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Abstract

The meso-scale (km) morphology of the well-studied volcanic rift zones on the Island of Hawaii is compared to
the morphology of the lesser known rift zones of La Palma and El Hierro, Canary Islands. We find that there are
both differences and similarities in their morphologic characteristics. In general, the rift zones on La Palma and El
Hierro are shorter (a few tens of km in length) than those on Hawaii (ranging up to >100 km in length), perhaps
reflecting both magma supply and composition. Many of the rift zones on Hawaii have well defined axial zones,
both on-and offshore. In contrast, the rift zones on La Palma and El Hierro display various geometries ranging from
linear ridges having smooth to irregular crests to structures with a broad fan-like morphology in plan view. The
pronounced fanning may be a reflection of: 1) the stress field within the rift being insufficient to trap dikes within
a narrow region, 2) dike injection and volcanism shifting laterally through time, 3) volcanoes building nearly one
atop of another in the Canary Islands, superimposing the stress field of one structure on the other and thus yielding
a more complex distribution of gravitational stresses, and 4) low rate of magma supply producing low magma
pressures and thus randomly oriented dike injections. Irregularities and curvature along the axes of the rifts on La
Palma and El Hierro may be a reflection of differences in the rate of magma production. Unlike the volcanoes on
the Island of Hawaii there may be insufficient volumes of lavas erupted on La Palma and El Hierro to smooth out
irregularities. The superposition of rifts from different volcanoes may also add to topographic irregularities in the
Canary Islands, especially if eruption rates are low.

Introduction

Of all the oceanic island chains inferred to have been
generated by hotspot activity, the best known are the
Canary and the Hawaiian Islands (Figures 1 and 2).
Although both are formed by magmatism associated
with a hotspot, the volcanoes within the two island
groups display both similar and, of primary interest to
us, distinctly different geologic and geophysical char-
acteristics. We are not sure why their characteristics
vary and thus the aim of this work is to illuminate
possible controls on the formation, interaction, and

evolution of the volcanoes and rift zones that make up
these two island groups.

Previous work comparing the morphology of the
Canary and Hawaiian Islands includes that by Car-
racedo (1999), who examined the structure and evo-
lution of individual volcanoes, and Mitchell et al.
(2002), who investigated the effect of landslides on
submarine flank morphology and the role of volatiles
in controlling the meso-scale morphology. In this pa-
per we focus on the meso-scale (km) morphology
of the subaerial and submarine sections of the vol-
canic rift zones of the two youngest Canary Islands, La
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Palma and El Hierro, and compare their characteris-
tics with those of the well-studied rift zones on the
youngest of the Hawaiian Islands, Hawaii.

Our work shows that the rift zones on La Palma and
El Hierro are typically shorter (10 s of km) than those
on Hawaii (ranging up to >100 km). In addition, the
rift zones on La Palma and El Hierro display various
geometries ranging from linear ridges with smooth to
irregular crests to ridges with a fan-like morphology in
plan view. In contrast, the rift zones on Hawaii tend to
consist mostly of well-defined linear ridges. Although
the toes of some of the Hawaiian rifts do partially fan
out, they do not to the extent displayed by the Canary
Island rifts. Irregularities and curvature along the axes
of the rift zones is also more common on La Palma and
El Hierro than on Hawaii. We examine the possible
causes for these observations.

Data

Comparison of the subaerial sections of the volcanic
rifts in La Palma, El Hierro, and the island of Hawaii
is based on published sources. Investigation of the
offshore sections of the rifts in the Canary Islands
is based on swath bathymetric data collected by the
Instituto Español de Oceanografia and the Instituto
Hidrográfico de la Marina in 1998 to 2002. Descrip-
tion of the submarine rifts in Hawaii is based on
available swath bathymetry data from Monterey Bay
Aquarium Research Institute (MBARI, 2000), side
scan sonar data from a deep towed vehicle and bottom
photographs (Smith et al., 2002a), and a multitude of
published sources as cited in that study.

Background

Regional setting

The Canary archipelago is located on the continental
rise off Cape Juby, northwest Africa. Fuerteventura
and Lanzarote, at the eastern end of the chain, are
100 km from the African coast, and El Hierro and
La Palma at its western end are 500 km from the
coast (Figure 1). The inner islands, Lanzarote and
Fuerteventura, are built on seafloor at a water depth of
about 2000 m, just west of the transition from attenu-
ated continental to oceanic crust (Emery and Uchupi,
1984). Gran Canaria, Tenerife, La Gomera, La Palma
and El Hierro, built on seafloor with water depths of

2000 to 4000 m, are located on oceanic crust of Juras-
sic age (Uchupi et al., 1976). The boundaries of this
crust are defined by magnetic anomaly S1 (180 Ma;
along the transition from continental to oceanic crust)
east of Lanzarote-Fuerteventura (Canary Ridge) and
anomaly M-25 (156 Ma) west of La Palma and El
Hierro (Emery and Uchupi, 1984).

Volcanism in the Canary Islands ranges from Late
Cretaceous in the eastern islands to the present (Le Bas
et al., 1986; Carracedo, 1994). Carracedo (1994) has
divided the islands into three groups, those that have
had eruptions in historic times (<500 yr; Tenerife, La
Palma; Lanzarote and probably El Hierro), those with
a history of Quaternary volcanism (Fuerteventura and
Gran Canaria) and those lacking evidence of Quater-
nary volcanism (La Gomera). Lanzarote, Fuerteven-
tura and Gran Canaria are in the post-erosional phase,
La Gomera is in the repose stage and Tenerife, La
Palma and El Hierro are in the shield stage of devel-
opment (Carracedo, 1999). In Gran Canaria the post-
erosional phase is also characterized by catastrophic
mass wasting (Mehl and Schmincke, 1999). The
seamount phase of construction is represented in the
Canary Islands by the Basal Complex that is formed
of basic plutonic rocks, marine sediments and volcanic
materials, cut by a very dense dike network. It crops
out in Fuerteventura (Stillman, 1999), in La Gomera
(Bravo, 1982; Cendrero, 1970), and in the Caldera de
Taburiente and the Barranco de las Angustias in La
Palma (Staudigel and Schmincke, 1984).

At the southeast end of the Hawaiian Ridge are
the islands of the Hawaiian chain (Figure 2), built on
crust older than magnetic anomaly 34 and younger
than anomaly M0, between 90 and 80 Ma (Figure 2)
(Clague and Dalrymple, 1989). Some of these islands
are formed by a single volcano and others consist of
two or more coalescing volcanic edifices (Langenheim
and Clague, 1987). The ages of the volcanoes associ-
ated with the islands get older to the northwest with
historical volcanic activity being limited to Maui and
Hawaii (Figure 2). Hawaiian volcanoes, like those in
the Canary Islands, go through four stages of evolu-
tion: a seamount phase, the best example being Loihi
Seamount sitting at the leading edge of the island
chain, a shield phase during which a caldera may form,
a long period of volcanic quiescence and erosion, and
a post erosional volcanic phase during which a caldera
also may form (Clague and Dalrymple, 1989). During
the shield phase and post-shield phase eruptions oc-
cur at the summit of the volcano and along rift zones
extending down the flanks of the volcanoes.
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Figure 1. Geographic setting of the Canary Islands. Compiled from Emery and Uchupi (1984) and Uchupi et al. (1976).

Age progression

The volcanoes associated with the Emperor
Seamounts-Hawaiian Ridge are an obvious hotspot
trace superimposed on the fast moving Pacific plate
∼70 mm/yr (Morgan, 1972). In contrast, the Ca-
nary Islands, on the slow-moving African plate
(∼25 mm/yr), form a less convincing hotspot trace
(Carracedo, 1999). The Canary Islands do display a
general age progression, from oldest in the east to the
youngest in the west, but this trend displays several
anomalies in the age-distance plot. Carracedo (1999)
proposed that these anomalies may be a consequence
of the islands having been created by a combination
of a low-activity hotspot and a slow-moving plate. He
noted that a similar age anomaly occurs in the Cape
Verde Islands, an island group in the Eastern Atlantic
also formed by hotspot activity. In the Cape Verde Is-
lands, Quaternary volcanism shifted back to the east
from Brava to Fogo, a situation comparable to the late
Miocene shift in volcanism from La Gomera east to
Tenerife. Carracedo (1999) also pointed out that Lan-
zarote is not really a separate island, but a northeast
extension of Fuerteventura. The islands are separated
by only the narrow 50-m-deep La Bocaina Channel.
Differences in the age of volcanic activity in these two

islands, therefore, may simply reflect the duration of
their composite construction.

The lack of a simple east-west age progression in
the older radiogenic age data led Anguita and Hernán
(1975) to question a hotspot origin for the Canary Is-
lands. They proposed, instead, that the islands were
formed by magmatic intrusion along propagating frac-
ture zones associated with seafloor spreading. The age
of the islands (Late Cretaceous-Quaternary) is much
younger than the age of the crust on which the islands
are superimposed (Jurassic; Uchupi et al.,1976), how-
ever, and is not consistent with this theory. Another
possibility is that magmatic activity along existing
fracture zones may have been triggered by Alpine
tectonism in western Africa (Uchupi et al., 1976).
Price (1980), for example, proposed that volcanism
along the Canary Ridge, capped by Lanzarote and
Fuerteventura, was due to motion along a southwest
extension of the sinistral South Atlas Fault (Figure 1).
Another idea is that Lanzarote and Fuerteventura
were emplaced on a structural weakness along the
continental-oceanic crustal boundary. To date there are
no data to verify any of these models.

New radiometric dating, however, appears to sup-
port a plume model for the Canary Islands with
Fuerteventura-Lanzarote forming 20–21 Ma, Gran
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Figure 2. Top panel: geographic setting of the Hawaiian Islands. Modified from Fornari and Campbell (1986). Volcanoes are labeled as:
KO-Kohala; H-Hualalai; MK-Mauna Kea; ML-Mauna Loa; KI-Kilauea. Lower panel: tectonic map of the eastern Pacific Ocean. Compiled
from Atwater and Severinghaus (1989) and Decker (1989). Insert Map show the relationship of the Hawaiian Ridge and the Emperor seamounts.
Modified from Clague and Dalrymple (1989).

Canaria 14–15 Ma, Tenerife 11–12 Ma and La
Gomera 9–10 Ma. After the formation of La Gomera
the east to west hotspot activity split into a north-
south component, with dual hotspot activity forming
La Palma and El Hierro < 2 Ma. Such dual volcanism
is generally associated with changes in plate motion,
but to date no such change in plate motion has been
noted in the Canaries (Carracedo et al., 2001). On
the basis of the new radiometric data Carracedo et al.
(2001) concluded that the extension of the Atlas Fault
System to the Canary Islands is a geographic coinci-
dence and did not control the formation of the islands.

They further proposed that the hotspot produced the
islands, and that the hotspot is either spreading west-
ward beneath the lithosphere or is fixed beneath the
plate, which is slowly moving eastward.

Magma supply

The Hawaii and Canary Islands groups differ in their
rates of magma supply. For example, eruption rates in
Kilauea Volcano, Hawaii, from 1956 to 1983 suggest
that the magma supply rate to this volcano is on the
order of 86 km3/1000 yr (e.g., Tilling and Dvorak,
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Figure 3. Geologic maps of La Palma and El Hierro, Canary Islands. Compiled from Hausen (1969), Fuster et al. (1993), Guillou et al. (1998)
and Carracedo et al. (1999a).
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Figure 4. Topography of southern La Palma and swath bathymetry of the rift south of La Palma.

1993 and references therein). Magma supply rate can
be estimated for El Hierro, which is probably the
youngest and the best constrained geochronologically
of any the Canary Islands (Guillou et al., 1996). The
present emerged volume of the island, of about 140–
150 km3, has been produced in the last 1.2–1.5 Ma,
giving an apparent average magma production rate of
0.12–0.13 km3/1000 yr (Carracedo, 1999). Carracedo
took into account the volume lost during the three gi-
ant lateral collapses that have affected the island, and
concluded that the volume of the island would only
be increased by ∼100 km3 for each collapse, yield-
ing only a slightly greater magma supply rate of about

0.40 km3/1000 yr. The fact that magma supply is much
greater in Hawaii is reflected in the differences in the
areas of the islands. The Island of Hawaii has an area
of 10,458 km2whereas La Palma and El Hierro have
areas of 687 and 273 km2 respectively and even the
whole Canary Archipelago only has a total area of
7,273 km2 representing 70% of the area of the Island
of Hawaii.

Cooling and subsidence

The Canary and Hawaii Islands vary in their rate of
subsidence due to lithospheric cooling as they move
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Figure 5. Morphologic interpretation of the swath bathymetry in Figure 4. A = Avalanche; P = Platform; A-A′, B-B′ and C-C′ = Profiles.

Figure 6. Profiles of the rift (Cumbre Vieja) south of La Palma. Compiled from Figure 4. See Figure 5 for locations of profiles.



66

Figure 7. Relief diagram of the Cumbre Vieja Rift south of La Palma. Compiled from swath bathymetry. LG = La Gomera; LP = La Palma;
A = Artifacts.

away from the hotspot (Morgan, 1970; Clague and
Dalrymple, 1989 and references there in). In the
Hawaiian Islands, there is a gradual progression from
active volcanoes, Mauna Loa and Kilauea, to erosional
remants (Niihau, Nihoa, Necker), growing atolls,
(French Frigates Shoal and Midway Islands) to sub-
merged guyots, (Ojin and Suiko) (Clague et al., 1988).
Moore and Campbell (1987) estimated that most of
the Hawaiian volcanoes have subsided 2–4 km and
Moore and Campbell (1987) proposed that the bulk of
this subsidence is rapid and concludes within a million
years of the end of the shield phase. A much reduced
subsidence rate due to regional processes continues
beyond this phase. Dating of reefs on the gentle slope
northwest of the Island of Hawaii indicates that it has
been subsiding at a rate of 2.6 ± 0.4 mm/yr during
the last 463 k.y. (Moore and Fornari, 1984; Moore and

Clague, 1992). This rate of subsidence is such that one
of the oldest islands in the chain, Kauai, is less than
6 Ma (McDougall, 1979).

No such subsidence trend is seen in the Canary
Islands, with over 20 m.y. of volcanic rocks being ex-
posed on some of the islands (Carracedo, 1999). The
islands did, however, experience subsidence during the
shield phase. Bathymetric data indicate a change from
gently sloping (∼87 m/km) subaerial lavas to more
steeply sloping (>176 m/km) submarine lavas off shore
Gran Canaria. The depth of the now submerged subaer-
ial lavas suggests that during the shield building phase
this island subsided 600–800 m (Funck and Schmincke,
1998). In the post-shield phase of island development,
Gran Canaria and Tenerife have remained relatively sta-
ble with respect to sea level since about 14 Ma (Funck
and Schmincke, 1998; Carracedo, 1999). Funck and
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Figure 8. Relief diagrams of La Palma and El Hierro compiled from swath bathymetry. From Acosta et al. (this volume).
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Figure 9. Bathymetry of the El Hierro offshore area based on swath bathymetry.

Schmincke (1998) proposed that this stability is due to a
combination of minor volcanic loading during the post-
shield phase and the strength of the Jurassic lithosphere,
beneath the islands.

There is also evidence that at least two of the older
islands, Lanzarote and Fuerteventura, have undergone
recent uplift, as documented by raised marine terraces,
beaches and Tertiary marine and lacustrine limestone
at elevations of 55–60 m, 20 m and 10 m above sea
level (Hausen, 1959; Coello et al., 1992; Stillman,
1999; Zazo et al., 2002). The raised Pleistocene ter-
races indicate an average uplift of 1.7 cm/1000 years
since 1 Ma, with the present elevation of the last inter-
glacial deposits suggesting that during the last 300,000
years Fuerteventura has been stable and that Lanzarote
has subsided at about 0.7 cm/1000 years.

Swell and deep

The regional bathymetry of the Hawaiian Islands dis-
plays a moat, the Hawaiian Deep, with a maximum
depth of over 5500 m. Beyond the moat is a broad

swell, the Hawaiian Arch, a zone of tension whose
crest is less than 4500 m deep, 500–1000 m shallower
than the adjacent deep. These features on Cretaceous
oceanic crust are the manifestations of lithospheric
flexure caused by volcanic loading. Straddling the arch
off the island of Oahu is the 24,000 km2 active North
Arch Volcanic Field (Clague et al., 2002). Accord-
ing to Clague et al. this field surrounds Cretaceous
volcanic ridges, flat-topped volcanoes, and low re-
lief sediment covered seafloor. They inferred that the
volcanic field is younger than the 0.5–1.5 Ma age pre-
viously assigned to the field. South of the Island of
Hawaii the arch is covered by flat sheet flows whose
thin sediment cover and thin palagonite rinds on the
lava surface suggest that the flows were erupted 1–10
Ka (Lipman et al., 1989).

No such topographic moat and swell or volcanic
features are exposed on the seafloor surrounding the
Canary Islands. Canales and Dañobeitia (1998), who
studied the coherence between gravity and topogra-
phy, proposed that a swell may be present, but likely
masked by a thick sedimentary and volcanic cover.
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Figure 10. Morphologic interpretation of swath bathymetry in Figure 9. A = Avalanche; P = Platform; A–A′, B–B′ and C–C′ = Profiles.

This was verified by seismic reflection profiles (Watts
et al., 1997) which showed a buried moat off Tenerife
with a relief of 2–3 km and filled with sediments in
part derived from the islands (Watts et al., 1997).

Volcanic and tectonic features of volcanoes

The geologic similarities between the Canary Archi-
pelago and the Hawaiian Islands are as striking as
their differences. As mentioned, both island groups
underwent four volcanic phases: a seamount phase, a
shield-building submarine and subaerial phase, char-
acterized by rapid growth and massive slope failures, a

period of quiescence and deep erosion (erosional gap),
and a post-erosional stage of volcanic activity.

Volcanic rift zones in Hawaii tend to form during
the seamount phase and grow above sea level as the
edifice matures (e.g., Moore and Chadwick, 1995).
They tend to form along zones of extension propagat-
ing from a magmatic center with the three principal
rift arms arranged with angles of about 120◦ between
them, possibly controlled by tangential stresses pro-
duced by a rising plume (Wyss, 1980). This origin
also has been proposed for the rift zones in the Canary
Islands (Carracedo, 1994). However, not all the vol-
canoes in the Hawaiian chain and the Canary Islands
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Figure 11. Profiles of Northeast, Northwest and South rifts of El Hierro. Compiled from Figure 9. See Figure 10 for location of profiles.

have three rift arms. Fiske and Jackson (1972) sug-
gested that the locations of rift zones in Hawaii, and
supposedly those in the Canary Islands, also are con-
trolled by gravitational stresses within the volcanic
edifice, which are influenced by the shapes and po-
sitions of preexisting volcanoes whose flanks serve as
foundations for the younger structures.

On a small scale, rift zones in both the Hawaii and
the Canary Islands are marked by eruptive vents and
fissures aligned along the rift, open cracks, pit craters
and grabens that confirm that the rift zones are the
location of dike intrusions and fissure eruptions. It is
thought that the development of the rift systems and
the subsequent concentration of dikes injected into in-
dividual rifts promotes destabilization of the volcano
flanks. Magma overpressure and mechanical and ther-
mal overpressure of pore fluids leads to gravitationally
unstable flanks (Carracedo, 1994, 1996; Elsworth and
Day, 1999). In Hawaii, the rifts form the boundaries
for zones of slumping that may ultimately lead to

catastrophic collapse (Moore et al., 1989). Typically,
however, the headwalls of the landslides are seaward
of the rift zone axis (e.g., Moore and Clague, 1992).
The wide arcuate landslide depressions in the Canary
Islands often tend to be located between the two most
active rifts, some with the third rift acting as a buttress
for the landslide.

At a larger scale caldera formation at the summit
of the volcanoes is common in both island groups. In
the Canary Islands the calderas have been ascribed
to several processes including: 1) collapse due to
mass wasting (Ancochea et al., 1994; Masson et al.,
2002), 2) fluvial erosion (Carracedo et al., 1999b), 3)
magma chamber collapse (Martí et al., 1994, 1997), 4)
a combination of collapse and post-collapse incision
and retrogressive erosional collapse (Carracedo et al.,
2001), and 5) a complex interplay of volcano inflation
and deflation cycles (Troll et al., 2002). In Hawaii it
has long been recognized that the formation of summit
calderas is linked primarily to magma movement in
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Figure 12. Relief diagram of South Rift off El Hierro. Compiled from swath bathymetry.

the summit reservoir. The roof of the reservoir is left
unsupported when the magma is withdrawn leading
to caldera collapse (e.g. Peterson and Moore, 1987;
Tilling and Dvorak, 1993). Collapse may be incremen-
tal and recurring (Peterson and Moore, 1987). Walker
(1988) pointed out, however, that the relationship be-
tween caldera subsidence and magma movement in
Hawaiian volcanoes may not be as straightforward as
we think. He suggested that subsidence may be caused
locally by the excess load of intrusives. Either way it
is clear that caldera formation in Hawaii is associated
with magmatic processes compared to caldera forma-
tion in the Canary Islands, which can be ascribed to
several different processes.

Canary Islands

In this section we examine the characteristics of La
Palma and El Hierro, Canary Islands, and the Island of
Hawaii. We then focus on the volcanic rift zones and
compare and contrast their characteristics. The results
will be used to help constrain the magmatic process
that form these islands.

La Palma

General geology
The pendant-shaped, north-south trending island of
La Palma is the second youngest island of the Ca-
nary Island archipelago (Figure 3). It has a maximum
width of 28 km in an east-west direction, a maximum
length of 47 km in a north-south direction, a maxi-
mum elevation of 2426 m above sea level at Pico de
Los Muchachos, along the rim of Caldera de Taburi-
ente, and an area above sea level of 687 km2. The
surface of the island is cut by many barrancos, the
largest of which is the westward-draining Barranco
de las Angustias (Figure 3). Barranco de las Angus-
tias originates in the Caldera de Taburiente, whose
vertical walls are up to 800 m high (Hausen, 1969)
and whose floor has a maximum elevation of 1500 m
above sea level (Hausen, 1969; Ancochea et al., 1994).
The outer flanks of the caldera are incised by a radial
system of barrancos, draining way from the center of
the dome whose collapse, incision and retrogressive
erosion (Carracedo et al., 2001) formed the Caldera de
Taburiente. Extending southward from the rim of the
caldera to Punta de Fuencaliente at the southern tip
of La Palma is a narrow ridge, Cumbre Vieja, whose
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Figure 13. Geologic map of Hawaii compiled from Moore and Campbell (1987), Moore and Chadwick (1995) and D.J. Fornari (written
communication, 2003). Insert shows distribution of rift zones postulated by Holcomb et al. (2000). Volcanoes are labeled as: KO-Kohala;
H-Hualalai; MK-Mauna Kea; ML-Mauna Loa; KI-Kilauea. The east rift zone (ERZ) and southwest rift zone (SWRZ) of Kilauea are labeled.

crest is at an elevation of nearly 2000 m above sea level
(Figure 3). Along the crest and slopes of Cumbre Vieja
are many relatively young cinder cones. Lava flows
originating from the cones extend to the east and west
coasts of La Palma, filling many of the barrancos in
the southerly slopes. The Cumbre Vieja has had seven
eruptions in historical times, with the last taking place
∼500 years ago (Guillou et al., 1996). La Palma’s
coasts are generally steep and rocky and except for
Santa Cruz (Figure 3) on the east coast, which to a
great extent is artificial, the rocky coasts lack natural
harbors.

Geologically, La Palma can be divided into two
sectors (Figure 3). The northern two-thirds of the is-
land consists of the basement complex and the lavas
of the Cobertera Series (1.7 to 0.8 Ma according to
Ancochea et al., 1994 and 1.77 to 1.20 Ma accord-
ing to Carracedo et al., 2001). The southern third of
the island is dominated by the Cumbre Vieja volcano
whose older lavas have been dated to 123 Ka (Car-
racedo et al., 2001). The northern complex consists of
a basal plutonic sequence made up of small intrusions

of gabbro, leucogabbro and cumulative ultramafics
overlained by sills, and an alkali basaltic dike swarm
cutting through the complex. Also included within and
resting on the basement complex also are four debris
avalanches. Staudigel and Schmincke (1984) inferred
that the section was formed during the building of
a seamount as it rose from deep-water to above sea
level. The age of the seamount remains to be resolved.
Hernández Pacheco and Fenández-Santin (1975) de-
scribed Miocene microfossils in the seamount’s sub-
marine series, Staudigel and Schmincke (1984) found
Pliocene fossils in the complex and Feraud et al.(1985)
reported an age of 9 Ma and younger for the dikes in
the complex.

The Garafía Volcano, with a diameter of ∼20 km
and a relief of 2500 and 3000 m, was constructed in the
northern part of La Palma over the basement complex
during the emplacement of the Lower Series Basalts
(2.0–1.3 Ma according to Ancochea et al. (1994) and
1.77 to 1.20 Ma according to Carracedo et al. (2001).
About 1.2 Ma, a paleocaldera formed on Garafía Vol-
cano, as a consequence of the gravitational sliding of



73

the southern slope or collapse and subsequent sub-
aerial erosion (Carracedo et al., 2001). Avalanches
created by the collapse of the Garafía Volcano are
represented inshore by a several hundred meter-thick
breccia (Carracedo et al., 1999a). An uplift of ∼1000
m of the central part of La Palma and westward tilt-
ing of large blocks of the basement complex were
associated with the caldera formation. The uplift was
subdued by emplacement of the 0.89 Ma Cumbre
Nueva Series of Taburiente Volcano. This volcanic
activity ceased around 0.4 Ma having formed three
coalescing volcanoes to make up the northern shield
of La Palma (Carracedo et al., 2001).

The Cumbre Nueva Series formed a volcanic edi-
fice and a north-south trending rift, the Cumbre Nueva
Ridge, along the southern flank of the volcano during
its last stages of growth (Figure 3) (Day et al., 1999;
Carracedo et al., 2001). Ancochea et al. (1994) in-
ferred that the Cumbre Nueva Ridge rift only extended
a short distance south of its present outcrop next to
the Caldera de Taburiente. In contrast, Day et al.
(1999) proposed that the rift extended further south-
ward to nearly the southern tip of La Palma. Whether
it extends offshore is not known. As it grew, the
Cumbre Nueva Ridge became progressively steeper
until its western flank collapsed and initiated the for-
mation of the Caldera de Taburiente. The Cumbre
Nueva Avalanche off the west coast of La Palma
represents the debris avalanches created during this
collapse (Urgeles et al., 1999; Masson et al., 2002).
Another extensive debris flow, the Santa Cruz Debris
Avalanche, off the east coast of La Palma, also could
be a product of this collapse, or possibly the flow is
older and is due to the collapse of the Garafía Volcano,
unfortunately Carracedo et al. (2001) stated that there
is no geological evidence for this debris on land.

Ancochea et al. (1994) proposed that the Caldera
de Taburiente was formed by large landslide events.
They suggested that the debris avalanches at the bot-
tom of the Caldera de Taburiente, the age of the lava
flows at the top and within the caldera, and the absence
of materials from the caldera wall, between the Basal
Complex and the Bejenado Massif, a volcano that fills
the intersection of the Cumbre Nueva and Taburiente
Calderas (Figure 3), supports such an origin. Bejenado
Volcano has been dated by Ancochea et al. (1994) as
being ∼0.70–0.71 Ma. In contrast, Carracedo (1999)
speculated that Bejenado Volcano began to form soon
after the formation of the Caldera de Taburiente about
560 Ka and ended 400 Ka. Guillou et al. (1998) pro-
posed that the Caldera de Taburiente was formed from

fluvial erosion by a drainage system trapped between
the growing Bejenado volcano and the 558 Ka Cumbre
Nueva collapse scar. Carracedo et al. (2001) specu-
lated further that the morphology of the Caldera de
Taburiente was formed by series of events: (1). Grav-
itational collapse of the Cumbre Nueva Volcano, (2)
Development of the Bejenado volcano in the collapse
structure, and (3) Incision of the Barranco de Las
Angustias to form the initial Caldera de Taburiente.

Cumbre Vieja Rift: Onshore section
Dominating the southern third of La Palma is the
north-south trending Cumbre Vieja rift whose con-
struction took place in the last 123 Ka (Figure 3)
(Carracedo et al., 2001). Day et al. (1999) inferred
that the Cumbre Vieja Ridge volcanic rocks rest on
the collapse scar formed by the failure of the western
flank of the Cumbre Nueva rift about 560 Ka. Some
authors have inferred that the Cumbre Vieja is a sin-
gle rift somehow associated with the older volcanoes
in northern La Palma (Ancochea et al., 1994). Oth-
ers workers, (Carracedo (1994) and Carracedo et al.
(1999a, b), have proposed that the construction of the
Cumbre Vieja Volcano was controlled by a triple rift
system, a north-south and northeast and northwest rift
system that was re-organized into a single north-south
rift at 7 Ka.

During the eruptive cycles the 24 km long and
17 km wide Cumbre Vieja Volcano grew into a steep
sided ridge with side slopes of 300–400 m/km and a
crest nearly 2000 m above sea level. Its west slope is
partially covered by basaltic streams originating ups-
lope, some of which date to historical times and its
eastern side is strewn with cinder cones extending to
the coast (Hausen, 1969). At its southern extremity is
the 1860 m high El Cabrito lava dome from where
the ridge descends to sea level and a field of cones
(Hausen, 1969). According to Carracedo et al. (1999a,
b) a Pleistocene glacially induced regression led to
the formation of seacliffs on the western flank of the
rift that in places are as high as 700 m. During the
subsequent Holocene rise in sea level, the cliffs were
partially buried between 20 to 15 Ka by scree-forming
lavas. We question such a scenario, as seacliffs are
indicative of transgressions, not regressions and in fact
they are one of the features that are used to distinguish
shores of submergence from ones of emergence. Thus
it seems more geologically reasonable to infer that
the cliffs were formed during a Pleistocene transgres-
sive cycle and the lavas cascading over the cliffs were
emplaced during a subsequent regression.
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The Cumbre Vieja Ridge appears to be unstable
and in state of collapse. During the 1949 eruptions,
for example, normal fault ruptures developed along its
crest (Klügel, 1997). Day et al. (1999), Moss et al.
(1999) and Ward and Day (2001) infer that these rup-
tures are not the surface expression of a dike, but may
represent surfaces of separation along which Cumbre
Vieja volcano may collapse westward in the near fu-
ture. Ward and Day (2001) inferred that this collapse
could occur in historical time.

Cumbre Vieja Rift: Offshore section
The offshore ridge on strike with the onshore Cumbre
Vieja Ridge is made up of two topographic segments.
From the coast to a depth of about 800–110 m the off-
shore extension of Cumbre Vieja Ridge takes the form
of a 15 km long platform that terminates along a 300
m high scarp. The scarp has a gradient of 200 m/km
and probably represents a lava flow front overlapping
the main part of the offshore ridge. In the absence of
chronological data we have inferred from morphologic
data that the ridge segment south of the platform is
an older, lower part of the Cumbre Vieja rift. If so
then the Cumbre Vieja rift may consist of a series
of volcanic sequences overlapping one another in a
southward direction. Such a model presupposes that
rifting associated with the Cumbre Vieja propagated
southward, first along the Cumbre Nueva Volcano and
further south on oceanic crust. However if Day et al.
(1999) contention that the Cumbre Nueva extends in
the subsurface as far south as the southern tip of La
Palma is correct, then it is not geologically unrea-
sonable to suggest that the section of the offshore rift
south of the platform is part of Cumbre Nueva, not the
Cumbre Vieja Volcano. If so then the seaward edge of
the platform is the southern end of the Cumbre Vieja
rift resting on the older rift. That the Cumbre Nueva
rift is much longer than the Cumbre Vieja also makes
sense geologically as construction of Cumbre Nueva
rift took place since of 330 Ka, whereas the Cum-
bre Viejo rift was constructed during the last 123 Ka
(Carracedo et al., 2001).

We assume that individual eruption cycles are su-
perimposed on one another. This implies that the main
offshore extension of the Cumbre Vieja Ridge, an
older segment of the ridge, is about 38 km long and
has a maximum width of about 27 km, with its crest
plunging 800 m southeastward for a distance of about
15 km. It is convex westward in plan view (Figures
4, 6 and 7). Its morphology appears to be the cre-
ation of mass wasting events and volcanic construction

along its crest and northeast, south, and southwest
flanks. The east flank of Cumbre Vieja Ridge has a
topographic gradient ranging from 300 m/km between
1300 to 1700 m water depth, 350 m/km from 1800 to
2400 m and 300 m/km from 2600 to 3200 m. Its west
flank has a gradient that ranges from 300 m/km from
1600 to 1900 m water depth and 200 m/km at depths
of 1900 to 2100 m. Its southeast flank has a relief of
1200 m and a gradient of 500 m/km.

Along the crest of Cumbre Vieja are 21 volcanic
cones (Figures 5, 7 and 8) ranging in relief from 25 to
300 m and surrounded by aprons suggestive of lava
flows. The volcanic structures are conical in shape,
with diameters of about 1 km to 100 m. The crest
of the ridge is also disrupted by a 200 m high step
at a water depth of 1900–2100 m (Figure 8) that we
interpret as a lava front. Southeast of this step are two
volcanic edifices separated by a saddle whose relief is
about 50 m. The high south of the saddle has a tail-like
structure on its west side that resembles a lava flow. To
the east of this high is another volcanic edifice whose
construction has led to a pronounced protrusion of the
Cumbre Vieja Ridge’s eastern flank.

The flanks of the ridge have the appearance of
being mass wasted, that is, characterized by embay-
ments separated by narrow divides and volcanic lobes.
On the ridge’s east side northeast progradation of one
of these volcanic lobes led to the construction of an
amphitheater low constrained to the north by one of
the north-south trending ridges. The relatively steep
southeast side of the Cumbre Vieja Ridge resembles
a lava front whose slope may have been enhanced
by mass wasting. Two short ridges extending from
the southwest of the front, one 75 m high trending
south and the other, 300 m high trending southwest.
Near the southeast edge of the 300 m tall ridge is
another southeast-trending high made up seamounts
with heights ranging between 100 to 300 m. East of
the ridge are three widely spaced seamounts form-
ing a chain extending to the northwest tip of the La
Gomera’s margin (Figures 4, 7 and 8).

El Hierro

General geology
El Hierro is the youngest of the Canary Islands and
may be located over the present site of the hotspot
(Holik et al., 1991; Hoernle et al., 1991). However,
Carracedo et al. (2001) inferred that volcanism in La
Palma and El Hierro alternated between them, a sce-
nario that may be due to changes in the stress fields
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triggered by gravitational collapses at the peak of vol-
canic construction. Carracedo et al. (2001) also con-
cluded that the volcanic shields in El Hierro overlap
concentrically, whereas those in La Palma are aligned
in a north-south direction as independent shield volca-
noes. As a consequence of this large overlap El Hierro
formed over a stationary magma source characterized
by a well defined rift system.

El Hierro has an area of 273 km2, a maximum
relief of 1500 m above sea level at Mal Paso (Fig-
ure 3), and displays a few barrancos (Hausen, 1973;
Fuster et al., 1993). In plan view the island has three
lobes whose intersection forms a central tableland
on which are superimposed numerous extinct cinder
cones (Figure 3). The island’s periphery consists of
steep cliffs indented by three embayments (Figures
3 and 8): El Golfo in the island’s northwestern sec-
tor, Las Playas opening to the southeast, and El Julan
opening to the southwest. These cliff-bound embay-
ments resulted from large mass wasting events (Ridley,
1971; Hausen, 1973; Bravo, 1982; Holcomb and
Searle, 1991; Carracedo, 1994; 1996).

El Hierro was built during the Tiñor and El Golfo
volcanic phases. The Tiñor volcano at the eastern
part of the island was built between about 1.12 and
0.882 Ma and El Golfo from about 550 to 130 Ka
(Guillou et al., 1996; Carracedo et al., 2001). The In-
termediate and Holocene rift volcanic series are dated
at 158-76 and < 50 Ka respectively (Fuster et al.,
1993; Guillou et al., 1996). During the collapse of
Tiñor, about 882 Ka, more than half of the north-
west flank of the edifice was removed (Carracedo
et al., 1999a, b). This collapse was followed by the
construction of El Golfo Volcano, which filled the de-
pression between 550-130 Ka (Guillou et al., 1996)
or 545 to 126 Ka (Carracedo et al., 2001). Carracedo
et al. (2001) also inferred that the construction of El
Golfo coincided with the maximum development of
the Cumbre Nueva rift zone on La Palma.

The collapse of El Golfo Volcano gave rise to the
El Golfo Embayment (Figure 9). This embayment has
1400 m high walls partially covered by younger lavas
that run down to the sea (Hausen, 1973). Offshore is
the El Golfo Debris Avalanche (Figure 10). The age
of the collapse of the El Golfo Volcano is yet to be re-
solved. Masson (1996) and Urgeles et al. (1997) have
proposed that the collapse took place between 9–15 Ka
or 10–17 Ka. Carracedo et al. (1999b) suggested that
the failure occurred much earlier, ∼130 Ka.

Holcomb and Searle (1991) interpreted the El Ju-
lan Embayment as a collapse structure associated with

an event that Masson (1996) suggested took place
about 500 to 300 Ka. Carracedo et al. (1999a, b)
proposed that failure took place when El Golfo Vol-
cano was well developed at 130 Ka. More recently
Carracedo et al. (2001) argued the presence of lavas
belonging to the rift volcanism in the water galleries
in the Julan Embayment places the minimum age of
its collapse about 150 Ka.

Masson et al. (2002) suggested that Las Playas
Embayment is not the result of a landslide, but of
massive slumping along the San Andrés Fault system
(Figure 10) between 545 and 261–176 Ka. Although
inactive, the lateral collapse structure is constrained to
have formed between the last emissions of El Golfo
volcano at about 176 Ka and the rift lavas cascading
down the collapse scarp dated at 145 Ka (Guillou et al.,
1996).

The ages of the offshore extensions of the rift
zones of El Hierro are determined from the debris
avalanches constrained by them. We assume that Car-
racedo (1999a, b) is correct in stating that the El Golfo
and El Julan failures took place about 130 Ka and that
the Playas I and II slumps and debris avalanches took
place at 546–178 Ka and between 176 and 145 Ka
respectively (Masson et al., 2002). These avalanches
appear to onlap the offshore rift extensions and do
not extend beneath them. This then implies that the
submarine sections of the rift zones must have been
in existence by at least 130 Ka and possibly as early
as 546 Ka or even earlier. Such ages suggest that the
rift zones originated during the formation of Tiñor
Volcano at 1.12–0.882 Ma, and were subsequently re-
juvenated during the construction of El Golfo edifice
550 to 130 Ka.

Tiñor and El Golfo Volcanoes may have been built
under different stress regimes, with the older one af-
fecting the gravitational stress field of the younger one.
Processes associated with the collapse of Tiñor and
post-collapse erosional events also possibly affected
the morphology of the submarine rifts. Since rift zone
volcanism continued after the collapse of El Golfo at
130 Ka, the main magma chamber associated with
Tiñor and El Golfo Volcanoes must continue to persist
and marks the location of the supposed Canary Island
hotspot.

The greatest concentration of eruptive vents in the
Canary Islands is observed on the central tableland
formed by the intersection of the three rift zones on
El Hierro. All of the cones consist of loose volcan-
oclastic material. There are no obvious set of fractures
that controlled the sites of extrusion. The cones are
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found at different elevations, and most are of Pleis-
tocene age with only one of them having been active in
historical time (Hernández Pacheco, 1982). Carracedo
et al. (2001) dated the building of the cone at 145 Ka to
2.5 Ka with some activity extending to historical time.
They further suggested that this period of volcanism is
coeval with the maximum development of the Cumbre
Vieja rift zone in La Palma.

The Quaternary volcanic cones are on average
100 m high, have flanks that are furrowed by erosion,
and lavas and tuffs that are covered by small bushes or
have been converted into tilled fields. Scattered over
the tableland are a few cones free of vegetation and a
few young cones such as Montaña de Tenerife and Mal
Paso (Figure 3). Most of the latter cone, located along
the scarp of El Golfo Embayment is missing, having
slid into deep water (Hausen, 1973).

Northeast and Northwest Rifts: Onshore sections
The central volcanic highland developed at the inter-
section of the three rift zones, descends westward to
a plain inclined to the north. This plain represents the
flank of the former El Golfo Volcano. It is covered by
lavas originating from cones in the central upland to
the south and is cut by the 1400 m high cliffs (Fig-
ure 3) on the west. The east slope of the highland
is divided into steps that are covered with cones and
descend to the sea. According to Hausen (1973) the
concentration of cones on the 12 km long by 7 km
wide northeast rift attests to the intensity of eruptions
along this rift. Most of the cones are Quaternary and
have undergone erosion so that relief of the region is a
composite of volcanism, erosion and faulting. Hausen
(1973) speculated that there is evidence of more recent
volcanism along the northeast rift. Among these recent
volcanic edifices is Tesoro de Tamaduste (Figure 3)
located along the north coast. Lavas from this double-
crater volcano, open to the north, cascaded down the
seacliff covering a platform at the foot of the cliff. An-
other young volcano is Solimán (Figure 3) found along
the crest of the rift. A carbonized pine chunk enclosed
in the lavas from on the crest of the rift yielded an
age of 2900 ± 130 years B.P. Guillou et al. (1996)
obtained an age of 2500 ± 70 years B.P. for another
volcano along the crest stated that there are many vents
of similar and younger ages in the rifts of El Hierro.

The southern side of the 10 km long x 4 km wide
northwest rift is composed of ash, lapilli, and young
lavas that flowed south from vents located in the cen-
tral tableland. These flows extended to the shoreline,
accounting for the smooth slopes of El Julan Em-

bayment. The absence of barrancos and weathering
indicate that the lavas of El Julan are young (Hausen,
1973). According to Carracedo et al. (2001) the lava
flows filling the El Julan Embayment have been dated
between 41 and 31 Ka. West of the ash-covered south-
ern slope of the northwest rift is an extensive field of
volcanic cones of Quaternary and Holocene age ex-
tending from the crest of the central tableland to the
rocky west coast of El Hierro. Between the cones are
lavas, the youngest of which are to the west. The rift
slopes down to the west coast along a series of steps of
older lava sheets in the upper steps and younger lavas
and cones in the lower ones. Hausen (1973) stated
that a cone near the coast looks so fresh that it must
be recent; possibly from the time the Spaniards came
to the region in the 15th century. A southeast valley
in the region of this cone is filled with recent lavas
and spatter cones whose outflows have caused proga-
dation of the west coast. At the northwest corner of
the northwest rift is the western end of the cliff of the
El Golfo Embayment. The cliff is composed of lavas
erupted along fractures at its crest. Here the cliff is
200 m high and lavas from young cones along its crest
have cascaded down the cliff to the terrace at its foot.
One of the cones along the top of the cliff has been so
eroded by mass wasting that only the cone’s lava-filled
conduit has survived. The southwestern peninsula of
El Hierro descends toward the coast and on reaching
it is broken into a steep cliff. Hausen (1973) specu-
lated that this cliff was formed prior to the construction
of the volcanic cones scattered throughout the region.
Also present in the region are boulders displaced from
the adjacent central tableland.

Northeast and Northwest Rifts: Offshore sections
The offshore extensions of the Northeast and North-
west Rifts display a different morphology from the
submarine South Rift and the submarine rift off south-
ern La Palma. The Northeast and Northwest Rifts are
lobate in plan view compared to the others, which
are well defined ridges (Figures 9 and 10). They
both widen down slope, becoming more diffuse with
distance from the shoreline.

The submarine section of the Northeast Rift is
about 26 km wide and 15 km long and extends to a
water depth of 3100 m. It has an average along-axis
topographic gradient of about 400 m/km compared to
the onshore section that has a gradient of half that,
200 m/km (Figure 11). Local steeper gradients range
from 600 m/km to 300 m/km and occur in a series
of steps that extend down to about 2600 m water
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depth. Scattered over the rift surface are 30 volcanic
cones whose diameters range from 300 m to 3 km
and heights range from 25 to 250 m. Pinnacles, less
than 50 m wide and up to 150 m in height, also oc-
cur along the rift. According to Gee et al. (2001)
these pinnacles, which are sometimes in groups of
two or three elongated or aligned down the rift, rep-
resent dike injections radiating from a central volcano.
Wide expanses of sea floor lacking any topographic
irregularities are also observed in the submarine rift
(Figure 9). In the absence of bottom photographs or
side-scan sonar it is impossible to discern the nature
of this terrain, whether it represents a sedimented
seafloor or lava flows. However, its embayment-like
morphology at their heads suggest that their form is
due to gravitational mass-wasting processes.

The flank of the submarine Northeast Rift, adja-
cent to the El Golfo Debris Avalanche, is linear and
has the appearance of a multi-peaked, narrow, steep-
sided ridge with a flank gradient of 400 m/km. In
contrast the contact between the Northeast Rift and
Las Playas Debris Avalanche is more discontinuous,
with one ridge section extending from a water depth
of 600 to 2200 m, separated by a gap from another
ridge section offset to the north that extends from a
depth of 2200 to 3100 m. The rift lacks a well defined
front and instead takes the form of a series of lobes.
Most of them appear to represent lava flows similar to
the lava terraces seen along the flanks of Hawaiian rift
zones (Smith and Cann, 1999). Others may be debris
flows associated with landslides.

The submarine Northwest Rift zone is 26 km wide
and 16 km long with its distal end located at a depth of
3100 m. Beyond this front is a several-kilometer-wide
apron containing what we infer to be a few volcanic
cones. The along-axis slope of the offshore extension
of the Northwest Rift has a gradient ranging from
300 m/km near the coast, a gradient of 200m/km in
its mid-section, and a gradient of 200–300 m/km at
its distal end. Its onshore segment has a gradient of
only 200 m/km. The flank of the submarine north-
west rift bordering the El Golfo Debris Avalanche has
a gradient of 300 m/km, whereas its gradient toward
El Julan Debris Avalanche (Figure 10) to the south is
much gentler with a gradient of 200 m/km. Twenty five
volcanic cones ranging in diameter from 0.5 to 1.8 km
and ranging in height from 50 to 275 m have formed
within the rift zone. As in the submarine Northeast
Rift, the volcanic edifices string together to form ir-
regular lineations downslope. Most of the edifices are
concentrated on the north side of the rift, off the field

of recent lavas at the northwest tip of the island. As
mentioned, Hausen (1973) inferred that the lavas on
land were probably erupted along fractures associated
with the western end of the cliff located along the
south side of El Golfo Embayment. The lobes associ-
ated with the volcanic edifices can be traced to a water
depth of 3500 m (Figure 9).

The topography of the southern side of the sub-
marine rift is smoother than its northern side and has
fewer cones and those that are present are smaller
in size. The north side of the rift is characterized
by northwest-trending lineaments capped by volcanic
cones hundreds of meters high. A west-trending,
poorly defined landslide that has a topographic expres-
sion to a water depth of 3100 m separates the terrains
along the north and south sides of the rift. The distal
edge of this side of the rift is marked by flat-topped
lobes trending southwestward ending at a scarp with a
gradient of 300 m/km.

South Rift: Onshore section
The 6 km wide by 8 km long subaerial South Rift is
dominated by the Restinga Peninsula, a broad high-
land whose elevation decreases southward. The Las
Playas Scarp forms the eastern edge of the penin-
sula and the El Julan Scarp marks the western edge
(Figure 3). The peninsula is covered by cinder cones
and lava fields (Hausen, 1973). The volcanic fea-
tures vary in age, with some being weathered and in
part forested, whereas others have a fresh appearance
with black lava and ash fields. The northern part of
the Restinga Peninsula is overgrown with bushes and
tilled fields, but farther south the peninsula becomes
more desert-like and still farther south it is covered
by barren fresh lava fields. To the west the lavas have
reached the coast, and to the east eruptions occurred
before the final formation of the Las Playas Scarp
(Hausen, 1973). Apparently the peninsula was created
by repeated lava flows from the north. Hausen (1973)
speculated that the numerous volcanic extrusions were
a consequence of fractures that served as passageways
for the emerging magmas.

South Rift: Offshore section
The ridge-like submarine South Rift, also known as
the Southern Ridge, curves southwestward from its
mid-section outwards and is asymmetrical in cross-
section with its steeper side facing southeast (Fig-
ure 11). The width of the rift ranges from 3 km
on its proximal end to 18 km at its distal end. Gee
et al. (2001) described the crest of the South Rift as a
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remnant dike swarm. According to Gee et al. the tip of
the south rift zone at 27◦20′ N is over 1 km high, its
flanks have slopes of over 600 m/km and its base is at
a depth of 3700 m. Morphologically it resembles the
southern tip of the submarine Cumbre Vieja Rift off
La Palma.

A saddle near 27◦30′ N divides the South Rift in
two. The ridge section north of the saddle consists of
a sequence of narrow volcanic lobes trending south-
east to southwest that extend to a depth of 2500 m
(Figure 12). These lobes have prograded over a prob-
able lava terrace exposed on the southeast edge of
the north segment. This terrace probably represents an
older rift construction comparable in age to the south-
ern segment, whereas the lobes are recent lava flows,
probably offshore extensions of the young lava flows
at the southern tip of the Restinga Peninsula. Both of
these flow units superimposed one upon another are
probably connected with the same source in El Hierro.
Southeast of the lava terrace is a southeast trending
apron whose base is at a water depth of 3200 m. Ex-
tending southwestward from the southern edge of the
lava terrace is a several kilometer wide ridge, with a
minimum depth of less than 1500 m.

The east-west trending, 400 m wide saddle at
27◦30′ S is flanked on the east side by a smooth slope
with a gradient of 500 m/km and whose base is at a
depth of 3200–3400 m. On its western side the saddle
is blocked by a 6 × 3 km wide terrace whose western
side is gullied. South of the saddle is a 1.0–1.5 km
wide ridge whose flank gradients are on the order of
400–500 m/km. The western side of the ridge is irreg-
ular with a <1 km wide east-trending ridge that can be
traced from the west flank of the South Rift at a depth
of 1700 m to a depth of 2600 m, over a distance of
3 km. The eastern side of the submarine South Rift is
cut by gullies about 1.5 km long and 75 m wide.

Hawaiian Islands

General geology of the Island of Hawaii

The dimensions of Hawaii are roughly 127 km by
148 km; it has a surface area of about 10,000 km2,
and according to Moore and Clague (1992) the island
has grown at a rate of 0.02 km2/yr in the past 600
k.y. The Island of Hawaii consists of five coalesc-
ing volcanoes that in chronological order are: Kohala
at the northwest tip of the island that completed its
shield phase 245 Ka, Hualalai along the west coast

which completed its shield phase 130 Ka, Mauna Kea
southeast of Kohala which completed its shield phase
130 Ka, Mauna Loa slightly south of the center of
the island which rose above sea level about 300 Ka
and Kilauea located east of Mauna Loa which rose
above sea level about 200 Ka (Moore and Clague,
1992). Hualalai, Mauna Loa and Kilauea volcanoes
are historically active.

The rift zones on the Island of Hawaii (both on-
and offshore components) have been well studied
compared to these of the Canary Islands. Therefore,
more types of data and information exist for the
Hawaii rifts and more rigorous conclusions can be
made about the nature of the morphologic features we
observe. The locations of the rift zones (Figures 2 and
13) associated with the five volcanoes that make up
Hawaii are controlled by gravitational stresses within
each individual volcano, which in part are controlled
by the morphologies and positions of pre-existing vol-
canoes (Fiske and Jackson, 1972). The characteristics
of individual rift zones are variable since they are in-
fluenced by the distribution of neighboring volcanoes
(Fornari, 1986). For example, the Southwest Rift Zone
of Kilauea is sandwiched between Loihi Seamount
and Mauna Loa’s Southwest Rift Zone. It is only
32 km long on land and poorly developed offshore
(Holcomb, 1987). As another example, the 55 km
long subaerial portion of the East Rift Zone of Kilauea
is buttressed to the north by Mauna Loa’s flank, but
free to spread to the south. Thus intrusion of magma
into Kilauea’s currently active East Rift Zone (ERZ)
is leading to slumping and displacement of the south
flank of the island towards the sea (Swanson et al.,
1976; Morgan et al., 2000; Hills et al., 2002 and
references there in).

As in the Canary Islands, the subaerial rift zones
in Hawaii have seaward extensions forming salients
extending from the shoreline to the base of the volcano
at abyssal depths. The offshore sections of the rifts can
vary in length: 55% of the 130 km long ERZ is below
sea level; 61% of the 107 km long south rift of Kohala
is submerged; ∼28% of the 108 km long south rift of
Mauna Loa also is below sea level (Moore and Chad-
wick, 1995). As in the Canary Islands the longitudinal
and lateral slopes of the submarine extensions of the
rift zones are steeper than their subaerial counterparts
(Figures 6, 11 and 14).

Along the crest of the onshore portions of the rifts,
volcanic cones are commonly built and then eroded
by subsequent eruptions. Lavas transported down
the flanks of the subaerial rift zones form smooth,
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Figure 14. Profiles of Kilauea’s subaerial East Rift and its seaward extension, the Puna Ridge. Vertical exaggeration 5X. Modified from
Lonsdale (1989). Also included is a diagram showing the gradients displayed by the rift at a vertical exaggeration of 3X, an exaggeration
similar to that of the profiles f the rifts of La Palma and El Hierro in Figures 6 and 11.

low-angle slopes, while lavas that cross the shore-
line are believed to feed submarine debris flows (e.g.,
Moore et al., 1973). By contrast, the crest and flanks
of the submarine extensions are covered by cones and
terraces that have diameters of up to 1 km or more and
sides up to several hundreds of meters high (Clague
et al., 2002; Smith et al., 2002b). Many of the cones
have craters in their tops that are 100s of meters in
diameter.

Kilauea

East Rift Zone: Onshore section
Kilauea’s rift zone system is one of the best studied in
the world (Tilling and Dvorak, 1993, and references
therein). The volcano is fed from a central magma
chamber (or system of magma conduits) beneath the
summit (Ryan et al., 1981; Ryan, 1988). Lava is
erupted at the summit and/or one of the volcano’s two
rift zones, the Southwest Rift Zone (SWRZ) and the
ERZ. Typically, the onset of a rift zone eruption is
marked by seismicity that migrates from the summit
region down a rift zone to the site of eruption. The
early phase of eruption is normally through a fissure as
long as several hundreds of meters (e.g., Klein et al.,
1987; Wolfe et al., 1987). If fissure eruptions persist,
they normally become confined to a single vent.

Since 1983, eruptions have occurred continuously
along the ERZ centered at either the Pu’u ’O’O or Ku-
paianaha vents with more than 1 km3 of lava being
erupted since 1983 (Wolfe et al., 1987; Mangan et al.,
1995). Surface deformation associated with seismic
activity (Pollard et al., 1983), the fissure eruptions,
and the observation of dikes within the eroded cores
of Hawaiian volcanoes (Walker, 1988) indicate that

rift zone eruptions are dike-fed and that the seismic
activity is associated with magma moving through the
underlying magma conduit system (Rubin and Gillard,
1998). The zone of eruptive fissures ranges in width
from 1.5 to 3.0 km (Holcomb, 1987; Moore and
Trusdell, 1991).

The ERZ of Kilauea extending from the southeast
side of the summit caldera trends southeastward for
∼15 km and then changes its trend towards the north-
east (N65◦E), an orientation that it maintains to the
shoreline. The along-axis gradient is about 23 m/km,
a uniform gradient that led Lonsdale (1989) to infer
that as a result of high eruption rates the rift has been
able to maintain a more or less constant, gentle profile.
Superimposed on the long-axis profile are secondary
features such as pit craters, cones, spatter ridges, low
mounds, and phreatomagmatic ash near the rift’s axial
zone. Parfitt et al. (2002) classified eruptions along
the ERZ into five categories: short-lived fissure erup-
tions that last less than five days and often less than
one day, consisting of linear spatter ramparts and lava
flows; longer-lived fissure eruptions of ∼5 to 15 days
duration, consisting of linear spatter ramparts and lava
flows; fissure eruptions evolving into a central vent;
episodic eruptions; long-lived steady state eruptions.
They ascribe these different eruption types to differing
thermal and driving pressure behavior in the feeder
dikes. Epp et al. (1983) proposed that ERZ eruptions
tend to drain the summit magma reservoir to pressure
levels corresponding to the elevations of the eruptive
vents.

East Rift Zone: Offshore section
The 70 km long Puna Ridge is the submarine exten-
sion of the onshore ERZ (Figures 15 16 and 17). Unlike
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Figure 15. Topographic/bathymetric map of Hawaii and the surrounding seafloor, modified from Smith et al. (2002b). Volcanoes are labeled
as: KO-Kohala; H-Hualalai; MK-Mauna Kea; ML-Mauna Loa; KI-Kilauea. Solid lines: distribution of rift zones from Fornari (1986). Dashed
lines: distribution of rift zones from Holcomb et al. (2000). The East Rift Zone (ERZ) and Southwest Rift Zone (SWRZ) of Kilauea are labeled.
Offshore extensions of the rift zones also are labeled. Loihi, the youngest Hawaiian volcano is located to the south of Kilauea.

the submarine extensions of the rift zones off the Ca-
nary Islands, the submarine rift zones of Hawaii have
recently been the site of several high-resolution stud-
ies, and we are much more confident about the origin of
submarine features here than at the submarine rift zones
off shore La Palma and El Hierro. Multibeam bathym-
etry data for the entire Puna Ridge (Clague et al., 1994;
Monterey Bay Aquarium Research Institute (MBARI),
2000), along with high resolution side-scan sonar im-
ages (Lonsdale, 1989; Smith et al., 2002a), photo-
graphic imagery (Moore and Fiske, 1969; Clague et al.,
1988; Lonsdale, 1989; Smith et al., 2002a; Parfitt et al.,

2002; Gregg and Smith, 2003), submersible dive ob-
servations (Fornari et al., 1978; Clague et al., 2000;
Johnson et al., 2002), and GLORIA side-scan sonar
data (Holcomb et al., 1988), verify that the Puna Ridge
crest is the location of dike intrusions and fissure erup-
tions. Sea-surface magnetic data show a normally po-
larized anomaly centered over the ridge axis, consistent
with the presence of a 11 km wide, 70 km long, nearly-
vertical magnetic source, presumably representing a
dike complex at depth (Malahoff and McCoy, 1967).
High-resolution magnetic data show regional highs in
the crustal magnetization along the ridge axis, perhaps
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Figure 16. Color shaded relief bathymetry of the Puna and Hilo Ridges showing locations of the photomosaics in Figure 17. Contours in
meters. The East Rift Zone (ERZ) is labeled. Modified from Smith et al. (2002a).

indicating areas of recent lava deposition (Smith et al.,
2001).

Relatively few dike intrusions have been recorded
from the summit of Kilauea to the Puna Ridge in his-
toric time. Submarine lavas from the crest and flanks
of the Puna Ridge appear to be older than most subaer-
ial lavas. Holcomb (1987) estimated that 70% of the
subaerial portion of Kilauea is younger than about 500
years. Based on palagonite thicknesses, Clague et al.
(1995) estimated that dredged lavas from the Puna
Ridge are 700–24000 years old, but mostly 2000–
7000 years old. The most recent submarine eruptions
are thought to have occurred in 1790, 1884 and 1924
(Stearns and Macdonald, 1946). The 1884 eruption
was witnessed just offshore at 20 m water depth. In
1790 and 1924, magma withdrawal from the summit
reservoir is inferred to have fed submarine eruptions
on the Puna Ridge (Stearns and Macdonald, 1946).
There has been a lack of seismicity along the ridge
since 1960, suggesting recent inactivity (Klein et al.,
1987).

The average along-axis slope of the Puna Ridge
is more than three times as steep as that of the on-
shore section (∼73 m/km vs. 23 m/km, respectively)
(Figure 14).The flank slopes of the Puna Ridge range
between 160–275 m/km (Fornari et al., 1978; Smith
and Cann, 1999), also about three times steeper than
on the onshore ERZ (∼51 m/km). The slopes on the
south flank of the Puna Ridge do not change signifi-
cantly with distance from the shoreline until the crest
is below 3500 m water depth. The slopes are steepest
on the north flank between about 1200–2000 m wa-
ter depth. Multibeam bathymetry data (e.g., Swanson
et al., 1976; Moore and Chadwick, 1995) and high-
resolution side-scan sonar imagery (Smith et al., 2001,
2002a) suggest a landslide scarp in this region.

Moore and Chadwick (1995) identified slump de-
posits at the southern base of the Puna Ridge. The
deposits consist of anomalous terraced terrain that ex-
tends from about 4000 m water depth down to the base
of the ridge where it meets the Hawaiian Deep at about
5500 m. They suggested that the terraces represent the
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Figure 17. Photomosaics of bottom photographs obtained using a deeply towed photo-imagery system. Figure modified from Smith et al.
(2002a). Locations of photomosaics are marked on Figure 16. (a) skylights in a lava tube, surface flows on top or a lava terrace. Black arrow
marks a large skylight. (b) drapery folds in lava on the top of a terrace located at about 3300 m depth. The morphology is similar to that observed
on the subaerial ERZ. (c) flanks of a pillow cone, covered with tubular pillows; downslope is to the right. (d) columnar joints that have tumbled
out of a breach in the crater of a cone located at about 900 m water depth.
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distal margin of a massive slump block that is now
mostly covered by volcanic flows from the summit of
the Puna Ridge. No slump deposits have been identi-
fied at the base of the north flank of the ridge (Moore
and Chadwick, 1995) although they may be covered
or modified by lavas from either the Puna Ridge or
the submarine Hilo Ridge to the north (Moore and
Chadwick, 1995).

From sea level to about 2100 m depth, the axis of
the Puna Ridge trends 65◦ (Lonsdale, 1989), in line
with the lower ERZ. The axis has a broad, 3-4 km wide
crest, with a small (about 1 km) right-stepping offset
near a water depth of 2000 m. Volcanic constructions,
up to 140 m high, are scattered along the ridge crest,
especially at the shallower end. From about 2100–
3400 m depth, the axis of the Puna Ridge bends to
45◦ (Lonsdale, 1989), and the crest narrows. At about
2700 m depth, the axis has a right-stepping offset and
the along-axis slope increases. Using a towed side-
scan instrument, Lonsdale (1989) observed tightly
clustered fissures and collapse pits concentrated in
an inflated portion of the ridge above the offset, and
suggested that intrusive rather than extrusive mag-
matism predominates here. Below 3400 m depth the
ridge crest is poorly defined. The axis is composed of
‘steps’ that Lonsdale (1989) interpreted as flow fronts
steepened by mass wasting.

The styles of volcanic features on the lateral slopes
of the ERZ change significantly just as the crest of
the rift dips below sea level. As mentioned above,
lavas erupted from the onshore ERZ form smooth,
low-angle slopes, except where interrupted by faults.
Gently dipping low-relief lava flows mantle the slopes.
In contrast, volcanic features on the flanks of the Puna
Ridge are common and include flow fields, pillow
ridges, cones, and large semicircular flat-topped fea-
tures (terraces) that have diameters of 1 km or more
and sides several hundreds of meters high (Smith et al.,
2002a). These terraces, many with pits on their tops,
often appear to form staircases, one on top of the next.

On a finer scale, three basic flow morphologies are
observed: pillow, lobate, and sheet flows (Figure 17).
All three are found in each of seven camera sites
at the Puna Ridge at water depths ranging between
660–3700 m (Smith et al., 2002a). GLORIA images
(Holcomb et al., 1988) and ground-truth sampling and
photography (Clague et al., 1988) indicate that sheet
flows cover large areas north and southeast of the ridge
base.

Kilauea’s Southwest flank
At Kilauea’s ERZ diking is accommodated by sea-
ward slipping of the south flank on a basal décollement
(Dieterich, 1988; Delaney et al., 1990; 1993) that is lo-
cated 7-9 km beneath the surface (Owen et al., 1995).
The north flank of the ERZ is relatively stable and does
not appear to respond to diking events, presumably
because it is buttressed by Mauna Loa Volcano and/or
because seaward displacement of the south flank is
favored by the pre-existing gravitational stress field
imposed by Mauna Loa (Swanson et al., 1976). The
average “spreading rate” of the ERZ is estimated to be
∼10 cm/yr, the rate that the south flank is slumping
(Swanson et al., 1976). Between the SWRZ and ERZ
of Kilauea are the Koae and Hilina Fault Systems.
These fault systems are inferred to be associated with
southward displacement of the south flank (e.g., Parfit
and Peacock, 2001). Structurally the Hilina Fault Sys-
tem is comparable to the San Andrés Fault System
between the South and Northeast rifts on El Hierro,
Canary Islands. It is along this fault system that the
Las Playas I and II slumps in the Las Playas Embay-
ment became detached from the rest of the Northeast
Rift.

Some workers have proposed that the southward
displacement of the southeast flank of Kilauea is due
to dike injection into the ERZ leading to compres-
sive stresses in the rift zone flank that are relieved by
seaward displacement (Duffield, 1975; Thurber and
Gripp, 1988; Morgan et al., 2000). Others have in-
ferred that the displacement of the southeast flank is
due to gravitational spreading and forces exerted deep
within the volcano by the accumulation of magma
(Denlinger and Okubo, 1995). There is likely some
balance reached between the horizontal stress gener-
ated by dike intrusion, the weight of the flank, and
the friction on the basal décollement to produce the
landslides and slumps that are observed.

Southwest Rift Zone
Kilauea’s SWRZ extends 32 km from the summit
caldera to the shoreline. It has been suggested that the
SWRZ acts as a headwall for the south flank slump.
The SWRZ is <1.5 km wide in its northern section.
The rift zone changes trend from 230◦ to 195◦ ∼15–
20 km from the summit caldera. The southern section
of the SWRZ is dominated by the Great Crack, a
15 km long pre-1790 AD fissure and graben system,
and the site of an 1823 eruption (Holcomb, 1987).
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West of the upper end of the crack are two 30 m high
normal fault scarps (Puu Nahaha Faults) mantled by
lavas as young as 500 years old. South of the Nahaha
Faults the rift zone widens to at least 5 km. According
to Dzurisin et al. (1984) only 10 % of the magma sup-
ply to the summit of Kilauea from July 1956 to April
1983 was injected into the SWRZ, 55% was intruded
into the ERZ, and 35% was erupted at the summit. The
submarine extension of the SWRZ is poorly defined.

Mauna Loa

The Onshore and Offshore rift sections
Mauna Loa is an active volcano on the island of
Hawaii. Mauna Loa rose above sea level about 300 Ka
and covers the largest area of the island, about
5000 km2 (Moore and Chadwick, 1995). At present
Mauna Loa is erupting a greater portion of lava above
sea level than on its submarine sections. Mauna Loa
has two rift zones: the Southwest Rift Zone (SWRZ)
and the Northeast Rift Zone (NERZ) (Figures 13 and
14). The 65 km long subaerial SWRZ extends another
35 km offshore (García et al., 1995). The submarine
section of the SWRZ is called Ka Lae Ridge (Holcomb
et al., 2000). The NERZ does not reach the shoreline,
or has been covered by Kilauea lavas (e.g., Holcomb
et al., 2000). Here we concentrate on the SWRZ.

The subaerial section of Mauna Loa’s SWRZ is
disrupted by a 40◦ change in trend near an elevation
of 2400 m. This may be due to the interaction of the
rift zone with the growing Kilauea edifice, which has
inhibited the inflation of Mauna Loa (Lipman, 1980).
Presumably, the presence of Kilauea prevents slump-
ing of the southeast flank of Mauna Loa, causing the
SWRZ to migrate westward, and leading to the bend
in the middle section of the rift. South of the bend,
the rift zone is defined by the fault line scarp Kahuku
Pali. The fault has a relief of about 170 m subaeri-
ally and it increases dramatically to about 1800 m of
relief offshore (Fornari et al., 1979). It extends off-
shore for about 50 km (Fornari, 1986). The fault cuts
through the Ka Lae Ridge, which was created from
the intrusion and eruption of dikes along the SWRZ.
Submersible observations coupled with bathymetric
data show that the top of the Ka Lae Ridge does not
have any volcanic cones; this is unusual for submarine
rift zones of Hawaii (Clague et al., 2000). In order to
explain this observation and the characteristics of the
magnetic dipole over the submarine ridge, García et al.
(1995) have suggested that the scarp did not cut the

ridge at its axis, but rather the scarp cut the eastern
flank of the Ka Lae Ridge and its axis is offset to the
west. Recently, Holcomb et al. (2000) suggested that
Ka Lae Ridge is part of Hualalai Volcano rather than
Mauna Loa, although this remains to be proven.

Kohala

The Offshore section of the Southeast Rift
The Kohala Volcano, at the northwest tip of Hawaii,
completed its shield phase 245 Ka (Moore and Clague,
1992). The deeper sections of the submarine Hilo
Ridge, extending from the east coast of Hawaii east
of Mauna Kea, have recently been hypothesized to be
the continuation of the southeast rift zone of Kohala
(Holcomb et al., 2000; Kauahikaua et al., 2000). Pre-
viously, the entire Hilo Ridge had been interpreted as
the extension of the east rift zone of Mauna Kea (e.g.,
Moore and Clague, 1992).

The volcanic morphology of the 60 km long Hilo
Ridge varies along its axis. The proximal part of the
ridge (out to about 20 km from the shoreline) is domi-
nated by two submerged terraces. The leading edge of
the shallow terrace is at a depth of about 400 m; the
leading edge of the deeper terrace is at about 1100 m.
The shallow terrace is well known and thought to be
associated with Mauna Kea (Moore and Clague, 1992).
The deeper terrace is thought to be related to a terrace at
similar depths that extends around the northern section
of Kohala Volcano and that we speculate to document
the end of Kohala’s shield phase at about 245 Ka.

If this correlation is correct then the segment of
Hilo Ridge deeper than 1100 m is older than Mauna
Kea (Holcomb et al., 2000). Such a correlation is sup-
ported by the isotopic composition of basalts from the
terrace that are distinct from those from Mauna Kea,
but are similar to those from Kohala. This conclusion
also is supported by three-dimensional gravity model-
ing that shows a gravity high extending from Kohala,
across the northeast slope of Mauna Kea to Hilo Ridge
(Kauahikaua et al., 2000). The morphology of Hilo
Ridge deeper than 1100 m is very similar to that of the
Puna Ridge. Flat-topped volcanoes and terraces mark
its crest and flanks (Clague et al., 2000). The average
along-axis slope for the ridge deeper than 1100 m is
60 m/km. The flanks have slopes of ∼200 m/km. Both
of these values are similar to those at the Puna Ridge.
It seems that both submarine ridges were built by the
same means: dike injection and eruption in a narrow
axial zone to build a distinctive volcanic ridge.
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Discussion

Studies of the Hawaiian Islands have led to a clearer
understanding of how oceanic islands evolve. These
investigations have demonstrated that oceanic islands
are constructed not only by summit eruptions from
shallow magma reservoirs, but by dike intrusions
and fissure eruptions along well-defined rift zones.
Most oceanic island volcanoes have radial rift zones
of varying lengths, some attaining lengths of over
100 km. Rift zones may develop along fractures re-
sulting from the stress field generated by an upwelling
plume (Wyss, 1980). Rift zone locations also are
strongly influenced by the gravitational stress fields
created within an individual growing volcano modified
by the stress fields of neighboring volcanoes (Fiske
and Jackson, 1972). Once a rift zone is initiated its
development is encouraged by the concentration of
tensional gravity stresses along the rift zone axis and
by rift zone flanks spreading across the underlying
oceanic crust (e.g., Borgia and Treves, 1992).

Several generalizations can be made about the
morphologic similarities and differences between the
volcanic rift zones of La Palma and El Hierro in the
Canary Islands and those of the Island of Hawaii that
may illuminate similarities and differences in mag-
matic processes between them. In general, the rift
zones on La Palma and El Hierro are shorter (a few
tens of kilometers in length) than those on Hawaii
(ranging up to >100 km in length). One possible ex-
planation for this is the composition of the magma.
In Hawaii, the shield-phase lavas are tholeiitic and
the post-erosional lavas are alkali basalts, whereas the
shield and post erosional phase lavas in the Canary
Islands are both alkali basalts (Carracedo et al., 2001).
We infer that as alkali basalts are more viscous than
tholeitic liquids, encourages building of the volcano
upwards rather than outwards. An important conse-
quence of this is that volcano flank slopes are steeper,
which in turn leads to catastrophic collapses of the
volcano. The dramatic embayments on La Palma and
El Hierro are a result of such massive flank failures.
Another possibility is that dikes are able to propagate
further, for a number of reasons including the effects
of pressure within the magma pressure and gravity
acting downslope along the rift.

Many of the rift zones on Hawaii have well defined
axial zones, both in the on- and offshore portions. Typ-
ically rift volcanism builds a ridge that has a relatively
narrow (a few kilometers wide) crest characterized by
structures associated with dike intrusion and eruption:

faults, volcanic flows and edifices, and collapse pits.
In contrast, volcanism along some of the rift zones
we have considered in this paper on El Hierro and La
Palma is more diffuse and often it is difficult to define
the lava pathways that fed the scattered volcanic ed-
ifices. This is particularly true for the Northwest and
Northeast Rifts of El Hierro (Figures 9 and 10).

Submarine rift zones of Hawaii show some evi-
dence of widening at their distal ends, where the stress
field within the rift may be insufficient to trap dikes
within a narrow region. At these places, the axis of
the rift zone is hard to define and volcanic lineations
fan out (Lonsdale, 1989; Clague et al., 1995). The
widening observed at the distal end of rift zones in
Hawaii, may be a small-scale model for the fanning
of the Northeast and Northwest Rifts on El Hierro.
This fanning is so pronounced in these rifts, how-
ever, that they closely resemble deep-sea sedimentary
submarine fans.

Another possibility is that rift zones fan out down
slope because dike injection and volcanism has shifted
laterally. Such lateral migration of volcanism may be
an important process at the Northwest Rift of El Hi-
erro. The more recent igneous activity along this rift
is concentrated along its north side where it appears
that lava has flowed onto an adjacent debris flow. In
contrast, the south side of the rift has the appearance
of a sediment apron, suggesting that either it has not
been active recently or that its mode of emplacement
differs from that on the north side.

Lénat et al. (1986) suggested that the same
processes that form the narrower, ridge shaped sub-
marine rift zones in Hawaii have constructed the wide
submarine rift zones on Réunion Island. That is, dikes
injected from the summit reservoir move along a nar-
row zone and erupt along linear vents. The difference
in the morphology of the rift zones between those in
Hawaii and those in Réunion may be explained, ac-
cording to Lénat et al. (1986), by the more complex
history of volcano building in Réunion than in the
Hawaiian volcanoes. Lénat et al. suggested that the
presence of an older volcano beneath a younger one in
Réunion may lead to a more complex distribution of
gravitational stresses within the volcanic edifice lead-
ing to a broader zone of dike injection. This may be
the case on El Hierro as well where El Golfo Volcano
has been constructed on top of El Tiñor Volcano.

In Hawaii, the stress field associated with a
volcanic edifice may remain more or less constant
throughout its history. If another volcano begins to
form nearby, a different stress field is superimposed
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on the first that is related both to the new volcano
and the older one. In La Palma and El Hierro, this
scenario may be slightly different. A volcano with its
associated stress field is established. That volcano is
destroyed and another one is created over the remains
of the older one with its stress field superimposed on
the older one. The orientation and magnitude of the
new stress field may not necessarily be the same as
the previous one, and thus may produce the apparent
widening of rift zones down slope. If this is the case,
it is important to note that in some places the old and
new stress fields must be similar to produce narrow,
ridge-like rifts (e.g., the South Rift of El Hierro, and
Cumbre Vieja on La Palma) in addition to the wide
rifts.

Why are the volcanoes in the Canary Islands built
one atop another rather than next to each other? We
assume that this is related to slow absolute plate mo-
tion in the region. In the Canary Island region the rate
of motion is on the order of 1.9 cm/year, whereas in
the region of Hawaii the absolute plate motion is five
times faster, on the order of 10 cm/year (Carracedo,
1999).

Magma supply may also play a role in the width of
rift zones. As a result of a low rate of magma sup-
ply, the orientation at which dikes are injected into
the country rock may become random and not concen-
trated along a narrow rift zone. The reservoir pressure
created by magma-supply mechanisms may be inca-
pable of overcoming the compressive stresses along
a previously intruded rift. The magma is forced to
find other avenues of intrusion and extrusion into the
country rock. As this new route is then closed, it in
turn forces the magma to find other pathways creat-
ing a dike swarm fanning out from the magma body.
This process may be responsible for the widening of
the Northeast and Northwest Rifts in El Hierro, but
also in Mauna Loa, a volcano that lacks large rift-zone
faults and fissures and contains numerous radial vents
outside its two rift zones (Rubin, 1990).

As mentioned, submarine rift zones in La Palma
and El Hierro have built narrow ridges comparable to
those in Hawaii. The ridge-shaped rifts in La Palma
and El Hierro, however, are both shorter and more
irregular along-axis, displaying significant curvature
in plan shape than is typical on the Island of Hawaii.
In addition the rifts in the Canary ridges are often dis-
continuous along strike. These differences also may be
related to magma supply rate. Apparently the magma
supply rate on La Palma and El Hierro is too low to
smooth out any topographic irregularities along the

axis. For example, the South Rift offshore El Hierro
is cut by a 400 m deep east-west saddle located at
27◦30′ N. This suggests that dike injection and erup-
tion may have varied through time. Gee et al. (2001)
proposed that the section of the ridge south of the
saddle must represent an early phase of rift zone con-
struction. For comparison, the rifts associated with
Nintoku Guyot in the Emperor Seamount Chain have
uneven crests with major reversals of slope as a result
of more than 50 m.y. of volcanic inactivity (Vogt and
Smoot, 1984).

Another possibility to explain the along-axis irreg-
ularities is that they are a result of the juxtaposition
of ridges associated with different volcanoes. The
north-south trending rift in La Palma does appear to
represent distinct eruption cycles from two different
volcanoes superimposed on one another. The eruption
cycles differ in age by hundreds of thousands of years.
A similar condition exists along the Hilo Ridge where
the section of the ridge below 1000 m is an exten-
sion of a rift zone from Kohala Volcano. The section
shallower than 1000 m was buried by lavas extruded
during the construction of Mauna Kea. In the case of
the Hilo Ridge, however, eruptions were large enough
to smooth out the morphologic transition between the
two ridges.

Other considerations may contribute to shaping the
morphology of rifts including large scale factors such
as: (1) age of the oceanic crust that the volcanoes are
built on, (2) orientation of the tectonic fabric of the
surrounding seafloor, (3) pre-existing sediment thick-
ness, and 4) proximity of a plate boundary/continental
margin. All of these must play some role in control-
ling the construction and evolution of oceanic islands,
but we do not think they are the most important in
controlling the characteristics of individual volcanic
rift zones. Instead, as discussed above we infer that
rift zone morphology is controlled primarily by the
rate and constancy of magma supply, the regional
stress field that may have been influenced by older
volcanoes, and the rate of absolute plate motion.

Conclusion

Rift zones on La Palma, El Hierro and Hawaii Island
are distinct and similar in many of their topographic
characteristics. The rift zones in Hawaii tend to con-
sist mostly of linear ridges. In contrast, the rift zones
on La Palma and El Hierro display various geometries
ranging from linear ridges having smooth to irregular
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crests to structures displaying a fan-like morphology
in plan view. Although the toes of some of the Hawai-
ian rifts do partially fan out, they do not to the extent
displayed by the rifts offshore El Hierro. The pro-
nounced fanning may be a reflection of lower reservoir
pressure, which is insufficient to overcome the com-
pressive stress in the previous pathway so that new
pathways are created that will be randomly distributed
away from the magma source. It may also be caused
by lateral shifts in the location of the rift zone. Another
significant factor that may influence rift morphology
and fanning of the rift may be absolute plate motion.
In the Canary Islands, because plate motion is so slow,
the volcanoes are built nearly one atop of another, with
the stress field of one structure nearly superimposed on
the other. The interaction of the stress fields may cause
both widening and narrowing of the rift zone.

Irregularities and curvature of the rift zones in plan
view on La Palma and El Hierro may be a reflec-
tion of differences in the rate of magma production in
the islands groups (86 km3/years for Kilauea Volcano
versus 0.40–50 km3/1000 years for El Hierro). There
appear to be insufficient volumes of lavas erupted to
smooth out topographic irregularities in the Canary
Islands volcanoes. The superposition of rifts from
different volcanoes may also add to the topographic
irregularities, especially if eruption rates are low. Fi-
nally, such factors as the thickness of sediment cover
over oceanic basement, the positions of the volcanic
islands relative to the continent-ocean boundary and
composition of the discharged magma also may have
played roles in creating the rift morphologies observed
in the Canary Islands and Hawaii.
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