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Abstract

Studies along the Mid-Atlantic Ridge (MAR) and East Pacific Rise (EPR) show that seamount abundance is a
strong function of spreading rate. At the MAR, small axial seamounts are a dominant morphologic feature of the
inner valley floor, while at the EPR seamounts are rarely observed within the neovolcanic zone. The Gala¤pagos
Spreading Center (GSC) provides an excellent location to test the influence of hotspot-related magma supply
variations on seamount formation at a relatively constant spreading rate. In this study, we use multibeam bathymetry
data to examine the distribution of axial seamounts with distance from the hotspot along the GSC. A numerical
algorithm is developed to identify isolated volcanic edifices by searching bathymetry for closed, concentric contours
protruding above the surrounding seafloor. Seamount populations are fit with a maximum likelihood model to
estimate the total number of seamounts per unit area and the characteristic seamount height. The number of
seamounts in the axial zone decreases significantly as the Gala¤pagos hotspot is approached, varying from MAR-like
abundances west of 95.5‡W to EPR-like abundances east of 92.7‡W. The along-axis variation in seamount density
corresponds to a change in lava flow morphology from dominantly pillow flows in the west to a combination of
pillows and sheet/lobate flows in the east. These changes in volcanic style suggest a transition from point-source to
fissure-fed eruptions as magma supply increases. We find no evidence for along-axis variations in lava viscosity and,
therefore, interpret the differences in seamount abundance and flow morphology to indicate an increase in effusion
rates approaching the hotspot. Comparing seamount abundance with axial morphology, crustal thickness, and the
presence and depth of an axial magma chamber (AMC), we find that the transition from point-source to fissure-fed
eruptions is most sensitive to the presence of a steady-state AMC. In summary, the correlation between seamount
abundance, lava morphology, and magma supply at the GSC suggests that effusion rate is directly related to the
presence of a steady-state crustal magma chamber.
= 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The style of sea£oor volcanism at mid-ocean
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ridges is strongly dependent on spreading rate
(e.g., [1,2]). At the fast-spreading East Paci¢c
Rise (EPR), eruptions typically occur within a
narrow neovolcanic zone [3^5] centered over a
shallow steady-state crustal magma chamber [6^
8]. Volcanic activity tends be continuous along-
axis, with eruptions occurring frequently on time
scales of 1^50 yr [2,3]. In contrast, the slow-
spreading Mid-Atlantic Ridge (MAR) is charac-
terized by a wide, discontinuous neovolcanic zone
[9^12] and the absence of a steady-state magma
chamber (e.g., [13]). Eruptions at the MAR occur
less frequently than those at the EPR, with a typ-
ical eruptive interval of 1000^10 000 yr [2,14,15].

Lava £ow morphology is also a function of
spreading rate, with fast-spreading ridges domi-
nated by sheet and lobate £ows and slow-spread-
ing ridges dominated by pillow lavas (e.g.,
[2,16,17]). In general, sheet and lobate £ows result
from high e¡usion rate, ¢ssure-fed eruptions,
while pillow lavas are the product of lower e¡u-
sion rate, point-source eruptions [18]. This change
in volcanic style is re£ected in the morphology of
the neovolcanic zone at fast- and slow-spreading
ridges. For example, at the MAR, the neovolcanic
zone is dominated by hummocks, hummocky
ridges, and small, nearly circular volcanoes (sea-
mounts) composed primarily of pillow lavas [19^
21]. At many MAR segments, these features coa-
lesce to form narrow axial volcanic ridges aligned
parallel to the spreading axis [22,23]. In contrast,
at the EPR where sheet and lobate £ows prevail,
the neovolcanic zone is observed to have smooth-
er along- and across-axis relief than the MAR and
is typically devoid of seamounts (e.g., [24]).

These variations in volcanic style with spread-
ing rate illustrate the in£uence of magma supply
on crustal construction. However, spreading rate
also in£uences lithospheric thickness [25], mantle
upwelling patterns [26], and the partitioning be-
tween magmatic and amagmatic extension [1].
Thus, it is di⁄cult to isolate the e¡ects of magma
supply on constructional volcanism based solely
on observations from di¡erent spreading environ-
ments.

To address this issue, we investigated the in£u-
ence of the Gala¤pagos hotspot on seamount for-
mation and the style of constructional volcanism

along the Gala¤pagos Spreading Center (GSC)
(Fig. 1). The GSC is an intermediate spreading
rate ridge, with a full opening rate that increases
slightly from 4.6 cm/yr at 98‡W to 5.6 cm/yr at
91‡W [27]. Variations in axial topography [28],
mantle bouguer gravity anomalies [29], crustal
thickness [30,31], and the chemical and isotopic
composition of dredged basalts [30,32^36] indi-
cate that elevated magma supply associated with
the Gala¤pagos hotspot in£uences the GSC over a
region extending V1300 km along-axis. In addi-
tion, constraints on the presence and depth of an
axial magma chamber (AMC) from multichannel
seismic re£ection data [30] make the GSC an ideal
location to study the in£uence of magma supply
on constructional volcanism in the absence of var-
iations in spreading rate.

In this paper, we use multibeam bathymetry
data to quantify the distribution of axial sea-
mounts along the GSC as a function of distance
from the Gala¤pagos hotspot. A numerical algo-
rithm is developed to identify isolated volcanic
edi¢ces, and the characteristic height and density
of the seamount populations are calculated from
a maximum likelihood model. We show that axial
seamount abundance decreases dramatically as
the hotspot is approached, suggesting a transition
from point-source to ¢ssure-fed volcanism as
magma supply increases. These variations are
compared to changes in axial morphology, mag-
ma chemistry and viscosity, and the depth and
presence of an AMC. In particular, we ¢nd that
seamount formation is most sensitive to the ab-

Fig. 1. Bathymetry of the Gala¤pagos hotspot region with
depths shallower than 2750 m shaded. Location of G-
PRIME study area is outlined. Vectors show absolute plate
motion of the Cocos and Nazca plates [70]. White star illus-
trates the present location of the Gala¤pagos hotspot [71].

EPSL 6909 15-12-03 Cyaan Magenta Geel Zwart

M.D. Behn et al. / Earth and Planetary Science Letters 217 (2004) 331^347332



sence of a shallow AMC, suggesting that the style
of constructional volcanism is linked to the
amount of magma present in the crust at the
time of eruption.

2. Data and methods

As part of the Gala¤pagos Plume^Ridge Inter-
action Multidisciplinary Experiment (G-PRIME)
in April^May 2000, multibeam bathymetry data
were collected along the GSC between 90.5 and
98‡W [30]. These data were integrated with pre-
vious multibeam surveys [28,37] to provide the
highest resolution bathymetry currently available
for the neovolcanic zone of the western GSC. The
integrated bathymetry data were used to identify
axial seamounts and estimate variations in sea-
mount abundance along the GSC. Because we
were interested in seamounts associated with crus-
tal construction at the ridge axis, we limited our
investigation to sea£oor younger than V500 ka.

Wessel and Lyons [38] identi¢ed large o¡-axis
seamounts in the Paci¢c basin using an algorithm
that searched for local maxima in satellite gravity
data. This approach is well suited for identifying
seamounts in situations where seamount height is
signi¢cantly greater than the local topographic
variations. However, tectonic faulting at mid-
ocean ridges often results in 2^3 km of topo-
graphic relief within 10 km of the ridge axis, while
axial seamounts tend to have heights ranging
from 50 to 500 m [20]. Therefore, to e⁄ciently
identify seamounts on rough axial topography,
we developed a numerical algorithm that searches
bathymetry for closed, concentric contours pro-
truding v 50 m above the surrounding sea£oor.
A contour interval of 10 m was chosen for sea-
mount identi¢cation, however we found that our
results are relatively insensitive to contour inter-
vals between 10 and 25 m.

To eliminate elongated topographic highs asso-
ciated with either faulting or axial volcanic ridges,
we applied a maximum aspect ratio condition to
our identi¢cation algorithm. The aspect ratio, K,
of each topographic high was estimated by ¢tting
an ellipse to the basal contour [39] and only those
features with K9Kmax were identi¢ed as sea-

mounts. We ¢nd that values of Kmax = 2^3 are
suitable for seamount identi¢cation in most
spreading environments and we show the sensitiv-
ity of our results to a chosen value of Kmax. Fig. 2
illustrates the application of our algorithm over a
small region of the GSC bathymetry data.

Seamount population parameters were calcu-
lated using the maximum likelihood model of
Smith and Jordon [40]. This technique assumes
seamount height follows an exponential distribu-
tion in which the expected number of seamounts
with a height hvH is given by X(H) = Xoexp
(3LH), where Xo is the average number of sea-
mounts per unit area, and L

31 is de¢ned as the
characteristic seamount height of the population.
Model parameters were calculated from the data
by sorting the identi¢ed seamounts into 10-m
height bins, starting with a minimum height of
50 m.

2.1. Veri¢cation of seamount identi¢cation
algorithm

Before estimating the seamount population pa-
rameters for the GSC, we tested our identi¢cation
algorithm using bathymetry data from the north-

Fig. 2. Example of seamounts identi¢ed assuming K9 2.
Contour interval is 10 m. Thick black lines illustrate best-¢t-
ting ellipse to the basal contour of each seamount.

EPSL 6909 15-12-03 Cyaan Magenta Geel Zwart

M.D. Behn et al. / Earth and Planetary Science Letters 217 (2004) 331^347 333



ern MAR (24^30‡N) [41] and the southern EPR
(15^19‡S) [42]. At the MAR, we identi¢ed 455
seamounts with hv 50 m and K9 2, resulting
in the population parameters Xo = 144Q 7U1033

km32 and L
31 = 40Q 2 m. By comparison, in

an earlier study in this region Smith and Cann
[20] manually identi¢ed 481 seamounts with the
same height and shape criteria and found Xo =
195Q 9U1033 km32 and L

31 = 58Q 2 m for the
population. We attribute the smaller population
density calculated using our identi¢cation algo-
rithm to di¡erences in the spatial coverage and
resolution of the bathymetric data used in the
analyses, as well as the more rigorous de¢nition
of K required by explicitly ¢tting an ellipse to the
basal contour of each seamount. Speci¢cally, our
numerical approach eliminates the potential for
arti¢cial rounding, which may occur when man-
ually ¢tting an ellipse to the basal contour of a
seamount. Our approach is also advantageous be-
cause it reduces the potential for biases in sea-
mount identi¢cation between di¡erent investiga-
tors. The smaller characteristic height predicted
for the MAR population is caused by calculating
seamount height from the peak to the basal closed
contour. This e¡ect is most pronounced for sea-
mounts formed on a slope, where only the portion
of the seamount above its uppermost edge will be
included in the calculated height.

At the southern EPR, we calculated seamount
population parameters Xo = 53Q 9U1033 km32

and L
31 = 15Q 3 m for young crust located within

V10 km of the ridge axis. The calculated value of
Xo is similar to the value of 31Q 1U1033 km32

reported by White et al. [43] for isolated sea-
mounts on 0^1 Ma crust between 15.3 and 20‡S
on the EPR. We also ¢nd that the average sea-
mount height to radius ratio, h , is signi¢cantly
smaller for the EPR seamounts (h =0.06) than
for those at the MAR (h =0.15). Table 1 summa-
rizes the population parameters calculated for
both the MAR and EPR, and illustrates the sen-
sitivity of these parameters to the maximum as-
pect ratio allowed for the basal contour. Our re-
sults are consistent with earlier observations of a
spreading rate dependence on seamount abun-
dance (e.g., [20]). Finally, we note that seamount
identi¢cation is an inherently subjective process,

dependent on the data resolution, contour algo-
rithm, and identi¢cation criteria. However, the
results shown in Table 1 clearly indicate that
our identi¢cation method can provide quantita-
tive estimates of seamount populations in diverse
spreading environments.

3. Characteristics of the GSC seamount population

Seamounts were identi¢ed in the axial zone of
the GSC between 97.6 and 90.9‡W. The axial
morphology of the GSC is broadly divided into
three distinct domains re£ecting the increasing in-
£uence of the Gala¤pagos hotspot to the east
[28,30]. West of the 95.5‡W propagating rift, the
ridge axis is characterized by a well-developed rift
valley similar to that observed at the slow-spread-
ing MAR (Fig. 3a). We ¢nd that the axial valley
£oor in this region is dominated by the presence
of small seamounts, suggesting that west of
95.5‡W point-source eruptions are the primary
style of constructional volcanism. This observa-
tion is consistent with a previous study by Klein-
rock and Brooks [44], who found the sea£oor
surrounding the 95.5‡W propagator to be popu-
lated by numerous small volcanic ‘knobs’ or sea-
mounts. In many locations, groups of seamounts
are observed in chains aligned sub-parallel to the
ridge axis. The number of seamounts is generally
found to be greatest on the rift valley £oor. This
observation is consistent with a model in which
most seamounts form within the rift valley and
are subsequently destroyed by faulting as they
are transported o¡-axis [45].

Table 1
Calculated seamount populations for the MAR and EPR

Kmax # Seamounts Xo L
31

h (H/R)
(1033 km32) (m)

MAR (24^30‡N, sea£oor area= 11 000 km2)
2 455 144Q 7 40Q2 0.15Q 0.05
2.5 544 171Q 7 40Q2 0.14Q 0.05
3 570 177Q 7 41Q2 0.14Q 0.05
EPR (15^19‡S, sea£oor area= 8500 km2)
2 32 53Q 9 15Q3 0.06Q 0.05
2.5 40 66Q 10 15Q 2 0.06Q 0.02
3 43 78Q 12 14Q 2 0.06Q 0.02
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Fig. 3. Bathymetry illustrating the axial morphology of the (a) rift valley, (b) transitional, and (c) axial high domains. Contour
interval is 25 m. Seamounts with K9 2 are indicated by the best-¢tting ellipse to the basal contour. The axial valley £oor of the
rift valley domain is dominated by the presence of small seamounts. In contrast, the neovolcanic zone of the axial high domain
is characterized by smooth topography and few seamounts.
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Between 95.5 and 92.7‡W the ridge axis enters a
transitional regime in which the well-de¢ned rift
valley is replaced by low-relief abyssal hills (Fig.
3b). Seamount formation in this region is less
prevalent than in the rift valley domain, with sea-
mount abundance decreasing from west to east.
Closest to the hotspot where magma supply is
highest (92.7^90.5‡W), the ridge axis is de¢ned
by a prominent EPR-like axial high (Fig. 3c).
The neovolcanic zone associated with the axial
high is characterized by smooth topography and
few axial seamounts, suggesting that low-relief ¢s-
sure-fed eruptions are the dominant form of sea-
£oor volcanism.

Seamount population parameters were calcu-
lated for each of the three morphologic domains
(Fig. 4). We ¢nd that the number of seamounts

per unit area with K9 2 decreases from
234Q 14U1033 km32 in the rift valley domain
to 54Q 10U1033 km32 in the axial high domain.
The characteristic seamount height also decreases
from west to east, with L

31 = 37Q 2 m in the rift
valley domain and L

31 = 28Q 5 m in the axial high
domain. The sensitivity of the population param-
eters to Kmax is shown in Table 2. Although the
choice of Kmax a¡ects the absolute seamount den-
sities, it does not in£uence the along-axis gradient
in seamount abundance.

3.1. Comparison to fast- and slow-spreading ridges

As discussed earlier, axial seamount abundance
tends to increase with decreasing spreading rate
(Fig. 5). However, while fast-spreading ridges typ-

Fig. 4. (a) Bathymetry along the GSC with small circles showing the location of each seamount with K9 2. Boxes illustrate re-
gions in which seamounts were identi¢ed. Locations of Fig. 3a, b, and c are indicated. (b^d) Number of seamounts versus sea-
mount height in the rift valley, transitional, and axial high domains, respectively. Blue diamonds are seamount counts in 10-m
height bins, red circles are the cumulative counts. Blue line illustrates the maximum likelihood ¢t to the binned data. Note the
decrease in seamount density with decreasing distance to the Gala¤pagos hotspot.
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ically have uniformly low seamount abundances,
slow-spreading ridges are characterized by greater
variability. The along-axis variation in seamount
abundance at the GSC is similar in magnitude to
the di¡erences observed between the MAR and
EPR (Fig. 5). Moreover, the change in seamount
abundance along the GSC is also larger than the
observed variability at the MAR. Because spread-
ing rate varies by only V0.5 cm/yr half-rate along
the GSC, we attribute the primary cause of these
di¡erences to the increasing in£uence of the Ga-
la¤pagos hotspot to the east. In particular, we be-
lieve that elevated magma supply associated with
the hotspot induces a transition from dominantly
point-source volcanism in the west to ¢ssure-fed
eruptions in the east.

Kleinrock and Brooks [44] reported seamount
abundances near the 95.5‡W propagating rift that
are signi¢cantly higher than our results for the
entire rift valley domain. We hypothesize that be-
cause the rift is propagating into old crust, local
magma supply will be low relative to the ridge
axis directly to the east and west of the propaga-
tor. Thus, the elevated seamount abundance sur-
rounding the propagating rift is consistent with
the along-axis trend of increasing seamount abun-
dance with decreasing magma supply at the GSC.

It is interesting that along-axis variations in
seamount abundance and volcanic style are not
observed at the Reykjanes Ridge south of Iceland
[46]. Rather, seamount abundance in the axial

zone of the Reykjanes Ridge is elevated relative
to non-hotspot a¡ected regions of the MAR. How-
ever, the Reykjanes Ridge does not exhibit an
along-axis gradient toward the hotspot. This may
be due to the slow-spreading rate of the Reykjanes
Ridge (1 cm/yr half-rate [27]), suggesting that the
transition from point-source to ¢ssure-fed erup-
tions is sensitive to the integrated e¡ects of spread-
ing rate and plume in£uence on crustal magma
supply. We will discuss possible explanations for
the di¡erences between the Reykjanes Ridge and
the GSC in more detail in Section 5.3.

3.2. Seamount formation versus magma supply

To investigate the relationship between sea£oor
volcanism and magma supply we compared the
variations in seamount abundance to crustal
thickness and the presence and depth of a
steady-state magma lens (Fig. 6). Crustal thick-
ness along the GSC has been determined from a
combination of multichannel seismic data and
three wide-angle seismic refraction experiments

Table 2
Calculated seamount populations for the GSC

Kmax # Seamounts Xo L
31

h (H/R)
(1033 km32) (m)

Rift valley (98^95.5‡W, sea£oor area= 4400 km2)
2 270 234Q 14 37Q 2 0.16Q 0.06
2.5 329 284Q 16 38Q 2 0.15Q 0.05
3 364 323Q 17 37Q 2 0.15Q 0.05
Transitional (95.5^92.7‡W, sea£oor area= 6200 km2)
2 124 102Q 9 31Q3 0.14Q 0.05
2.5 158 126Q 10 31Q 2 0.13Q 0.04
3 199 172Q 12 30Q 2 0.12Q 0.04
Axial high (92.7^90.5‡W, sea£oor area= 3500 km2)
2 33 54Q 10 28Q 5 0.14Q 0.08
2.5 41 78Q 12 26Q 4 0.13Q 0.07
3 43 82Q 12 26Q 4 0.13Q 0.07

Fig. 5. Seamount density, Xo, as a function of spreading rate.
Gray symbols indicate Xo calculated for K9 2 in this study.
White symbols represent results of previous studies, A88 [72],
F87 [24], J00 [45], KB94 [44], MS95 [46], SC92 [20], and
W98 [43]. Dashed line indicates the general increase in sea-
mount density with decreasing spreading rate. The variation
in seamount abundance at the GSC is similar in magnitude
to the di¡erences observed between the MAR and EPR.
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[30,31]. These data show a progressive increase in
crustal thickness from V5.6 km at 97‡W to V7.5
km at 92‡W, with the most rapid increase occur-
ring between 94 and 91.5‡W (Fig. 6c). In addition,
multichannel seismic data collected near the ridge
axis reveal the presence of an AMC east of
V94‡W [47]. Between 94 and 92.7‡W the AMC
is relatively deep (2.5^4 km), while east of 92.7‡W
it shallows to depths of 1.5^2.3 km (Fig. 6c). The
transition in AMC depth occurs abruptly and cor-

responds closely with the development of the axial
high.

In contrast to the ‘threshold’ e¡ect observed in
AMC depth and axial morphology the number of
axial seamounts varies gradually along the GSC
(Fig. 6). In particular, little variation in seamount
density is observed east of 94‡W where seamount
abundance is uniformly low. The most rapid
change in seamount density occurs between 94
and 96‡W, immediately to the west of the appear-

Fig. 6. Relationship between seamount formation and along-axis variations in magma supply. (a) Histogram of the number of
seamounts normalized to the total bathymetry coverage in each of the 12PU12P regions shown in Fig. 4a. (b) Histogram of the
mean pillow fraction in dredge samples (see Table 3). (c) Variations in Moho and AMC depth along the GSC. Black dots illus-
trate picks from along-axis multichannel seismic re£ection pro¢les, gray circles show picks from across-axis pro¢les [30,47]. White
squares indicate crustal thickness estimated from Gala-01, -02, and -03 seismic refraction experiments [31]. (d) Axial depth along
the GSC. The most rapid increase in seamount abundance occurs immediately to the west of the disappearance of the AMC.
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ance of the AMC and west of the largest gradient
in crustal thickness. These results suggest that sea-
mount formation is more closely related to the
presence of a steady-state magma lens than to
either magma chamber depth or crustal thickness.

A similar relationship is observed between lava
£ow morphology and magma supply at the seg-
ment scale along the EPR. White et al. [48] found
that ¢elds of pillow mounds form near overlap-
ping spreading centers on the southern EPR (16^
19‡S), but not in mid-segment regions. The for-
mation of these pillow ¢elds was attributed to
lower e¡usion rate eruptions corresponding to
the decrease in magma supply near segment
ends. Comparing the location of the pillow ¢elds
to the portions of the ridge axis where an AMC
re£ector is observed [8], we ¢nd that while the
mid-segment regions typically show a strong re-
£ector, the overlapping spreading centers do not.
Thus, a similar relationship between lava £ow
morphology and the presence of a steady-state
magma chamber is observed on the segment scale
of the EPR and along the GSC.

3.3. Seamount height versus AMC depth

Assuming that magma rises buoyantly to the
summit of a seamount, Smith and Cann [20] pro-
posed that seamount height should be directly re-
lated to the depth of the magma source. To test
this hypothesis, we compared seamount height to
AMC depth for seamounts formed on crust where
an AMC was imaged. Assuming that AMC depth
corresponds to depth of the magma source, we
¢nd that a buoyancy model does not ¢t the data
(Fig. 7). Rather, most seamounts are found to
have a smaller height than would be predicted
by buoyancy.

There are several potential explanations for the
tendency of the buoyancy model to overestimate
seamount height. Assuming seamounts are mono-
genetic features (e.g., [9]), it is possible that for a
typical seamount-building event the total volume
of magma erupted is not su⁄cient for seamounts
to reach their equilibrium height. Alternatively, if
seamounts form in the ¢nal stages of an eruptive
sequence [49] their size may not re£ect the total
volume of the event. In this scenario the total

erupted volume could be large, but only a small
portion of this volume will contribute to sea-
mount formation with the rest supplying earlier-
stage sheet and lobate £ows. Finally, tectonic ex-
tensional stresses will tend to decrease the e¡ec-
tive overburden pressure on a magma chamber,

Fig. 7. (a) Seamount height versus AMC depth. Model
curves show height predicted by a buoyancy model with
h= [(b rock3bmagma)/(bmagma3bwater)]z, where bmagma is the
magma density, bwater is the density of water, b rock is the
mean density of the overlying rock, and z is depth of the
magma source [20]. Rock density is calculated assuming po-
rosity, x, decays exponentially with depth following
x(z) =xoe3V z. The grain density of unfractured rock is as-
sumed to be 2950 kg/m3. bmagma = 2740 kg/m3, bwater = 1000
kg/m3, and xo = 0.3 are used for all calculations. (b) Sea-
mount volume versus AMC depth. Model curves assume
buoyancy and a seamount height to radius ratio of 0.15.
Note that the buoyancy model tends to overpredict both the
height and volume of the observed seamounts.

EPSL 6909 15-12-03 Cyaan Magenta Geel Zwart

M.D. Behn et al. / Earth and Planetary Science Letters 217 (2004) 331^347 339



Table 3
Description of lava £ow morphologies for G-PRIME dredges

Stn Latitude Longitude Site Flow morphology

2 1‡35.3PN 90‡49.0PW volcano in transform pillow
6 1‡54.1PN 91‡10.8PW ridge axial high pillow
7 1‡55.2PN 91‡16.4PW ridge axis pillow
9 1‡56.0PN 91‡19.3PW ridge axial high sheet/lobate
10 1‡57.6PN 91‡21.7PW large £at-topped seamount sheet/lobate
11 1‡58.3PN 91‡24.1PW small ridge on axis sheet/lobate
13 2‡00.3PN 91‡33.5PW southern limb of OSC sheet/lobate
15 2‡02.7PN 91‡36.3PW northern limb of OSC pillow
17 2‡04.2PN 91‡48.0PW small axial seamount sheet/lobate
19 2‡06.6PN 91‡57.3PW large axial seamount sheet/lobate
20 2‡06.9PN 92‡00.5PW northern limb of OSC pillow/lobate
23 2‡06.5PN 92‡13.3PW narrow ridge tip pillow
24 2‡07.5PN 92‡14.6PW northern limb of OSC pillow
25 2‡08.7PN 92‡19.3PW axial graben sheet/lobate
29 2‡12.1PN 92‡37.1PW narrow axial high pillow
32 2‡16.1PN 92‡52.9PW volcanic mound on axis pillow/lobate
33 2‡16.9PN 92‡58.4PW axial graben pillow
38 2‡21.4PN 93‡16.1PW northern side of axial deep pillow
39 2‡20.5PN 93‡13.1PW axial graben pillow
40 2‡19.5PN 93‡09.5PW small axial seamount sheet/lobate
41 2‡18.8PN 93‡05.6PW northern side of axial deep pillow/lobate
43 2‡24.7PN 93‡15.3PW volcanic mound on axis sheet/lobate
45 2‡26.6PN 93‡21.1PW seamount in axial graben pillow
47 2‡27.8PN 93‡33.7PW seamount in axial graben pillow
48 2‡29.3PN 93‡39.3PW small high in axial graben pillow
49 2‡30.0PN 93‡52.1PW small ridge in axial high pillow
50 2‡30.0PN 93‡46.5PW £ank of axial seamount pillow
53 2‡30.5PN 94‡07.6PW axial deep pillow
56 2‡33.2PN 94‡14.3PW ridge on axial high pillow
58 2‡31.6PN 94‡20.9PW axial seamount pillow
59 2‡32.5PN 94‡25.9PW axial seamount pillow
60 2‡34.3PN 94‡35.9PW local high in axial graben pillow
62 2‡34.9PN 94‡39.6PW volcanic mound in axial graben pillow
64 2‡36.0PN 94‡49.1PW axial rise structure pillow
66 2‡36.9PN 94‡58.6PW local high in axial graben pillow
67 2‡37.6PN 95‡01.9PW large axial seamount pillow
68 2‡37.0PN 95‡08.4PW rise in axis pillow
70 2‡37.8PN 95‡18.9PW narrow axial ridge pillow/lobate
71 2‡25.3PN 95‡36.1PW ridge in north graben pillow
73 2‡17.9PN 95‡42.0PW mound in axial graben pillow
79 2‡05.9PN 96‡43.4PW seamount in axial graben pillow
80 2‡06.8PN 96‡37.7PW seamount in axial valley pillow
81 2‡07.1PN 96‡41.7PW axial seamount pillow
82 2‡07.2PN 96‡46.5PW axial seamount pillow/lobate
83 2‡08.1PN 96‡49.0PW small axial seamount sheet/lobate
84 2‡08.2PN 96‡52.5PW elongated axial seamount pillow
87 2‡08.2PN 97‡05.9PW £ank of axial seamount pillow
88 2‡08.4PN 97‡11.5PW axial seamount pillow
91 2‡08.5PN 97‡36.2PW seamount on axial volcanic ridge sheet/lobate
92 2‡11.5PN 97‡46.9PW irregular axial seamount pillow/lobate
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thus reducing seamount height relative to an iso-
static model.

4. Lava £ow morphology

Observations at the MAR suggest that most
seamounts are constructed primarily of pillow
lavas. In contrast, at the EPR where few sea-
mounts are observed, sheet and lobate £ows
tend to dominate [2,17]. To determine whether
the along-axis variation in seamount abundance
at the GSC is correlated with changes in lava
£ow morphology, we examined samples recovered
from 50 dredges during the G-PRIME cruise. Un-
fortunately, it is often di⁄cult to distinguish be-
tween £ow morphologies from dredge samples
alone. However, because direct sea£oor observa-
tions have not been made along the western GSC,
these samples provide the only constraints on £ow
morphology currently available. To minimize the
uncertainty involved in classifying £ow morphol-
ogy from the dredge samples, we assign only a
pillow or sheet/lobate classi¢cation to each sam-
ple. Pillows were distinguished by their massive
character, rounded outer surface, and clear pat-
tern of radial fractures. In contrast, sheet/lobate
£ows had less rounded surfaces, lacked radial
fractures, and often had glassy rims on two sur-
faces. In certain cases, both pillow and sheet/lo-
bate £ows were found in a single dredge haul.

Flow morphology classi¢cations and a brief de-
scription of the dredge sites are presented in Table
3 (further information including digital images of
the dredge samples are available at http://obslab.
whoi.edu/ew0004/index.html). We ¢nd that west
of V93.5‡W pillows are the primary £ow mor-
phology, with a few sheet/lobate £ows observed
at the extreme western end of the study area. In
contrast, east of V93.5‡W £ow morphologies
tend to be more equally divided between pillows
and sheet/lobates. These results suggest that the
along-axis variation in seamount abundance is
correlated with a change in lava £ow morphology.
Of course, dredge samples containing pillows do
not necessarily re£ect the presence of a seamount,
just as there are many pillows observed along the
EPR that do not form pillow mounds [48]. Future

sea£oor observations are required to verify that a
direct relationship exists between £ow morphol-
ogy and the style of constructional volcanism at
the GSC.

5. Discussion

We interpret the variations in seamount abun-
dance and lava £ow morphology at the GSC to
re£ect a change in the primary style of sea£oor
volcanism from point-source to ¢ssure-fed erup-
tions. Analogue models have shown that lava £ow
morphology is strongly dependent on lava viscos-
ity and e¡usion rate (e.g., [50^52]). These labora-
tory simulations predict that pillow lavas associ-
ated with seamount-building eruptions are
characterized by high viscosities and low e¡usion
rates. In contrast, low-relief sheet and lobate £ows
associated with ¢ssure-fed eruptions are predicted
to have lower viscosities and higher e¡usion rates.
Intriguingly, the viscosity of mid-ocean ridge ba-
saltic magmas is typically assumed to be relatively
constant (V100 PaWs) and independent of spread-
ing rate and £ow morphology. This observation
implies that e¡usion rate may be the primary con-
trol on the style of sea£oor volcanism. However,
few studies have systematically investigated the
relationship between lava viscosity and £ow mor-
phology over a wide range of spreading environ-
ments. Thus, to determine whether along-axis var-
iations in lava viscosity contribute to the decrease
in seamount abundance toward the Gala¤pagos
hotspot, we calculated viscosities for a suite of
lavas dredged during the G-PRIME cruise.

5.1. Variations in lava viscosity

Melt viscosity is a combined function of major
element composition, temperature, and H2O con-
tent [53,54]. The GSC is characterized by system-
atic variations in basalt chemistry re£ecting in-
creasing degrees of fractional crystallization to
the east [34,55]. This crystallization trend is
clearly observed in the along-axis variation in
average Mg# (molar MgO/(MgO+FeO)) for the
GSC lavas (Fig. 8a). We used the MELTS algo-
rithm [56] to calculate melt viscosity for 33 dredge
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samples for which major element and H2O data
are available [55]. Magma pressure was estimated
from the depth of the dredge hole and a quartz^
fayalite^magnetite (32) bu¡er was assumed for
oxygen fugacity. The MELTS algorithm is advan-
tageous because it estimates liquidus temperature
from the composition of the melt, and then incor-
porates this temperature into the calculated vis-
cosity. In general, we ¢nd that the variations in
lava chemistry result in higher liquidus tempera-
tures and lower melt viscosities with increasing
distance from the hotspot (Fig. 8). This trend is
the opposite of what would be expected if varia-

tions in viscosity were controlling the increase in
seamount abundance to the west.

The bulk viscosity of a lava is also sensitive to
its crystal content [57]. To quantify this e¡ect, we
used an image analysis technique to estimate crys-
tallinity for each dredge sample from scanned thin
sections. A color value was assigned to each pixel
of the scanned image. The proportion of pixels
corresponding to plagioclase and olivine, the
dominant phenocrysts in the GSC lavas, was
then used to estimate the crystallinity of the sam-
ple. Typically multiple regions of a single thin
section were analyzed independently to minimize

Fig. 8. Along-axis variations in magma properties. (a) Mg# (100U[molar MgO/(MgO+FeO)]) for dredged lavas [55] (b) Liquidus
temperature calculated from the MELTS algorithm. Calculations assume hydrostatic pressure and a QFM-2 bu¡er for oxygen fu-
gacity. (c) Dissolved H2O content of lavas [55]. (d) Crystallinity measured by image analysis of scanned thin sections. Small sym-
bols represent samples for which H2O data are not available. (e) Bulk lava viscosity incorporating the e¡ects of major element
chemistry, liquidus temperature, H2O content, and crystallinity. White symbols indicate dredges on seamounts, black symbols il-
lustrate all other dredges. The absence of an along-axis gradient in the bulk viscosity indicates that viscosity variations alone are
not responsible for the decrease in seamount abundance approaching the hotspot.
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the e¡ects of porosity and to insure that our esti-
mates were consistent for the entire sample. Based
on these analyses, we believe the reported crystal-
linities are accurate to Q 1%.

East of 93‡W we ¢nd crystallinity to be uni-
formly low, with values 9 5% (Fig. 8d). However,
west of 93‡W crystallinity becomes more variable
ranging from 1 to 17%. Integrating crystallinity
and melt viscosity, the bulk viscosity of each sam-
ple was calculated using Rbulk =Rmelt(1^1.7P)32:5

[58], where Rmelt is the melt viscosity and P is
the crystal fraction. The higher crystallinities
west of 93‡W tend to o¡set the decrease in melt
viscosity away from the hotspot. The result is rel-
atively uniform bulk viscosities of 10^100 PaWs for
all GSC lavas (Fig. 8e). These results are in good
agreement with laboratory measurements of vis-
cosity for basaltic melts near the liquidus [59].
Furthermore, there is no clear correlation between
the bulk viscosity of lavas dredged from sea-
mounts and those dredged from other locations.
Based on these observations, it appears that
along-axis variations in lava viscosity are not re-
sponsible for the decrease in seamount abundance
approaching the Gala¤pagos hotspot.

5.2. Variations in lava e¡usion rate

The absence of systematic variations in lava
viscosity suggests that the decrease in seamount
abundance along the GSC is controlled primarily
by changes in e¡usion rate. Although other fac-
tors, such as slope [60], sea£oor roughness [50],
and cooling rate [61] can a¡ect lava £ow mor-
phology, it is unlikely that any of these parame-
ters vary su⁄ciently along-axis to explain the ob-
served variations in seamount abundance. Based
on our calculated viscosities, we use the experi-
mental results of Gregg and Fink [52] to estimate
e¡usion rates for eruptions along the GSC. For a
lava viscosity of 100 PaWs, the transition between
pillow and lobate £ows occurs at an e¡usion rate
of V0.5^1 m3/s for point-source eruptions. As-
suming seamounts are constructed of pillow lavas,
the minimum formation time for a small sea-
mount of volume 50U106 m3 would be V2 yr.
Of course, this calculation assumes that the labo-
ratory results can be scaled directly to submarine

eruptions. In reality, di¡erences in the rheologic
properties of wax and basaltic magmas could in-
troduce signi¢cant error into these estimations of
e¡usion rate and the time of seamount formation.

The predicted along-axis variations in e¡usion
rate at the GSC may be associated with system-
atic changes in the geometry of the eruptive con-
duit or the pressure gradient within the conduit.
The mean £ow rate through a circular pipe is
de¢ned as u= (R2/8W)(dp/dx), where R is the
pipe radius, W is viscosity, and dp/dx is the pres-
sure gradient. Thus, e¡usion rate is most sensitive
to conduit geometry, with wider pipes resulting in
higher e¡usion rates due to decreased shear along
the conduit walls. Similarly, a 1-m wide dike will
be characterized by a greater mean £ow rate than
a 1-m diameter pipe, suggesting that ¢ssure-fed
eruptions will have larger e¡usion rates than
point-source eruptions.

Along-axis changes in e¡usion rate could also
be associated with variations in the pressure gra-
dient within the conduit. The excess driving pres-
sure necessary for an eruption has been shown to
increase with the depth of the magma reservoir
and the strength of the overlying crust [62]. This
will result in elevated pressure gradients to the
west, where the magma reservoirs are likely deep-
est. However, after the initial eruption the pres-
sure gradient in the conduit will be controlled
only by the relative densities of the magma and
the overlying rock. The presence of gas bubbles
has a strong e¡ect on magma density. Bottinga
and Javoy [63] showed that above 2 kbar (V7
km) the vesicularity of basaltic magmas increases
rapidly with decreasing depth due to the exsolu-
tion of CO2. This implies that magmas residing in
shallower reservoirs will tend to have lower den-
sities than those at greater depths. Therefore, the
appearance and shoaling of the AMC may gener-
ate elevated magma pressure gradients to the east
along the GSC.

Finally, tectonic stresses produced by extension
will tend to decrease the pressure gradient in the
conduit and reduce e¡usion rate. Because tectonic
stresses are likely largest in the rift valley domain
where the lithosphere is thickest, this mechanism
is consistent with a decrease in e¡usion rate to the
west. However, because seamount abundance ap-

EPSL 6909 15-12-03 Cyaan Magenta Geel Zwart

M.D. Behn et al. / Earth and Planetary Science Letters 217 (2004) 331^347 343



pears to be closely linked to the presence of an
AMC, it is unlikely that long-wavelength varia-
tions in extensional stresses are the sole explana-
tion for the changes in volcanic style.

5.3. A model for seamount formation

The correlation between seamount abundance,
lava £ow morphology, and magma supply at the
GSC indicates that e¡usion rate may be directly
related to the presence of a steady-state crustal
magma chamber. To understand the observed re-
lationship between magma supply and construc-
tional volcanism we examine variations in the
characteristics of individual eruptions as a func-
tion of spreading rate. Although few high-quality
data are available for submarine eruptions, both
total erupted volume and ¢ssure length appear to
be correlated with spreading rate. Speci¢cally,
Sinton et al. [64] found that the length of eruptive
¢ssures increases with spreading rate, but the vol-
ume of magma erupted during a single event de-
creases with increasing spreading rate. The most
rapid change in these parameters occurs below a
half-rate of V3 cm/yr, approximately the rate
corresponding to the disappearance of a steady-
state magma chamber [65]. This implies that the
variations in ¢ssure length and erupted volume
may also be sensitive to the presence of a
steady-state magma chamber. Based on these ob-
servations, we propose a model in which ridges
characterized by a steady-state magma chamber
undergo short, high e¡usion rate eruptions. In
this scenario, a small volume of lava is trans-
ported quickly to the surface along a long ¢ssure,
resulting in the formation of low-relief sheet and
lobate £ows. In contrast, the larger eruptive vol-
umes characteristic of ridges lacking a steady-state
AMC cannot be erupted over a short enough time
period to thermally maintain a long ¢ssure. We
hypothesize that these ¢ssures collapse to several
point sources [66], which continue to erupt at a
low e¡usion rate over a longer period of time.
Such a model is consistent with the observation
that basaltic ¢ssure eruptions often initiate with
lava supplied along a long ¢ssure and subse-
quently converge to one or more vents within
hours to days (e.g., [67]). Moreover, it also pre-

dicts the progression of lava £ow morphologies
that have been observed during a single event at
the GSC (86‡W) [49].

This model is attractive because it links sea-
mount abundance and lava £ow morphology
with the presence of a steady-state magma cham-
ber, providing an explanation for the di¡erences
in volcanic style observed along the GSC as well
as those between fast- and slow-spreading ridges.
Furthermore, it is consistent with the segment
scale variations in lava morphology observed
along the southern EPR [48]. One region that is
not simply explained by this model is the Reyk-
janes Ridge, where wide-angle seismic data [68]
and controlled source electromagnetic soundings
[69] indicate the presence of a crustal magma
chamber near 57.75‡N. This location corresponds
to the region in which Magde and Smith [46]
identi¢ed numerous axial seamounts. One possi-
ble explanation for the dominance of point-source
volcanism is that the en-echelon structure of the
Reykjanes Ridge inhibits the formation of a con-
tinuous AMC. This could result in small, isolated
magma bodies that are more likely to generate
seamount-building eruptions. However, until
more detailed constraints on the presence and
depth of an AMC along the Reykjanes Ridge
are available, this model cannot be tested.

6. Conclusions

In this study, we have developed a robust meth-
od to identify isolated volcanic edi¢ces by search-
ing bathymetry for closed, concentric contours
protruding above the surrounding sea£oor. Using
this technique, we ¢nd that the number of sea-
mounts in the axial zone of the GSC decreases
dramatically as the Gala¤pagos hotspot is ap-
proached from the west. These variations are sim-
ilar in magnitude to the di¡erences in seamount
abundance observed between fast- and slow-
spreading mid-ocean ridges. Corresponding to
the along-axis variation in seamount density is a
change in lava £ow morphology from dominantly
pillow £ows in the west to a combination of pil-
lows and sheet/lobates in the east. These changes
in volcanic style suggest a transition from point-

EPSL 6909 15-12-03 Cyaan Magenta Geel Zwart

M.D. Behn et al. / Earth and Planetary Science Letters 217 (2004) 331^347344



source to ¢ssure-fed eruptions as magma supply
increases.

Lava £ow morphology has been shown to be
strongly dependent on both lava viscosity and the
e¡usion rate of an eruption. However, because
dredged lavas show no evidence for along-axis
variations in viscosity at the GSC, we interpret
the di¡erences in £ow morphology and seamount
abundance to re£ect an increase in e¡usion rates
nearer the hotspot. Comparing seamount abun-
dance with axial morphology, crustal thickness,
and the presence and depth of an AMC, we ¢nd
that the transition from point-source to ¢ssure-fed
eruptions is most sensitive to the presence of a
steady-state AMC. Therefore, it is likely that the
e¡usion rate of a typical sea£oor eruption is di-
rectly related to the presence of a steady-state
crustal magma chamber. This model provides
a viable explanation for the di¡erences in vol-
canic style observed at (1) fast- and slow-spread-
ing ridges, (2) the segment scale on the EPR,
and (3) hotspot-in£uenced ridges, such as the
GSC.
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