13.1 Introduction

Hot spots are the surface expression of plumes of
hotter and lighter material upwelling from the
Earth’s mantle. The current number of hot spots is
estimated to range between 45 and 70: these are
mostly in intraplate settings, especially on oceanic
lithosphere, and along divergent plate boundaries.
Neglecting hot spots along divergent boundaries
and shaped by the related far-field tectonics (as
with Afar and Iceland, described in Chap. 11),
oceanic hot spot volcanoes show a considerable
variability in distribution, evolution and activity,
as at Hawaii, Galapagos, Easter Island, Reunion,
Canary Islands and Azores. This results from the
different mantle plume properties (plume config-
uration and productivity) and local tectonic con-
text (age of the intruded oceanic lithosphere, rate
of plate motion, pre-existing structures), which
make each hot spot distinctive. Despite this vari-
ability, most oceanic hot spot volcanoes also dis-
play recurrent structural features, which include
overlapping mafic edifices with summit calderas,
radial volcanic rift zones and flank instability.
Then, there is the less common and more evolved
volcanism derived from continental hot spots, of
which Yellowstone is the most dramatic example
and, at the same time, quite distinct from other less
productive continental cases, as for instance
Tibesti. All these characteristics make hot spots
widely different, stimulating from structural and
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magmatic perspectives and complicating estab-
lished models.

This chapter considers examples from oceanic
and, subordinately, continental hot spots. In the
Pacific Ocean region, three very different types
of hot spots are considered: Hawaii, Galapagos
and Easter Island. Then, in the Indian Ocean
region the productive Reunion hot spot is pre-
sented. Subsequently, in the Atlantic Ocean
region, the different hot spots of the Canary
Islands and the Azores are considered. Finally,
the different features of the continental Yellow-
stone and Tibesti hot spots are presented.

The main aims of this chapter are:

e first to define the primary structural and mag-
matic characters of hot spot activity, describing
representative oceanic and continental cases;

e second to provide a general framework sum-
marizing the structural and magmatic features
of hot spot volcanoes, with a working
hypothesis for oceanic types.

13.2 Hawaii Hot Spot

The Hawaiian plume is imaged as a continuous
low velocity anomaly from the base of the mantle
to the surface. Its shallowest part may consist of
discrete portions, diapirs, plumelets or filaments,
with radii of ~10 km and heights ~ 100 km.
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Ascending mantle diapirs may be sheared by the
differential motion between the upper mantle and
the lithosphere. The shallow plume contains a
melt-rich zone 110-155 km beneath Hawaii
Island, whose axial region is a mixture of recy-
cled subducted components and primitive lower
mantle materials, implying spatial heterogeneity.
The plume outside the head region, inferred to lie
beneath the southeast coast of Hawaii Island, is
less heterogeneous but distinct from the upper
mantle (Wolfe et al. 2009; Farnetani and Hoft-
mann 2010; Rychert et al. 2013).

The ~6000 km long Hawaiian-Emperor
volcanic chain marks the surface trace of the
plume, consisting of at least 107 volcanoes with
volume of ~1 million km® (Fig. 13.1a). Indi-
vidual seamounts along the chain may be the
topographic expression of discrete diapirs from a
single deeper mantle plume. The chain is age
progressive, with active volcanoes at the south-
east end and 75-80 Ma old volcanoes at the
northwest end. The bend between the Hawaiian
and Emperor chains reflects a major change in
Pacific plate motion at ~47 Ma. Age-distance
data along the chain also reflect minor deviations
from an overall linear trend. Volume calculations
highlight an increase in the hot spot activity since
30 Ma and especially during the last 1 Ma
(Fig. 13.1b; Vidal and Bonneville 2004; Robin-
son and Eakins 2006; Sharp and Clague 2006).

The Hawaiian volcanoes undergo progressive
subsidence and erosion as they move farther from
the hot spot, becoming drowned islands or sea-
mounts. The subsidence results from the load on
the lithosphere due to the growing volcanoes,
which causes the lithosphere to sag and the
Hawaiian Ridge to subside. Superimposed is the
subsidence caused by the thermal contraction of
the aging oceanic lithosphere, which becomes
older westwards. Most volcanoes have subsided
2—-4 km since reaching the sea surface, while their
bases have subsided 5-8 km, so that about half of
the construction of the volcanoes is reduced by
subsidence. The bulk of the subsidence is com-
plete ~1 Ma after initiation of volcanism on the
seafloor. Overall, the observed rates of vertical
motion of the islands adequately record the
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flexural response of the lithosphere to volcanic
loads (Moore 1987; Huppert et al. 2015).
Hawaiian volcanoes contain intrusions esti-
mated at less than 30% by volume, indicating that
the edifices are predominately built extrusively.
Edifice building has involved four major growth
stages. The earliest is the submarine alkalic pre-
shield stage, before the development of a shield
volcano. The alkalic composition derives from a
nascent magma-transport system and less exten-
sive melting at the plume periphery. The subse-
quent tholeiitic shield stage accounts for more
than 95% of the volume and may be ~1 Ma
long. This marks the time when a volcano is near
or above the hot spot and its robust magma supply
system builds the shield, which mainly consists of
tholeiitic basalts and subordinate basalt andesites.
Volcanism wanes as the volcano moves away
from the hot spot, passing into the post-shield
stage. Shallow magma reservoirs (1-7 km depth)
cannot be sustained, as magma supply lessens,
but reservoirs at 20-30 km depth persist. The rate
of extrusion diminishes by a factor of 10 and
lavas become more alkalic, eventually evolving to
trachytic compositions, as the degree of melting
diminishes. Therefore, a cap of alkalic basalt and
associated differentiates covers the tholeiitic
shield (Lipman and Calvert 2013; Clague and
Sherrod 2014). After several million years of
erosion, alkalic rejuvenated-stage magma may
erupt from isolated vents as the volcanoes over-
ride the moat flexure created by loading and
subsidence of the new shield volcano lying
southeast on the chain. The rejuvenated onshore
and offshore volcanism may be partly explained
by the enhanced rupture of the oceanic litho-
sphere in its flexural uplift zone, producing
focused magmatic fluxes over an area two to ten
times the eruption area. Five Hawaiian volcanoes
contain rejuvenated-stage volcanism following
quiescent periods that range from 2 to less than
0.5 Ma (Bianco et al. 2005; Thordarson and
Garcia 2018, and references therein). Such a
prolonged construction of the Hawaiian shields
has been also often punctuated by giant and rapid
landslides, with seventeen discrete large slides
forming around the main islands in the past 5 Ma.
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Fig. 13.1 Hawaii hot spot. a Overview of the Hawaii-
Emperor Chain, resulting from the activity of the
Hawaiian plume; plate velocity is relative to the hot
spot; b related variation of the volcano volumes with
time. ¢ Overview of the Hawaiian Islands, with the
“Kea” and “Loa” trends and the main volcanic rift zones;

497
b) :1 , —
Emperor Chain Hawaiian Chain
& s
€ o
K3 24 E
o =3
= >
o o
E g
3 o
> £
=]
]
) =
40 Years (Ma)
d) Hawaiian Islands _
_ >
0 ™
Eo2 2 E
o =
=) >
S 2
o
€1 2
e ©
o
= &
©
=
3 Years (Ma) 0

Loa trend
=== Kea trend
= Main rift zone

inset d shows the related variation of the erupted
volumes with time (Robinson and Eakins 20006).
e Overview of the subaerial and submarine portions of
the island of Hawaii, its volcanoes, rift zones and main
fault systems. Digital Elevation Models provided by
GeoMapApp
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Volcanic centres on the Hawaiian Ridge fol-
low two curved loci roughly parallel to the ridge
and ~40 km apart, forming the “Loa” and “Kea”
subchains, with geochemical variations reflecting
preferential sampling of two distinct sources of
deep mantle material. These loci may mark the
edges of downbending of the two sides of the
lithospheric subsidence trough, where fracturing
conducts magma to the surface. The progressive
involvement of the “Loa” component, as recorded
in the magma erupted since ~ 6.5 Ma, records the
strengthening of the Hawaiian plume through
time (Fig. 13.1c; Moore 1987; Weis et al. 2011;
Harrison et al. 2017). The volcanoes of the
Hawaiian Islands become progressively younger
southeastwards, from Kauai (3.9-5.8 Ma) to
Hawaii (<1 Ma). Hawaii, the largest of the
Hawaiian Islands, has grown at an average rate of
~10° km*/Ma and is presently close to its max-
imum size. Subaerial Hawaii Island consists of
five coalesced and overlapping volcanoes which
have formed in the past 1 Ma: Kohala, Hualalai,
Mauna Kea, Mauna Loa and Kilauea. Each of

these volcanoes requires approximately 600 ka to
grow from the ocean floor to the end of shield
building stage, reaching the ocean surface about
midway (Fig. 13.1e). Kohala completed shield
building at ~245 ka, Hualalai and Mauna Kea at
130 ka. Mauna Kea, the tallest volcano, last
erupted at ~4.5 ka. It is capped by alkalic lava
flows modifying the original shield, and it is
uncertain if a summit caldera and well-defined
volcanic rift zones existed. Although tall, Mauna
Kea may have a modest volume, as its edifice
appears perched on the flank of Kohala (Moore
and Clague 1992; Lipman and Calvert 2013;
Clague and Sherrod 2014; Poland et al. 2014, and
references therein). Mauna Loa is the largest
volcano, showing shield stage tholeiitic lava
mostly issued from the summit and southwest and
northeast rift zones, although radial eruptive fis-
sures also exist on its western and northern flanks
(Fig. 13.2). Eruptive activity ranges from at least
700 ka to 1984 AD. The current summit magma
system includes two interconnected reservoirs,
with one centred beneath the south caldera

Fig. 13.2 Hawaii hot spot. Summit of Mauna Loa
volcano viewed from the south, showing the caldera with
the 1940 eruptive vent. The eruptive fissure and linear
vents in the foreground are the proximal part of the

Southwest Rift, and the summit of nearby Mauna Kea
volcano is partly visible in the background. Photo credit
U.S. Geological Survey, USGS
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margin and the other elongated along the caldera
axis (Poland et al. 2014, and references therein).
Kilauea is the youngest and most active volcano
of Hawaii. It consists of shield stage tholeiitic
lava issued from the summit caldera, as well as
the east and southwest rift zones since ~ 100 ka.
The present caldera formed at ~ 1500 AD, with
the subsequent 300 years characterized by highly
explosive activity (Langenheim and Clague
1987). Whether or not magma is present along
and within the deep rift zone, which extends from
beneath the shallower rift at ~3 km depth to the
base of the volcano at ~9 km depth, remains an
open question. It is probable that most magma
entering Kilauea passes through the summit
reservoir system before entering the rift zones.
The connectivity between the distal rift zones and
the summit magma chamber of Kilauea has been
observed during several eruptions and further
confirmed in 2018, when lateral magma propa-
gation and eruption along the East Rift Zone was
accompanied by summit caldera collapse (see
Sects. 5.10.3 and 6.7; Okubo et al. 1997; Poland

et al. 2014; Clague and Sherrod 2014; Neal et al.
2019; Wauthier et al. 2019).

The active submarine volcano of Loihi,
30 km southeast of Hawaii, is the latest activity
of the Hawaiian hot spot. The NNW-SSE
striking edifice is ~30 km long and 3 km
high. The summit has a caldera-like depression,
hosting pit craters and a resurgent block above a
magma chamber lying between 1 and 2 km of
depth. The volcano taps a relatively primitive
part of the plume, producing a wide range of
magma compositions reflecting increasing
degrees of partial melting as it drifts toward the
hot spot centre (Clague et al. 2019, and refer-
ences therein).

Volcanic rift zones are integral structural ele-
ments of Hawaiian volcanoes, consisting of nar-
row (related vents stretch across most less than
2 km) and long (some more than 100 km) portions
of focused volcanic and tectonic activity, includ-
ing spatter cones, spatter ramparts, pit craters,
extension fractures, faults, grabens and eruptive
fissures (Fig. 13.3).

Fig. 13.3 Hawaii hot spot. Detail of eruptive fissure
developed along the Eastern Rift Zone of Kilauea on
March 2011: lava pours from the fissure just after

daybreak and cascades out of sight into a deep crack;
geologist in yellow circle for perspective. Photo credit U.
S. Geological Survey, USGS
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At depth, the rift zones consist of a thick,
subvertical dike-like magma system, where dikes
are usually intruded laterally from a central
magma reservoir, propagating up to several tens
of kilometres without erupting (Fig. 13.4; Dela-
ney et al. 1990). The orientation of the rift zones
depends on the presence of regional structures
and the local stress field. The long east trending
rift zones of Hawaiian volcanoes may follow
regional fractures in oceanic crust activated by
arching of the Hawaiian swell in front of the
propagating hot spot. At volcanoes that grew on
the flanks of an already existing edifice, the ori-
entation of rift zones is influenced by the gravi-
tational stress field resulting from the buttressing
conditions of the older volcano. In the case of
Kilauea, growing on the flank of Mauna Loa,
the rift zones are oriented perpendicular to the
direction of least buttressing, imposed by the
oceanic abyssal plain to the southeast (Fiske and

Kaneohe
Bay
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Fig. 13.4 Hawaii hot spot. Comparison between the
morphology and structure of active a and eroded
b Hawaiian rift zones, shown at the same scale for
comparison. a Morphology at the surface of the Northeast
Rift of Mauna Loa radiating from the summit caldera and
consisting of multiple eruptive fissures at the surface.

Jackson 1972; Walter et al. 2006; Lipman and
Calvert 2011). Loihi does not follow this beha-
viour, as its NNW-SSE trending rift zone sug-
gests a formation beyond the influence of the
gravitational load of the adjacent older volca-
noes, probably influenced by the flexure of the
lithosphere (Garcia et al. 2006).

The stresses on the volcano flanks also
develop large-scale landslides related to the
activity of the rift zones, especially the East Rift
Zone of Kilauea. The 1975 magnitude M7.7 and
2018 M6.9 earthquakes along the detachment at
the base of the southern flank of Kilauea likely
resulted from the stress induced by overpressured
dikes intruded in the rift zone (Swanson et al.
1976; Chen et al. 2019). Both earthquakes pro-
duced an abrupt southward movement of the
south flank across the underlying oceanic crust,
activating the Hilina-Pali normal fault system,
which represents the surface expression of the

1\ \‘\ Dike complex |
: Inferred
caldera rim

Rift axis

b Deeper structure of the eroded Koolau rift zone,
northeast Oahu, at ~1 km depth. ¢ Measured directions
and plunge of magmatic flow within the dikes along the
Koolau rift zone beneath the eroded caldera (Walker
1987). Digital Elevation Models provided by
GeoMapApp
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instability of this flank (Fig. 13.1e). Such fault-
ing not only provides a means for the flanks to
adjust continuously to intrusions, but also con-
tributes to the stress field that encourages dikes to
propagate along the rift zone, with dike intrusion
and lateral spreading being major contributors to
the growth of the volcano (Peterson and Moore
1987; Dieterich 1988; Wang et al. 2019). In
addition to Kilauea, Mauna Loa is inferred to
have undergone volcano spreading during its
early growth, activating the Kaoiki—-Honuapo
fault system (analogue of the Hilina-Pali fault
system on Kilauea; Fig. 13.1e). Cumulative
deformation of Mauna Loa’s south flank during
growth of Kilauea since 200-300 ka involved
more than 10 km of seaward spreading, dis-
placing the rift zones of Kilauea, while its deep
plumbing system and summit magma reservoir
remained nearly fixed; such an evolution also
accounts for the arcuate strike of the rift zones of
Kilauea (Lipman et al. 2000).

13.3 Galapagos Hot Spot

The Galapagos Archipelago lies in the eastern
Pacific Ocean, 200-300 km south of the Gala-
pagos Spreading Ridge that separates the Nazca
(to the south) and Cocos plates (Fig. 13.5). The
Galapagos Ridge first migrated to the northern
edge of the hot spot at 19.5 Ma, overlying the hot
spot between 19.5 and 14.5 Ma and then to the
south of the hot spot at 14.5 Ma. This split the
paleo-Carnegie Ridge into the present Carnegie
and Malpelo ridges, with new seafloor separating
the two ridges on the Nazca and Cocos plates,
respectively. Between 12 and 11 Ma, a later
ridge jump shifted the spreading axis north of the
hot spot, while spreading between the Carnegie
and Malpelo ridges continued until 9.5 Ma
(Werner et al. 2003).

Beneath the western Galapagos Archipelago,
the thinning of the upper mantle transition zone,
between 410 and 660 km depth, within an area

Fig. 13.5 a Tectonic setting of the Galapagos hot spot,
with the velocities of the plates relative to the hot spot.
b Overview of the Galapagos Archipelago and the nearby

spreading ridge. Digital Elevation Models provided by
GeoMapApp
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~ 100 km wide southwest of Fernandina Island,
suggests plume upwelling below 410 km. The
upper 300 km of the mantle beneath the archi-
pelago contain a low velocity anomaly tilted
towards the Galapagos Ridge. At depths of less
than 100-120 km, the plume spreads both
toward and against eastward plate motion. The
plume top is centred near Fernandina (Vil-
lagomez et al. 2014). The thickness of the high
velocity lithospheric mantle above the plume
varies from ~ 60 km beneath the southwest part
of the archipelago to ~45 km below the north-
east part. The thicker-than-normal lithosphere to
the southwest may result from the residuum from
hot spot melting. The thinner lithosphere to the
northeast, combined with the lateral deflection of
the plume, results in volcanism scattered over a
relatively large area. Indeed, the general eastward
increase in age of lavas from seamounts, con-
sistent with a hot spot model for their generation,
is accompanied by dispersed volcanism,
observed also in the distribution of the active
volcanoes. In particular, the construction of
seven simultaneously active volcanoes indicates
that the western Galapagos Islands of Fernandina
and Isabela do not result from a simple pro-
gression of the lithosphere over a narrowly
focused mantle plume. The result is that, while
the eruption rate of the Galapagos plume
(103 km3/Ma) is smaller than that of the
Hawaiian one, active volcanism is more wide-
spread  (~40,000 km?) than in Hawaii
(~20,000 km?; Sinton et al. 1996; Canales et al.
2002; Rychert et al. 2014; Sinton et al. 2018).
The Galapagos Islands stand on a broad vol-
canic platform lying on young (<10 Ma) oceanic
lithosphere. This platform is the shallowest por-
tion of the Carnegie Ridge, whose post-9.5 Ma
construction results from the passage of the
Nazca plate over the hot spot. The Galapagos
platform consists of several tens of large, stepped
submarine terraces between 800 and 3500 m
depth, sloping outward at less than 2° and sur-
rounded by ~300 m high escarpments with
slopes of ~24° Each terrace results from a
sequence of major submarine eruptions, sug-
gesting episodic magma supply. In the western
Galapagos, characterized by the currently most
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active Isabela and Fernandina islands, the plat-
form may have formed in the last ~3 Ma,
younging westward and just predating the
development of the overlying shield edifices
(Geist et al. 2008).

The active volcanoes of the western Gala-
pagos overlying the mantle plume in Isabela and
Fernandina islands display a distinctive mor-
phological feature. This consists of the abrupt
steepening of their subaerial slope, which passes
on average from less than 10° in the distal area to
more than 10° and, locally, more than 30°, in the
proximal area, giving these volcanoes an “in-
verted soup plate” profile. From a structural pint
of view, each of the volcanoes of the western
Galapagos has a summit caldera with circum-
ferential and radial eruptive fissures (Fig. 13.6a).

The circumferential fissures, rarely observed
on active volcanoes elsewhere, are high and
focused on the upper volcanic edifice, near the
caldera rim. The radial fissures are scattered on
the mid to lower slopes. This very distinctive
fissure pattern results from the stresses due to the
load of the volcanic edifice (for the radial fis-
sures) and the unloading induced by the caldera
depression (for the circumferential fissures; see
Chap. 7; Chadwick and Howard 1991;
Mouginis-Mark et al. 1996; Corbi et al. 2015).

The erupted magmas in the western Gala-
pagos shield volcanoes are mainly tholeiitic,
although alkali basalts may be locally present, as
at Cerro Azul. Also, approximately 1 km® of
rhyolite was erupted at Alcedo in the last 120 ka
from at least three vents and in 2-5 episodes.
These rhyolites result from fractional crystal-
lization, which occurs because the volcano has
been carried away from the hot spot. More gen-
erally, the variability of the magmatic systems of
the western Galapagos volcanoes has been
explained by their location with regard to the hot
spot. At the leading edge of the hot spot, magmas
are only partly buffered thermally and chemically
(as at Cerro Azul). Once a volcano becomes
mature (as Fernandina), magmas transit through
a mush pile before residing in a shallow sub-
caldera sill, which buffers all magmas thermally
and chemically and creates a monotonous suite:
these volcanoes are the most active. In the dying
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Fig. 13.6 Galapagos hot spot. a Overview of Fernandina
and Isabela islands, western Galapagos, highlighting the
calderas and the main eruptive fissures. Digital Elevation
Model provided by GeoMapApp. b Model for the effect of
magma supply rate on the growing forms of the western

phase, when the volcano is carried away from the
hot spot, the mush begins to solidify and silicic
magma is also generated (as at Alcedo). The
lavas erupted from the eastern Galapagos are on
the whole much more primitive (Geist et al.
2014; Harpp and Geist 2018, and references
therein). Two discrete regions of magma storage
have been often geodetically and petrologically
inferred below some western (Wolf, Fernandina,
Cerro Azul) and eastern Galapagos volcanoes.
These regions consist of a shallower small
magma lens and a major zone of magma storage
in the lower crust, from which most of the
erupted material is sourced (Stock et al. 2018).
Fernandina, ~30 km wide and ~ 1500 m
high above sea level (a.s.l.), is the westernmost
volcano, with a summit caldera, well-developed
and focused circumferential fissures, and diffuse
radial fissures. The caldera results from the last
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Galapagos shield volcanoes (orange, section view), from
the lowest supply of the barely emergent conical volcano
of Roca Redonda, to the highest supply of large shields (as
Sierra Negra), with relatively shallow calderas and gently
dipping flanks (modified after Naumann and Geist 2000)

important collapse, reaching a maximum of
350 m in June 1968. A sill-like magma chamber
and an oblate-spheroid cavity are postulated at
1.1 and ~4.9 km below sea level, respectively
(Simkin and Howard 1970; Chadwick et al.
1991, 2011; Bagnardi and Amelung 2012). The
eruptions from radial and circumferential fissures
are usually fed by dikes initiated as sills from the
shallow magma chamber. The sills propagate
laterally, curve upward and steepen to become
dikes when feeding circumferential fissures, or
twist about a radially oriented axis to feed radial
fissures on the volcano flanks (Fig. 7.8; Bagnardi
et al. 2013).

Isabela is the largest island in the western
Galapagos, resulting from the coalescence of six
active volcanoes, each spaced by a few tens of
kilometres and together encircling the eastern
portion of Fernandina (Fig. 13.6a). From the
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north, these are: Ecuador, Wolf, Darwin, Alcedo,
Sierra Negra and Cerro Azul. Ecuador, at the
northwest tip, provides two distinctive features.
First, it experienced at least one sector collapse;
this removed its western half of the edifice within
the past 100 ka. Second, its eastern rift zone,
which connects the volcano with Wolf, is con-
structed of lavas from focused and subparallel
linear vents and shows evidence of a feeder
conduit; this is the Galapagos structure that most
closely resembles a Hawaiian rift zone (Rowland
et al. 1994; Geist et al. 2002). The calderas of
Alcedo and Sierra Negra volcanoes are both
characterized by a minor trapdoor resurgence,
with uplift of ~30 and ~ 100 m, respectively.
Interestingly, their short-term asymmetric uplift,
as geodetically observed in the last decades, has
mimed the longer-term asymmetric resurgence
(Chadwick et al. 2006; Galetto et al. 2019).

The observed variations in elevation, slope,
volume and area among the western Galapagos
volcanoes have been linked to different long-term
eruption rates. Volcanoes with shallower cal-
deras, as Sierra Negra, are constructed when
radial fissures erupt voluminous lavas to produce
a wide, flat shield with minimal, steep, upper
flank segments. This behaviour may result from

an intermediate to higher supply of magma in
more mature volcanoes. Volcanoes with deeper
calderas, as Fernandina, develop when numerous
small-volume eruptions from circumferential
fissures build a steep central summit carapace
surmounting gently dipping lower flanks. This
behaviour may result from a lower supply of
magma in less mature volcanoes (Fig. 13.6b;
Naumann and Geist 2000).

The central, northern and eastern Galapagos
consist of several smaller islands with older
record of activity, eroded inactive volcanoes or
their remnants, and evidence of a regional
structural control (Fig. 13.7). The northern vol-
canic province, including the islands of Gen-
ovesa and Pinta, results from the combination of
excess temperatures, weak lithosphere and
regional stresses developed from the interaction
between the plume and the Galapagos Ridge.
Genovesa formed in the past 350 ka, has ~NE-
SW trending fissures parallel to the Genovesa
Ridge, a 55 km long volcanic rift zone that is the
most prominent submarine rift in the Galapagos,
fed by the plume (Harpp et al. 2002, 2003). Pinta
lies between Isabela and the Galapagos Ridge,
20 km to the west of the ~N-S trending Gala-
pagos transform fault. It rises from a prominent

Fig. 13.7 Galapagos hot spot. Eroded neck (vertical spine to the right) and vents (in the foreground) accompanied by
more recent monogenic volcanism (in the background) on the eastern coast of Santiago Island, central Galapagos
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NNW-SSE trending submarine fault scarp, and
its elongation reflects the control of this major
structure. Regional NNW-SSE trending fracture
systems also influenced the fissural volcanism
postdating the shield volcano, which became
emergent at ~(0.7 Ma (Cullen and McBirney
1987). San Cristobal Island, at the eastern end of
the archipelago, shows a central shield, formed
until 0.6 Ma and, to the northeast, NE-SW
trending fissure eruptions active from 0.9 Ma to
historical times (Geist et al. 1986).

The differences between the western and the
eastern Galapagos volcanoes, in terms of type of
volcanic edifice, presence of calderas or rift zones,
productivity and composition, have been related
to the proximity to the wandering Galapagos
Spreading Ridge (Harpp and Geist 2018). In par-
ticular, the magmatic flux of the volcanoes nega-
tively correlates to the distance to the ridge: when
the ridge was close to the plume, that is when the
eastern Galapagos volcanoes formed, most of the
plume-derived magma was directed to the ridge.
Currently, the active western Galapagos volca-
noes are farther from the ridge and most of the
plume-derived magma focuses beneath the large
young shields. The structure of the volcanoes
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seems also affected by the proximity to the ridge,
with ridge-induced far-field stresses promoting
linear volcanism with parallel rift zones in the
eastern Galapagos, and plume-induced near-field
stresses promoting central volcanoes with cal-
deras and circumferential and radial rift zones in
the western Galapagos. Therefore, rather than
being controlled by plate motion across the hot
spot, as with the Hawaiian volcanoes, the Gala-
pagos volcanoes seem more affected by the
changing far-field tectonic environment.

13.4 Easter Island Hot Spot

Easter Island (Chile) lies on the Nazca plate,
~350 km to the east of the East Pacific Rise
bordering the Easter microplate, in the western
part of the ~3000 km long Easter Seamount
Chain. The Easter microplate formed approxi-
mately 5 Ma ago during the northward propa-
gation of the eastern spreading segment of the
East Pacific Rise and its overlap with the south-
ward propagating western segment (Fig. 13.8a;
Naar and Hey 1991; Searle et al. 1993; Rusby
and Searle 1995).
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Fig. 13.8 Easter Island hot spot. a Structural map of
Easter Island, Chile, showing the three volcanic
edifices, the buried (dashed lines) and exposed (con-
tinuous lines) calderas and the eruptive fissures. Inset
shows the regional setting, with the red lines repre-
senting segments of the East Pacific Rise. b Variation

of the eruptive rates (in km3/Ma, on a log scale; in
black) and SiO, content of the lavas (in blue) with
time considering the periods of shield build up, caldera
formation and monogenic volcanism for each of the
Easter Island volcanoes (modified from Vezzoli and
Acocella 2009)
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N-S trending ridges, parallel to the axis of the
East Pacific Rise, characterize the oceanic floor
of the ~350 km wide region between Easter
Island and the East Pacific Rise. This region,
characterized by 2-4 Ma old ocean seafloor,
hosts several young (0.6-0.2 Ma) submarine
volcanic seamounts. The age difference between
the oceanic seafloor and its seamounts, as well as
the volcanism younger than 0.78 Ma on Easter
Island, indicates that the magmatism making up
this western portion of the Easter Seamount
Chain is intraplate (Naar and Hey 1991; Stoffers
et al. 1994; Haase et al. 1997). More generally,
radiometric dating along the Easter Seamount
Chain shows progressively younger ages west-
ward, confirming that the Easter Seamount Chain
results from the motion of the Nazca plate over a
mantle plume located immediately to the west of
Easter Island and active for at least 30 Ma. Focal
mechanisms from earthquakes in the area
between Easter Island and the East Pacific Rise
show predominant normal motion, with an
overall NW-SE direction of extension (O’Con-
nor et al. 1995; Haase 2002; Bird 2003; Ray et al.
2012).

Easter Island is the emerged portion, reaching
~500 m above sea level, of the submarine Rano
Kau Ridge, rising for nearly 3000 m from the
surrounding ocean floor. This ridge is ~NE-SW
elongated, perpendicular to the extension direc-
tion revealed by the seismicity west of Easter
Island. The emerged portion of Easter Island
consists of three overlapping basaltic central

volcanoes with a shield-like shape: Rano Kau,
Terevaka, and Poike (Fig. 13.8a). Of these,
Terevaka is the largest, with Rano Kau and Poike
located on its southern and eastern slopes,
respectively. These volcanoes range in compo-
sition from tholeiitic basalts to rhyolites, and the
erupted lavas show considerable crystal frac-
tionation, suggesting shallow magma chambers
and a decreasing magma supply (Haase et al.
1997; Gonzalez-Ferran et al. 2004). The three
polygenic volcanoes experienced a similar and
nearly coeval evolution, characterized by two
main stages (Vezzoli and Acocella 2009). The
first stage, between ~ (.78 and 0.3 Ma, consisted
of the build up of the three basaltic shields
(Fig. 13.9). This build up was associated with
eruption rates of similar order of magnitude for
the three volcanoes, although Terevaka grew
faster. The SiO, content of the erupted magmas
remained remarkably constant and low. The final
part of the shield stage was characterized by
caldera formation, with a significant drop (one
order of magnitude) in the eruptive rates, as well
as a slight increase in the SiO, content of the
erupted magmas and the emission of more
evolved highly porphyritic lavas (Fig. 13.8b).
The second stage, between 0.24 and 0.11 Ma,
was characterized by the activity of monogenic
vents along the flanks of the three shields, with
eruptive fissures showing a dominant NNE-SSW
trend, subparallel to the ~NE-SW elongated
Rano Kau Ridge. In addition to the preferred
NNE-SSW orientation, part of the monogenic

Terevaka

Fig. 13.9 Panoramic view of Easter Island from the summit of Poike volcano, with the Terevaka and Rano Kau shield

volcanoes and the post-shield monogenic volcanoes
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vents on the Terevaka flanks also show an overall
quite dispersed or scattered distribution, resem-
bling poorly-developed or diffuse radial rift
zones. During the monogenic stage, the supply to
the magmatic systems of Poike and Rano Kau
decreased, resulting in minor eruptions of silica-
rich, highly viscous, residual and cooler magma.
Conversely, the vents on Terevaka, associated
with higher eruptive rates and lower SiO, con-
tent, suggest a more enriched mantle source, with
input of new magma (Fig. 13.8b). The input of
this new and more primitive magma prevented
Terevaka reaching the evolved compositions of
the other two volcanoes. The subaerial evolution
of Easter Island thus appears controlled by the
rise of moderate batches of magma in a context
of decreasing supply. This decrease has been
responsible for cooling the peripheral magmatic
systems (Rano Kau and Poike volcanoes),
allowing only the rise of magma through the
larger Terevaka magmatic system and its erup-
tion, mainly through radial dikes, along the vol-
cano flanks. Another distinctive feature of Easter
Island is the very limited evidence of flank
instability and collapse, possibly restricted to a
minor northern portion of the Terevaka shield
(Vezzoli and Acocella 2009).

Because of its tectono-magmatic features and
limited activity, testified by a low eruptive rate,
generally diffuse rift zones and very limited lat-
eral collapse, Easter Island may represent an end-
member type of oceanic hot spot volcano,
opposite to Hawaii.

13.5 Reunion Hot Spot

The Reunion hot spot lies on the African plate, in
the southwest Indian Ocean. The products of the
5000 km long ~N-S trending hot spot track
highlight a homogeneous, compositionally
primitive plume source and include the Deccan
basalts (68—66 Ma) and the submarine ridge
below the Maldives (55-50 Ma). The most
recent hot spot activity has produced the south-
ern Mascarene Ridge, which includes the islands
of Mauritius (8.9-0.03 Ma), to the northeast, and
Reunion (2.1-0 Ma), to the southwest
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(Fig. 13.10; Bonneyville et al. 1997; O’Neill et al.
2003).

While the present plume conduit, with radius
of 100-130 km and upwelling velocity of 5-
9 cm/year, lies at an asthenospheric depth at
100-200 km north of Reunion, the hot spot is
centred beneath Piton de la Fournaise volcano, in
the eastern portion of Reunion Island. The plume
may not consist of a single body, as the com-
position of the Reunion lavas may result from the
impingement of two small-scale blobs of plume
at the base of the lithosphere (Barruol and Fon-
taine 2013). A partially molten layer lies at the
crust-mantle boundary beneath Reunion. This
underplated body is 140 km wide and up to 3 km
thick. The oceanic plate around Reunion is not
flexurally downwarped toward the island, but
instead domed toward southeast. The historical
effusive rate of Reunion of ~ 10* km*/Ma sug-
gests that its submarine growth began 5-7 Ma
ago. Most of the volume edifice is submerged:
the volcanic edifice appears as a flattened cone
200-240 km wide, whose subaerial part is only
3% in volume, and whose history spans only the
last 2.1 Ma (Charvis et al. 1999; Gallart et al.
1999). Reunion results from at least three vol-
canic complexes. An inferred older volcano, Les
Alizés, below the eastern coast has a large
intrusive and cumulate complex, at 1 km depth
(Gailler and Lenat 2012). Most of Reunion is
constituted by the larger and older Piton des
Neiges volcano, to the northwest, and the more
recent Piton de la Fournaise volcano, to the
southeast, active simultaneously for more than
500 ka (Fig. 13.10). The location and direction
of the alignment of both volcanoes and of their
connecting rift zone are consistent with an
inferred NW-SE trending pre-existing regional
structure, whose reactivation may result from the
uplift related to the strong underplating (Michon
et al. 2007). The magmas erupted at Piton des
Neiges and Piton de la Fournaise are mostly
olivine basalts, with a composition transitional
between tholeiitic and alkali basalts, although
progressively  evolving towards increasing
tholeiitic compositions (Albarede et al. 1997).

Piton des Neiges is a dormant volcano at least
2.08 Ma old. Following a basaltic shield stage
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Fig. 13.10 Overview of the island of La Reunion,
Indian Ocean, highlighting its three main volcanic
edifices, the major volcanic rift zones and the depth
contours (in metres below sea level) of buried dense
intrusions (from Michon et al 2007; Gailler and Lenat

\\Li
o

(2.08 to 0.43 Ma), it erupted alkaline differenti-
ated lavas (350-12 ka). The volcano is deeply
eroded within three main depressions: the
Mafate, Salazie and Cilaos Cirques (Fig. 13.10).
Minimum eroded volumes of 101 and 105 km®
have been calculated for the last 180 ka for the
Mafate and Cilaos depressions, respectively,
giving a minimum long-term erosion rate of
1.2 km¥/ka. The products of the erosion are
found on the ocean floor, in large fan-shaped
promontories 20-25 km wide at the coastline and
70-150 km across the seafloor. These result from
the superimposition of multiple debris avalanche
deposits. A hydrothermally altered intrusive
complex beneath Piton des Neiges is deeply
rooted, to several kilometres below sea level, and
is 10-25 km wide (Lenat et al. 2001; Oehler
et al. 2004; Gailler and Lenat 2012). Above,

2012). Inset shows the tectonic setting of the hot spot,
along the Mascarene Ridge (MAS); R = Reunion
Island; M = Mauritius Island; CIR = Central Indian
Ridge. Digital Elevation Models provided by
GeoMapApp

three perpendicular intrusion trends (two sub-
vertical and one subhorizontal) coexisted for
2 Ma. Stress accumulation under repeated
magma injections resulted in permutations of the
principal axes of the stress tensor, reorienting
subsequent intrusions. Intrusions cycles started
with dike injections in an extensional stress field,
reducing the deviatoric stress, then switching the
axes of principal stresses and finishing with sill
intrusions in a compressional stress field. Sills
acted as detachment planes, restoring the exten-
sional stress field and initiating a new cycle of
permutations (Chaput et al. 2014).

Piton de la Fournaise has two building stages,
described as the Ancient (0.53-0.15 Ma) and
Recent Shields (<0.15 Ma). These were sepa-
rated by a collapse event that shifted the volcano
centre eastward by about ~ 15 km, from the
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present-day Plaine des Sables to the current
position of the active summit. Two main sub-
volcanic intrusions are the Grand Brhlé complex,
below the Grand Brilé depression on the east-
ernmost flank of the volcano, and a complex
beneath the Plaine des Sables and the Enclos
Fouqué, on the western part of the volcano. The
Grand Bralé complex, N-S elongated and deeply
rooted, is the relict of the Alize’s Volcano. The
subcircular Plaine des Sables-Enclos Fouqué
complex was the center of the Ancient Shield
before the collapse event, and currently hosts a
large and active hydrothermal system (Gailler
and Lenat 2012; Dumont et al. 2019). Four U-
shaped structures opening seaward are nested on
Piton de la Fournaise (Fig. 13.11). The inner-
most and youngest collapse is the 13 km long
and 6-8 km wide Enclos Fouqué-Grand Briilé
depression, E-W elongated and delimited by a
horseshoe rim to the west, south and north sides
with a continuous cliff, 100200 m high (Stau-
dacher and Allegre 1993; Gillot et al. 1994;
Merle et al. 2010a).

Fig. 13.11 La Reunion hot spot. a Simplified structural
map of Piton de la Fournaise volcano, including the main
rift zones (in orange) and structures (in red); PdSC =
Plaine del Sables collapse; EFC = Enclos Fouqué-Grand
Brilé collapse; D = Dolomieu caldera (Merle et al.

Several hypotheses have been proposed to
explain the origin of the Enclos Fouqué-Grand
Bralé depression (Fig. 13.12). A first model
suggests that the Enclos Fouqué-Grand Brilé
results from a 4.5 ka old giant landslide partly
responsible for the debris avalanche deposits on
the submarine flanks (Gillot et al. 1994). A sec-
ond model suggests that the entire Enclos Fou-
qué-Grand Bralé results from vertical collapse,
due to the deformation of the hydrothermal sys-
tem and the downward drag related to the dense
intrusive complex of the underlying Alize’s
volcano (Michon and Saint-Ange 2008). A third
set of models suggests that the Enclos depression
results from a polyphase caldera collapse,
whereas the Grand Brilé exhibits the scars of
lateral landslides with the headwall immediately
to the east of the caldera. In this model, the clay-
rich altered and pressurized hydrothermal core of
the volcano may flow under its own weight,
spreading laterally in the Grand Br{ilé area and
triggering caldera-like collapse in the summit
area (Merle and Lenat 2003; Merle et al. 2010b).
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2010a; Bonali et al. 2011). Digital Elevation Model
provided by GeoMapApp. b East-west cross section
through Piton de La Fournaise, showing the location of
the 1996-2007 earthquakes and magma storage at depth
(modified after Peltier et al. 2009)
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Fig. 13.12 La Reunion hot spot. a View from the
northwest part of the Enclos Fouqué collapse scarp towards
the Dolomieu cone, Piton de la Fournaise volcano.
b Schematic map view of Piton de la Fournaise and the
Enclos Fouqué-Grand Brilé collapse (yellow dot shows
point of view in (a). c—e Schematic end-member models (in
E-W cross section) proposed for the formation of the Enclos

The Enclos Fouqué-Grand Brilé depression
shares close similarities with the U-shaped col-
lapse structures observed on other hot spot
oceanic islands, as at Tenerife (Las Canadas
caldera; see Sect. 13.6) and Fogo (Cape Verde).
At Fogo, the U-shaped scarp affecting the sum-
mit and side of the volcano has been interpreted
as a caldera or part of lateral collapse (Fig. 6.1e;
Day et al. 1999, and references therein; Masson
et al. 2008).

|:| Post-collapse lavas

Elevation (km)

o)

km

D Elevation (km)

Fouqué-Grand Brilé structure: ¢ a single landslide (lateral
collapse); d a vertical collapse, due to the deformation of the
hydrothermal system and the downward drag related to the
dense intrusive complex of the underlying Alize’s volcano;
e a polyphase caldera collapse, where the Grand Briilé is the
scar of one or several lateral landslides (Michon and Saint-
Ange 2008). DEM in (a) provided by GeoMapApp

Piton de la Fournaise is a highly active shield,
with an average of one eruption every 10 months
over the last decades. Present-day summit activ-
ity focuses in a 400 m high basaltic cone with
caldera (Dolomieu) and pit crater (Bory). Dolo-
mieu caldera has developed by sudden collapses
above a 1.5 km wide high velocity plug located
above sea level, corresponding to an intrusive,
solidified dike and sill complex. Below, two low
velocity anomalies, from 1 to 0 km a.s.l. and
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deeper than 1 km below sea level, correspond to
magma storage systems. Dolomieu experienced
its last caldera collapse in 2007. To the sides of
Dolomieu are the northeast and southeast rift
zones, which are among the most developed of
the six rift zones of the volcano. These rift zones
lack a pronounced topographic expression, as
mantling pre-existing topography, and are rela-
tively diffuse (Fig. 13.11; Lenat et al. 1989;
Michon et al. 2009; Prono et al. 2009; Bonali
et al. 2011).

13.6 Canary Islands Hot Spot

The Canary Islands lie on Jurassic oceanic
lithosphere near the west African continental
margin. The archipelago consists of seven major
islands with east-to-west age progression of
~ 1.9 cm/year, starting from the oldest subaerial
volcanism at ~20 Ma for the eastern islands of
Lanzarote and Fuerteventura, to ~ 15 Ma for
Gran Canaria, 8 Ma for Tenerife and less than
2 Ma for the western islands of La Palma and El
Hierro (Fig. 13.13).
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Fig. 13.13 Overview of the Canary Archipelago, high-
lighting the ages and evolutionary stage of the islands,
their main rift zones and submarine landslides; plate
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This progression is compatible with the slow
passage of the African plate over a hot spot,
currently located beneath the western part of the
archipelago. Some features may be difficult to
reconcile with a typical hot spot, such as the low
melting rate, the tens of Ma long volcanic history
at single volcanic centres with long gaps, and the
irregular distribution of volcanism. These fea-
tures suggest that other processes, such as litho-
spheric intraplate deformation, accompany plume
volcanism (Carracedo et al. 1998; Danobeitia and
Canales 2000; Geldmacher et al. 2005).

The isotopic signature of the Canary Islands
magmas, intermediate between that of the
Madeira hot spot to the north and the Cape Verde
Islands hot spot to the south, suggests a common,
large-scale mantle upwelling off west Affrica
(Abratis et al. 2002). A low velocity layer, with
less than 3% melt, lies at 45-65 km of depth
within the thinned lithosphere of the Canary
Islands. The Moho deepens eastward, from ~ 12
to ~25km. A regional anomaly of ~500 m
above the thinned lithosphere, probably related to
a sub-lithospheric temperature anomaly of
+100 °C, produces a topographic swell partly
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velocity is with regard to the hot spot (Carracedo 1999).
Digital Elevation Model provided by GeoMapApp
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masked by thick sediments and the volcanics of
the Canary Islands. Superimposed on this swell
is a flexural moat that flanks the Canary Islands,
induced by the load of the volcanoes (Collier and
Watts 2001; Martinez Arevalo et al. 2013; Fullea
et al. 2015). Underplating and crustal thickening
by mafic intrusions, usually ranging from 2 to 8
km, occurs along the Moho and the base of the
elastic lithosphere beneath Gran Canaria, La
Palma, Tenerife, Fuerteventura and Lanzarote.
Low velocity zones beneath La Palma and
Tenerife are interpreted as due to partial melting
(Danobeitia and Canales 2000; Lodge et al.
2012).

Individual islands show initial rapid growth
(shield-building stage), followed by quiescence,
deep erosion and post-erosional activity. The
western islands, La Palma and El Hierro, are the
youngest and still in their shield stage. Volcanic
activity occurs in these islands and persists in
Tenerife and Lanzarote. The composition of the
volcanic rocks of the Canary Islands is highly
variable, ranging from mafic (transitional tholei-
ite to melilite nephelinite) to highly evolved
(peralkaline rhyolite to trachyte to phonolite).
While alkali basalts and tholeiites are the domi-
nant shield-building magma types, highly dif-
ferentiated magmas, as quartz-trachytes and
phonolites, develop mainly during the waning
stages (Hoernle and Carracedo 2009).

The Canary shields contain volcanic rift
zones, which are best displayed on the younger
volcanoes, such as La Palma, El Hierro and
Tenerife. These rift zones, each several tens of
kilometres long, are usually arranged in three
arms, where angles between each rift ideally are
120° (Fig. 13.13). The rift zones range from
linear ridges to broad fans at the base of the
volcanic edifice. The fanning may reflect: (a) non
suitable stress field for trapping dikes within the
rift, (b) dike injection migrating laterally,
(c) stress field interactions between volcanic
edifices, and (d) low rate of magma supply for
dike propagation (Carracedo et al. 1998; Acosta
et al. 2003). While the concept of three-arm rifts
has been accepted for decades as a distinctive
feature of the Canary Islands volcanoes, recent
studies suggest that these rifts rather result from
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initial radial eruptive fissures that have been
obscured by successive flank collapses (Becerril
et al. 2015). The growth of rift zones includes the
oversteepening, the instability and the lateral
collapse of the flanks to the sides, with dike-
induced rifting appearing as the main trigger for
flank destabilization and ultimately dismantling
the islands. At the shield-stage islands, several
Quaternary debris avalanches extend tens of
kilometres offshore (Fig. 13.13). There is a
higher landslide frequency for the Canary Islands
compared to the Hawaiian Islands. The lower
stability of the flanks of the Canary Islands may
be due to their steeper slopes, a result of the
abundance of highly evolved viscous lavas, and
the abundance of weak pyroclastic deposits
deriving from frequent explosive eruptions due
to the elevated volatile contents in the alkalic
magmas (Carracedo 1999; Krastel et al. 2001).

The main tectono-magmatic features of some
representative islands, from east to west, are
summarized below.

Fuerteventura, the oldest island, is distinctive
for its long and discontinuous volcanic history,
interspersed with major erosional phases.
Fuerteventura began and ended its shield stage in
the Miocene. The shield was truncated by giant
landslides by 17.5 Ma, which removed
3500 km® of volcanic material and stripped the
volcano down to the pre-shield phase of the
Basal Complex. The latter represents the sub-
marine growing stage of the volcanic complexes
and the hypabyssal roots (plutons and dikes) of
their successive subaerial growing episodes,
subsequently affected by long-lived Miocene
tectonic activity. After the shield stage an
extended period of quiescence and erosion was
followed by minor Pliocene and Quaternary post-
erosional volcanism (Ancochea et al. 1996;
Stillmann 1999; Fernandez et al. 2006).

Tenerife is the product of complex and
diversified volcanic activity. The island results
from the coalescence of three shields: Roque del
Conde to the southwest (between 11.9 and
8.9 Ma), Teno to the northwest (6.2-5.6 Ma) and
Anaga to the northeast (4.9-3.9 Ma)
(Fig. 13.14). These shields formed the bulk of
subaerial Tenerife since 8 + 4 Ma, with each
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Fig. 13.14 Canary Islands hot spot. Structural map of Tenerife, highlighting the older massifs, the rift zones, the
summit caldera and the lateral collapse scarps (modified after Marti et al. 2009)

shield constructed in less than 3 Ma (Guillou
et al. 2004). The Anaga basaltic shield volcano
was initially dominated by a single rift zone.
Destabilization of the northern sector resulted in
a collapse and the bending of the rift. Induced by
the dilatation of the curved rift, a third rift-arm
developed to the south, generating a three-armed
rift system (Fig. 6.9; Walter et al. 2005). After
the coalescence of the three volcanoes, a signif-
icant part of the Tenerife shield was removed by
repeated giant landslides. The shield-building
stage was thus followed by 2-3 Ma of erosion
and volcanic quiescence. Eruptions resumed
during the stage of rejuvenation, when the central
volcano of Las Cafnadas, 40 km wide and
~3000 m high, developed unconformably over
the Miocene shield (Fig. 13.14). The central
volcano developed three main rift arms (to the

south, northwest and northeast), with major
collapses in between (Carracedo et al. 2007;
Boulesteix et al. 2013). The Las Canadas volcano
summit also collapsed between 200 and 175 ka,
creating the Las Cafiadas  depression
(Fig. 13.15). This is explained as the head of a
gravitational collapse or, more likely, as the
coalescence of three successive caldera collapses
due to the emptying of a migrating magma
chamber following large eruptions. The twin
volcanoes of Pico Teide and Pico Viejo devel-
oped within the caldera, marking the most recent
eruptive cycle (Marti 2019, and references
therein). The oceanic basement dips gently
towards the island, whose load forms a flexural
moat filled by 2-3 km of sediments. Up to
1.5 x 10° km® of magmatic material has been
added to the flexured oceanic crust, with magma
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Fig. 13.15 Tenerife, Canary Islands: view of the central portion of Las Cafiadas caldera (foreground), as seen from the

south rim, with Pico Teide on the background

generation rate of 10°-10% km3/Ma, similar to
Reunion and Cape Verde, but at least an order of
magnitude less than Hawaii (Watts et al. 1997).

El Hierro is the youngest and westernmost
island. The oldest subaerial part is 1.2 Ma old.
Eruptive activity has been nearly continuous,
growing two successive edifices affected by one
or more catastrophic lateral collapses: Tinor
(1.2-0.88 Ma) and El Golfo (545-176 ka). After
158 ka, volcanic activity was fed from the
present-day rift zones, arranged in the three-
armed configuration (Fig. 9.2; Day et al. 1997).
Overgrowth instability due to successive rift
eruptions has led to several flank failures and
giant landslides, the last of which occurred to the
north between 130 and 100 ka, resulting in the
trilobed shape of the island. The San Andres fault
system identifies, along the eastern flank of the
northeast rift zone, the failure zone of a giant
landslide which has slipped twice between 540
and 430 ka and between 183 and 52 ka (Day

et al. 1997; Blahut et al. 2020). Data offshore El
Hierro suggest that rifting is not confined to
narrow zones. The young Las Hijas volcanic
seamounts, 70 km southeast of El Hierro, are
consistent with the spacing and timing of prop-
agation of volcanism of the archipelago, and
these seamounts may represent future sites of
volcanic islands. The last eruption occurred off-
shore south of the island in 2011 (see Sect. 9.2).

13.7 Azores Hot Spot

Although located next to the Mid-Atlantic Ridge,
the Azores Archipelago shows a structure that is
mainly controlled by the transtensive motion
along the transform plate boundary between
the Eurasian and African plates, to the east of the
Ridge. This far-field influence motivates the
inclusion of the Azores hot spot in this chapter,
rather than in Chap. 11, which illustrates the
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tectono-magmatic features of divergent plate
boundaries and includes the Afar and Icelandic
hot spots. In particular, the Azores Archipelago
straddles the Mid-Atlantic Ridge in the area of a
triple junction that includes an oblique and
recently formed ultraslow rift, a zone of diffuse
seafloor deformation, a major fracture zone and a
hot spot (Fig. 13.16).

The archipelago is mostly developed to the
east of the Mid-Atlantic Ridge, with only two
islands to the west of it. A low velocity anomaly
in the shallow mantle (<200 km deep) is imaged
under the central group of islands, to the east of
the ridge. The low velocity anomaly extends
northeastward and downward to connect to a
column of low velocity material from ~ 250 km
to at least 400 km of depth. The mantle upwel-
ling velocity is estimated at 3—4 cm/year, smaller
than that of Hawaii or Iceland (Yang et al. 2006;
Madureira et al. 2014). Plume-ridge interactions
and underplating between ~20 and ~7 Ma
produced a submarine plateau, on which the
Azores Islands lie, shallower than 2000 m, rela-
ted to a 12-14 km thick crust, thicker than
average. The plateau records episodic variations

of the hot spot melt production with cyclicity of
3-5 Ma and, following a decrease in the rate of
volcanism, it has been rifted by the Mid-Atlantic
Ridge since 7 Ma (Gente et al. 2003; Spieker
et al. 2018).

The main structures in the Azores area are
the Mid-Atlantic Ridge, the Terceira Rift and the
East Azores Fracture Zone (Fig. 13.16). The
Mid-Atlantic Ridge separates the Eurasian and
African plates from the North American plate.
The structure and kinematics of the Eurasian-
African boundary appears complex. Geodeti-
cally, Santa Maria Island, to the southeast, has
been following the average African plate move-
ment and Graciosa Island, to the north, has
mimicked the average Eurasian plate behaviour,
while the other islands display intermediate
behaviours. Seismo-tectonic studies locate the
main plate boundary between Sao Jorge and
Pico, continuing to the east south of Sao Miguel.
Other studies suggest that the main plate
boundary is the 550 km long ultraslow Terceira
Rift, which corresponds to a WNW-ESE trending
alignment of segmented and alternating basins
and volcanic edifices (Searle 1980; Madeira and

Fig. 13.16 Main features of the Azores Archipelago,
including the ages of the islands, the main fault zones
(solid and dashed thin red lines) and related opening
directions (purple double arrows), and the focal mecha-
nisms of the 1939-2013 M > 5.0 earthquakes. Inset
shows the general tectonic setting. Light yellow

circle = shallow hot spot location, from —75 to —188 km;
MAR = Mid-Atlantic Ridge; EAFZ = East Azores
Fracture Zone; NAP = North American plate, EP = Euro-
pean plate; AP = African plate (modified after Trippanera
et al. 2014). Digital Elevation Model provided by
GeoMapApp
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Ribeiro 1990; Vogt and Jung 2004; Fernandes
et al. 2006). The Terceira Rift formed ~1 Ma
ago and is currently obliquely slowly spreading
at 0.2-0.4 cm/year, with WSW-ENE trending
extension and dextral component of motion
(Fig. 13.16; Pagarete et al. 1998). This motion
may result from the different spreading rate of the
Mid Atlantic Ridge north (~2.3 cm/year) and
south (~ 1.9 cm/year) of the Azores and the
related overall lateral motion between the Eur-
asian and African plates of ~0.4 cm/year. Four
volcanic systems (Sao Miguel, Joao de Castro,
Terceira and Graciosa, three of which are islands)
along the Terceira Rift are separated by deep
non-volcanic basins, similar to ultraslow ridges
(see Sect. 11.4.1). The interaction of obliquity,
slow spreading rates and thick lithosphere prob-
ably prevents larger amounts of melt from
reaching the surface. East of the Terceira Rift, the
Eurasian-African plate boundary lies along the
Gloria Fault, an E-W trending right-lateral
transform fault moving at ~ 0.5 cm/year and
reaching Gibraltar (Fig. 13.16; Searle 1980; Vogt
and Jung 2004; DeMets et al. 2010). The East
Azores Fracture Zone is the westernmost con-
tinuation of the Gloria Fault towards the Mid-
Atlantic Ridge, to the south of the Terceira Rift.
It corresponds to an aseismic and non-volcanic
fault system, probably an Eurasian-African
boundary abandoned after the northward migra-
tion of the triple junction. Therefore, the
transtensive Azores region acts simultaneously as
ultraslow rift and transfer zone between the Mid-
Atlantic Ridge and the Gloria Fault, accommo-
dating the differential shear between the Eurasian
and African plates (Lourenco et al. 1998; Vogt
and Jung 2004). The Mid-Atlantic Ridge
spreading rates do not change abruptly in the area
of the Azores triple junction. Rather, they change
gradually, suggesting that the Mid-Atlantic
Ridge, the Terceira Rift and the East Azores
Fracture Zone constitute the boundaries of the
kinematically distinct Azores domain, possibly a
microplate, with distributed deformation and
semi-rigid behaviour (Madeira and Ribeiro 1990;
DeMets et al. 2010; Marques et al. 2013).
Seismicity focuses along the Terceira Rift and
close to the Faial-Pico Fracture Zone and the
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Gloria Fault (Fig. 13.16). Focal mechanisms
from 1939 to 2013 highlight predominant
~NW-SE oriented normal faults, extending
along a NE-SW direction, and minor ~WNW-
ESE trending dextral faults and ~NW-SE to
NNW-SSE trending sinistral faults. While strike-
slip motions predominate in the western portion,
the eastern portion undergoes predominant
extension, with average slip rate of 0.4 cm/year.
Overall, there is a transtensive setting with par-
tition between strike-slip and extensional struc-
tures. The estimated magnitudes of the largest
paleoearthquakes range from M6.9 to M7.1.
Paleoseismological slip rates of 0.1-0.4 cm/year
from Faial, Pico and Sao Jorge validate longer-
term rates (Lourenco et al. 1998; Madeira and
Brum da Silveira 2003; Trippanera et al. 2014).
Several sets of faults, with N120 °E, N150 °E
and ~N-S directions, define crustal blocks
accommodating the interaction between the three
main plates. Directions from N110° to N125°,
focusing along the Terceira Rift, are interpreted
as ancient fracture zones reactivated as transten-
sional faults. N-S directions are interpreted as
former mid-oceanic rift faults reactivated as left-
lateral faults (Navarro et al. 2009).

As a result of the activity of the transtensive
plate boundary, several of the Azores volcanoes
show distinctive morphological, structural and
volcanological features. In fact, at least three
islands appear strongly elongated (Sao Miguel,
Sao Jorge and Pico) parallel to the plate bound-
ary. The elongation is highlighted by transtensive
fault systems, fissure eruptions forming focused
rift zones and aligned polygenic and monogenic
volcanoes. In some cases, as for example at Pico
(see Fig. 7.22b), the rift zones extend outside the
polygenic volcanoes for tens of kilometres,
highlighting strongly elongated zones of mag-
matic activity, resembling magmatic systems
along divergent plate boundaries (see Chap. 11).
The development of long and focused rift zones
is only partly associated with flank instability,
which appears relatively limited on the Azores.
In fact, despite frequent recognition of unstable
and collapsed volcanoes flanks, as at Pico and
Sao Miguel, only a few of the Azores islands
show widespread mass-wasting processes
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affecting their growth, as Flores and Santa Maria
(Hildenbrand et al. 2012, 2018; Costa et al. 2014;
Sibrant et al. 2015; Marques et al. 2020). Several
volcanoes currently host calderas, as Sao Miguel,
Terceira, Faial and Corvo, whose formation is
usually associated with the emission of more
evolved magmas. The magmas erupted in the
Azores belong to an alkaline series, exhibiting
the full range of compositions, from mafic to
felsic. Generally, while the polygenic volcanoes
erupt alkali basaltic to trachytic magma, the
monogenic volcanoes from the fissure zones
erupt basalts and hawaiites; rhyolites have been
erupted at the Santa Barbara polygenic volcano,
on Terceira Island (Larrea et al. 2018, and ref-
erences therein).

The tectono-magmatic features of some rep-
resentative Islands, from east to west, are sum-
marized below.

Sao Miguel, along the eastern Terceira Rift, is
the largest island, E-W elongated. Geodetic data
suggest that any inferred plate boundary defor-
mation zone at Sao Miguel is narrow, with 75%
of the 0.4-0.5 cm/year full plate motion being
accommodated over the 10 km width of the
island. Sao Miguel consists of six Quaternary
loci, which include calderas (Sete Cidades, Agua
de Pau and Furnas), stratovolcanoes, shield vol-
canoes affected by flank collapse and elongated
monogenic fields (Moore 1990; Trota et al. 2006;
Sibrant et al. 2015).

Sao Jorge, despite its strong WNW-ESE
elongation suggesting a far-field tectonic control,
is moving neither with Eurasia nor with Africa,
presenting two sectors with different behaviour:
the northwest sector moves at 0.2 cm/year to
N82 °E, while the southeast sector moves at
0.1 cm/year to N109 °E. This velocity field, not
explained by slip along the active faults of the
island, may be induced by local shallow mag-
matic processes (Mendes et al. 2013). Horizontal
or sub-horizontal flow predominates within the
dikes outcropping at Sao Jorge, suggesting that
the ascent of magma occurs mainly over local-
ized melting sources, then collected within
shallow magma chambers and from here laterally
delivered along the island (Silva et al. 2012;
Moreira et al. 2015).

Pico and Faial are two nearby WNW-ESE
elongated islands with collinear configuration
located above the plume head.

Pico, to the east, is the youngest island of the
Azores, dominated on its western sector by the
stratovolcano of Pico Mountain, active from
57 ka at least, rising ~2.5 km a.s.1. (Fig. 13.17).
Several eruptions produced cones and fissures on
its western and southeast flanks (Fig. 7.22b).
Other major volcanic complexes on Pico include
basaltic shield volcanoes (Topo volcano) and
monogenic volcanic ridges (the Achada Plateau).
Two major collapses affect the northern flank of
Pico, where a main debris field larger than

Fig. 13.17 Azores hot spot. The imposing summit of
Pico Volcano on the Island of Pico seen from Faial, with
the Pedro Miguel Graben in the foreground bordered by

two sets of oppositely dipping faults, highlighted by the
white (outer fault systems) and yellow (inner fault
systems) triangles
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10 km® and with minimum age of ~70 ka is
observed offshore (Nunes et al. 2006; Costa et al.
2014).

Faial, to the west, consists of four main and
distinctive units (Fig. 13.18). The oldest volcanic
system, to the east, was mainly built around
850 ka, then faulted to form the WNW-ESE-
trending Pedro Miguel Graben (Fig. 13.17). An
elongated high density body below and parallel
to the axis of the Pedro Miguel Graben, inter-
preted as a solidified dike swarm, suggests that
part of the graben is dike-induced. The Caldeira
Central Volcano (~130 ka to Present) partly
developed within the Pedro Miguel Graben with
a summit caldera mainly formed at ~1 ka; a
low Vp anomaly at 3-7 km depth images a
magma chamber below. The youngest part of the
island is the Capelo Peninsula fissure system,
west of Caldeira. This consists of a basaltic ridge
formed by WNW-ESE aligned vents. Capelo fed

'l, . .
1,, Eruptive fissure
"I

\ Major fault

Fissural products
(30-11 ka to the SE,
15-0 ka to the west)

Central volcano
(0.13-0 Ma)

Shield edifice
(0.85-0.35 Ma)

Fig. 13.18 Azores hot spot. Structural map of Faial
Island, central Azores, including the Pedro Miguel Graben
and its main fault zones, the Caldeira stratovolcano, the
Capelo Peninsula and its main fissure eruptions, and the

the two historical eruptions on Faial: the Cabeco
do Fogo eruption in 1672—73 and the Capelinhos
Surtseyan eruption in 1957-58 (Romer et al.
2018). The NE-SW trending mean extension rate
of the Pedro Miguel Graben has been of 0.3—
0.8 cm/year, similar or slightly larger than that of
the Terceira Rift. This suggests that Faial, with
the nearby Pico Island, where the graben con-
tinues buried by recent volcanic deposits, is a
major locus of extension within the Azores above
the imaged hot spot. The Faial-Pico tectonic
segment may thus constitute the offset, westward
continuation of magmatic activity to the south-
west of the Terceira Rift, or one of the several
major structures making up the presently diffuse
plate boundary (Madeira and Brum da Silveira
2003; Camacho et al. 2007; Marques et al. 2013;
Trippanera et al. 2014).

Flores and Corvo lie west of the Mid-Atlantic
Ridge and are both derived from the same mantle

Depth contours (m)
of high density body

30°  Attitude of Pedro Miguel

Graben basement lavas

depth contours of the high density body (higher density of
>200 kg/m®) suggesting the presence of a dike complex
below the graben (Camacho et al. 2007)
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plume responsible for the eastern Azores Islands,
although dominated by a source component not
evident in the eastern archipelago. Flores consists
of overlapping stratovolcanoes, without extended
fissure systems. Shallow submarine volcanism
occurred between 2.2 and 1.5 Ma. The most
voluminous volcanism occurred between 0.7 and
0.5 Ma. Subaerial Corvo has been active
between 1-1.5 Ma and 80 ka: its dominant fea-
ture is a ~2 km wide and 300 m deep caldera
(Genske et al. 2012, and references therein).

13.8 Yellowstone Hot Spot

Yellowstone super-volcano is the most striking
and best-known expression of continental hot
spot. Large volumes of magma, resulting from
the activity of the plume below, were emplaced
in western North America to the east of the Juan
de Fuca-Farallon subduction system during the
last ~20 Ma. Three main magmatic provinces
are related to the activity of this plume: the
Columbia River Basalts Province, whose magma
chambers mark the location of the former plume
head, the High Lava Plains of Oregon (or New-
berry Hotspot Track), whose western end marks
the current plume head, and the Yellowstone
Hotspot Track, whose eastern end marks the
current plume tail. Such a configuration results
from a complex history of plume-slab interaction
(Fig. 13.19; Camp and Ross 2004; Wolff et al.
2008).

At ~20 Ma, when the rising Yellowstone
plume intersected the overlying eastward-dipping
Juan de Fuca-Farallon slab, the plume head flo-
wed westwards, along the upper base of the slab.
At ~ 17 Ma, the plume head punched through
the slab and reached the surface, causing vol-
canism through long and narrow arcuate rifts.
Subsequently, the plume head spread out north-
wards at the base of the lithosphere, probably
forced by the thicker cratonic lithosphere
boundary to the east, generating the Columbia
River Basalts. These consist of ~ 210,000 km?>
of 17-14 Ma old lava flows and N-S oriented
dike swarms. The largest and oldest silicic cen-
tres lie along a narrow north-northeast trend at
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the transition between the craton and accreted
oceanic crust. As the North American plate
moved southwest, the plume head may have
sheared off from the tail and stayed with the
plate, trapped by the deeper keel of the older,
thicker lithosphere to the east. Contemporane-
ously, the focused plume tail may have tilted
southeast and, by ~ 15 Ma, propagated north-
eastward with respect to the North American
plate, along the present Eastern Snake River
Plain (Xue and Allen 2007; Pierce and Morgan
2009; Obrebski et al. 2010; Coble and Mahood
2012; Camp et al. 2017; Morriss et al. 2020).

The resulting Newberry and Yellowstone
tracks show age-progressive volcanism migrating
from McDermitt Caldera, which was above the
plume head at ~ 17 Ma. The Newberry Hotspot
Track consists of bimodal products with silicic
northwest age progression ending in the New-
berry volcano (younger than 0.01 Ma), which
marks the present location of the plume head,
with a propagation rate of 13 km/Ma since 5 Ma.
The Yellowstone Hotspot Track is associated
with the east-northeast migration of bimodal
volcanism along the Eastern Snake River Plain,
ending after 800 km at the Yellowstone Caldera,
the current tail of the plume (Fig. 13.19; Smith
et al. 2009).

Massive rhyolitic volcanism along the Eastern
Snake River Plain resulted from basaltic magma
differentiation and crustal melting induced by the
plume in the last ~ 16 Ma. The eruptive rate has
been fairly uniform since the inception of the
Eastern Snake River Plain—Yellowstone volcanic
track, between 16 and 17 Ma, with the exception
of a gap between 4.5 and 2.1 Ma. In particular,
volcanism consisted of frequent (for example
peaking every 200-300 ka from 12.7 to
10.5 Ma), high temperature (>1000 °C) and
large volume rhyolitic eruptions, with individual
ignimbrites reaching 1000 km?, associated with
large calderas. Rhyolites are explained through
remelting of their erupted and subvolcanic pre-
decessors on rapid time scales. This volcanism
was followed by a similar migration of basaltic
lava flows and emplacement of midcrustal mafic
intrusions. Finally, the load from the dense
intrusions, as well as lithospheric cooling and
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Fig. 13.19 Yellowstone hot spot. Above: overview of
the main tectonic and magmatic features of the area
affected by the Yellowstone plume, including the distri-
bution of the main volcanic provinces, the current head
and tail of the plume and the “tectonic parabola”, a region
of high seismicity and topography surrounding the
Eastern Snake River Plain and the Yellowstone caldera
(thick red line). The Newberry volcanic trend highlights
local migration of volcanism (blue lines, in Ma). Plate
velocity is with regard to the hot spot (modified after
Smith et al. 2009). Digital Elevation Model provided by
GeoMapApp. Below: proposed model for the interaction
between the subducting Juan de Fuca plate and the
Yellowstone plume head. a 25 Ma, the Yellowstone
plume approaches the subducting Juan de Fuca plate;

b 20 Ma, the plume head has intersected the Juan de Fuca
plate and preferentially flowed westwards along the base
of the slab; ¢ 17 Ma, the plume head has punched through
the Juan de Fuca plate, destroyed a larger portion of the
slab and caused the volcanism at the surface; d 15 Ma, the
plume head material spreads out in a larger region at the
base of the lithosphere; e 8 Ma, the subducting slab drags
the remnant plume head material down into the mantle;
f at present, the hot material from the remnant plume head
has been brought to greater depth by the ongoing
subducting slab. The vertical dashed line indicates the
progression of the current Yellowstone caldera to the
west; the orange plume stem represents a hypothetical
Yellowstone plume since the arrival of the plume head
(shown in red; Xue and Allen 2007)
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thermal contraction, has induced, largely before
6.6 Ma, a crustal flexure with 4.5-8.5 km of
subsidence along the northeast edge of the plain.
Therefore, passage of the North American plate
over the melting anomaly has been accompanied
by a migrating sequence of events consisting of
uplift, regional deformation, massive explosive
silicic eruptions and caldera collapse, basaltic
volcanism and subsidence (Smith and Braile
1994; McQuarrie and Rodgers 1998; Pierce and
Morgan 2009; Knott et al. 2020).

Presently, the Eastern Snake River Plain
behaves as a rigid, non-extending block, where
much of the minor extension has been accom-
modated transiently by dikes perpendicular to the
plain axis, extending in a NE-SW direction. The
Eastern Snake River Plain displays Holocene
strain rates one order of magnitude lower than
those in the adjacent Basin and Range. The
transition zone in between, roughly identified by
a parabolic-shaped region (“tectonic parabola”;
Fig. 13.19), undergoes dextral and sinistral
faulting, associated with seismicity, along the
northwest and southeast boundaries of the plain,
respectively (Smith and Braile 1994; Parsons
et al. 1998; Payne et al. 2012). The ~42 km
deep Moho beneath the Eastern Snake River
Plain shallows to ~37 km to either side and
thickens to ~ 47 km to the northeast. The lower
crust of the plain, generally thickened by a dense
underplated layer, shows a low velocity, proba-
bly molten layer. This underlies a 4-11 km thick
mid crustal high density sill complex of gabbroic
lenses interfingering with the granitic upper
crust. The amount of mantle-derived mass added
to the crust between 11 and 4 Ma is
~ 340,000 km®, corresponding to an average
mass flux of 0.05 km?/year, comparable to other
hot spots (Peng and Humphreys 1998; McCurry
and Rodgers 2009).

Yellowstone caldera constitutes the eastern-
most active volcanic system fed by the plume tail
past the Eastern Snake River Plain. Below Yel-
lowstone caldera, at 60—120 km depth, the plume
is sheared southwest by the motion of the North
American plate, producing a low velocity layer
beneath the thin lithosphere with excess tem-
perature of ~50 to ~200 °C. Below, the plume
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appears as a ~ 80 km wide vertical conduit down
to 200-300 km depth, where it dips 60° west-
northwest, extending to 660 km depth. Upper
mantle convection induces eastward flow at
~5 cm/year, that deflects the ascending plume
into its west-tilted geometry. The upward
deflection of the 660 km deep upper mantle
transition zone by 12-18 km over an area
~200 km wide suggests a high-temperature,
plume-like upwelling. The upwelling velocity of
the plume, characterized by ~2% partial melt, is
~ 6 cm/year, with a buoyancy flux (0.25 Mg/s)
many times smaller than that of oceanic plumes
(Xue and Allen 2007; Smith et al. 2009; Sch-
mandt et al. 2012; Tian and Zhao 2012).

The regional signature of the hot spot is cur-
rently highlighted by a 600 m high and
~600 km wide topographic bulge centred on
Yellowstone caldera, reflecting long-wavelength
tumescence (Smith and Braile 1994; Smith et al.
2009). The larger than 15,000 km® upper crustal
magma reservoir beneath Yellowstone is 6 to 16
km deep, continuing laterally 20 km north of the
caldera boundary. Having 2-15% melt, it is
assumed as a fluid-saturated porous material
consisting of granite and a mixture of rhyolite
melt saturated with water and CO,. In the lower
crust, at a depth between 25 and 50 km, a
basaltic magma reservoir with a size ~4.5 times
that of the upper crustal magma reservoir con-
tains a melt fraction of ~2% and provides the
magmatic link between the plume and the upper
crustal reservoir (Smith et al. 2009; Huang et al.
2015).

The Yellowstone volcanic field formed during
three major caldera-forming rhyolitic eruptions at
approximately 2.0, 1.3 and 0.6 Ma, emitting
approximately 2500 km?, 280 km? and 1000 km?
of magma, respectively. The youngest eruption
formed the current Yellowstone caldera, followed
by ~ 50 rhyolitic and basaltic events, the youngest
at ~70 ka (Fig. 13.20). The composition of the
erupted magmas is bimodal, with rhyolitic rocks
dominating and basaltic rocks representing a small
mostly extra-caldera fraction, and intermediate
compositions absent. Silicic magmatism pro-
ceeded via shallow-level remelting of earlier
erupted and hydrothermally altered source rocks,
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Fig. 13.20 Structure of Yellowstone super-volcano
(Wyoming, USA), showing the caldera and its gravity
contours, the two resurgent domes, the post-160 ka vents,

with basaltic magma providing the heat for melt-
ing. Analysis of the products of the caldera-
forming eruptions reveals a short duration of
reservoir assembly, which documents rapid crustal
remelting and eruption rates two to three orders of
magnitude higher than those of continental arc
volcanoes (Smith and Braile 1994; Christiansen
2001; Bindeman et al. 2008; Wotzlaw et al. 2015).
The 40 x 70 km wide and ~2 km deep caldera
hosts two intensely fractured resurgent domes
(Sour Creek and Mallard Lake). The caldera

the uplifted area between 1923-1977 and the 1973-2002
seismicity (after Smith and Braile 1994; Christiansen
2001)

coincides with a —60 mGal gravity anomaly.
Focal depths of earthquakes decrease from more
than 11 km outside this anomaly to less than 6 km
within, reflecting thinning and heating of the
seismogenic crust (Miller and Smith 1999). The
most striking surface expression of the current
activity of the caldera is its huge hydrothermal
system, which contains more than 10,000 thermal
features, including the world’s greatest concen-
tration of geysers, hot springs, mudpots, and
steamvents (Fig. 13.21).
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Fig. 13.21 Yellowstone hot spot. View of the Grand Prismatic Spring in Midway Geyser Basin at Yellowstone on
October 19, 2017. Photo credit U.S. Geological Survey, USGS

13.9 Tibesti Hot Spot

The Tibesti hot spot lies in northern Chad,
northern Africa. Northern Africa contains several
hot spots characterized by anomalous topo-
graphic swells and intraplate Cenozoic volcan-
ism, as Hoggar (Algeria), Darfur (Sudan),
Cameroon (Cameroon) and Tibesti (Fig. 10.18).
Rather than reflecting the involvement of one or
several deep mantle plumes, or even a connection
with the nearby larger Afar hot spot, these
intraplate hot spots are probably related to
unconnected plumes and attributed to shallow
processes. In particular, the Tibesti hot spot does
not show any seismic signature in the upper
mantle, suggesting a shallower asthenospheric
origin (Pik et al. 2006; Sebai et al. 2006). The
low shear velocities at 100—150 km depth in this
region can be interpreted in terms of elevated
temperatures due to a shallow plume, whose stem
appears to migrate approximately 100 km to the
west between depths of 100 and 150 km. At
shallow levels this plume may also feed the
volcanism of the nearby Al Haruj region to the
north, in Libya (Keppie et al. 2010). Thermo-
barometric and tomographic studies suggest that
asthenospheric temperatures beneath Al Haruj in
the last 5 Ma are more than 50 °C hotter than
ambient mantle and 20-40 °C hotter than those
predicted to be present beneath the Tibesti
region. In addition to the elevated asthenospheric
temperature, a contribution from lithospheric
melting related to the Cretaceous rifting of the
Sirt Basin (Libya), associated with lithospheric

thinning, has been inferred for both regions
(Cvetkovi et al. 2010; Ball et al. 2019).

The Tibesti swell consists of a ~1000 km
wide area with altitudes generally of ~ 1000 m
above the surrounding areas, with several vol-
canoes with elevation above 2000 m. This posi-
tive relief coincides with a geological uplift
exposing Precambrian rocks surrounded by
Phanerozoic rocks. River profiles suggest that
most uplift (0.4—1.2 km) occurred at ~30 Ma,
whereas the more recent uplift is estimated at less
than 0.4 km. The produced dome is inferred to
result from the anomalously hot asthenosphere,
which upwells beneath the lithosphere (Keppie
et al. 2010; Roberts and White 2010).

The Tibesti hot spot likely lies along a
~6000 km long NW-SE striking lineament
(Tibesti Lineament), extending from southwest
Algeria to Kenya. This corresponds to a 200—
300 km wide fault zone with a possible late
Proterozoic origin and reactivated as a transten-
sive dextral system during hot spot volcanism
(Guiraud et al. 2000; Nkono et al. 2018). Despite
this probable regional tectonic contribution, the
Tibesti region has been aseismic, at least above
M5.5.

The hot spot-induced Tibesti Volcanic Pro-
vince (TVP) consists of several shield volcanoes
(up to 80 km diameter) with large-scale calderas,
extensive lava plateaux and flow fields, and
widespread ignimbrite deposits (Fig. 13.22; Per-
menter and Oppenheimer 2007; Deniel et al.
2015). The composition of magma is mainly
bimodal, with basalts representing roughly 60%
in volume and felsic rocks, such as rhyolites,
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Fig. 13.22 Simplified map of the Tibesti Volcanic
Province, Chad (location in inset), with products
ranging from the plateau volcanism (approximately
17 Ma) to the final Quaternary volcanism. Labels of

trachytes, and minor phonolites, approximately
40%. Intermediate compositions, mostly tra-
chyandesites, represent less than 1% volume, and
are only encountered in the final volcanic activ-
ity. The activity of the TVP began as early as the
Oligocene, though the major products that mark
its surface date from Lower Miocene to Quater-
nary. Between at least 17 and 8 Ma widespread
alkaline plateau volcanism consisted of flood
basalts and silicic lava plugs with intercalated
alkaline, peralkaline and rhyolitic ignimbritic
sheets. In this period ages of volcanism decrease
from northeast to southwest, following the
migration of NW-SE trending flexures associ-
ated with the Tibesti Lineament and concentrat-
ing the feeding dike swarms. Late Miocene large
central composite tholeiitic volcanoes, some of
which (Toon, Oyé, and Yéga) NNE-SSW
aligned, formed in the central part of the
TVP. After this initial phase of activity in the
central TVP, volcanism migrated to both the
eastern and western TVP regions, showing a
relatively haphazard spatial development. This is
mainly testified by the construction of three large
alkaline, peralkaline and rhyolitic ignimbritic

':_ _} Caldera
- Final trachyandesites (Quaternary)
Recent basalts

Recent ignimbrites

Bimodal shield volcanoes
and rhyolitic domes

Plateau volcanism (Early Miocene)

Main volcanoes

| A Abeki TEC Tarso Emi Chi
D  Dadoi TT Tarso Toh
EK EmiKoussi  Ti Tieroko
K Kilehégé Tm Timi
M Mousgou TN Trou au Natron
Oy Oye To Tousside
S Sosso V. Voon
T Toon Y Yirrigué
TA Tarso Ahon Ye Yega

major volcanoes have the same colour as the related
stage of activity of the province shown above (mod-
ified after Gourgaud and Vincent 2004; Deniel et al.
2015)

volcanoes, associated with significant updoming
of the basement, ending with the collapse of large
calderas: Voon (5-7 Ma), Emi Koussi (2.4—
1.33 Ma) and Yirrigué (0.43 Ma). Basaltic
activity, starting at about 5—-7 Ma, and essentially
consisting of cinder cones and associated lava
flows, also occurred to the west and southeast of
the TVP (Tarso T6h, Tarso Ahon, and Tarso Emi
Chi). The final volcanic activity is represented by
post-Yirrigué caldera activity in the Tarso
Toussidé Volcanic Complex and especially
Toussidé (the only active volcano in Tibesti),
Timi and Mousgou volcanoes (Permenter and
Oppenheimer 2007; Deniel et al. 2015, and ref-
erences therein).

Volcanism of the TVP has been poorly stud-
ied in detail, with the above-mentioned Emi
Koussi representing one of the best-known vol-
canoes of the hot spot. This consists of a wide
ignimbritic shield-like volcano resulting from the
succession of three eruptive sequences, each
related to caldera collapse. Its products exhibit
two bimodal lava series, silica-saturated and
silica-undersaturated, with a wide compositional
gap (of ~10% SiO,). While the silica-saturated
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Fig. 13.23 Tibesti hot spot. Google Earth image of the
eroded Tieroko volcano, as seen from the north. The
eroded central portion of the composite volcano reveals

suite may be explained by crustal contamination,
the undersaturated suite may be explained by
crystal fractionation (Gourgaud and Vincent
2004).

The volcanoes of the Tibesti hot spot do not
show clear evidence of defined rift zones or
significant flank failure, at least from remote
sensing data. However, unusual conditions of
uplift and erosion currently enable exceptional
exposure of the internal structure of some vol-
canoes. Indeed, the eroded portions of several
volcanoes reveal NW-SE trending feeder dikes,
associated with flexures, and radial dike patterns.
The latter are best developed at Kilehégé, where
more than a hundred rhyolitic dikes, 3-15 m
thick, converge toward a focal zone with the
highest spines and several rhyolitic plugs, and at
Tiéroko, where the radial dikes are similarly
associated with a central intrusion (Fig. 13.23;
Deniel et al. 2015).

As mentioned, a distinctive feature of the
Tibesti hot spot is the lack of any clear spatial

Volcano
flank

Volcano

~

~
NS

Volcano
flank

| —tkm |

its dike pattern radiating from one or more central
intrusions (image source: Google Earth)

progression of volcanic centres, though volcan-
ism seems to have initiated in the Central region
(e.g. Voon and Toon) and later migrated to the
eastern and western regions: this feature is also
matched by the lack of a linear hot spot track. In
addition, this sparse magmatic activity produced
a wide variety of volcanic features, including
moderate to large-scale calderas (average diam-
eter of ~12 km), suggesting also significant
magma reservoirs below (Permenter and
Oppenheimer 2007).

13.10 Comparing Hot Spot
Volcanoes

Hot spots display overall common structural and
magmatic features, but also variability in terms of
plume structure and magma supply, interaction
with the lithosphere, distribution, age and type of
volcanism, evolution and structure of the volca-
noes. These similarities and differences are
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discussed below, also including knowledge from
additional examples of hot spots (Table 13.1).
Note that the available information on oceanic
hot spot volcanoes mainly concerns their sub-
aerial tips: therefore, the limited knowledge of
their submerged portions may affect the consid-
erations made in the following discussion.

A common feature of oceanic and continental
hot spots is the geophysical detection of under-
plated magma, more voluminous than the erup-
ted portion. A broad surface swell is usually, but
not systematically, accompanied with magmatic
underplating, as at Hawaii, Reunion, the Canary
Islands, Yellowstone, Tibesti and in the South
Pacific, at both a regional (superswell) and local
scale (volcanic chain or cluster; Sichoix et al.
1998; Suetsugu et al. 2009; King and Adam
2014; Park and Rye 2019). The swell may be the
surface expression of the flexure induced by the
emplacement of the underplated magma and/or
the upward pressure exerted by the plume head.

Another common feature of the considered
hot spots, with the possible exception of the
Canary Islands, is the influence of pre-existing
basement structures on volcanic activity. This
occurs both on continental and oceanic litho-
sphere, where any pre-existing discontinuities
(faults, fracture zones) may be reactivated and/or
intruded by magma. This control of inherited
structures, recognized also in the Iceland, Afar
and French Massif Central hot spots, indicates
that hot spot volcanism is affected by regional
structures and/or stresses. The reactivation of
regional anisotropies often results in the control
of the location, alignment and shape of hot spot
volcanoes, including their rift zones and flank
instabilities.

Radial volcanic rift zones are common at
oceanic hot spots, although their configuration
and overall architecture vary widely. On the
Hawaiian Islands, the well-developed rift zones
consist of long and narrow portions of focused
magmatic injection controlled by pre-existing
structures, edifice morphology, and flank insta-
bility. The best-known Hawaiian rift zones (on
Mauna Loa and Kilauea) developed at the head
of the unstable flanks of the volcanoes, although
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the longest rifts extend far beyond the shield
edifice, probably also following basement frac-
tures. In contrast, rift zones are poorly developed
on the western Galapagos volcanoes or on Easter
Island, where diffuse areas of radial dike injec-
tion predominate. In between are the defined but
relatively wide rift zones of Reunion, which
further widen downslope, and the rift zones
forming triple arms at 120° mainly on the
younger Canary Islands volcanoes, often at the
head of collapse structures. In other cases
(Azores, the eastern Galapagos Islands), the rift
zones are aligned along pre-existing regional
trends or anyway highlight the influence of plate
boundary stresses. Therefore, the presence and
development of rift zones on oceanic hot spots
may be reconciled, in addition to the local stress
field imposed by the volcanic edifice, with
unstable flanks, pre-existing structures and
regional stresses. Available evidence (Koolau,
Kilauea and Mauna Loa in the Hawaiian Islands,
Fernandina in the Galapagos Islands, Tenerife
and El Hierro in the Canary Islands, Sao Jorge in
the Azores) suggests a predominant lateral
propagation of the dikes feeding the rift zones.
No evident rift zones have been found in the
considered continental hot spots.

Oceanic hot spot volcanoes also show wide-
spread (though not ubiquitous) instability, often
resulting in catastrophic collapse. This has been
documented in the Hawaiian Archipelago, the
Canary Islands, the Azores, Reunion Island and
the South Pacific Islands (Tahiti and the Mar-
quesas volcanic chain). In some cases (Canary
Islands, Reunion, Marquesas) flank instability
results in widespread mass wasting. On the
Galapagos Archipelago (with the exception of
Ecuador volcano) and Easter Island flank insta-
bility is negligible. The general lack of flank
instability at the Galapagos volcanoes may be
related to their shallow submarine flanks perched
on the Galapagos Platform, and/or to the young
age of the oceanic lithosphere below the plat-
form, which has hindered the accumulation of
clayish oceanic deposits: elsewhere, as below
Hawaii, these weak water-saturated deposits may
act as decollement level for the volcanic edifices.
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At Easter Island the lack of flank instability may
be attributed to the lower output rate of the hot

spot, which builds less imposing volcanic
edifices.
There is an overall association between

focused volcanic rift zones and unstable volcano
flanks (at Hawaii, Society Islands and Canary
Islands), as well as between diffuse rift zones and
stable flanks (Galapagos, Easter Island). This
suggests an interaction where flank instability
focuses magmatic activity in rift zones at the
head of the unstable flank, preferably of a large
volcano, with magmatic activity along rift zones
in turn enhancing further instability. At the
Azores, the development of the rift zones seems
more controlled by the regional structures, rather
than flank instability.

The summits of oceanic and continental hot
spot volcanoes are also characterized by calderas,
as observed on all the above-mentioned exam-
ples, as well as in the South Pacific volcanic
chains. A few of these summit calderas (Gala-
pagos and, to a much lesser extent, Reunion and
Easter Island) are associated with dike-fed cir-
cumferential eruptive fissures, rarely documented
elsewhere. In addition, the summits of a few
oceanic hot spot volcanoes (Tenerife, Reunion
and Fogo, Cape Verde) show distinctive
horseshoe-shaped scarps continuing on the vol-
cano flanks, probably associated with a complex
interplay between vertical and lateral collapse.

Despite these general similarities, hot spot
volcanoes also show striking differences in both
evolution and structure, with a variability point-
ing to a growth and architecture that are more
complex than those proposed for example for the
reference Hawaiian hot spot.

Among the differences in the considered hot
spots, a first-order feature is the distribution of
localized or delocalized volcanism. In fact, in
some cases (Galapagos, Canary Islands, Azores,
Tibesti) volcanic activity and volcano growth are
synchronous, or scattered, developing several
coalesced coeval volcanoes. In others (Hawaii,
Reunion, Yellowstone), the activity and growth
of the volcanoes are sequential, or aligned, with
only a few neighbouring volcanoes active at the
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same time. Intermediate hybrid types of activity
and growth characterize some volcanic chains of
the South Pacific. Such an aligned or scattered
distribution of volcanism is illustrated by the
focused vs. diffuse age-distance relationships
shown in Fig. 13.24. These different distributions
of the hot spot volcanoes may have various
explanations. The distributions may reflect dif-
ferent types of plumes: for example, a super-
plume fed by different plumelets, as below the
Cook-Austral Islands, may generate a scattered
distribution of volcanoes more easily than a
single plume, as below Reunion (e.g., Koppers
et al. 2003). Absolute plate velocity may be an
additional feature controlling the duration and
persistence of a feeding system below a volcano,
with faster plates favouring aligned volcanism
(Hawaii, Society Islands in the South Pacific) and
slower plates encouraging scattered volcanism
(Canary Islands, Azores, Tibesti; Mitchell et al.
2002). A third control may be the age, and the
related thickness, of the oceanic lithosphere
above the hot spot (Poland 2014). For example,
the thicker lithosphere may induce focused vol-
canism in Hawaii and the thinner lithosphere
dispersed volcanism in Galapagos, with both hot
spots lying on plates with medium—high velocity.
In fact, despite the lower buoyancy flux of the
Galapagos plume, a thinner (younger) litho-
sphere may be more effectively heated and
weakened by a mantle plume, developing mul-
tiple magmatic paths and thus showing delocal-
ized volcanism. Within an adequate tectonic
context, as in proximity to a triple junction,
scattered magmatism may develop a microplate
with non-rigid behaviour, as observed in the
Azores. A fourth factor possibly influencing the
aligned or scattered distribution of volcanoes is
the magma flux of the hot spot. This is suggested
by the more aligned distribution of volcanoes on
the less productive Madeira hot spot with regard
to that of the nearby and more productive Canary
Islands hot spot, both in a similar tectonic setting
(Table 13.1 and Fig. 13.24; Geldmacher et al.
2000).

Also, while a swell has been recognized
below most hot spot volcanoes, a moat due to the
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load of the volcanic edifices appears less fre-
quent. A moat has been detected around the
volcanoes of Hawaii, Tenerife, and, in part,
below the Galapagos, the South Pacific and the
Canary Islands: conversely, no moat has been
recognized around the Azores and Reunion
volcanoes.

Distance (km, from Madeira)

Hawaii, Madeira, Yellowstone) show a defined age-
distance relationship, implying aligned volcanism,
others (as Cook-Australs, Galapagos, Azores) show a
more  dispersed  distribution, implying scattered
volcanism

A further notable difference in the eruptive
style and composition of hot spot volcanoes is
related to the nature of their lithosphere. Bimodal
compositions, as well as explosive activity rela-
ted to the evolved magmas, are more common on
continental hot spots. At Yellowstone the plume
triggers bimodal volcanism, first melting the
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Fig. 13.25 Working hypothesis showing how the struc-
tural features (in terms of sector collapses and rift zones to
the rear of the collapses) of end-member oceanic hot spots
volcanoes depend upon their magma supply and size.
a Lower magma supplies generate smaller volcanoes with

silicic continental crust, producing rhyolites with
explosive activity, and then erupting the more
primitive products. Tibesti also shows bimodal
volcanism, although the rhyolitic compositions
are proportionally much less represented than
Yellowstone, probably following a more limited
crustal melting. Rhyolites and explosive erup-
tions are usually rare on oceanic hot spots, except
in the Canary Islands, Alcedo (Galapagos) and
Terceira (Azores). Oceanic hot spot volcanoes
are indeed characterized by the predominant
effusive activity of mafic magma.

Despite all the differences in the oceanic hot
spot volcanoes discussed above, probably the
most striking one concerns their extremely vari-
able eruptive rates. Considering the general lim-
itation that estimates for oceanic volcanoes
mainly refer to their subaerial tip, the eruptive
rates vary over several orders of magnitude, from
Hawaii (~10° km*/Ma) to Ascension or Easter
Island (the latter reaching 107> km*/Ma)
(Table 13.1). While the highest eruptive rates at
Hawaii are associated with focused rift zones and
significant lateral collapse, at Easter Island and
Ascension the low eruptive rates are mainly
accompanied with poorly defined, diffuse rift
zones and minor flank instability. These end-

Higher
supply

Hawaii, Canary Islands

minor flank instability and diffuse rift zones. b Higher
magma supplies generate larger volcanoes with major
sector collapse and focused rift zones. Here only
the subaerial portion of the edifice is reported, not to
scale

member behaviours suggest a complex and not
yet fully understood interplay between magma
flux, maturity of rift zones and flank instability.
A working hypothesis relates these end-member
oceanic behaviours to the magma supply and the
size of the volcanic edifice. Accordingly, the
more productive and larger volcanic edifices
generate significant flank instability and focused
rift zones, whereas less productive and smaller
edifices have minor or no flank instability and
diffuse rift zones (Fig. 13.25; Vezzoli and Aco-
cella 2009). The western Galapagos Islands
provide an exception, as characterized by high
productivity, but lacking flank instability and
focused rift zones. This feature may be explained
by the relatively small size of the volcanoes
and/or their stronger basement, with a thick
platform overlying a young oceanic lithosphere
lacking the clayish sediments that may promote a
basal decollement.

13.11 Summary

Hot spots are the surface expression of plumes
upwelling from the Earth’s mantle, most often
appearing on oceanic lithosphere. Volcanic
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activity related to representative hot spots shows
major recurrent features and differences.

Recurrent features of oceanic and continental
hot spot volcanoes include widespread under-
plating, influence of pre-existing basement
structures and the development of volcanic edi-
fices with summit caldera. Oceanic hot spots also
show frequent radial rift zones, often accompa-
nied by flank instability. Major differences
among hot spot volcanoes, both in oceanic and
continental examples, are related to their distri-
bution (aligned or scattered), eruption rate
(varying over several orders of magnitude) and
composition (with continental examples showing
also widespread rhyolites).

The variability of hot spot volcanoes results
from differences in the plume structure and supply,
and in the age, rate of motion and nature of litho-
sphere pierced by the plume: the interplay between
these features determines different distributions
and types of volcanism, as well as different struc-
ture and evolution of the volcanoes. In general, the
larger the magmatic output of oceanic hot spots,
the larger are the islands and the more developed
are the instability of the volcanoes flanks and the
rift zones, with Hawaii and Easter Island repre-
senting end-member behaviours and the Gala-
pagos Islands providing an exception.
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