurved rift zone will thus promote flank creep. (B)
Volumetricdilatation caused by 1-m horizontal widening of a curved
rift zone.Dislocation models were calculated for a horizontal plane
at 2 kmdepth, i.e. approximately at sea level. Positive strain (red
color)matches the region where the third rift arm oriented
NNW–SSE(160�) developed on Anaga. Negative volumetric dilatation
isfound elsewhere, strongest in the northern sector. Virtually
com-plete absence of the NNW–SSE dike trend in the northern sector
isdue to the compressive field to the north of the curved rift
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suggests that (brittle) deformation and flank creep couldaffect
the entire volcano structure and that on Anaga thisprofound flank
destabilization was linked to the devel-opment of a triaxial rift
zone.

Triaxial rift zones may form during various stages of avolcano’s
life span. On Tenerife Island, at least four tri-axial rift zones
formed, defining individual volcaniccenters. Similarly, such
triaxial centers are known frommany other ocean islands such as La
Palma and El Hierro(Carracedo et al., 2001), Hawaii Big Island and
Maui(Fiske and Jackson, 1972), or Reunion (Duffield et al.,1982).
The mechanism of initiation of triaxial rift zonesmay vary. One
hypothesis states that repeated updomingof the crust causes major
zones of weakness that are ar-ranged according to the least effort
principle in a regularthree-armed system (Carracedo, 1994). In
another hy-pothesis, the rift development is predominantly
controlledby shallow processes within the volcanic construct
itself.Based on gelatin analogue experiments, Fiske and Jack-son
(1972) demonstrated that gravity-induced deforma-tion controls the
rift zone development on the HawaiianIslands. In the concept of
volcano spreading (see Borgiaet al., 2000 for a review), the
gravity field of a volcanodirects the paths of individual dike
intrusions and entirerift zones (Nakamura 1980; Dieterich 1988). On
theeastern flank of Mount Etna, for instance, dikes intrudealong
the topographic crest around the deep and severalkm-wide ‘Valle del
Bove’ (McGuire and Pullen 1989;Borgia et al. 2000). There too,
strengths and inclination ofthe subvolcanic strata may
significantly influence thedevelopment of rift zones and unstable
flanks. Tilting ofthe uplifted interior of the edifice of La Palma
Island maycause flank instability and flank creep and thus
initiaterifting (Walter and Troll, 2003). This caused the
island’sdike trends and its volcano architecture to change from
a

radial to an axial N–S arrangement. Alternatively, riftzones may
form by buttressing effects. Fiske and Jackson(1972) showed that
Hawaiian rift zones are influenced byolder and overlapping edifices
that act as buttresses.Walter (2003) illustrated that spreading and
partly over-lapping volcanoes may form a rift zone in between,
thusforcing two volcanoes to grow together. The studiessuggest that
the configuration of rift zones is essentiallydriven by the edifice
gravity.

The present study of Anaga is consistent with theconcepts of
gravity-tectonic deformation, detailing that(1) volcano
destabilization affected a large sector of theedifice, while only
part of it collapsed in a giant landslide,(2) dikes encircle the
weakened horseshoe-shaped em-bayment and thus (3) encouraged
formation of a third riftzone on the opposite side. The third rift
arm in Anaga, ishowever not obvious in morphology. According
toJohnson (1995) and Fialko and Rubin (1999), the along-strike
slope of a rift zone needs to be shallow enough toallow for lateral
dike propagation. We speculate that atopographic WSW-ENE-oriented
Anaga ridge was wellexpressed before the rift zone reconfigured
into a triaxialcomplex. Destabilization of the northern sector
occured incombination with curved rift formation, which promoteda
third rift to the SSW (160�). There, however, slopeinclination was
probably too steep to allow long lateraldike propagation. Slope
conditions in the direction of theinitial Anaga ridge, in contrast,
favored lateral intrusionand volcanism in distal areas ENE and WSW
from thetriaxial nucleus, which was still active during formationof
the younger Anaga Series. The morphological condi-tions do thus not
support the development of a perfect120� triaxial system. In
addition, a considerable but-tressing effect could have prevented
the triaxial Anagasystem to further develop. The growth of the
Ca�adas

Fig. 8 Block diagram showing main types of faulting and
dikeorientations. The landslide detachment fault is eroded, and
liesprobably offshore to the north. A conjugate system indicates
twocommon fracture trends associated with gravitational spreading
inAnaga. Fracturing of the unstable sector caused the dikes to
tilttowards the south. The strike of dikes remained largely
constant.

Closer to the sidewall, a greater variability of the strike
lines ofdikes is observed, possibly caused by block rotation.
Younger dikesintruded subvertically and curve around this sector.
Even youngerdikes intruded to the south of the unstable sector,
forming a laterthird rift arm in direction NNW–SSE (160� trend)
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volcano started subaerially after ~3 Ma, building on
asubstantially older (probably >5 Ma) submarine phase tothe
southwest of Anaga (cf. Ancochea et al., 1999). TheCa�adas shield
volcano overlapped the Anaga edifice.This resulted in a buttressing
effect that encouraged themost pronounced rift zone on Tenerife
Island to form inbetween the Ca�adas and Anaga volcanoes
(Walter,2003).

The third rift zone of three-armed rift systems, whichmay form
as a consequence of dilation at a curved(nonlinear) intrusive axis,
is often less pronounced. If ouridea of forceful intrusions and
dilation normal to riftzones is correct, rules of geometry require
extension anddike intrusions on the opposite side of the sector
that isenclosed by the curved rift zones. A similar scenarioapplies
to Hawaii, where Mauna Loa erupted historicallymostly along the NE
rift and the rift zone to the south,and—less frequently—at the
radial vents (Lockwood,1995). These radial vents are all located in
the north-western sector of Mauna Loa and may be regarded as
apoorly developed third rift arm. As shown by our dislo-cation
models for Anaga, a forceful intrusion into acurved rift causes
passive widening and facilitates intru-sions on the convex side.
Seismic activity at Mauna Loa’snorthwest flank corroborates the
presence of a third lessactive rift zone opposite to the enclosed
unstable sector(Baher et al., 2003).

Concluding remarks

Volcano deformation starts long before failure and
ischaracterized by thrusting of the lower volcano flank andby
normal faulting higher up (van Wyk de Vries andFrancis, 1997). Our
combined work of remote and fieldanalysis and numerical modeling
illustrates the nondura-bility of rift zones, as exemplified for
Anaga (Tenerife).The early structure of Anaga was dominated by a
singlerift that significantly changed its rift geometry as
thenorthern sector became unstable. 40Ar/39Ar chronologyallows
dating age and direction of flank instability be-tween 4.7 and 4.1
Ma. The overall subaerial activity inAnaga lasted at least 3
million yr (Ancochea et al., 1990),hence the time frame enclosed by
rock ages illustrates arelatively short period of flank creep.
During this period,intense shearing took place and weakened the
normalfault footwall, implying that a much larger region
wasstructurally unstable. Only a part collapsed into the
sea,however.

Intrusive widening is forceful, but the direction ofthese
intrusions and thus the widening is controlled by theexternal state
of stress which in this case is gravity-con-trolled. Based on
remote and field data and numericalmodeling, we suggest that
extension along a creepingflank may lead to dike reorientation or
even rift zoneformation. Other curved rift zones and triaxial
configu-rations may likewise result from extension around
anunstable volcano flank. Migration of a linear rift towardsa
curved rift geometrically accelerates flank movement of

the enclosed sector, hampers intrusive activity in thecompressed
sector (i.e. in the enclosed northern sector),but promotes passive
rifting on the opposite side. Figure 9sketches a positive feedback
mechanism that starts once avolcano flank begins to creep outward,
encouraging (1)rift migration and rift curvature, and thus (2)
accelerationof flank movement; while the nonlinear rift promotes
thedevelopment of a third rift axis.
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flank anddevelopment of a third rift arm to the south
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