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Abstract

Recent onshore and offshore investigations in the Canarian archipelago, especially in the western islands of La Palma and
El Hierro, have greatly improved the understanding of the genesis and evolution of these islands and allow interesting
comparisons with other hotspot-induced oceanic island volcanoes, especially the Hawaiian archipelago. Genesis induced by
hotspot activity and, consequently, shield and post-erosional stages of growth allow the definition of similar main
stratigraphic units. The Canarian and Hawaiian volcanoes show common constructional and structural features, such as rift
zones, progressive volcano instability and multiple gravitational collapses. However, the Canaries present some important
geological differences from the prototypical hotspot volcanoes of the Hawaiian Islands, particularly the absence of
significant subsidence; The Canarian volcanoes remain emergent until completely mass-wasted by gravitational collapses
and erosion. Volcanic formations over 20 million years are observable in outcrop in the Canaries, including the seamount
stages of growth in several of the islands. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction readily distinguishable hotspot signature (a clear
hotspot trace, mantle anomaly and swell), generated

Apart from the Hawaiian Islands, the Canaries are
robably one of the most extensively studied groups
f hotspot-generated oceanic islands in the world.

The comparison of the Hawaiian and Canarian
olcanoes leads to some interesting clarifications.
ach archipelago represents a distinctly characteris-
ic hotspot-induced oceanic group: (1) the Hawaiian
chipelago, the prototypical hotspot islands, with a
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on a fast-moving plate (Wilson, 1963; Morgan, 1972;
Clague and Dalrymple, 1987; Walker, 1990); and (2)
the Canaries, where the hotspot signature is geo-
chemically and geophysically less evident and the
plate velocity is lower by about an order of magni-
tude (Filmer and Mcnutt, 1988; Hoernle and
Schmincke, 1993; Canas et al., 1994; Watts, 1994).

There are several specific advantages in the Ca-
naries for the study of the processes and patterns of
development, the structure, instability, and collapse
of island volcanoes that are difficult to investigate
fully in other oceanic groups. Perhaps, the only
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similarly-advantaged group is the Cape Verde Is-
lands; unfortunately, the geology and geochronology
of these remote islands are relatively little known.
The individual islands of the Hawaiian archipelago
have a relatively short lifespan: high-rate subsidence
(as quoted by Moore, 1987, most of the Hawaiian
volcanoes have subsided 2—-4 km since emergence)
precludes the islands from continuing above sea
level after only a few million years (Moore and
Fornari, 1984; Moore, 1987; Moore and Thomas,
1988; Walker, 1990). Kauai, the oldest emerged
island in the Hawaiian chain, is less than 6 Ma
(McDougall, 1964, 1979). Thus, only the relatively
young parts of the islands are exposed to observa-
tion. High rainfall gives rise to a dense vegetation
screen and rapid weathering of rocks, making expo-
sures relatively scarce. Thus, geological observations
as well as radiometric dating and magnetic stratigra-
phy are difficult in many areas, increasing the diffi-
culty of the complete reconstruction of these volca-
noes (McDougall, 1963, 1964, 1969, 1971, 1979;
McDougall and Tarling, 1963; McDougall and Ur-
Rahman, 1972; McDougall and Swanson, 1972; Hol-
comb, 1980; Naughton et al., 1980; Clague and
Dalrymple, 1987; Holcomb et al., 1997).

In contrast, there is no comparable subsidence in
the Canaries, as discussed below. Volcanic forma-
tions over 20 Ma are observable in outcrop, includ-
ing the seamount stages of growth in several of the
islands, as discussed later. Since all the Canaries are
still emergent above sea level, it is feasible to study
in outcrop volcanic formations and structures over a
wide range of ages and original emplacement depths,
according to the age of the islands and the different
stages of erosive mass-wasting. The vegetation cover
is comparatively poor and the lavas have a high K
content, favouring geochronological (K/Ar and
palacomagnetic reversals) determinations (Abdel-
Monem et al, 1971, 1972; McDougall and
Schmincke, 1976; Carracedo, 1979; Ancochea et al.,
1990, 1994, 1996; Coello et al., 1992; Guillou et al.,
1996, 1998; Carracedo et al., 1999-this volume). The
high population and the absence of surface waters on
the islands have necessitated the mining of ground-
water by means of more than 3000 km of sub-hori-
zontal tunnels (locally known as *‘galerfas’’), which
allow the observation of the internal structure of the
volcanoes at almost any point and depth in the

islands of La Palma and Tenerife and, to a lesser
extent, El Hierro (Carracedo, 1994).

In this paper we review some important features
of the growth, structure, progressive instability and
flank collapse of the Canarian volcanoes and their
comparison with other oceanic volcanoes, especially
those of the Hawaiian Islands.

2. Growth of the Canarian volcanoes
2.1. Geochronology and stratigraphy

The first comprehensive stratigraphy of the Ca-
naries was compiled by Fister et al. (1968a,b,c,d) for
the islands of Lanzarote, Fuerteventura, Gran Ca-
naria and Tenerife. Numbered stratigraphic series (I
to IV) were defined by the presence of a general
erosional unconformity and interbedded fossil
beaches. Absolute dating of the volcanic formations
using radiometric (K /Ar) and palacomagnetic tech-
niques (Abdel-Monem et al., 1971, 1972; McDougall
and Schmincke, 1976; Carracedo, 1979) made it
clear that the stratigraphy defined was not applicable
to all the Canaries.

The term ‘‘Series’’ used by Fuster et al. con-
formed to the stratigraphic code in use at the time.
However, it does not conform to the present code
(NACSN, 1983), which restricts the use of this term
to geological units formed during the same time-span.
with synchronous boundaries. Recently improved
geochronological (radiometric and palacomagnetic)
data reinforced these ideas (Ancochea et al., 1990.
1994; Guillou et al., 1996, 1998; Carracedo et al..
1999-this volume) suggesting to find a more appro-
priate stratigraphic definition for the Canaries.

Fig. 1 presents a plot of the published K /Ar age:
from lava flows of the Canarian and the Hawaiiz
islands. When compared, we can easily see t
individual islands in both archipelagos show t
main stages of growth separated by periods of vol
canic repose (gaps). The combined use of palaec
magnetic reversals and radiometric dating has prove
to be efficient in the Hawaiian Islands (Holcomb &
al., 1997) and the Canaries (Abdel-Monem et a
1971, 1972; Carracedo, 1979; Carracedo and Sole
1995; Pérez Torrado et al., 1995; Guillou et a
1996) in defining the presence of eruptive gaps «
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Sequential surfacing of the Canary Islands

Fig. 3. Sequential surfacing of the Canary Islands. Explanation in the text.

the archipelago: the shield stage and the rejuvenated 1987; Langenheim and Clague, 1987; Walker, 1990).
or post-erosional stage (Clague and Dalrymple, This division is easily applicable to the Canaries,

Fig. 2. A main difference in the Canarian (A) and Hawaiian (B) archipelagos is related to the age of the oldest emerged volcanism in each
island, which in the Canaries are considerably older. Note the progressive increase in the age of the islands, congruent in both archipelagos
with a hotspot model. This pattern is consistent in the Hawaiian chain but not completely in the Canary Islands, where the islands of La
Gomera and Lanzarote lie in an anomalous position with respect to the general progression of the hotspot, as discussed in the text. Note that
while in the Hawaiian archipelago only the island of Hawaii is at present in the shield stage, three of the Canaries (La Palma, El Hierro and
Tenerife) are at present in the same stage of development. Hawaiian ages are from Clague and Dalrymple (1987). Canarian ages are from
Abdel-Monem et al. (1971), McDougall and Schmincke (1976), Ancochea et al. (1990, 1994, 1996), Coello et al. (1992) and Guillou et al.
(1996).
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which can be separated accordingly into three groups:
(1) the islands of Fuerteventura, Lanzarote and Gran
Canaria, at present in the post-erosional stage of
development; (2) the island of La Gomera, in the
repose (gap) stage, and (3) the islands of Tenerife,
La Palma and El Hierro, in the shield stage of
growth (Fig. 2A).

There are, however, two differences in the strati-
graphic relationship of the Canaries as compared to
the Hawaiian archipelago. Firstly, a comparison of
both archipelagos reveals significant differences: (a)
in the age of the islands (Fuerteventura about four
times older than Kauai); and (b) three islands in the
Canarian archipelago are still in the shield stage,
whereas in the Hawaiian Islands only the volcanoes
on the island of Hawaii are at present in this stage of
growth. Another important difference between the
Canarian and the Hawaiian volcanoes is the extinc-
tion sequence (Stearns, 1946; Clague and Dalrymple,
1987): the main stage of growth of the Hawaiian
Islands (usually lasting about 1 Ma according to
Langenheim and Clague, 1987) was nearly com-
pleted before the next one emerged (Fig. 2B). In the

Canaries, however, three islands spanning at least
7.5 Ma are in the shield stage of growth (Fig. 2A).

2.2. Sequence of the emergence of the Canarian
volcanoes

The reconstruction of the sequence of emergence
above sea level of the Canaries (Fig. 3) also shows
two interesting anomalies: (1) the emergence of La
Gomera prior to Tenerife (Figs. 3 and 4), in opposite
order to that expected from the westerly progression
of the hotspot; and (2) the simultaneous growth of
La Palma and El Hierro (Figs. 3-6). Although at
present this is highly speculative, there seems to be a
correlation between periods of rapid growth in both
islands in an ‘‘on—off’’ sequence, apparently linked
to the occurrence of catastrophic landslides (Car-
racedo et al., 1999-this volume). Precise geochemi-
cal investigations, especially isotopic, are required to
clarify whether both islands have a common mag-
matic source that can alternatively feed volcanoes in
both islands following massive collapses.

TIME
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Fig. 4. Oldest subaerial age vs. distance plot for the Canarian and Hawaiian islands. See text for explanation. Hawaiian ages are from
Clague and Dalrymple (1987). Canarian ages are from Abdel-Monem et al. (1971), McDougall and Schmincke, 1976, Ancochea et al.
(1990, 1994, 1996), Coello et al. (1992) and Guillou et al. (1996).
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Fig. 5. (A) The Canaries have been very stable, at least in the last 15 Ma; subsidence is not significant, as shown by the abundant litoral
fawaiian ages are from cones (LTC in the figure), fossil beaches (Fb) and pillow lavas (Pw) located at about the present sea level. (B) Contrarily, subsidence is very
1976, Ancochea et al. active in the Hawaiian Islands, resulting in the presence of submerged reef terraces as shown in the figure (Moore, 1987). Subsidence finally

ends the emerged life of the island in a relatively short time span, probably less than about 6-7 Ma, changing to atolls and late guyots.
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Fig. 6. Computer-generated 3-D image (bathymety from of Hunter et al., 1983) of the Canary Islands viewed from the east. Note the
differences in the height of the islands, due in the Canaries mainly to mass-wasting.

Fig. 4 shows comparative plots of the oldest ages
of subaerial volcanism vs. distance to the respective
younger end of the volcanic chains for the Canarian
and the Hawaiian volcanoes. It is evident that the
Hawaiian volcanoes fit a line corresponding to an
average rate of propagation of volcanism of about 10
cm/a, similar to that of Clague and Dalrymple
(1987). Contrarily, the Canaries show a greater dis-
persion. This dispersion is due to anomalies in the
age—distance plot of the pairs La Gomera—Tenerife
and Fuerteventura—Lanzarote, as discussed above,
and may be a characteristic of hotspot-related island
groups on slow-moving plates. A similar anomaly
occurs in the Cape Verde islands, a clear example of
hotspot-induced islands on a slow-moving plate
(Courtnay and White, 1986), where Quaternary vol-
canism shifted back from Brava to Fogo in a manner
possibly analogous to the late Miocene switch from
La Gomera to Tenerife in the Canaries. The island of
Lanzarote is not an island sensu stricto, but a prolon-
gation towards the NE of Fuerteventura: both islands
are separated by the La Bocaina straight, less than 50
m deep (see Fig. 6). The volcanic construction of

Lanzarote is imbricated with that of Fuerteventura,
which may account for the observed dispersion. If
both groups (the islands at present in the shield stage
and those in the post-erosional stage) are plotted
separately, they fit two different lines (dotted lines A
and B in the plot in Fig. 4), corresponding to differ-
ent average rates of propagation of about 2.0 and 3.7
cm/a, respectively. A similar trend is observable in
the Cape Verde Islands, where the northwestern
group of islands, from San Nicolau to Santo Antao,
appears to define a separate, northwest directed age
trend, different from the general southward and west-
ward trend in age of the archipelago (Stillman et al.,
1982; Mitchell et al., 1983).

2.3. Magma production rates and eruptive Jfrequency

The Canaries and the Hawaiian volcanoes share a
common trend of two-stage subaerial evolution.
However, they differ greatly in the type of magmas
involved and the rate in which they are produced and
supplied, much greater in the latter. This is clearly
reflected both in the much greater volumes of the
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Hawaiian shields compared to the products of the
post-erosional magmatism in each island and in the
much higher frequency of eruptions during the
shield-building stage of each volcano (Holcomb,
1987).

Magma production rates may be difficult or im-
possible to evaluate in the Canary Islands. The dis-
continuous character of volcanism, in which eruptive
gaps, inherently difficult to date, may predominate
over periods of activity, make true evaluation of
magma production rates unreliable unless large time
intervals are compared. Furthermore, giant lateral
collapses repeatedly remove large fractions of the
mass of an island, especially during the shield-build-
ing stage and redistribute them over distances of
hundreds or even thousands of kilometres. Several
megaturbidites deposited in the Madeira abyssal plain
within the past 1 Ma have been shown to have
originated in the Canarian Archipelago (Weaver et
al., 1992).

Eruptive frequency and volume vary considerably
in the Canaries, as observed in the historic eruptions
over the last 500 years. The 1730-1736 eruption of
Lanzarote is the largest to occur in the archipelago in
this period by as much as an order of magnitude in
volume (Carracedo et al., 1992). However, the previ-
ous eruption of note in Lanzarote is that of Montafia
Corona, dated at 53 Ka (Guillou, unpublished age).
In the same period, as many as 100—1000 eruptions
may have taken place in the shield-building stage
islands of El Hierro, La Palma and Tenerife.

Eruption rates during the subaerial shield-building
stage, which are 2 to 3 orders of magnitude greater
than those during the post-erosional stage, are there-
fore implied by considering a period of the order of
tens of thousands of years. But even this may not be
a sufficient averaging period because of the switch-
ing of activity between shield-stage islands on
timescales of the order of hundreds of thousands of
years and the occurrence of episodes of relatively
intense post-erosional volcanism such as that which
produced the Roque Nublo volcano on Gran Canaria
(Pérez Torrado et al., 1995).

The eruptive history of the island of El Hierro is
probably the best-constrained geochronologically of
any of the Canary Islands. The uncomplicated devel-
opment of the island, which is still in its juvenile
stage of shield growth, together with the abundant

and accurate K /Ar ages, and with magnetic stratig-
raphy (Guillou et al., 1996), allow the closest possi-
ble approach to the reconstruction of the entire
emerged volcanic history of any of the Canaries. The
present emerged volume of the island, of about
140-150 km?, has been produced in the last 1.2-1.5
Ma, giving an apparent average magma production
rate of 0.12-0.13 km® /ka. However, rates increase
significantly if we take into consideration the three
consecutive giant lateral collapses that affected the
island, each clearly exceeding 100 km®.

A similar evaluation of shield-stage magma pro-
duction rates in the presently post-erosional islands
is highly problematic. This is because it is impossi-
ble to evaluate the volume removed by lateral col-
lapses (Stillman, 1999-this volume): it is difficult to
determine even the number of collapses in these
deeply-eroded islands, let alone the volumes of indi-
vidual collapses.

2.4. Evolution of magmas

The shield-stage volcanism is characterised in the
Hawaiian Islands by tholeiitic basalts, with late
minor volumes of alkali basalts and associated dif-
ferentiated magmas; during the rejuvenated stage,
silica-poor magmas (alkali basalts, basanites and
nephelinites) predominate (Langenheim and Clague,
1987).

In the Canaries, no such contrast is evident and
magma compositions are varied in both stages. The
rocks of the shield volcanism are predominantly
basaltic (picrites, tholeiites and basanites) but with
associated differentiated lavas (phonolites and tra-
chytes). Highly differentiated felsic rocks occur in
large volumes in the shield-stage volcanism of both
Tenerife and Gran Canaria, and to a lesser extent in
the other islands. Post-erosional rejuvenated volcan-
ism repeats a similar trend but with much smaller
volumes of rock involved in most cases, although the
Pliocene Roque Nublo stratovolcano in Gran Canaria
(Pérez Torrado et al., 1995) represents perhaps the
most voluminous episode of post-erosional volcan-
ism in any island in the world. Wide variations in
alkalinity occur in post-erosional stage volcanism,
sometimes within individual eruptions. The variation
from basanites to alkali basalts seems to be a com-
mon feature in Holocene volcanic eruptions in the
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Canaries but exceptional variations from basanites to
alkali basalts and tholeiites in a single eruption have
been observed in the 1730-1736 eruption of Lan-
zarote (Carracedo and Rodriguez Badiola, 1991; Car-
racedo et al., 1992). The latter is one of only two
historic eruptions to have occurred in a post-ero-
sional stage island in the Canaries (the other is the
small eruption of 1824, also in Lanzarote).

A similar lack of contrast between shield-stage
and post-erosional magma compositions may also be
evident in other island groups on slow-moving plates.
In the Cape Verde islands, magma compositions in
all stages of activity are alkaline, and commonly
extremely so. The only systematic trend identified by
Davies et al. (1989) was spatial: they found that
rocks in the northwestern islands (Sao Vicente—Santo
Antao) were systematically more silica-under-
saturated than those from the islands (Sal-Brava)
which in their shield stage of activity were located
above the inferred mantle plume head. The spatial
and temporal patterns of compositional variation in
hotspot-related island groups on slow-moving plates
may therefore, in general, be more complex than in
island groups on fast-moving plates such as the
Hawaiian Islands.

2.5. Subsidence history

As already mentioned, all the Hawaiian islands
subside and will eventually become seamounts. The
amount, age and rate of subsidence have been de-
rived from studies of submarine canyons, submerged
coral reefs and coastal terrace (see Fig. 5) of lava
deltas (Moore and Fornari, 1984; Moore, 1987;
Moore and Campbell, 1987).

Evidence for the position of contemporary sea
levels, in the form of marine abrasion platforms,
littoral and beach sedimentary deposits, coastal vol-
canic deposits such as hyaloclastite-based lava deltas
and Surtseyan tuff rings, and erosional palaeocliffs,
is widespread in the Canary Islands (Fig. 5). It also
invariably occurs close to present sea level, within
the range of eustatic sea level change. Marine abra-
sion platforms up to several million years old and
close to present-day sea level occur in the oldest
islands of Fuerteventura and Lanzarote (Crofts, 1967;
Lecointre et al., 1967; Fuster et al., 1968a,b; Meco
and Stearns, 1981; Carracedo and Rodriguez Badi-

ola, 1993; Meco et al., 1997). Even in the very
young island of La Palma, still in the early phase of
the shield-building stage, a beach shoreface sand
deposit of about 0.5 Ma old is to be found at El
Time, close to present sea level. Surtseyan tuff rings
occur at present sea level in the coastlands of the
majority of the Canaries (Fig. 5) as well as pillow
lavas of ages ranging from the Miocene to present-
day (Ibarrola et al., 1991; Carracedo and Rodriguez
Badiola, 1993; Carracedo and Soler, 1995).

These observations are clearly incompatible with
the model proposed by Watts and Masson (1996)
that Tenerife has subsided by at least 2.5 km during
the last 3-6 Ma. These authors base their model on
some submarine features they observed in the swath
bathymetry off the northern coast of Tenerife and
they interpreted as subaerial gullies that subsequently
subsided to form submarine canyons. An alternative
explanation that does not require subsidence is that
these submarine canyons form the underwater con-
tinuation of subaerial barrancos and have been carved
by submarine erosive processes related to the dis-
charge of the latter into the sea. Schmincke et al.
(1997) have come to the conclusion, after analysis of
extensive land and marine data, that the island of
Gran Canaria has been remarkably stable with re-
spect to sea level since about 14 Ma. These authors
have identified nearly horizontal seismic reflectors of
Late Miocene to recent age that can be traced to
northern Tenerife, an observation clearly in conflict
with the model proposed by Watts and Masson.

Therefore, it appears that the islands of the Ca-
narian archipelago, located close to the African con-
tinental margin, are extremely stable and has under-
gone neither subsidence nor uplift after emergence.
The lack of post-emergence subsidence is in very
strong contrast to the rapid subsidence seen during
the shield stage and later in the Hawaiian Islands
(Moore, 1987; Ludwig et al, 1991; Moore and
Chadwick, 1995), but is also a feature of the Cape
Verde archipelago (Stillman et al., 1982; Courtnay
and White, 1986).

The lack of post-emergence uplift, in contrast to
the major uplift implied by the occurrence of the
Seamount formations, is also of interest since it
implies that prior to emergence large intrusive com-
plexes grew within the volcanoes, whilst post-emer-
gence, endogenous growth of the edifices was lim-
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ited: this is consistent with the many geochemical
and petrological data sets for subaerial volcanic suites
in the Canary Islands which indicate that these suites
are for the most part fed by magma reservoirs in the
underlying oceanic crust and /or oceanic lithosphere
with only the more evolved suites of rocks showing
some evidence for the presence of shallow magma
reservoirs (Hasteen et al., 1997; Kluegel et al., 1997,
1999-this volume; Mangas et al., 1997). The system-
atic occurrence of this pattern implies an explanation
based on structural and mechanical differences be-
tween subaerial and submarine volcanic edifices.
The computer-generated image in Fig. 6 shows an
‘‘empty ocean’’ view of the Canarian archipelago

from the east. Differences in height of the shield

stage and post-erosional stage islands can be readily
observed. However, this is not a constructional fea-
ture, since Fuerteventura and Gran Canaria may have
reached similar or even greater elevations (Pérez
Torrado et al., 1995; Stillman, 1999-this volume). In
contrast to the Hawaiian and other oceanic island
groups, this is not a consequence of subsidence, but
of mass-wasting through erosion and catastrophic
landsliding, as mentioned before (Carracedo et al.,
1998, 1999-this volume; Stillman, 1999-this volume).

3. Main structural features of Canarian volcanoes
3.1. Rift zones

Rift zones that concentrate vents and dense dyke
swarms have been described in the majority of
oceanic volcanic islands (Wentworth and Macdon-
ald, 1953; MacDonald, 1972; Fiske and Jackson,
1972; Walker, 1992, 1999-this volume). They may
possibly be an invariable component of these islands,
as noted by Walker (1992). Their typical three-armed
rift zone geometry of oceanic island volcanoes, with
angles of about 120° between them, was mentioned
by Wentworth and Macdonald (1953), MacDonald
(1972) and Carracedo (1994). The original regular
geometry of rift zones is often lost during the evolu-
tion of the volcano, especially if buttressed among
older volcanoes, as frequently happens in the very
active Hawaiian volcanoes (Fig. 7B).

Rift zones can be observed in exceptional detail in
the Canaries (Fig. 7A), by means of water tunnels or

.j"l ‘:‘nh‘

galerias (Carracedo, 1994). A simple model explain-
ing the genesis of these features and their regular
geometry was proposed by Carracedo (1994), based
on previous mathematical work carried out by Lu-
ongo et al. (1991). Triple fracturing in a symmetrical
pattern with angles of 120° would be the least-effort
response to magma-induced vertical upward loading.
As shown in Fig. 12B, these three-armed rifts at 120°
were also detected using Bouger gravity anomalies
in Tenerife (MacFarlane and Ridley, 1968) and La
Réunion (Lesquer, 1990). Dyke swarms are clearly
in relation with the manifestly regular geometry of
the three spectacular erosive cirques of Piton des
Neiges in La Réunion. Although difficult to observe,
dykes generally were oriented parallel to the main
axes of the corresponding cirques. A possible expla-
nation for these erosive cirques is by a process of
inversion of relief: erosion may have preferentially
affected the softer pyroclastic facies associated with
the concentrations of vents along the rifts. Anisotropy
due to the dyke-swarms enhanced deepening of the
gulches and active collapses at the steep walls en-
larged them to become the present erosive cirques.

Apart from frequently losing their regular geome-
try through volcano evolution, rift zones are usually
extensively dismantled during the post-shield-stage
gap and the post-erosional stage due to the suscepti-
bility of their pyroclastic rocks to erosion. As ob-
served in the Hawaiian Islands, vents are no longer
associated with the pre-existing rift zones during the
rejuvenated stage (Langenheim and Clague, 1987)
and this later stage of activity further covers and
conceals these structures. However, detailed struc-
tural observations may help to identify the presence
of these rift zones in other intraplate oceanic volca-
noes.

4. Instability and collapse of Canarian volcanoes

Island volcanoes grow to a great height. Consider-
ing the edifice as a whole, they frequently rise
several kilometres from the ocean floor. The western
Canaries rise from about 6.5 km (El Hierro) to about
8.5 km (Tenerife). Gravitational stresses and dyke
injections tend to progressively increase the mechan-
ical instability of these volcanoes, especially in the
most active shield-stage phases of growth.

il
‘
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ment of triple-armed rifts and progressive instability)
may be coupled, as depicted in the model in Fig. 8.
The development of triple-armed rifts promotes edi-
fice overgrowth and steep, gravitationally unstable
flanks and concentrations of dykes which destabilise
the flanks through magma overpressure during em-
placement (Swanson et al., 1976). These rifts induce
mechanical and thermal pressurisation of pore fluids
(Elsworth and Voight, 1995; Elsworth and Day,
1999-this volume), while the extensional stresses
developed in the axial zones of the rifts by the flank
instability may reinforce the development of discrete
rift zones throughout the growth of the edifices.
These coherent stresses eventually exceed the stabil-
ity threshold and trigger massive flank failures. The
slide blocks consistently form between two branches
of the rift system, with the remaining rift acting as a
buttress (Carracedo, 1994, 1996a,b).

Giant collapses were first recognised in the
Hawaiian Islands (Moore, 1964; Moore et al., 1989).
Hawaiian landslides are among the largest on earth:
some of the individual debris avalanches are more
than 200 km in length and 5000 km® in volume
(Moore et al., 1989). GLORIA mapping shows that
debris avalanche deposits cover an area of about
100000 km? around the Hawaiian archipelago (Fig.
9B). Similar recurrent large landslides have been
recognised in La Réunion based on bathymetric
(Lénat et al., 1989), magnetic and gravity data
(Rousset et al., 1989) and high resolution sonar
images (Lénat and Labazuy, 1990).

In the Canaries, main tectonic processes, such as
giant landslides, have been avoided until very re-
cently to explain the genesis of the more prominent
morphological escarpments (seacliffs, U-shaped val-
leys and calderas) in the Canarian Archipelago.
However, abundant evidence relating giant landslides
and straight-walled valleys, calderas and wide coastal
embayments has been found onshore (Carracedo,
1994, 1996a,b; Day et al., 1997; Carracedo et al.,

1999-this volume; Stillman, 1999-this volume) and
offshore (Weaver et al., 1992; Masson and Watts,
1995; Masson, 1996; Watts and Masson, 1996;
Canals et al., 1997) in the archipelago, showing at
least 12 identifiable giant collapses in the Canaries
(Fig. 9A). Further investigations probably will result
in the recognition of many more of these structures,
especially on the southern flanks of the archipelago
and in the eastern islands (Stillman, 1999-this vol-
ume). These and similar collapses on the flanks of
Hawaiian volcanoes are frequently entirely subma-
rine (McMurtry et al., 1999-this volume) and excep-
tionally they can abort, as did the San Andrés rift
flank collapse in El Hierro (Day et al., 1997).

Collapse in oceanic volcanoes is not necessarily
catastrophic, as observed in the slow collapse of the
southern flank of Kilauea volcano (Swanson et al.,
1976; Smith et al., 1999-this volume) on a
landward-dipping thrust fault system. This ongoing
deformation is perhaps the best example of a slow
collapse or slump on an oceanic island volcano.
Clague and Denlinger (1994) consider that the driv-
ing force behind this continuous deformation is the
weight of a mass of dense, hot (and therefore plastic)
cumulates in the deeper parts of the highly active
Kilauean rift zones, within the volcanic edifice. Sim-
ilar flank deformation does not appear to occur, at
least in inter-eruptive periods, in the Canarian volca-
noes: the edifices are essentially free of shallow
seismicity between eruptions; there are no active,
growing fault scarps comparable to the Hawaiian
pali (Swanson et al., 1976); and, recent geodetic
monitoring of the Cumbre Vieja volcano on La
Palma (Moss, pers. comm.) indicates the absence of
flank deformation in the present inter-eruptive stage.
This contrast in styles of deformation may reflect the
absence of shallow magma reservoirs or plastically-
deforming cumulate bodies within the Canarian vol-
canic edifices during the subaerial shield stage of
growth.

Fig. 9. Giant landslides are a common feature of oceanic islands and were first recognised in the Hawaiian archipelago (B) by Moore
(1964). In the Canaries (A), several giant landslides have been documented by on-shore and off-shore evidence in the shield-stage islands.
However, this must be a common feature in the juvenile stages of the remaining islands, where these landslides are more difficult to identify
(Stillman, 1999-this volume). Giant landslides in the Hawaiian Islands are from Moore et al. (1989). Giant landslides in the Canaries are
from Masson and Watts (1995), Watts and Masson (1996), Carracedo et al. (1999-this volume) and Stillman (1999-this volume).
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5. Summary, discussion and conclusions

The Canary Islands have many important geologi-
cal features in common with the Hawaiian Islands
and many other oceanic volcanic groups. The main
stages of growth of the Canarian volcanoes, from
which general stratigraphic divisions can be defined,
are comparable to other oceanic groups of the world.

The Canarian volcanoes also show common con-
structional and structural features, such as rift zones,
progressive volcano instability and multiple gravita-
tional collapses.

However, the Canaries, as well as the Cape Verde
islands, present some important geological differ-
ences from the prototypical hotspot volcanoes of the
Hawaiian Islands, possibly related to a comparatively
low-activity hotspot and to a slow-moving plate.

The nature and evolution of magmas are quite
different in both archipelagos: the main volcanic
edifices in the Hawaiian archipelago are constructed
by voluminous eruptions of tholeiitic basalts, while
in the post-shield stage alkalic basalts and differenti-
ates cover the main shield (MacDonald, 1972). In the
Canaries, silica-poor magmas (alkalic basalts and
differentiates) form the bulk of the islands, tholeiitic
basalts being exceptional (Carracedo et al., 1992).
Highly differentiated lavas (phonolites and trachytes)
occur in large volumes in the central Canaries (Fister,
1975). '

Lower eruptive rates and possibly cooler magmas
in the Canaries than in the Hawaiian Islands result in
higher aspect ratio volcanoes. Slopes are generally
steeper in the early shields which progress towards
unstable configurations. Catastrophic flank failures
in the Canaries have shallower slide planes and
collapses have lower mass volumes than those of the
Hawaiian volcanoes.

Perhaps one of the most important characteristics
of the Canaries is the lack of significant subsidence
at least over the last 15 Ma. This is relevant to
explain why islands older than 20 Ma are still emer-
gent, while islands in the Hawaiian-Emperor vol-
canic chain submerge by subsidence after about 7
Ma. A main characteristic of the Canaries is that
their emergent phase will end after a very long time
compared to the HI, and only because of mass-wast-
ing processes (catastrophic in the early stages of
development and erosion afterwards).

These features and favourable observational char-
acteristics (lack of thick vegetation cover, very good
rock exposures, access to the internal structure of
volcanoes by means of water tunnels) made the
Canaries an exceptionally advantageous location to
observe the structural features and the evolutionary
stages of oceanic volcanoes.

Acknowledgements

Many of the ideas put forward in this work were
clarified throughout ‘‘comparative discussions’’ dur-
ing field campaigns of the author in Molokai, Oahu
and Kauai and in La Palma and El Hierro. Thorough
reviews by Paul Delaney and Mike Garcia led to
substantial improvement of this paper and are appre-
ciated. Discussions on the geological comparison of
the Hawaiian and the Canarian Islands with Robin
Holcomb, Bruce Nelson and Uri ten Brink during the
1996 dives with the Pisces V submersible of the
University of Hawaii off the north coast of Molokai
were especially inspiring. Discussions and comments
by colleagues attending the international workshop
on oceanic islands (Sept. 1997, La Palma, Canary
Islands) were especially valuable and are acknowl-
edged.

References

Abdel-Monem, A., Watkins, N.D., Gast, P.W., 1971. Potassium—
argon ages, volcanic stratigraphy, and geomagnetic polarity
history of the Canary Islands: Tenerife, La Palma, and Hierro.
Am. J. Sci. 272, 805-825.

Abdel-Monem, A., Watkins, N.D., Gast, P.W., 1972. Potassium—
argon ages, volcanic stratigraphy, and geomagnetic polarity
history of the Canary Islands: Lanzarote, Fuerteventura, Gran
Canaria and La Gomera. Am. J. Sci. 272, 490-521.

Ancochea, E., Fister, J.M., Ibarrola, E., Cendrero, A., Coello, J.,
Hernén, F., Cantagrel, J.M., Jamond, C., 1990. Volcanic evo-
lution of the Island of Tenerife (Canary Islands) in the light of
new K—Ar data. J. Volcanol. Geotherm. Res. 44, 231-249.

Ancochea, E., Herndn, F., Cendrero, A., Cantagrel, J.M., Fister,
J.M., Ibarrola, E., Coello, J., 1994. Constructive and destruc-
tive episodes in the building of a young oceanic island, La
Palma, Canary Islands, and genesis of the Caldera de Taburi-
ente. J. Volcanol. Geotherm. Res. 60 (3-4), 243-262.

Ancochea, E., Brandle, J.L., Cubas, C.R., Herndn, F., Huertas,
M.J., 1996. Volcanic complexes in the eastern ridge of the

C

&

C:

CI;

Co

Co




acknowl-

polanity

and Hierro.

Potassium—
P

h
A_ Coello, J.
WYolcanic evo-
i the light of
|, 231-249.

J.C. Carracedo / Journal of Volcanology and Geothermal Research 94 (1999) 1-19 17

Canary Islands: the Miocene activity of the island of
Fuerteventura. J. Volcanol. Geotherm. Res. 70, 183—204.

Canas, J.A., Pujades, L.G., Blanco, M.J., Soler, V., Carracedo,
J.C., 1994. Coda-Q distribution in the Canary Islands.
Tectonophysics 246, 245-261.

Canals, M., Alibes, B., Urgeles, R., Alonso, B., 1997. Landsliding
on the Canary Islands. The missing submarine sediment record.
Internat. Workshop on Immature Oceanic Islands, La Palma,
Sept., pp. 106-109.

Carracedo, J.C., 1979. Paleomagnetismo e historia volcénica de
Tenerife. Aula de Cultura del Cabildo Insular de Tenerife,
Tenerife, Espaiia, 82 pp.

Carracedo, J.C., 1994. The Canary Islands: An example of struc-
tural control on the growth of large oceanic-island volcanoes.
J. Volcanol. Geotherm. Res. 60 (3—4), 225-241.

Carracedo, J.C., 1996. A simple model for the genesis of large
gravitational landslide hazards in the Canary Islands. In:
McGuire, Jones, Neuberg (Eds.), Volcano Instability on the
Earth and Other Planets. Geol. Soc. London Spec. Publ., 110:
125-135.

Carracedo, J.C., 1996b. Morphological and structural evolution of
the western Canary Islands: hotspot-induced three-armed rifts
or regional tectonic trends? J. Volcanol. Geotherm. Res. 72,
151-162.

Carracedo, J.C., Rodriguez Badiola, E., 1991. Lanzarote: la erup-
ci6n volcdnica de 1730, with a colour, 1,/25.000 geological
map of the eruption. Editorial MAE, Madrid: 1-184.

Carracedo, J.C., Rodriguez Badiola, E., 1993. Evolucién geolgica
y magmitica de la isla de Lanzarote (Islas Canarias). Revista
de la Academia Canaria de Ciencias 4, 25-58.

Carracedo, J.C., Soler, V., 1995. Anomalously shallow palaeo-
magnetic inclinations and the question of the age of the
Canarian Archipelago. Geophys. J. Int. 122, 393-406.

Carracedo, J.C., Rodriguez Badiola, E., Soler, V., 1992. The
1730-1736 eruption of Lanzarote, Canary Islands: a long,
high-magnitude basaltic fissure eruption. J. Volcanol.
Geotherm. Res. 53 (1-4), 239-250.

Carracedo, J.C., Day, S., Guillou, H., Rodriguez Badiola, E.,
Canas, J.A., Pérez Torrado, JE., 1998. Hotspot volcanism
close to a passive continental margin: the Canary Islands.
Geolog. Mag. 135 (5), 591-604.

Carracedo, J.C., Day, S., Guillou, H., 1999. Giant Quaternary
landslides in the evolution of La Palma and El Hierro, Canary
Islands. J. Volcanol. Geotherm. Res. 94, 169—190.

Clague, D.A., Dalrymple, G.B., 1987. The Hawaiian-Emperor
volcanic chain. Part I: Geologic evolution. In: Decker, W.,
Wright, T.L., Stauffer P.H. (Eds.), Volcanism in Hawaii, U.S.
Geol. Survey Prof. Paper 1350, Vol 1: 5-54.

Clague, D.A., Denlinger, R.P., 1994. Role of olivine cumulates in
destabilizing the flanks of Hawaiian volcanoes. Bull. Vol-
canol. 56, 425-434.

Coello, I, Cantagrel, J.M., Hernén, F., Faster, J.M., Ibarrola, E.,
Ancochea, E., Casquet, C., Jamond, C., Dfaz De Teréan, J.R.,
Cendrero, A., 1992. Evolution of the eastern volcanic ridge of
the Canary Islands based on new K—Ar data. J. Volcanol.
Geotherm. Res. 53 (1-4), 251-274.

Courtnay, R.C., White, R.S., 1986. Anomalous heat flow and

geoid across the Cape Verde Rise: evidence for dynamic
support from a thermal plume in the mantle. Geophys. J. R.
Astron. Soc. 87, 815-867.

Crofts, R., 1967. Raised beaches and chronology in north west
Fuerteventura. Canary Island Quaternaria 9, 247-260.

Davies, G.R., Norry, M.J., Gerlach, D.C., Cliff, R.A., 1989. A
combined chemical and Pb—Sr—Nd isotope study of the Azores
and Cape Verde hotspots: the geodynamic implications. In:
Saunders, A.D., Norry, M.J. (Eds.), Magmatism in the Ocean
Basins. Geol. Soc. London Spec. Publ., 42: 231-255.

Day, S.J., Carracedo, J.C., Guillou, H., 1997. Age and geometry
of an aborted rift flank collapse: the San Andrés fault, El
Hierro, Canary Islands. Geol. Mag. 134 (4), 523-537.

Elsworth, D., Day, S.J., 1999. Flank collapse triggered by intru-
sion: the Canarian and Cape Verde Archipelagoes. J. Vol-
canol. Geotherm. Res. 94, 323-340.

Elsworth, D., Voight, B., 1995. Dyke intrusion as a trigger for
large earthquakes and failure of volcano flanks. J. Geophys.
Res. 100, 6005-6024.

Filmer, P.E., Mcnutt, M.K., 1988. Geoid anomalies over the
Canary Islands group. Mar. Geophys. Res. 11, 77-87.

Fiske, R.S., Jackson, E.D., 1972. Orientation and growth of
Hawaiian volcanic rifts: the effect of regional structure and
gravitational stress. Proc. R. Soc. London, Ser. A 329, 299—
320.

Faster, .M., 1975. Las Islas Canarias: un ejemplo de evolucién
espacial y temporal del vulcanismo ocednico. Estudios
Geoldgicos 31, 439-463.

Fister, J.M., Ferndndez Santin, S., Sagredo, J., 1968a. Geologia y
Volcanologia de las Islas Canarias: Lanzarote. Instituto *‘Lucas
Mallada’’, C.S.I.C., Madrid.

Fster, J.M., Cendrero, A., Gastesi, P., Ibarrola, E., Lépez Ruiz,
J., 1968b. Geologia y Volcanologfa de las Islas Canarias:
Fuerteventura. Instituto ‘‘Lucas Mallada’’, C.S.I1.C., Madrid.

Faster J.M., Hernandez Pacheco, A., Mufioz, M., Rodriguez Badi-
ola, E., Garcfa Cacho, L., 1968c. Geologia y Volcanologia de
las Islas Canarias: Gran Canaria. Instituto ‘‘Lucas Mallada’’,
C.S.I1.C., Madrid.

Faster, J.M., Arafia, V., Brandle, J.L., Navarro, J.M., Aparicio,
A., 1968d. Geologia y Volcanologia de las Islas Canarias:
Tenerife. Instituto ‘“Lucas Mallada™, C.S.I.C., Madrid.

Guillou, H., Carracedo, J.C., Pérez Torrado, F., Rodriguez Badi-
ola, E., 1996. K-Ar ages and magnetic stratigraphy of a
hotspot-induced, fast grown oceanic island: El Hierro, Canary
Islands. J. Volcanol. Geotherm. Res. 73, 141-155.

Guillou, H., Carracedo, J.C., Day, S.J., 1998. Dating the upper
Pleistocene—Holocene volcanic activity of La Palma using the
unspiked K—Ar technique. J. Volcanol. Geotherm. Res, 86,
137-149.

Hasteen, T.H., Kluegel, A., Schmincke, H.U., 1997. Magmatic
underplating and crustal magma accumulation beneath the
Canary islands Archipelago as evidenced by fluid inclusions.
Workshop on Volcanism and Volcanic Hazards in Immature
Intraplate Oceanic Islands, La Palma, 1977: 26-27.

Hoernle, K., Schmincke, H.U., 1993. The role of partial melting
in the 15-Ma geochemical evolution of Gran Canaria: a blob
model for the Canarian hotspot. J. Petrol. 34, 599—626.




18 J.C. Carracedo / Journal of Volcanology and Geothermal Research 94 (1999) 1—19

Holcomb, R.T., 1980. Kilauea volcano, Hawaii: chronology and
morphology of the surficial lava flows. T1. Department of
Geology, Stanford University, USA.

Holcomb, R.T., 1987. Volcanism in Hawaii. Eruptive history and
long-term behaviour of Kilauea volcano. U.S. Geol. Surv.
Prof. Pap. 1350, 261-350.

Holcomb, R.T., Reiners, P.W., Nelson, B.K., Sawyer, N.L.E.,
1997. Isotopic evidence for two shield volcanoes exposed on
the island of Kaua’i, Hawai’i. Geology 25 (9), 811-814.

Hunter, P.M., Searle, R.C., Laughton, A.S., 1983. Bathymetry of
the N.E. Atlantic, Sheet 5: Continental margin off N.W.
Africa. Institute of Oceanographic Sciences, UK.

Ibarrola, E., Fister, J.M., Ancochea, E., Huertas, M.J., 1991.
Rocas volcdnicas submarinas en la base de la Formacién
Cafiadas. Macizo de Tigaiga (N. de Tenerife). Geogaceta 9,
17-20.

Kluegel, A., Hansteens, T.H., Schmincke, H.U., Sachs, P.M.,
1997. Internat. Workshop on Immature Oceanic Islands, La
Palma, Sept. 1997: 29-30.

Kluegel, A., Schmincke, H.U., White, J.D.L., Hoernle, K.A.,
1999. Chronology and volcanology of the 1949 multi-vent
rift-zone eruption on La Palma, Canary Islands. J. Volcanol.
Geotherm. Res. 94, 267-282.

Langenheim, V.A.M., Clague, D.A. 1987. The Hawaiian-Emperor
volcanic chain: Part II. Stratigraphic framework of volcanics
rocks of the Hawaiian Islands. In: Decker, W., Wright, T.L.,
Stauffer, P.H. (Eds.), Volcanism in Hawaii. U.S. Geol. Surv.
Prof. Paper 1350-1: 55-84.

Lecointre, G., Tinkler, K.J., Richards, H.G., 1967. The marine
quaternary of the Canary Islands. Acad. Natural Sci. Philadel-
phia 119 (8), 325-344.

Lénat, J.F., Labazuy, P., 1990. Submarine morphologies and
structures of Réunion. In: Lénat, J.F. (Eds.), Le Volcanism de
La Réunion, Centre des Recherches Volcanolégiques, Cler-
mont-Ferrand, France: 43-74.

Lénat, J.F., Vincent, P., Bachelery, P., 1989. The off-shore contin-
uation of an active basaltive volcano: Piton de La Fournaise
(Réunion Island, Indian Ocean): structural and geomorphologi-
cal interpretation from Seabeam mapping. J. Volcanol.
Geotherm. Res. 36, 1-36.

Lesquer, A., 1990. Deep structure of Reunion Island from gravity
data. In: Lenat, J.F. (Eds.), Le volcanisme de La Réunion.
Centre des Recherches Volcanologiques, Clermont-Ferrand,
France.

Ludwig, K.R., Szabo, B.J., Moore, J.G., Simmons, K.R., 1991.
Crustal subsidence rate off Hawaii determined from **U->%U
ages of drowned coral reefs. Geology 19, 171-174.

Luongo, G., Cubellis, E., Obrizzo, F., Petrazzuoli, S.M., 1991. A
physical model for the origin of volcanism of the Tyrrhenian
margin: the case of the Neapolitan area. J. Volcanol. Geotherm.
Res. 48, 173-185.

Mangas, J., Clocchiatti, R., Pérez Torrado, J.F., Massare, 15 1)
1997. Peridotite xenoliths, olivine—pyroxene megacrysts and
cumulates of the Bandama Volcanic Complex (Gran Canaria,
Spain): genesis in the oceanic lithosphere. Internat. workshop
on Immature Oceanic Islands, La Palma, Sept. 1997: 41-43.

MacDonald, G.A., 1972. Volcanoes. Prentice-Hall, Englewood
Cliffs, NJ.

Masson, D.G., Watts, A., 1995. Slope failures and debris
avalanches on the flanks of volcanic oceanic islands: the
Canary Islands, off NW Africa. Landslide News 9, 21-24.

Masson, D.G., 1996. Catastrophic collapse of the volcanic island
of Hierro 15 Kaago and the history of landslides in the Canary
Islands. Geology 24 (3), 231-234.

McDougall, 1., 1963. Potassium—argon ages from western Oahu,
Hawaii. Nature 197, 344-345.

McDougall, 1., 1964. Potassium—argon ages from lavas of the
Hawaiian Islands. Geol. Soc. Am. Bull. 75, 107—128.

McDougall, I., 1969. Potassium—argon ages from lavas of Kohala
Volcano, Hawaii. Geol. Soc. Am. Bull. 80, 2597-2600.

McDougall, I, 1971. Volcanic island chains and sea floor spread-
ing. Nature 231, 141-144.

McDougall, I, 1979. Age of shield-building volcanism of kauai
and linear migration of volcanism in the Hawaiian Island
chain. Earth Planet. Sci. Lett. 46, 31-42.

McDougall, 1., Schmincke, H.U., 1976. Geochronology of Gran
Canaria, Canary Islands: age of shield building volcanism and
other magmatic phases. Bull. Volcanol. 40 (1), 57-77.

McDougall, I., Swanson, D.A., 1972. Potassium-argon ages from
lavas from the Hawi and Pololu Volcanic Series Kohala
Volcano, Hawaii. Geol. Soc. Am. Bull. 83, 3731-3738.

McDougall, 1., Tarling, D.H., 1963. Dating of polarity zones in
the Hawaiian Islands. Nature 200, 54—56.

McDougall, I, Ur-Rahman, A., 1972. Age of the Gauss—
Matuyama boundary and the kaena and Mammoth events.
Earth Planet. Sci. Lett. 14, 367-380.

MacFarlane, D.J., Ridley, W.I, 1968. An interpretation of gravity
data for Tenerife, Canary Islands. Earth Planet. Sci. Lett. 4,
481-486.

McMurtry, G.M., Herrero-Bervera, E., Resig, J., Cremer, M.,
Smith, J.R., Sherman, C., Torressan, M.E., 1999, Stratigraphic
constraints on the timing and emplacement of the Alika z giant
Hawaiian submarine landslide. J. Volcanol. Geotherm. Res.
94, 35-58.

Meco, J., Stearns, C.E., 1981. Emergent littoral deposits in eastern
Canary Islands. Quat. Res. 15, 199-208.

Meco, J., Petit-Mairte, N., Fontugne, M., Shimmield, G., Ramos,
AJ., 1997. The Quaternary deposits in Lanzarote and
Fuerteventura (Eastern Canary islands, Spain): an overview.
In: Meco, J., Petit-Maire, N. (Eds.), Climates of the Past. Proc.
CLIP Meet., Lanzarote and Fuerteventura. Pub. Univ. Las
Palmas de Gran Canaria: 123-136.

Mitchell, J.G., Le Bas, M.J., Zielonka, J., Furnes, H., 1983. On
dating the magmatism of Maio, Cape Verde islands. Earth
Planet. Sci. Lett. 64, 61-76.

Moore, J.G., 1964. Giant submarine landslides on the Hawaiian
Ridge. U.S. Geol. Surv. Prof. Pap. 501-D, 95-98.

Moore, J.G., 1987. Subsidence in the Hawaiian Ridge. In: Decker.
W., Wright, T.L., Stauffer, P.H. (Eds.), Volcanism in Hawaii.
U.S. Geol. Survey Prof. Paper 1350, Vol. 1: 85-100.

Moore, J.G., Campbell, I.F., 1987. Age of tilted reefs Hawaii. J.
Geophys. Res. 92, 2641-2646.




»-Hall, Englewood

sures and debris
eanic islands: the
News 9, 21-24.

the volcanic island
lides in the Canary

om western Oahu,

from lavas of the
. 107-128.

ym lavas of Kohala
. 2597-2600.

« sea floor-spread-

volcanism of kauai
¢ Hawaiian Island

hronology of Gran
ling volcanism and
{1), 57-77.
m-argon ages from
nic Series Kohala
} 3731-3738.

§ polarity zones in

? of the Gauss—

Ilhmrnoth events.

etation of gravity
fanet. Sci. Lett. 4,

J., Cremer, M.,
999. Stratigraphic
the Alika z giant
Geotherm. Res.

eposits in eastern

peld. G., Ramos,
Lanzarote and
an overview.
the Past. Proc.
Pub. Univ. Las

H., 1983. On
¢ islands. Earth

the Hawaiian

ge. In: Decker,

gsm in Hawaii.
100.

pefs Hawaii. J.

J.C. Carracedo / Journal of Volcanology and Geothermal Research 94 (1999) 1—19 19

Moore, J.G., Chadwick, W.W., 1995. Offshore geology of Mauna
Loaand adjacent areas, Hawaii. In: Rhodes, J.M., Lookwood,
JP. (Eds.), Mauna Loa Revealed: Structure, Composition,
History and Hazards. Am. Geophys. Union, Geophys. Mono-
graph, 92: 21-44.

Moore, J.G., Fornari, D.J., 1984. Drowned reefs as indicators of
the rate of subsidence of the islands of Hawaii. J. Geol. 92,
752-759.

Moore, J.G., Thomas, D.M., 1988. Subsidence of Puna, Hawaii,
inferred from sulfur content of drilled lava flows. J. Volcanol.
Geotherm. Res. 35, 165-171.

Moore, J.G., Clague, D.A., Holcomb, R.T., Lipman, P.W., Nor-
mark, W.R., Torresan, M.E., 1989. Prodigious submarine
landslides on the Hawaiian ridge. J. Geophys. Res. 94 (B12),
17465-17484.

Morgan, W.J., 1972. Deep mantle convection plume and plate
motions. Bull. Am. Assoc. Petrol. Geol. 56, 203-312.

North American Comission on Stratigraphic Nomenclature, 1983.
North American Stratigraphic Code. Am. Assoc. Petrol. Geol.
Bull. 67, 841-875.

Naughton, J.J., McDonald, G.A., Greenberg, V.A., 1980. Some
additional potassium—argon ages of Hawaiian rocks: the Maui
volcanic complex of Molokai, Maui, Lanai and Kahoolawe. J.
Volcanol. Geotherm. Res. 7, 339-355.

Pérez Torrado, -F.J., Carracedo, J.C., Mangas, J., 1995.
Geochronology and stratigraphy of the Roque Nublo Cycle,
Gran Canaria, Canary Islands. J. Geol. Soc. 152, 807-818.

Rousset, D., Lesquer, A., Bonneville, A., Lénat, J.F., 1989.
Complete gravity study of piton de La Fournaise volcano,
Réunion Island. J. Volcanol. Geotherm. Res. 36, 37-52.

Schmincke, H.U., Sumita, M., Funck, T., 1997. Growth and
destruction of Gran Canaria: Evidence from land studies,
bathymetry, offshore seismic studies and drilling during ODP
Leg 157. Internat. workshop on Immature Oceanic Islands, La
Palma, Sept. 1997: 11-12.

Smith, J.R., Malahoff, A., Shor, AN., 1999. Submarine geology
of the Hilina slump and morpho-structural evolution of Ki-
lauea volcano, Hawaii. J. Volcanol. Geotherm. Res. 94, 59—88.

Stillman, C.J., Furnes, H., Le Bas, M.J.,, Robertson, A.H.F.,
Zielonka, J., 1982. The geological history of Maio, Cape
Verde Islands. J. Geol. Soc. London 139, 347-361.

Stillman, C.J., 1999. Giant Miocene landslides and the evolution
of Fuerteventura, Canary Islands. J. Volcanol. Geotherm. Res.
94, 89-104.

Swanson, D.A., Duffield, W.A., Fiske, R.S., 1976. Displacement
of the South flank of Kilauea Volcano: the result of forceful
intrusion of magma in the rift zones. U.S. Geol. Surv. Prof.
Pap. 963, 1-93.

Walker, G.P.L., 1990. Geology and volcanology of the Hawaiian
Islands. Pacific Sci. 44, 315-347.

Walker, G.P.L., 1992. Coherent intrusion complexes in large
basaltic volcanoes — a new structural model. J. Volcanol.
Geotherm. Res. 50, 41-54.

Walker, G.P.L., 1999. Volcanic rift zones and their intrusion
swarms. J. Volcanol. Geotherm. Res. 94, 21-34.

Watts, A.B., 1994. Crustal structure, gravity anomalies and flex-
ure of the lithosphere in the vicinity of the Canary Islands.
Geophys. J. Int. 119, 648-666.

Watts, A.B., Masson, D.G., 1996. A giant landslide on the north
flank of Tenerife, Canary Islands. J. Geophys. Res. 100,
24487-24498.

Weaver, P.P.E., Rothwell, R.G., Ebbing, J., Gunn, D.E., Hunter,
P.M., 1992. Correlation, frequency of emplacement and source
directions of megaturbidites on the Madeira Abyssal Plain.
Mar. Geol. 109, 1-20.

Wentworth, C.K., Macdonald, G.A., 1953. Structures and forms
of basaltic rocks in Hawaii. U.S. Geol. Surv. Bull. 994, 98.
Wilson, J.T., 1963. A possible origin of the Hawaiian Islands.

Can. J. Phys. 41, 863-870.




