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Abstract 

Caldera morphology on the six historically active shield volcanoes that comprise Isabela and Fernandina islands, the two 
westernmost islands in the Galapagos archipelago, is linked to the dynamics of magma supply to, and withdrawal from, the 
magma chamber beneath each volcano. Caldera size (e.g., volumes 2-9 times that of the caldera of Kilauea, Hawai'j), the 
absence of well-developed rift zones and the inability to sustain prolonged low-volumetric-flow-rate flank eruptions suggest 
that magma storage occurs predominantly within centrally located chambers (at the expense of storage within the flanks). 
The calderas play an important role in the formation of distinctive arcuate fissures in the central part of the volcano: repeated 
inward collapse of the caldera walls along with floor subsidence provide mechanisms for sustaining radially oriented 
least-compressive stresses that favor the formation of arcuate fissures within 1-2 km outboard of the caldera rim. Variations 
in caldera shape, depth-to-diameter ratio, intra-caldera bench location and the extent of talus slope development provide 
insight into the most recent events of caldera modification, which may be modulated by the episodic supply of magma to 
each volcano. A lack of correlation between the volume of the single historical collapse event and its associated volume of 
erupted lava precludes a model of caldera formation linked directly to magma withdrawal. Rather, caldera collapse is 
probably the result of accumulated loss from the central storage system without sufficient recharge and (as has been 
suggested for Kilauea) may be aided by the downward drag of dense cumulates and intrusives. 

1. Introduction 

The Galapagos archipelago is an oceanic hotspot 
group of at least twenty subaerial volcanoes. The 
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western part of the archipelago has the youngest 
volcanoes, nine of which have erupted since 1813, 
when written records were initiated. The most active 
volcanoes are those of Isabela and Fernandina is
lands (Fig. 1), and it is here that the calderas occur. 
These volcanoes erupt tholeiite basalt (McBimey and 
Williams, 1969), and appear to have grown contem
poraneousl y . 

The subaerial form of Galapagos volcanoes has 
been described numerous times (e.g., McBimey and 
Williams, 1969; Nordlie, 1973; Simkin, 1984). In 
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general there are relatively gently sloping coastal 
plains 2-3 Ian wide, abutting slopes of up to 35°, 
which encircle the outer edge of a summit "plat
form" (Nordlie, 1973). The calderas are situated 
within the central platforms. It is important to note 
that this "typical" Galapagos volcano profile is not 
radially symmetric. This is in part a consequence of 
the variation in water depth around the islands and 
the tendency for large lava deltas to build rapidly in 
shallow water. Steep submarine slopes comprise the 
lowest flanks of Ecuador, Wolf and Darwin and the 

western and southern flanks of Fernandina. Fernand
ina is separated from Isla Isabela by the Estrecho de 
Bolivar which reaches a depth of 146 m. With the 
exception of its northern and eastern flanks, Cerro 
Azul is surrounded by steep submarine slopes. Rather 
uniquely, Sierra Negra is bounded by low-angle 
submarine slopes to the north, south and east. 

The volcanoes of Isabela and Fernandina islands 
present excellent examples for investigating caldera 
morphology with regard to eruptive behavior on 
basaltic shields. This study examines caldera mor-
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Fig. 1. The location of the calderas of the volcanoes of Isabela (Fig. 2Fig. 3Fig. 4Fig. 5Fig. 6) and Fernandina (Fig. 7) islands. Note that the 
volcanoes tend to be asymmetrical with respect to the caldera (caldera rims are identified by hatched lines). Bathymetry from Defense 
Mapping Agency (DMA) sheets 22,541-22,545 and 22,531-22,533. 1M = Isla Marchena; IP = Isla Pinta; IF = Isla Floreana. 
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phology and the distribution of eruptive activity in 
the vicinity of the caldera to deduce the influence of 
caldera-related processes on the eruptive behavior of 
each volcano. Calderas form by subsidence associ
ated with magma chamber complexes (e.g., Williams 
and McBirney, 1979). Modes of subsidence vary 
widely, ranging from broad downsagging between 
bounding linear faults, through piston-like descent of 
a coherent cylinder along bounding ring faults, to the 
piecemeal collapse of small segments of the caldera 
floor producing a funnel-shaped morphology which 
may be significantly asymmetric with respect to the 
caldera center (Walker, 1988). The simplest (and 
oldest) model for caldera formation links subsidence 
directly to the evacuation of a magma chamber (e.g., 
Dutton, 1884), and may be applicable to some explo
sive rhyolite complexes. However, on basaltic volca
noes this mechanism clearly is not supported by 
evidence from the Hawaiian volcanoes Mauna Loa 
and Kilauea: (I) eruptive vents rarely occur along 
caldera-boundary faults; (2) eruptive volumes don't 
equal collapse volumes; and (3) cumulative subsi
dence is funnel shaped rather than piston shaped 
(Walker, 1988). Additionally, there is the important 
idea that calderas collapse and re-fill many times 
during the life of a basaltic volcano (Macdonald, 
1965; Decker, 1987). Walker (1988) attributed subsi
dence of the Kilauea caldera to downsagging due to 
crystal cumulates at the base of, and a "coherent 
intrusion complex" adjacent to, a near-surface 
magma chamber. 

2. Methodology 

In this paper, the calderas of Wolf, Darwin, Al
cedo, Sierra Negra and Cerro Azul (Isla Isabela) and 
Fernandina (Isla Fernandina) are described utilizing 
SPOT HRV-1 satellite images, topographic data 
available from the United States Defense Mapping 
Agency sheets 22451-22455 and field observations 
made at Fernandina in 1989 (Rowland and Munro, 
1992). We have also made limited use of TOPSAR 
interferometric radar-derived topography (e.g., Evans 
et aI., 1992; Zebker et aI., 1992; Farr et aI., 1995). 
These data were collected in May of 1993, and 
provide 2-3 m vertical resolution with 10 m ground 
pixels. 

The SPOT HRV-1 instrument in panchromatic 
(black and white) mode, covers the visible region of 
the electromagnetic spectrum in one waveband at a 
spatial resolution of 10 m per pixel (Chevrel et aI., 
1981). The major advantage of SPOT HRV-1 over 
previous satellite-imaging systems is that it has the 
capability to be pointed off-nadir, making it possible 
to view one area on the Earth's surface on successive 
overpasses and increasing the data collection oppor
tunities in regions where cloud cover is common. 
This off-nadir viewing capability was a key element 
in obtaining complete coverage of Isabela and Fer
nandina islands between April 1988 and March 1989. 
Five images were mosaicked to eliminate overlap 
and the raw data were placed into a geometrically 
consistent Universal Transverse Mercator (UTM) 
Projection. From these processed images, sketch 
maps of structural and eruptive features were made 
to highlight their spatial distribution (Figs. 2-7). The 
images shown in Figs. 2-7 have been contrast en
hanced to show the maximum detail possible. It is 
important to note that the illumination and viewing 
geometry differ for each SPOT HRV-l image used 
in this study so it is not possible to directly compare 
the albedos of surface units from one volcano to 
another. 

A disadvantage of the SPOT HRV-l data is that 
the spatial resolution (10 m per pixel) is too low for 
the identification of closely spaced fissures that oc
cur in the summit regions of the volcanoes (Chad
wick and Howard, 1991). Additionally, in areas 
where many lava flows are juxtaposed, variations in 
surface albedo may be too subtle to discern all 
lava-flow boundaries. For these reasons our interpre
tations concentrate on caldera morphology and the 
general distribution of eruptive features on each vol
cano. Where possible, the boundaries of individual 
flows were mapped, but observations in the field and 
some limited air-photo examinations clearly indicate 
that many more flow units exist on the ground than 
can be distinguished in the SPOT data. Thus, the 
areas denoted as lava flows on the maps (Fig. 2BFig. 
3BFig. 4BFig. 5BFig. 6BFig. 7B) represent only an 
approximation of the distribution of recent lava flows. 
Despite the limitations in resolution, the SPOT data 
still provide many clues to the structural influences 
of the Galapagos calderas on volcano eruptive be
havior. 
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3. Descriptions of Galapagos calderas 

The following section presents the SPOT images, 
sketch maps and descriptions of features that bear on 
our interpretations of caldera morphology, vent ori
entation and vent distribution. 
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3.1. Voldzn Wolf 

The caldera of Volcan Wolf (Fig. 2) has a maxi
mum depth of 660 m. The rim of the caldera is 
slightly elongated along a NW -SE trend (Table 1) 
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Fig. 2. The caldera of Vold.n Wolf. (A) SPOT image. (B) Sketch map. C = clouds in SPOT image; lCB = intra-caldera bench. 
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and shows poorly defined arcuate embayments to the 
west above a major intra-caldera bench. Talus slopes 
extend from the southern rim all the way to the 
caldera floor. The eastern and northern walls are 
composed of talus slopes that are interrupted by 
well-defined breaks in slope. These breaks suggest 
that slumping of talus fans toward the caldera center 
occurs, destabilizing the caldera walls, and promot
ing continuous degradation of the caldera rim. Sev
eral lava flows that originated from vents on the 
eastern summit plateau drape the eastern talus slopes. 
A distinctive lobe of material in the southeastern 
comer of the caldera is interpreted to be a landslide 
deposit. The western segment of the caldera is domi
nated by a major bench, the top of which lies 120 m 
below the rim and 380 m above the caldera floor 
(measurements made from DMA Sheet # 22543). 
The bench has two segments separated by a broad 
ridge of talus that descends from the caldera rim; a 
smaller semi-circular segment occurs to the north, 
and an elongate portion extends to the south. A 
prominent cleft is seen in the southern portion of the 
bench and lava from a vent located to the west has 
flowed across the bench into the cleft and thence 
onto the caldera floor. The caldera floor is elongated 
along a similar NW -SE trend to the rim and is 
covered by pahoehoe lava that issued from vents 
beneath the southwestern wall during an eruption in 
1982 (McLelland et aI., 1989). The pattern of bench 

Table 1 

and talus development within the caldera suggests 
that subsidence is at a maximum in the south and at 
a minimum in the west. 

3.2. Volcan Darwin 

The caldera of Vokan Darwin (Fig. 3) is approxi
mately 200 m deep. There are no major embayments 
in the caldera rim which is very nearly circular 
(Table 0. The most prominent feature is an intra
caldera bench that extends around the two southern 
quadrants of the caldera with an elevation of about 
40 m above the caldera floor. The bench is embayed 
to the south and west on its inward-facing edge but 
the continuity of the escarpment above the caldera 
floor suggests it was isolated by laterally extensive 
subsidence of the inner caldera floor. Detailed NASA 
TOPSAR topographic data indicate that the center of 
the bench is higher than both the inner and outer 
edges (Rowland and Mouginis-Mark, 1993). This 
probably indicates that this central region has been 
built up by the eruption of material from arcuate 
fissures within the bench. An isolated cinder cone 
located adjacent to the caldera wall on the south
western portion of the bench and a small circular pit 
to the south are further indicators that the magmatic 
plumbing extends through the bench (Rowland and 
Mouginis-Mark, 1993). Talus slopes are present be
neath the northern and eastern rims. A small terrace 

Comparison of caldera dimensions in the western Galapagos and Hawai'i 

Volcano Name Maximum Minimum Maximum Estimated Area encompassed Ratio of subaerial area of shield to 
width width depth a volume a by caldera rim area encompassed by caldera rim 
(km) (km) (m) (km3 ) (km2

) 

Volcan Wolf 6.4 5.1 660 9.3 22.8 23.2 
Volcan Darwin 5.6 5.5 200 4.2 23.9 26.6 
Volcan Alcedo 7.4 6.1 260 7.8 41.6 16.9 
Sierra Negra 9.3 7.4 110 5.2 59.8 32.9 
Cerro Azul 4.3 3.2 480 2.8 9.7 56.3 
Voican Fernandina 6.5 4.6 llOO 12.4 20.1 27.1 
Kilauea, Hawaii b 5.0 3.1 140 1.4 15.5 93.6 
Mauna Loa, Hawaii b 4.5 2.7 176 1.0 11.7 438.0 

a Depth measurements are from the highest point of the caldera rim to the lowest elevation of the caldera floor. Taken from Defence 
Mapping Agency topographic maps where available and from Nordlie (1973). 
b Data from Walker (1988). The volume of Kilauea caldera was nearly 1 km3 greater in 1825. Variation in the volume of the central pit 
crater of Halemaumau has totalled 1.65 km3 since 1823 (Walker, 1988). 
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is situated beneath the northeastern segment of the 
caldera rim and is bounded on its inward side by a 
talus slope. To the north of this terrace, talus slopes 
extend from the caldera rim to the floor. 
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Flows originating from arcuate vents have reached 
the caldera floor from the eastern rim. A lava flow 
that issued from a vent on the caldera floor is visible 
in the SPOT image on the northeastern part of the 
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Fig. 3. The caldera of Volcan Darwin. (A) SPOT image. (B) Sketch map. P = pit. Key as for Fig. 2. 
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caldera floor. The web-like pattern is interpreted to 
be the disrupted surface of a ponded lava flow, and 
the TOPSAR data indicate that the crust of the flow 
had cooled to a thickness of about 10m prior to 
remobilizing. 
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o 

3.3. Volcan Alcedo 

Volcan Alcedo is unusual amongst the major 
shield volcanoes of the western Galapagos in that its 
surface is blanketed with a rhyolitic pumice fall 
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I 

Fig. 4. The caldera of Volcan Alcedo. (A) SPOT HRV-l image. (B) Sketch map. R = Rhyolite; ICL = Co-mingled intra-caldera lava. Key 
as for Fig. 2. 
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deposit (Geist et aI., 1994) and a suite of silicic lavas 
has erupted within the caldera as weII as on the 
southwestern flank (McBirney et aI., 1985). The 
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caldera is slightly elongated along a NW -SE trend 
(Fig. 4), reaches a maximum depth of 240 m (Table 
1) and lacks evidence of embayment of the caldera 
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Fig. 5. The caldera of Sierra Negra. (A) SPOT HRV-l image. (B) Sketch map. SR = sinuous ridge; DICB = discontinuous intra-caldera 
bench; VC = Voklin Chico area. Key as for Fig. 2. 
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rim by recent collapse. An intra-caldera bench exists 
at a height of - 100 m beneath the western and 
southern rim. Less continuous benches occur to the 
northeast. 
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3.4. Volcan Sierra Negra 

With the largest caldera by area in the western 
Galapagos (59.8 km2

), Sierra Negra has a maximum 
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Fig. 6. The caldera of Cerro Azul. (A) SPOT HRV-l image. (B) Sketch map. Heavy stipple = phreatomagmatic cone. Key as for Fig. 2. 
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depth of only 110 m. The caldera is slightly elon
gated along a WSW-ENE trend (Fig. 5) which has 
previously been interpreted as the result of the inter-
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section of regional structural trends (Darwin, 1844; 
Nordlie, 1973). The floor of the caldera is the site of 
a sinuous ridge that is most distinctive around the 
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Fig. 7. The caldera of Volcan Fernandina. (A) SPOT HRV-I image. (B) Sketch map. C = clouds in SPOT-I image. Key as for Fig. 2. 
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western and southwestern perimeter and continues in 
a more subdued form toward the east. Field work by 
Reynolds and Geist (1991) indicated that the ridge 
was formed by numerous uplifted and down-dropped 
blocks, many of which have been tilted toward the 
center of the caldera. Based on the TOPSAR data, 
the crest of the ridge averages 60-100 m above the 
adjacent caldera floor. The bright area east of the 
ridge is the site of intense fumarolic activity that has 
produced alteration deposits, predominantly sulfates 
and opal (Delaney et aI., 1973). The pattern of 
intra-caldera bench development at Sierra Negra 
shows a marked contrast between the northern and 
southern portions of the caldera. To the north, irregu
lar movement of the caldera floor has produced a 
series of discontinuous benches that form terraces 
beneath the northern rim. To the south an extensive 
crescentic bench 40 m below the rim extends around 
the same portion of the caldera as the previously 
described sinuous ridge. Historic eruptive activity on 
Sierra Negra has originated within the Volcan Chico 
area adjacent to the northern rim (Delaney et aI., 
1973). 

3.5. Volcan Cerro Azul 

In area, the caldera of Cerro Azul is the smallest 
in the western Galapagos (Table 1), yet it shows the 
most complex development of rim embayments and 
intra-caldera benches (Fig. 6). The caldera is elon
gate along an ESE-WNW trend (Table 1). At its 
northwestern end the rim is scalloped by two embay
ments. The benches within these embayments are 
estimated from photographs to be at the same eleva
tion 200 m beneath the rim and 450 m above the 
caldera floor (topographic data for Cerro Azul are 
not available from the DMA maps, and the TOPSAR 
data are corrupted at this particular location). It is 
thus probable that the collapse pits were once linked 
and flooded by the same lava flows. They were later 
incorporated into the main caldera. A third, less
prominent embayment occurs in the northern rim of 
the caldera. A major intra-caldera bench lies adjacent 
to the southern rim of the caldera. An arcuate vent 
system located close to the back of the southern 
bench has fed an extensive series of flows that 
cascaded to the caldera floor. A prominent cone is 
seen on the eastern segment of the caldera floor. The 

morphology of this cone (see Steadman and Zous
mer, 1988, p. 37) suggests that it was formed by 
phreatomagmatic activity indicating that an intra
caldera lake existed at the time of eruption. A small 
lake was visible during the May 1993 TOPSAR 
flight. 

3.6. Volcan Fernandina 

With a maximum depth of 1100 m, Fernandina 
has the deepest and most markedly elongated 
Galapagos calderas (Table 1). Embayments in the 
northwestern and southeastern sectors of the caldera 
rim extend the elliptical outline of the caldera (Fig. 
7). Prominent benches occur within both embay
ments, the southeastern bench lies 300 m beneath the 
rim and the northwestern bench is 250 m beneath the 
rim. The flat-lying nature of the flows that comprise 
the southwestern bench indicates that they ponded 
within a closed depression which was united with the 
larger caldera by subsequent collapse (Rowland and 
Munro, 1992). The northern wall of the caldera 
shows many slumped blocks and a prominent break 
in slope at the level of the intra-caldera benches. The 
southwestern wall is marked by extensive talus slopes 
that descend from the caldera rim to the floor. 

4. The significance of caldera size 

Previous investigators have commented on the 
large size of the calderas of the western Galapagos 
volcanoes (e.g., Simkin and Howard, 1970; Nordlie, 
1973). This point is illustrated in Table I which 
shows that their volumes are two-nine times that of 
Kilauea caldera and three-twelve times that of 
Mauna Loa, usually considered to be the type exam
ples of basaltic shield volcanoes. The distribution of 
eruptions on the Galapagos shields, as indicated by 
eruptive fissures mapped from aerial photographs 
(Chadwick and Howard, 1991), provides an impor
tant clue to explain the large size of their calderas. In 
particular, Chadwick and Howard (1991) confirmed 
earlier observations (Simkin, 1972, 1984; Nordlie, 
1973) that well-developed radial rift zones do not 
occur on these volcanoes. Subtle preferred trends for 
the alignment of fissures on the flanks of the volca
noes are present, but the spacing and co-linearity of 
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individual vents are not confined to distinctive nar
row zones such as on Hawaiian shields (Chadwick 
and Howard, 1991; Munro, 1992). Additionally un
like Hawaiian shields, there is no evidence for the 
development of fault-bounded subsidence (graben) 
aligned with the subtle concentrations of radial fis
sures. In Hawai'i, these graben have been linked to 
prolonged magma storage within the rift zone (Dela
ney et aI., 1990). Finally, the paucity of tube-fed 
pahoehoe lavas on the flanks of the Galapagos volca
noes (Williams and McBirney, 1979; Simkin, 1984) 
suggests that long-lasting low-effusion-rate eruptions 
are rare, in tum suggesting that efficient, unob
structed links between a shallow magma chamber 
and the surface (Rowland and Walker, 1990) are 
rarely established. This is in contrast to the Kilauea 
and Mauna Loa examples where tube-fed pahoehoe 
comprises 58 and 30%, respectively, of the present 
surface (Greeley, 1987). This evidence leads us to 
conclude that in the western Galapagos, magma stor
age is mostly restricted to a magma chamber beneath 
the central portion of each volcano, and the large 
caldera size is a reflection of this focus of magma 
storage. 

5. The influence of calderas on eruptive fissure 
morphology 

The summit regions of the western Galapagos 
volcanoes are noted for distinctive arcuate fissures 
that form in a circumferential pattern around the 
caldera rim (McBirney and Williams, 1969; Simkin, 
1972; Simkin and Fiske, 1986; Chadwick and 
Howard, 1991). Although similar fissures have been 
observed in limited numbers at other volcanoes [e.g., 
Niuafo'ou, Tonga (Newhall and Dzurisin, 1988), 
Piton de la Fournaise on Reunion, and Deception 
Island (Baker et aI., 1975)], their dominance in the 
summit regions of the western Galapagos seems to 
be unique amongst basaltic shield volcanoes. We 
propose that in the Galapagos, this pattern has devel
oped as a consequence of a radially oriented least
compressive stress ((T3) that is set up in the summit 
regions due to the large calderas. 

The arcuate traces of the fissures may be ex
plained by the structural effect of the caldera wall on 
subsurface dike propagation. A propagating dike is 

attempting to grow in three directions (horizontal 
propagation, vertical propagation and horizontal 
widening). The most difficult of these is the widen
ing meaning that the dike will preferentially orient 
itself so that this widening can work against (T 3 

(e.g., Nakamura, 1977). Observations at Mt. Etna in 
the vicinity of the Vale del Bove, a major escarp
ment on the eastern flank, provide an essential anal
ogy to the Galapagos case being examined here. 
Measurement of surface ground displacement during 
intrusion emplacement indicates that the Valle del 
Bove alters the near-surface stress regime such that 
the direction of dike propagation and subsequent 
fissure development is parallel to the trend of the 
escarpment (McGuire and Pullen, 1989; McGuire et 
aI., 1990). The up to 1000-m-high Valle del Bove 
escarpment provides an unbuttressed surface orient
ing (T 3 perpendicular to its face. Dikes orient them
selves so that their direction of widening is parallel 
to this (T 3 meaning that they are propagating parallel 
to the escarpment. Even if a dike initially propagates 
in a direction that would ultimately intersect the wall 
of the Valle del Bove, it deviates such that it be
comes parallel (McGuire and Pullen, 1989). 

The deep Galapagos calderas are analogous to the 
Valle del Bove except that rather than being the 
heads of large amphitheaters, they are closed depres
sions. Any dike approaching the summit in the vicin
ity of the calderas will be perturbed by this inwardly 
radial (T3 and orient itself parallel to the caldera 
wall. Repeated collapses of the caldera walls provide 
a means for maintaining the stress regime that allows 
continued development of arcuate fissures. Such col
lapse is evident from the description of eruptions at 
Volcan Fernandina in 1988 (Chadwick et aI., 1991) 
and 1991 (Perez-Oviedo, 1991). The calderas not 
only modify the orientations of dikes so that they 
form arcuate vents, but also provide the means for 
sustaining the conditions that lead to continued intru
sive activity within the central zone of the volcano. 

However, it is important to note that three of the 
six active calderas (Darwin, Alcedo and Sierra Ne
gra) are not particularly deep, yet arcuate fissures 
still occur in profusion around them. For example, 
most historic Sierra Negra eruptions have occurred 
from an arcuate fissure complex (Volcan Chico; 
Delaney et aI., 1973), so it is clear that arcuate dikes 
will develop in the vicinity of shallow Galapagos 
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calderas as well. These shallow calderas are infilled 
with ponded lavas which are probably sagging into 
the center of the volcano (e.g., Walker, 1988). This 
inward sagging may be sufficient to maintain a radial 
(J3 in the summit region even when the calderas are 
nearly infilled. Thus the pattern of arcuate fissure 
development may be sustained throughout volcano 
construction. 

6. Mechanisms for caldera formation on the 
Galapagos islands 

The western Galapagos calderas can be grouped 
into two categories based on their present depths. 
There is no way of surmising whether or not the 
patterns we observe today prevailed throughout the 
construction of the edifice, although this seems un
likely; studies in Hawai'i have shown that basaltic 
calderas infill and collapse many times during the 
life of the volcano (Holcomb, 1987; Lockwood and 
Lipman, 1987; Decker, 1987). The calderas of Wolf, 
Cerro Azul and Fernandina are characterized by 
larger depth-to-diameter ratios as well as evidence 
for localized subsidence within the caldera, produc
ing a funnel-like morphology. Their morphology 
suggests that recent rates of subsidence have far 
outstripped recent rates of infilling. These three 
calderas also show development of benches within 
major embayments of the caldera rim. 

With present data it is difficult to assess the 
relationship between the height of these caldera es
carpments (up to ~ 900 m) and the rate at which 
subsidence occurs. Rapid subsidence by 350 m of the 
southeastern portion of the caldera floor at Fernand
ina was recorded by Simkin and Howard (1970) but 
it did not produce a major escarpment, despite caus
ing major displacement of intra-caldera talus. The 
development of huge talus fans banked against the 
intra-caldera scarps, many of which are vegetated, 
suggests that such large subsidence events are infre
quent. Additionally, many of the talus fans extend 
from the caldera floor almost to the bench tops or 
even the caldera walls suggesting that accumulation 
has continued for extensive periods of time. This 
suggests that subsidence may result from a series of 
small events insufficient to displace the talus fans 
but in total sufficient to produce major escarpments. 

The calderas of Darwin, Alcedo and Sierra Negra 
show low depth-to-diameter ratios and limited evi
dence for recent subsidence events. The caldera rims 
show no embayments and intra-caldera benches are 
not prominent. 

Two scenarios that may be responsible for the 
variation in caldera size and the patterns of subsi
dence in the Galapagos are: (1) that caldera subsi
dence is a function of the relationship between the 
rate at which lavas infill the caldera and the rate at 
which magma is withdrawn from the magma cham
ber; (2) or that the shape of the magma storage 
complex determines the dimensions and subsidence 
behavior of each caldera. Studies of Mauna Loa and 
Kilauea (King, 1989) show that magma supply rates 
to these volcanoes from their common mantle source 
are approximately the same over periods of 104 

years but over shorter time spans « 102 years) 
either volcano may dominate the eruptive record 
(and by inference magma supply; Klein, 1982). In 
the western Galapagos, nine volcanoes may be 
"competing" for the same mantle magma source 
(historic eruptions have also been recorded on Santi
ago, Marchena and Pinta islands; Simkin and Seib
ert, 1994). Thus for our first scenario, it is possible 
that structural conditions at individual volcanoes may 
provide a (perhaps temporally varying) preferential 
environment for the transport of magma. The deeper 
calderas (Wolf, Cerro Azul and Fernandina) may be 
currently in a phase of high magma supply rate 
whereas those that are shallower (Darwin, Alcedo 
and Sierra Negra) may be currently supplied at lower 
rates. The former group would be expected to erupt 
more frequently (which is the case for the historical 
record) because the higher supply rates lead to more 
rapid overpressuring of the magma-chamber walls. 
As long as replenishment of the magma chamber 
proceeds at a slower rate than the time-averaged 
discharge during eruptions, these eruptions would 
eventually lead to an unsupported roof and, in tum, 
to collapse. 

There is little evidence to support a direct rela
tionship between eruptions and collapse. In 1968, the 
collapse of the caldera floor at Volcan Fernandina 
resulted in an increase in caldera volume of 1-2 km3 

but the total volume of magma (estimated from the 
extent of lava flows and tephra deposits) that was 
erupted subaerially was less than 0.1 km3

, and no 
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Fig. 8. The proposed effect of variation in the shape of a coherent intrusive sheet complex (Walker, 1988, 1992) on caldera morphology. 

evidence was seen for the occurrence of large sub
marine eruptions that might compensate for the dis
crepancy in volumes (Simkin and Howard, 1970). 
More likely the small erupted volume was sufficient 
to trigger what had been a potential collapse that had 
been built up by numerous previous eruptions. Addi
tionally, the 1979 eruption Sierra Negra produced 
0.3-0.6 km3 of lava with no recorded collapse. This 
volume is based on a lava delta that covers a surface 
area of 56 km2 (mapped in SPOT data; Munro, 
1992), with an estimated thickness of 5-10 m. 

The second scenario to explain the variations in 
size and morphology of the Galapagos calderas is 
that they are dependent on the morphology of a 
coherent intrusive sheet complex (Walker, 1988, 
1992). As the volcano grows, an intrusive sheet 
complex develops at the base of the central magma 
chamber, in part because of limited lateral movement 
of the volcano flanks. Fig. 8 is an idealized represen
tation of the manner in which the variation in mor
phology of an intrusive sheet complex may influence 
the size and morphology of a basaltic caldera. Where 
the development of the sheet complex is laterally 
restricted, the same volume of subsidence produces a 
deeper caldera (i.e., Wolf, Cerro Azul, Fernandina) 
and vice versa (i.e., Darwin, Alcedo, Sierra Negra). 
Significantly, this alternative model implies that the 
morphological characteristics of each caldera will be 
relatively constant for long periods of time, perhaps 

throughout the life of the volcano. This is unlike the 
varying-supply model where we might expect to see 
a wide variety of subsidence behavior over long 
periods of time and consequently a greater range of 
caldera morphologies at each shield. 

The existence of an intrusive sheet complex be
neath the calderas of the Galapagos shield volcanoes 
can currently only be considered as conjecture. Such 
structures have been proposed to have existed be
neath major Tertiary volcanic centers in Scotland 
(Walker, 1992) but may only be observed at consid
erable erosional depths. However, as pointed out 
above, it is equally difficult to present convincing 
evidence for a model of caldera formation related to 
magma supply rates. 

7. Conclusions 

The distribution and characteristics of eruptive 
activity and the morphology of the calderas of the 
major shield volcanoes of the western Galapagos, as 
interpreted from SPOT -1 satellite images, suggest 
that the calderas evolve in association with a central 
magma chamber that is essentially the sole site of 
magma storage for each volcano. The caldera walls 
impose a structural regime that favors the develop
ment of arcuate fissures adjacent to the caldera rim. 
The calderas show a variation in patterns of subsi-
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dence that suggest the nature of magma storage 
within the edifice is unique for each shield. Two 
possible mechanisms are considered for the develop
ment of the Galapagos calderas: (1) repeated evacua
tion and replenishment of a high-level magma cham
ber at differing rates for each volcano; (2) develop
ment of coherent intrusive complexes with varying 
morphologies. There is no doubt that more data are 
needed to constrain these scenarios, and of particular 
importance is a better understanding of the ratios of 
intrusive to extrusive volcanics within Galapagos 
volcanoes. Possibly characterization of the internal 
density structure of these volcanoes using seismic or 
gravity data would yield significant insight to this 
problem. 
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