JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 106, NO. B2, PAGES 1987-2003, FEBRUARY 10, 2001

Transition from circular to stellate forms of submarine volcanoes

Neil C. Mitchell'
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Abstract. Large volcanic islands and guyots have stellate forms that reflect the relief of radiating
volcanic rift zones, multiple volcanic centers, and embayments due to giant flank failures. Small
mid-ocean ridge volcanoes, in contrast, are commonly subcircular in plan view and show only
embryonic rift zones. In order to characterize the transition between these two end-members the
morphology of 141 seamounts and guyots was studied using the shape of the depth contour at half

the height of each edifice. Irregularity was characterized by measuring perimeter distance,
elongation, and moment of inertia of the contours, assuming an "ideal" edifice is circular. The
analysis reveals a general transition over 2-4 km edifice height (best transition estimate 3 km),
while some large edifices 4-5 km high show no major embayments or ridges, suggesting
considerable variation in the effectiveness of mechanisms that cause flank instability and growth
of rift zones. The various origins of the transition are discussed, and the upper limit of magma
chambers, many of which lie above the basement of the larger edifices, is proposed to affect the
morphologic complexity via a number of mechanisms and is an important factor affecting the
mode of growth. The origins of the truncated cone shape of mid-ocean ridge volcanoes are also
discussed. Of the eruption mechanisms that have been proposed to explain their flat summits, the
most likely mechanisms involve eruption from small ephemeral magma bodies lying within the
low-density upper oceanic crust. The discussion includes speculations on factors affecting the

depths of magma chambers beneath oceanic volcanoes.

1. Introduction

Small mid-ocean ridge volcanoes are simple round truncated
cones with collapse pits, craters, or calderas in their summits
[Hollister et al., 1978]. Large seamounts, guyots, and volcanic
ocean islands have more complex shapes, however, showing
multiple volcanic centers, radiating ridges interpreted as volcanic
rift zones, and embayments associated with lobes deeper in
seamount flanks believed to represent debris avalanches [Vogt and
Smoot, 1984]. The mid-ocean ridge volcanoes in Figure 1 and El
Hierro of the Canary Islands in Figure 2 illustrate these two
morphological extremes. While mid-ocean ridge volcanoes show
a variety of forms [Batiza and Vanko, 1983], they are clearly
simpler features compared to El Hierro island. Vogt and Smoot
[1984] noticed this transition in the Geisha Guyots and proposed
that the variation from small round volcanoes to large stellate
guyots represented edifices where volcanic activity had terminated
at different stages, with large edifices having progressively
developed rift zones and archipelagic aprons of debris with
associated collapse structures. Binard et al. [1992] described
young seamounts of the southeast end of the Society and Austral
volcanic island chains, which show incipient rift zones on 1800 m
high edifices and well-developed rift zones on 3700-4000 m high
edifices, though no clear evidence for flank collapses.

With the accumulation of multibeam sonar data from mid-
ocean ridges and new data on large oceanic islands such as El
Hierro revealing details of landslides and other erosional and
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volcanic features, it is timely to reexamine this transition. In the
following, the edifice height over which the morphologic
transition occurs is quantified, and the factors that contribute to
the stellate form are discussed in the light of the transition height
value and current ideas on the development of rift zones and flank
collapse. The dominant cause of the morphologic transition is
proposed to be the upper limit of magma chambers within
edifices, with some small volcanoes having shallow ephemeral
magma chambers within their basement and with many tall
volcanoes having magma chambers above their basement. The
term "seamount” is loosely used to refer to all submarine volcanic
edifices regardless of size.

2. Seamount Selection

Seamount midheight contours are shown in Figure 3, arranged
in order of edifice height and with their scales normalized so that
the shapes of small and large edifices can be compared. Figure 4
shows their locations. Seamounts were selected according to
whether they appeared to be isolated volcanic structures, avoiding
those obviously affected by later faulting or where summit
calderas breached edifice walls. The selection is inevitably
imperfect as the small seamounts are created during short-lived
volcanic events, whereas large edifices grow over longer periods
often with multiple volcanic centers [Batiza and Vanko, 1983].
Many of these seamounts were created in chains above mantle
melting anomalies, so relatively isolated edifices were selected to
avoid volcanoes that were coalesced along the chain. The
following analysis shows that elongations (aspect ratios) of the
large and small edifices are not significantly different so the
selection was at least consistent in this respect. For some features
a contour slightly above the midheight provided a better
representation of the shape of the main volcano. For example, a
satellite volcano in seamount 137 (Figure 3) was excluded by
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Figure 1. A small chain of mid-ocean ridge volcanoes (data from a multibeam synthesis [Keeley et al., 1994]).
Contours are every 100 m. The midheight contours are darkest. Note that the westerly volcano has a slight east-
southeast protrusion and the far easterly volcano may consist of two volcanic centers, but otherwise they are

relatively circular structures.

choosing a higher contour level (138). The following
characteristics are shown for both the midheight contours and the
alternate contours.

Heights were measured directly from contour maps to the base
of each structure, a procedure that ignores sediment ponded
around the base (biasing heights by mostly <500 m based on
regional seismic data [Ewing et al., 1968]). Heights may be
overestimated for northcentral Pacific guyots because of thick
summit carbonate caps [Winterer et al., 1995], but guyots are
taller than the height transition so overestimation will not affect
the resolved transition value. Height estimates also ignore effects
of edifice subsidence due to loading, although this should also
affect only the largest edifices. The following graphs give the
heights of guyots adjusted for erosion by using the correlation
between elevation and area for modern volcanic islands [Vogt and
Smoot, 1984]. The regression in Figure 5 was used to predict
original island elevations (horizontal shaded band) from guyot
summit areas (crosses), assuming that the majority of these guyot
tops are erosional features rather than carbonate platforms
[Winterer et al., 1995]. From the data dispersion in Figure 5, the
adjustment uncertainty is generally <1000 m.

The contours of small seamounts were mostly extracted from
gridded multibeam echo sounder data from mid-ocean ridges.
These include ridges off the west coast of the United States
[Keeley et al., 1994], northern and southern East Pacific Rise
[Macdonald et al., 1992; Scheirer et al., 1996], and three
Cretaceous seamounts near Hawaii [Moore and Chadwick, 1995]
(National Ocean Service data from the National Geophysical Data
Center). Data spatial resolution is nominally 100, 300, 200, and
200 m for the Keeley et al. [1994], Macdonald et al. [1992],
Scheirer et al. [1996], and National Ocean Service data sets,
respectively. Actual resolution of the Macdonald et al. [1992]
data set is coarser than 200 m because it includes lower-resolution
sonar data, but there is no substantial anomaly in their shape

characteristics. The EI Hierro multibeam data (Figure 2) were
filtered and resampled to 1500 m resolution so that the extracted
1300 m contour (H in Figure 3) had a similar level of detail to the
other data sets.

Contours were digitized from the sources given in the
accompanying electronic supporting material'. The source charts
are of varied quality, and some had been hand-drafted or had
incomplete multibeam coverage, but the qualitative detail of these
contours appears similar to that of contours extracted from digital
data. The number of nodes representing each contour (Figure 6b),
a measure of proportional resolution, is similar for both short and
tall edifices. The contour level for guyots was taken at half the
estimated original height before erosion.

Figure 3 shows the expected progression [Vogt and Smoot,
1984] from almost circular small mid-ocean ridge volcanoes to
irregular large seamounts and guyots. Figure 3 also shows
considerable variation, however. Some small volcanoes are
significantly irregular, such as 19, 42, and 43. Contours 116 and
124 show promontories of radiating rift zones (edifices near
Lowrie guyot [Smoor, 1989]) and 124 shows a landslide
embayment on its north side (Makarov guyot [Vogt and Smoot,
1984]), but some contours of tall edifices are nearly circular, and
their source maps can show a lack of obvious rift zones or
landslides, for example, contours 125 and 143.

3. Characterizing Irregularity

Assuming an ideal seamount is circular, three dimensionless
shape characteristics were calculated [Mitchell, 1998]. Each

'Supporting table is available via Web browser or via Anonymous FTP
from ftp://kosmos.agu.org, directory "apend" (Username = "anonymous",
Password = "guest"); subdirectories in the ftp site are arranged by paper
number. Information on searching and submitting electronic supplements
is found at http://www.agu.org/pubs/esupp_about.html.
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Figure 2. Multibeam bathymetry for El Hierro island of the Canaries [Masson et al., 1998] showing embayments
due to landslides and radiating volcanic ridges [Carracedo, 1994; Gee, 1999]. Multibeam bathymetry extends to
within a few hundred meters of sea level, and intervening areas are interpolated. (Data are courtesy of D.G. Masson

of the Southampton Oceanography Centre, England.)

contour in Figure 3 is represented by a series of nodes forming a
closed polygon. Perimeter distance, defined as the sum of
distances between the nodes (r,), normalized by dividing by the
circumference of a circle with the same area, was calculated from
each polygon (units are omitted since the characteristics are

dimensionless):
Y

p=—i
2ma

M

where a = VA/T and A is the area of the polygon.

Elongation (aspect ratio) was calculated from the ratio of length
scales required to subdivide each polygon by area in two
orthogonal directions as follows (Figure 7). The contour was first

used to generate a gridded version of its shape with grid values set
to 1 inside the polygon and O outside. The grid was searched for
the center of mass ("o" in Figure 7) by finding two orthogonal
lines that each bisect the polygon by area, and locating their
intersection. The direction of elongation was found by searching
for a line through "o" which has the minimum sum of distances to
all grid points within the polygon. The elongation line (through c-
d in Figure 7) divides the area in two. The two halves of the
polygon were further bisected by area to give points a and b in
Figure 7, and similarly, ¢ and d were found by bisecting areas in
the orthogonal direction. Elongation (e) was then calculated from
the ratio cd/ab.

Moment of inertia (MOI) was calculated about the center of
mass. Each polygon was represented by a thin plate and its MOI
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Figure 3. Compilation of midheight contours of seamounts arranged in order of increasing full height (given to the
right of each row) and shown with scales normalized by dividing their dimensions by square root of area so that
shapes of small and large seamounts can be compared. Legend in the key refers to data from El Hierro [Masson et
al., 1998], northern East Pacific Rise (EPR) [Macdonald et al., 1992], northeast Pacific [Keeley et al., 1994], near
Hawaii [Herlihy et al., 1988], and southern EPR [Scheirer et al., 1996]. Sources of digitized guyots and seamounts
are given in the electronic supporting material for this paper. Heights of guyots are adjusted for erosion. Where
edifice contours were digitized at two different heights, the two contours are associated by a dash. Note the
generally increasing irregularity down the figure, reflecting growth of volcanic rift zones and embayments due to
landsliding but also increasing variability of forms.

[Masson, 1996], and further embayments along its southwest and
southeast sides also reflect flank collapses [Carracedo, 1994; Gee,
1999]. The northeast, west, and south promontories of the island
represent a "Mercedes" star of rift zones [Carracedo, 1994]. MOI
reflects the general varied shape of contours with height; for
example, large MOI at 1 km depth (-1 km in Figure 8) reflects the
embayments and promontories between them. MOI decreases
with depth to 3 km because the depositional aprons of debris
avalanches create convex contours across embayments and hence
a more nearly circular outline. Perimeter distance shows no
systematic variation because changes in shape are compensated by
increasing numbers of contour nodes, and hence contour detail,
with depth. The gradual variation in both characteristics at 1 km
depth means that the exact choice of contour level is not
important, although contours slightly above midheight are
preferable for representing landslide embayments.

divided by the MOI of a circular disc with the same area:
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where A is the grid cell spacing and d, are the distances from
to each grid cell. MOI is strongly correlated with elongatlon
[Mitchell, 1998] so the second term in (2), which is the MOI of an
ellipse with elongation e, was subtracted to produce a more
independent characteristic for the following graphs. The final
constant (0.1) was added to ensure that the results are positive and
to allow plotting with logarithmic scales. MOI is potentially
useful because it is sensitive to the distribution of area away from
the center. Star-shaped polygons, with promontories due to
radiating flank rift zones, may have little elongation and moderate
perimeter distance depending on the detail of the contour but
should have large MOI owing to the widely spread promontories.

MOI is also preferred because it is less sensitive to digitizing
accuracy than perimeter distance.

To illustrate their application, perimeter distance, elongation,
and MOI were calculated for each 100 m closed contour of El
Hierro island, and Figure 8 shows these characteristics plotted
versus contour height. Figure 2 shows an embayment on El
Hierro’s north side caused by the El Golfo debris avalanche

4. Results

Perimeter distance is shown in Figure 6a (top), with both
directly measured and extrapolated heights for guyots shown
connected by dashed lines. Vertical solid lines connect values
derived from alternative contours of the same seamount (i.e.,
contours in Figure 3 connected by dashes). Figure 6a (bottom)
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Figure 4. Locations of seamounts in Figure 3. Clusters marked NE Pac, N EPR, S EPR Hawaii, and Hierro mark
data taken from digital data sets (annotation representing northeast Pacific, northern East Pacific Rise, southern East
Pacific Rise, and data from near the Hawaiian islands and El Hierro, respectively). All other seamounts were
digitized from published maps. Solid, dashed and dotted lines represent plate boundaries and 30 and 60 Ma

isochrons, respectively [Muller et al., 1997].

shows average perimeter distance calculated within 1 km height
bins (solid circles) and 2 km height bins (large open circles) using
the extrapolated guyot heights. Perimeter distance might be
expected to increase with edifice size simply because assuming
that midheight contours are fractal-like, the sonar will resolve
increasingly better detail. However, because of the coarse nature
of the published charts and contours digitized from them, the
number of contour nodes for large edifices is similar to those for
small edifices (Figure 6b) so the change in perimeter distance here
is not an artifact. Figure 6¢ shows no resolvable change in mean
elongation across the whole range, showing that seamounts were
selected with uniform average aspect ratio. Figure 6 shows a
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Figure 5. Maximum elevations of volcanic ocean islands [Vogt
and Smoot, 1984] which are used to adjust guyot heights for
subaerial erosion. The straight line is a logarithmic least squares
regression. Crosses show the range of guyot summit areas, and
shading shows the range of inferred elevations using the
regression.

general transition between 2 and 4 km for mean MOI. A
confidence test applied to perimeter distance and MOI shows that
the 0-2 km group is statistically different at the 95% level from the
2-4 km and 4-6 km groups, while the 2-4 km and 4-6 km groups
are indistinguishable at 95%.

The best estimate of the transition height is defined here as the
height corresponding to half the total change in a characteristic
using the 0-1 km and 4-6 km averages as end-members. Using the
characteristics averaged in 1-km bins as the dependent variable,
transition heights are 2.8 and 3.0 km for perimeter distance and
MO, respectively. As a conservative measure of the uncertainty
range, a 2-km running mean was computed, and the uncertainty
range is defined as that where the running mean was within 26 of
the transition value, accounting also for uncertainty in the
transition value. The transition heights and uncertainties are
therefore 2.8 (1.6<0) and 3.0 (2.0-0) km for perimeter distance
and MOI, respectively, where the upper uncertainty limits are
undefined because of data variability. Considering also the ~500
m uncertainty in measuring edifice heights, the transition occurs at
a minimum height of 1.5 km for MOI. The data set is too small to
show the structure of the transition, but Figures 6a and 6d are
more consistent with a gradual than with an abrupt transition.
Furthermore, while large seamounts are on average more irregular
than small seamounts, the variability of forms is also greater, such
that near-circular forms of some large seamounts lead to small
irregularity characteristics.

For comparison with the transition in Figure 6, Figure 9 shows
the lengths of rift zones. Short rift zones in small edifices are
difficult to interpret from bathymetry alone, and ridges left by
adjacent flank failures could be mistaken for rift zones.
Nevertheless, linear features are interpretable on edifices higher
than 2000 m and become dramatically longer where the edifice
height was >5000 m, a feature attributed [Vogt and Smoot, 1984]
to efficient transport of low-viscosity magma down rift zones.
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Figure 6. Characteristics of the midheight contours in Figure 3 shown versus total edifice height. (top) Dashed
lines connect heights of guyots taken directly from charts and their heights adjusted for subaerial erosion. Symbols
represent characteristics of hand-digitized contours (triangles) and contoured digital data from northern and
southern EPR (solid circles), northeast Pacific ridges (open squares), near Hawaii (solid diamonds), and El Hierro
island (inverted triangle). Vertical solid lines connect measurements for the alternative contours associated by
dashes in Figure 3. (bottom) The characteristics averaged in 1-km and 2-km bins are shown (error bars are 10).
Perimeter distance and moment of inertia show a transition over 2-4 km edifice height.

Binard et al. [1992] interpreted rift zones from bathymetry of two
seamounts in the Society chain that were shallower than 2000 m,
but otherwise the general lack of major ridges interpretable as rift
zones in edifices smaller than 2000 m [Batiza and Vanko, 1983]
supports the idea that there is a fundamental change in the way
volcanoes grow above 2000 m.

5. Discussion

The question of why there is a change to stellate volcano forms
with volcano height prompts the question as to why small mid-

Figure 7. [lustration of how the direction of elongation and
aspect ratio of the contours are calculated (example shown is the
coastline of Pico island of the Azores). The letter "o" is the
polygon's center of mass, and points a, b, ¢, and d (area bisectors
along the lines shown) are used to calculate the polygon's
elongation or aspect ratio.

ocean ridge volcanoes are circular, so this is addressed first.
Likely explanations imply that they are fed from small ephemeral
magma bodies within the upper oceanic crust. The origin and
transition to the stellate form are then addressed. The discussion
develops the following interpretation for seamount growth (Figure
10). Small mid-ocean ridge seamounts grow with magma bodies
within their basement (at the brittle-ductile transition [Smith and
Cann, 1992] or at shallow density-trapping or freezing levels).
The horizon of neutral buoyancy lies close to the seafloor initially
[Hooft and Detrick, 1993] so intrusion can create shallow
laccoliths and sills [Lonsdale, 1983; Staudigel and Schminke,
1984], and eruption from cone sheets and other mechanisms can
create flat-topped volcanoes. With further growth, magma bodies
continue to lie within their basement until the seamount reaches 2-
4 km height at which point some magma bodies can lie above
edifice basement, leading to morphologically more complex
stellate volcanoes because of more efficient supply of magma to
rift zones and other processes.

5.1. Origin of the Flat-Top Form of Mid-ocean Ridge
Volcanoes

The processes involved in growth of mid-ocean ridge volcanoes
have been addressed by many authors from submersible field
observations, sampling, and sonar data and by comparison with
volcanoes in the Galapagos islands and central volcanoes on
Iceland, which are arguably the closest subaerial analogues of
mid-ocean ridge volcanoes. Various arguments suggest that
magma chambers beneath these volcanoes, where they exist, are
probably shallow.
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Figure 8. Characteristics calculated for the innermost closed
contour of El Hierro island (Figure 2). The gradual variation in
perimeter distance and moment of inertia (MOI) at around -1 km,
the midheight of the edifice, implies that the exact choice of
contour level is unimportant for representing edifice shape.
Contours deeper than -1 km have smaller MOI than higher
contours because depositional aprons of debris avalanches smooth
contours across embayments, leading to more nearly circular
contours.

5.1.1. Eruptive ring dike or cone sheet model. To explain
flat-topped oceanic volcanoes, Batiza and Vanko [1983] preferred
the explanation of Simkin [1972] for Galapagos volcanoes in
which eruptions from ring dikes progressively fill the encircled
region because of its small area compared to the volcano flanks,
leading to a flat summit. McBirney and Williams [1969] also
attributed the steep upper slopes of Galapagos volcanoes to lateral
distension by ring dike intrusions. Possible eruptive
circumferential ring fractures on seamounts have been observed
with sonar and submersible [Batiza et al., 1984, 1989; Lonsdale
and Spiess, 1979]. Figure 11 compares the slopes of an oceanic
volcano with those of three Galapagos volcanoes and shows that

1993

differences can mostly be attributed to the difference between
subaerial and submarine lava eruption.

Some evidence suggests that cone sheets rather than ring dikes
are involved. Walker [1984] noted that vent rings in some
subaerial volcanoes lie outside central calderas and are more
consistent with their being fed by cone sheets than by vertical ring
dikes. Circular volcanic ridges and summit benches [Batiza et al.,
1989; Batiza and Vanko, 1983] are likely submarine equivalents of
subaerial vent rings and they also occur outside collapse calderas,
suggesting a different origin, as also supported by the observation
that lava erupted at rapid rates in summit benches predate caldera
collapse [Batiza et al., 1989]. Eddy et al. [1998] interpreted a
200-m-high mound of pillow lava in the Troodos ophiolite on
Cyprus as a small seamount fed from a shallow magma body. The
edifice shows inward dipping sheets which are cut by outward
dipping dikes and near-vertical faults, a sequence they attributed
to cone sheet intrusion during eruption followed by collapse
associated with caldera formation. Eroded central volcanoes on
Iceland also commonly reveal massive complexes of centrally
inclined sheets [Gautneb and Gudmundsson, 1992; Gautneb et al.,
1989; Gudmundsson, 1998b]. Modeling of Galapagos volcano
stresses [Chadwick and Dieterich, 1995] suggests that
circumferential dikes are probably not vertical but inclined.
Furthermore, the interpretation of hyaloclastites on summits as
caused by lavafountaining [Batiza et al., 1984; Smith and Batiza,
1989] implies magma overpressure as required for cone sheet
intrusion.

To explore the eruption geometry and likely depths of the
sources of cone sheets, Figure 12 shows the orientations of
maximum compressive stress in Gudmundsson’s [1998b] model
for elastic deformation around overpressured shallow magma
chambers beneath Icelandic central volcanoes. The points on the
chamber wall where rupture is most likely to occur (solid circles
in Figure 12) have maximum compressive stress axes oriented 45°
from the vertical, which correspond to the average dip of sheets in
field mapping [Gautneb and Gudmundsson, 1992]. Sheets are
predicted to intrude parallel to maximum compressive stress, to be
steeply dipping above the chamber and shallower dipping to the
sides, as observed in the field mapping, and to curve becoming
steeper toward the free upper surface. The model is clearly
simplistic, ignoring chamber geometry, loading by the volcano,
and any regional (tectonic) loading, but it suggests a rough
correspondence between the width of the area of eruption and the
depth of the chamber. For the sake of argument, if the most
common dip of sheets is 45° (corresponding to the stress minima
at the chamber walls in Figure 12) and if it is assumed that they
are the outermost sheets most likely to erupt around the summit
margins, the summit diameters of flat-topped seamounts
correspond to chamber depths as shown in Figure 13a. Figure 13b
shows source depths (right coordinate scale) calculated from the
summit diameters assuming an outer eruptive sheet dip angle 8 of
45° (the average dip observed in Icelandic central volcanoes
[Gautneb and Gudmundsson, 1992], the British Tertiary Province
[Richey, 1961], and Gran Canaria cone sheets [Schirnick et al,
1999]). Considering that Figure 13a ignores the finite width of the
magma chamber and that arcuate summit benches could be the
main locus of eruption [Batiza et al., 1989] rather than the summit
edges, this geometry will overestimate chamber depths, while
ignoring sheet curvature will underestimate their depths. The dips
of eruptive cone sheets are speculative in this model, but it can
probably be inferred that most sources lie within the upper oceanic
crust (Z<2 km in Figure 13b) rather than several kilometers deep
in the lower oceanic crust.
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Figure 9. Rift zone lengths of some edifices studied here (triangles) and from Vogt and Smoor [1984] (other
symbols). Open symbols show data where edifice heights were measured directly, while solid symbols represent
heights of guyots extrapolated to account for subaerial erosion. For the Vogr and Smoot [1984] data, heights were
also adjusted for sediment thickness. Circles and squares associated by dashed lines show maximum and average
lengths for each edifice. Crosses show individual lengths for small edifices. Vogr and Smoot [1984] mention that
no rift zones were interpretable below 2000 m edifice height. Rift zones only above 2500 m and rapidly increasing

lengths for edifices originally taller than 5000 m are shown

The truncated cone form (Figure 11a) could therefore be
explained simply if magma rising from depth sometimes stalls in
the upper oceanic crust where it encounters extrusive rock of low
density and temperature and intrudes small ephemeral laccoliths.
As the laccoliths inflate, they extend the overlying crust and feed
cone sheets with a range of dips, though with the dominant
eruptive sheet corresponding to the preferred intrusion dip of 45°.
Arcuate summit benches [Batiza and Vanko, 1983] may reflect
irregular magma transport up cone sheets, while the steep outer
talus slope (~30°) reflects the disintegration of material from the
outer edge created by the outermost eruptive cone sheets. The
outer slope could also be steepened by noneruptive cone sheets
intruded below the outermost eruptive sheet as suggested for
Galapagos volcanoes [Williams and McBirney, 1979], and dilation
above noneruptive cone sheets could be the cause of the
circumferential fractures. The variable flatness of mid-ocean
ridge volcanoes [Smith, 1996] could merely reflect variable
laccolith depth, with deep laccoliths leading to flat volcanoes,
while sharp cones occur where magma has erupted directly
without stalling in the extrusive layer. Sagging or collapse
associated with satellite eruptions, intrusions or magma

a) Small mid-ocean ridge volcano.
High level ephemeral chamber within
upper oceanic crust sources cone sheets

X

avalanche

contraction on cooling or degassing can later produce summit
calderas, craters, and collapse pits [Batiza et al., 1984; Fornari et
al., 1984; Smith and Batiza, 1989], so cone sheet intrusion and
collapse structures are not necessarily incompatible. If gas drive
is relatively unimportant in deep water eruptions, a possible
objection to the cone sheet model is that shallow (<1 km depth)
magma bodies may not have sufficient overpressure from
lithostatic loading to erupt because overlying extrusive rocks have
lower mean density than the magma [Smith and Cann, 1992].
However, initial inflation of the laccolith would probably lead to
intrusions into the overlying carapace which rapidly solidify to
raise the density of the lid sufficiently to allow eruption [Lonsdale,
1983]. Bryan et al. [1994] interpreted some short (<100 m high) -
flat-topped edifices as megatumuli (inflated crusts of surface lava
deltas or lakes), an analogous explanation to the one here,
although their structures represent more superficial inflation.
Caldera dimensions provide clues to magma chamber
geometry. The open circles in Figure 14 show diameters of
calderas and craters observed in multibeam and side-scan sonar
data sets [Barone and Ryan, 1990; Cochran et al., 1993; Scheirer
et al., 1996] which were supplemented with other published

b) Tall seamount

Magma chambers frequently lie above base and
feed dikes to flank rift zones, flank eruptions.
Debris avalanches triggered by oversteepening,
intrusions, seismicity and pore fluid overpressures.

Ld
« - d?ke
into

rift zone

Figure 10. Summary of the speculative origins of the two morphological end-members. VRZ represents volcanic

rift zone.
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Figure 11. (a) A typical flat-topped volcano of the southern East Pacific Rise [Scheirer et al., 1996]. (b) Slope
profile representation of the volcano showing successive 10% levels of the slope distribution (fine lines), median
slope (bold line), and mean slope (solid circles). The shaded line near 30° represents the slopes of basaltic talus
ramps measured from submersible dive profiles [Mitchell et al., 2000] showing that the flanks are probably talus
ramps as often observed [Fornari et al., 1984; Batiza et al., 1989]. Above 2400 m, the summit is not perfectly flat
but is irregular. (c) Mean slope profiles of Galapagos volcanoes [Mouginis-Mark et al., 1996]. Symbols represent
the three "inverted soup-bowl"-shaped volcanoes: Wolf (diamonds), Cerro Azul (circles), and Fernandina (stars).
The profiles, in contrast to oceanic volcanoes, show steepening toward summits and a relatively abrupt summit

transition. The lower slopes of Galapagos volcano aprons reflect the greater mobility of subaerial lava [ Simkin,
1972].

measurements [Batiza and Vanko, 1983; Clague et al., 2000a; Figure 14a shows negligible correlation of caldera diameters with
Hammond, 1997]. If calderas are caused by collapse into magma edifice height, suggesting that these high-level magma chambers
chambers involving near-vertical ring faults [Batiza et al., 1984; are only late stage residual bodies that do not supply the whole
Gudmundsson, 1998a; Lipman, 1997; Roche et al., 2000], their edifice volume, at least not in a single event [Batiza and Vanko,
diameters reflect the diameters of their underlying magma bodies. 1983; Hammond, 1997], as also implied by geochemical diversity
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Figure 12. Upper part of Gudmundsson's [1998b, Figure 12]
model representing stresses around magma chambers beneath
Icelandic central volcanoes. Lines represent the orientations of
maximum compressive stress in elastic material with excess fluid
pressure in the central cavity as the only loading. The points of
smallest compressive stress tangential to the cavity walls, marked
by the two solid circles, are where sheets are most likely to escape
from the magma chamber. The maximum compressive stress
orientation there, dipping ~45°, corresponds to the mean dip of
inclined sheets mapped in eroded Icelandic central volcanoes
[Gautneb and Gudmundsson, 1992].

of lavas from individual seamounts [Allan et al., 1987; Zindler et
al., 1984]. The following statistic calculated from the data in
Figure 14a has R=0.19:

Y = 00—
R= L ,
JD’“ “2Y -9

where x; and y, are the ordinate and coordinate values of the data
and x and y are their mean values. Figure 14b, however, shows
a weak correlation with summit diameters (R=0.43), implying that
summit diameters partly reflect the size of their underlying magma
bodies. Only a weak correlation is expected if the flat tops of
volcanoes are generated by eruptive cone sheets when their
chambers are overpressured, since their chamber dimensions are
not necessarily the same as those during the later collapse stage
creating the calderas.

The possibility that different modes of eruption lead to different
shapes has a number of consequences. For example, the
increasing density of oceanic layer 2A with age implied by
seismic velocities [ Grevemeyer and Weigel, 1997, Carison, 1998]
and gravity measurements [ Holmes and Johnson, 1993] suggests
that this horizon will become less able to act as a density trap, and
it probably also becomes less of a freezing barrier owing to lower
permeability and less vigorous hydrothermal cooling. The result
should be fewer laccolith intrusions and fewer flat-topped new
volcanoes on old seafloor. This is difficult to test from seamount
shape statistics because mean volcano height also increases with
seafloor age [Abers et al., 1988] and tall volcanoes (>1000 m)
have sharp peaks [Smith, 1988]. It is interesting to note, however,
that short (<1000 m tall) new volcanoes in the Society and Austral
hotspot regions on much older seafloor have sharp peaks [Binard
etal., 1992].

The height distribution of oceanic seamounts is commonly an
exponential [Abers et al., 1988; Jordan et al., 1983; Rappaport et

©)
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al., 1997; Scheirer and Macdonald, 1995; Smith, 1996; Smith and
Jordan, 1988), reflecting the increasingly fewer numbers of
seamounts with increasing height. The exponential height
distribution has been interpreted using a magmastatic head model
to infer the distribution of source depths [Smith and Cann, 1992],
but as explained below, flat summits of seamounts may not
represent the limit of magma pressure. The height of a volcano
reflects both the volume of magma erupted and the geometry of
eruption, so the fact that the distribution is exponential may have
no particular meaning since it reflects a complicated result of
eruption volumes and geometries. Alternatively, the volume
distribution should be interesting in its own right because
assuming that small volcanoes are monogenetic [Batiza and
Vanko, 1983], their volume distribution should reflect the sizes of
melt packets that have both penetrated the lithosphere and erupted.
Figure 15 shows the cumulative volume distribution for northern
East Pacific Rise (EPR) seamounts [Scheirer and Macdonald,
1995], which shows that the data can be approximated by a power
law of the form N(v>V)e< 068, (More accurate volume
estimates will be needed to assess the shape of the volume
distribution so the power law model is not necessarily preferred
but is included for illustration.)

5.1.2. Caldera infill model and caldera wall morphology.
Clague er al. [2000a] suggested that large circular calderas are

(a)
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~

Summit diameter (km)

Model source depth below summit h (km)

0 . . F 0
0 1000 2000
Height (m)

Figure 13. (a) Model for flat-topped mid-ocean ridge volcanoes
in which the flat summit is created by flows emitted from cone
sheets sourced from a shallow magma body. The diagonal lines
represent only the outermost eruptive cone sheets (other sheets
omitted for clarity). (b) Summit diameters taken from Batiza and
Vanko [1983] (squares), Smith [1988] (large circles), Clague et al.
[2000a] (small circles), Binard et al. [1992] (diamonds), Scheirer
and Macdonald [1995] (pluses) and Hammond [1997] (crosses).
The scale on the right shows inferred magma source depth, 4,
assuming the geometry in Figure 13a and an outermost eruptive
cone sheet dip of 45°. Oblique lines show the magma body depth
Z relative to underlying oceanic basement top, suggesting that
most bodies lay within the upper basement (data deeper than Z=0),
and probably within the upper oceanic crust. According to the
model the dispersion of the data implies that intrusion depth Z
and/or cone sheet or magma body geometry are not uniform.
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Figure 14. Caldera and crater diameters of mid-ocean ridge volcanoes from Batiza and Vanko [1983] (solid
squares), Hammond [1997] (crosses), Clague et al. [2000a] (small solid circles), and measurements made here from
East Pacific Rise multibeam sonar data sets (open circles) [Cochran et al., 1993; Scheirer et al.,; 1996]. Large open
circles represent measurements where side-scan sonar images were available [Barone and Ryan, 1990] to more
accurately constrain diameters. (a) Variation with edifice height showing negligible correlation. (b) Variation with
summit diameter showing a weak correlation, possibly implying a connection between size of late stage high-level
magma chambers and summit diameters. Error bars at lower right represent the maximum uncertainties of the new
measurements made here where not constrained by side-scan sonar images. The summit diameters of Hammond
[1997] were computed from his table of basal diameters, heights, and flank slopes. The dotted line corresponds to
equal summit and caldera diameters; since the data occur away from this line, the correlation is not an artifact of
calderas being necessarily smaller than their associated summits.

created at an early stage of seamount growth and subsequently
filled in and overflowed by lava. With repeated collapse and
caldera infill, edifices grow with flat-tops and circular outlines, a
suggestion similar to one made earlier by Searle [1983]. Clague
et al.’s new high-resolution bathymetry reveals that summits
commonly have low-relief lava shields (implying eruption from
central vents) that are cut by later calderas. The results show that
infill of early calderas can contribute to the truncated cone form.
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Figure 15. Cumulative distribution of the mid-ocean ridge

seamount volumes measured by Scheirer and Macdonald [1995].
The straight line is a regression for volumes of 1-32 km~,
suggesting that intermediate size seamounts might be represented
by a power law distribution with exponent 0.68. Deviations from
the power law model for smaller or larger volumes suggest that
the model is inappropriate or reflect problems of population
sampling.

It is unclear, however, if all flat-topped seamounts are created
solely by caldera infill, and the presence of cone sheet complexes
in comparable volcanoes in ophiolites, Iceland, and the Galapagos
suggests that intrusions should also have a role. Furthermore, later
calderas have diameters much smaller than their associated
summit plateaux (data in Figure 14b fall far to the right of the
dotted line with no caldera diameters similar to summit
diameters). Nevertheless, Clague et al. [2000a] also interpret the
simple ring fault boundaries of summit calderas as implying
shallow magma chamber depths by comparison of their
morphologies with results of analogue experiments [Rocke et al.,
2000], and they observe that calderas commonly cut the volcano
walls. These observations imply that magma chambers lie within
the shallow underlying basement, an interpretation that is
consistent with magma chambers lying within upper oceanic crust,
as described above.

5.1.3. Other proposed origins McBirney and Williams [1969]
suggested that the steep upper slopes of Galapagos volcanoes
could partly reflect doming over intruding sills or laccoliths.
Cullen et al. [1987] used a simple elastic mechanical model to
show that doming was a viable mechanism provided that
intrusions are shallow. Although the flat tops of seamounts are
not explained by this mechanism and caldera formations of at least
one of the Galapagos volcanoes supports a constructional rather
than inflation origin [Naumann and Geist, 2000], doming is
suspected to contribute to seamount growth because some
interpreted seamounts in ophiolites contain numerous sills [e.g.,
MacPherson, 1983]. The Cullen et al. [1987] model predicts that
the breadth of doming reflects the intrusion width; if the widths of
the summit plateaux reflect their breadths of doming, the
correlation in Figure 14b might be expected from this model. This
mechanism would also support the contention made here that mid-
ocean ridge seamounts are supplied from magma bodies within the
shallow oceanic crust.
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Barone and Ryan [1990] suggested that volcanoes grow to
heights that reflect the pressure available in magma chambers to
drive eruption and then grow outward to create flat summits. Tt is
unclear, however, how surface lateral growth could occur if the
magma is at its pressure limit, and it is unclear why lateral growth
would lead to circular shapes. Wilson et al. [1992] also point out
difficulties with the magma head model which cast doubt on
magma pressure control. Searle [1983] attributed the flat top form
to the high mobility of lavas erupted from central vents, while the
steep margins represent brecciated flow fronts, but it is also
unclear how this would lead to the near-circular plan view
geometry and many flat-topped volcanoes are more than 1000 m
high, much taller than typical submarine flows [Moore and
Chadwick, 1995].

5.2. Origins of Transition to Stellate Edifices

Although several factors cause the transition, the lack of
additional data precludes a multiparameter analysis which might
help to isolate them (reliable radiometric dates, for example,
would be useful to address effects of long-term erosion). The
variation with edifice height (Figure 6) implies that height is an
important parameter, however.

5.2.1. Role of central magma bodies. The 3-km transition
height coincides with depths of magma chamber tops on Hawaii,
Reunion, and beneath Krafla volcano [Ryan, 1987; Nercessian et
al., 1996]. Morphologic complexity for edifices taller than 3 km
could therefore arise because of effects where magma bodies lie
above edifice base (Figure 16) [Head and Wilson, 1992). If
magma bodies lie close to the horizon of neutral buoyancy (HNB),
Jateral dikes intruded from them are expected to escape along the
HNB [Lister and Kerr, 1991]. Where dikes overshoot the HNB to
the edifice surface, a pressure difference between the magma
reservoir and surrounding seawater is available to drive flank
eruptions (Figure 16). Eruption from deeper magma bodies
involves transport by vertical feeder dikes before lateral intrusion
[Lister and Kerr, 1991], which is less efficient owing to the work
against gravity and longer viscous path. Vertical transport from
deep magma bodies is also more likely to lead to volatile
exsolution, density reduction, and further ascent and eruption,
rather than to lateral intrusion. The importance of pressure
gradients was shown by Rubin and Pollard [1987], who noted that
the slope of the east rift zone of Kilauea suggests a pressure
gradient in dikes intruding parallel to the surface that is consistent
with the idea that viscous pressure loss controls the long-term
slope of rift zones. The steeper submarine slopes of volcanoes
compared to their subaerial slopes could partly reflect the lower
pressure difference available to drive flank eruptions [Lonsdale,
1989: Fialko and Rubin, 1999]. Lacey et al. [1981] similarly
proposed that flank slopes reflect a balance between viscous
pressure loss in fractures compared to the gravitational work done

dike axis
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raising magma to the surface. High-level intrusions may trigger
landslides because they can oversteepen flank slopes, their
associated seismicity causes ground shaking [Moore et al., 1989],
and heating of groundwater and magmatic fluids can create pore
fluid overpressure triggering collapse [Elsworth and Voight,
1995].

Gas exsolution further modifies the above argument. Carrigan
et al. [1992] pointed out that exsolved gas in a vertically intruding
dike reduces the dike’s average density and hence reduces its
magmastatic pressure, allowing lithostatic pressure on the
under