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SUMMARY

Banco Tuzo is a flat-topped seamount that lies 360–400 m below sea level, between the shallow volcanic platform of
the main Galapagos archipelago and the northern islands of Marchena and Pinta. Recovered basalt fragments include
rounded rocks with morphology that suggests exposure to a tidal environment. Ages of the lavas determined by
40
Ar–39Ar dating vary from 2.0 ± 0.5 Ma to 1.1 ± 0.5 Ma (x̄ ± SD). The subsidence rate calculated from the radiometric
ages is similar to that estimated for young oceanic lithosphere. Our observations indicate that Banco Tuzo is an ancient,
now submerged, island that formed close to the current position of Wolf Volcano, the northern end of Isabela Island.
This ancient island may have provided a pathway for species dispersal between the main Galapagos Archipelago
and the present-day northern islands.
RESUMEN
Banco Tuzo: antigua isla de Galápagos y posible escala intermedia para la dispersión de especies. El Banco Tuzo es
un monte submarino de cima plana que se encuentra a 360–400 m bajo el nivel del mar, entre la plataforma volcánica
poco profunda de la parte principal del archipiélago de Galápagos y las islas norteñas de Marchena y Pinta. Los
fragmentos basálticos recuperados incluyen rocas redondeadas con morfología que sugiere exposición a un medio
ambiente con mareas. Las edades de las lavas determinadas por el método de 40Ar–39Ar varían de 2.0 ± 0.5 Ma a
1.1 ± 0.5 Ma (x̄ ± SD). La tasa de hundimiento calculada mediante las edades radiométricas es similar a la estimada
para litosfera oceánica joven. Nuestras observaciones indican que el Banco Tuzo es una antigua isla, ahora sumergida,
que se formó cerca de la actual posición de Volcán Wolf, el extremo norte de la Isla Isabela. Esta antigua isla podría
haber proporcionado una vía para la dispersión de especies entre la parte principal del archipiélago de Galápagos y
las actuales islas del norte.
INTRODUCTION
Ocean islands play a critical role in our understanding of
the evolutionary biology of terrestrial species. Such islands
are subject to processes including magmatism, tectonic
plate movement, thermal subsidence, and changes in
sea level, which create a geography that is dynamic over
millions of years (e.g. Whittaker et al. 2008). As a result,
constraining the emergence location and age of current
and past (drowned) islands is critical to understanding
species dispersal between islands and how this affects
evolution over millennia.
The Galapagos Archipelago is one of the world’s most
studied oceanic island groups and served as inspiration
for the theory of evolution by natural selection (Darwin
1859). The islands include a concentrated region of active
volcanoes in the west, with a chain of older volcanoes
extending eastward in the direction of Nazca plate motion

(White et al. 1993, Sinton et al. 1996). The erupted lavas
have distinctive compositions (White et al. 1993) and the
islands are underlain by mantle with anomalously slow
velocities according to seismic tomographic imaging
(Hooft et al. 2003, Villagómez et al. 2007, 2014). These
observations indicate that the islands are formed by
magma generated by the partial melting of an upwelling
mantle plume. Unlike an idealized plume with volcanism
focused on one or two islands, magmatism occurs well
east and north of the youngest volcano, Fernandina. For
example, relatively recent (last several hundred years)
lava eruptions have occurred in the central islands of
Santiago and Santa Cruz. To the north, there is a collection
of islands (Wolf, Darwin, Pinta, Marchena, Genovesa) and
seamount lineaments between the Galapagos Spreading
Center (GSC) and the main Galapagos Platform to the
south (Fig. 1). This results in a broad spatial distribution
of the currently emergent islands. Prior to c. 4 Ma before
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present (BP), the GSC was situated over the plume that
produced the Carnegie and Cocos aseismic ridges, which
trend to the east and northeast, respectively, from the
Galapagos Islands (Wilson & Hey 1995).
As late as 1985, studies on the evolution of the terrestrial
species that inhabit the Galapagos Islands were based
on the geography of the currently emergent islands
(Geist et al. 2014). With the understanding that some
oceanic archipelagos, like the Galapagos, are created by
hotspots and that there is a continuum of new islands
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that eventually become drowned seamounts, historical
biogeographers realized that evolutionary timescales can
be extended beyond the age of the extant islands (Heaney
2000). Detailed bathymetric mapping, rock sampling, and
radiometric age determination of drowned seamounts on
the Carnegie and Cocos Ridges (Fig. 1) demonstrated that
we cannot assume a static distribution of islands. Christie
et al. (1992) first recognized drowned islands that are 5–9
Ma old, east and northeast of the current platform. This
in turn gave evolutionary biologists a basis to extend the

Figure 1. Map of the Galapagos region showing the major islands, lineaments, the Galapagos Platform carrying most of the main
islands, and the Galapagos Spreading Center. The red rectangle encloses the area shown in Fig. 2.
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age of evolution of terrestrial Galapagos species (Grant
et al. 1996, Rassmann 1997). Werner et al. (1999) observed
a 14 Ma-old drowned island on the Cocos Ridge (Fig. 1),
which further extended the potential time for evolution
on the islands (Parent et al. 2008).
In 2010, the MV1007 cruise of the research vessel
Melville mapped for the first time a large seamount (Fig.
2) nestled within the islands. This seamount has been
named Banco Tuzo by the Instituto Oceanográfico de la
Armada of Ecuador to honor the Canadian geophysicist
J. Tuzo Wilson. It is flat-topped and lies between the main
Galapagos Platform and the northern island of Marchena
(Fig. 1). We report new bathymetric imaging and 40Ar–39Ar
radiometric dating of basalts dredged from the seamount,
which show it to be a drowned island. We suggest that
this former island was a stepping-stone from the islands
of the main Galapagos platform to the northern islands of
Pinta and Marchena, permitting the radiation of species,
such as marine iguanas and giant tortoises.
METHODS
The morphology and surface characteristics of Banco Tuzo
were determined using multibeam and side-scan sonars

and a towed camera. Bathymetric data were collected
using a hull-mounted EM122 12 kHz multibeam sonar
along ship tracks oriented at 140° with typical swath
widths of 3–5 km. We generated side-scan sonar imagery
from the EM122 data, on which we interpret low reflectivity areas to be areas covered with > 1 m of sediment,
and areas of high backscatter reflectivity to be lava flows
with thin to no sediment cover. In order to obtain a closer
view of the surface of the seamount, photographic imaging
was obtained using the Woods Hole Oceanographic
Institution’s TowCam system (Fornari 2003), along a
short transect (TC1) between 665 and 623 m depth at the
hummocky eastern side of the southern margin terrace
(Fig. 2). The camera sled was deployed using the ship’s
cable, and a combination of forward ship motion and
winch operation was used to place the camera within
c. 5 m of the seafloor. Still photos were taken from the
camera every c. 10 seconds as the ship was underway at
0.5 knot. Rocks were dredged using a standard frame
and chain system.
For the 40Ar–39Ar radiometric dating, rock samples
were crushed and any large mineral crystals (phenocrysts)
were manually removed under an optical microscope. The
remaining groundmass (the fine material that solidified

Figure 2. Left: bathymetric map generated using data from the hull-mounted EM122 multi-beam system; the map is illuminated
(hill-shaded) so any individual color may be expressed from pale to dark as shown on the scale bar. Right: side-scan sonar imagery
from the EM122 data, where the darker shades represent low backscatter reflectivity and the lighter shades are higher reflectivity.
On both charts the white areas are where no data were collected, the contours are 100 m isobaths, and the four transects (D5–7,
TC1) are marked by the thick undashed blue lines.
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upon eruption) was cleaned by a series of HCl and
HNO3 leaching steps in an ultrasonic bath followed by
handpicking to remove any altered grains and remaining
phenocrysts (Koppers et al. 2011). The samples were
packed in a glass tube which was evacuated then irradiated
for 7 h in the TRIGA CLICIT nuclear reactor at Oregon
State University and the irradiation flux was monitored
using the FCT-3 biotite standard (28.03 ± 0.18 Ma) (Renne
et al. 1998). Incremental heating of the samples was done
by scanning a defocused 10 W CO2 laser over the samples
and the resulting gas was analyzed in a single-collector
MAP 215-50 mass spectrometer. Before analyzing a
sample, and after every three heating steps, system
blanks were measured. J-values for each sample were
calculated by parabolic extrapolation of the flux monitor
samples and their height in the glass tube. Incremental
heating plateau ages and isochron ages were calculated
using ArArCALC software (Koppers 2002). All errors on
the ages are reported at the 95% confidence level (± SD)
including 0.3–0.4% SD in the J-value. K/Ca values were
calculated as weighted means for the age spectra or as
total fusion K/Ca values by combining the gas analyses.
All ages were calculated using the corrected Steiger &
Jäger (1977) decay constant of 5.530 ± 0.097 × 10−10 per
year as reported by Min et al. (2000).
RESULTS
Morphology of Banco Tuzo
The EM122 data (available through the Marine Geoscience
Data System <http://www.marine-geo.org/tools/search/
entry.php?id=MV1007>) show that Banco Tuzo is an
elongate (NW–SE trending), flat-topped feature c. 40
km long and c. 20 km wide. The shallowest part of the
seamount is at the southeastern end, consisting of a flattopped hill, 4–5 km in diameter, which is 360 m below sea
level (bsl) at its shallowest point (Fig. 2). The boundary
between the flat top and steep flanks of the seamount
lies at 500–600 m bsl. A steep slope that drops from
500 m bsl to a relatively shallow-sloped terrace between
600 m bsl and 900 m bsl characterizes the southeastern
margin of Banco Tuzo. The western flank drops much
more steeply (15–30° slopes) from the flat top to the c.
1800 m bsl depth of the surrounding seafloor. There are
sub-parallel channels running down this slope and the
high backscatter reflectivity of the channels indicates that
they are bare rock, perhaps scoured by debris flows. In
contrast with the western escarpment, the eastern edge of
the seamount has a relatively gentle slope (< 10°), but it
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also has channels. There are several small volcanic cones
rising from this flank with the largest c. 2 km in diameter.
The northern end of the seamount pinches to a narrow
saddle that is c. 1000 m bsl before the seafloor rises up
the southern flank of Marchena Island.
Unlike the summits of most active, emergent Galapagos islands (e.g. Isabela), Banco Tuzo does not exhibit
primary volcanic features such as scoria cones and spatter
ramparts. High backscatter reflectivity (Fig. 2) over much
of the top of the seamount indicates a surface dominated
by bare rock. The southwestern edge of the seamount
top, however, displays low backscatter reflectivity and is
probably a large sediment-covered plain. The TowCam
images revealed that a large proportion of transect TC1
was covered with light-colored sediment, often with ripple
marks (Fig. 3). Lava was observed as isolated mounds in
the sediments, as pillow flows, short layered flows and
blocky piles (Fig. 3). The pillow structures, which were
a common substrate in the flat regions of the TowCam
trajectory, and the layered flows (Fig. 3 top) appear to be
primary features that have not been rotated. While some
of the blocky piles of basalt could be debris from mass
wasting, overall the terrace appears to be a constructional
feature. Abundant marine life was observed with the
TowCam system. The hard surfaces hosted many sessile
organisms, such as yellow sea-lilies (Crinoidea) and a
variety of Anthozoa including anenomes, black coral
(Antipatharia) and soft and hard corals (Fig. 3). The soft
sediment hosted spider crabs (Decapoda), pencil urchins
(Cidaroida) and sea cucumbers (Holothuroidea).
Recovered rock samples
Three dredge transects on the southeastern margin of
Banco Tuzo (Fig. 2, Table 1) recovered rock fragments
with basaltic compositions (K. Harpp unpubl. data).
Dredge D5 (836–834 m bsl) recovered fresh, moderately
vesicular pillow basalt fragments that are aphyric with
rare plagioclase glomerocrysts. Dredge D6 (828–682 m bsl)
recovered three aphyric, non-vesicular pillow basalts and
one aphyric but vesicular pillow basalt fragment (sample
D6D) that has a higher MgO content than the other D6
basalts. The shallowest dredge, D7 (529–430 m bsl),
sampled the slope break and margin of the flat seamount
top and recovered at least two distinct groups of basalts.
One group consists of highly vesicular, plagioclase-phyric,
sub-rounded basalt clasts (samples D7A, B and C) that are
moderately weathered (Fig. 4). The morphology is similar
to rocks from wave-eroded beaches with rounded gouges
and fluted features produced by bio-eroding organisms

Table 1. Dredge (D) and towcam (TC) transect locations.
Transect
D5
D6
D7
TC1

Start position

Start depth (m)

End position

End depth (m)

0°2ʹ43.1ʺS, 90°12ʹ6.7ʺW
0°2ʹ23.5ʺS, 90°12ʹ18.0ʺW
0°2ʹ7.5ʺS, 90°14ʹ59.0ʺW
0°2ʹ15.2ʺS, 90°12ʹ28.0ʺW

836
828
529
665

0°2ʹ25.4ʺS, 90°12ʹ17.3ʺW
0°1ʹ54.7ʺS, 90°12ʹ30.9ʺW
0°1ʹ44.8ʺS, 90°15ʹ13.1ʺW
0°1ʹ48.7ʺS, 90°13ʹ4.2ʺW

834
682
430
623
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Figure 3. Representative photographs taken during the towed
camera transect TC1. Top: an undersea cliff showing several
basalt flows hanging over rippled sediment cover, with an
orange anemone and a white coral attached to the lava. Middle:
pillow basalts partially covered with sediment, with a yellow
crinoid on the exposed lava. Bottom: basalt cobbles and blocks
partially covered with sediment.

Figure 4. Rocks from dredge D7. The white scale bar in each image
represents 1 cm. The top image shows a cut face illustrating the
vesicularity that is common to most of the D7 rocks. The other
images show the rounded edges and large bores, gouges and
fluted features consistent with a tidal or beach environment.
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such as sea urchins (Echinoidea) (Asgaard & Bromley
2008, Ramalho et al. 2013). The vesicularity of the lavas is
consistent with subaerial origins as hydrostatic pressure
can inhibit the exsolution of volatiles during submarine
eruption, although this depends on the volatile content of
the magma. Taken together, the morphology of these clasts
suggests past exposure to a tidal environment. The other
D7 rocks are nonvesicular, slightly plagioclase-phyric
pillow basalt fragments. One of these lavas contains a
xenocryst of the weathered basalt, indicating that it is
younger than the first basalt group.

ages using 40Ar–39Ar techniques (Table 2, Fig. 5; detailed
data for the 40Ar–39Ar ages are available on the Geochron
database <http://www.geochron.org/>). A sample (D7C)
from the shallowest dredge, which shows the rounded
and pitted morphology, has the oldest age of 2.0 ± 0.5
Ma. The other three ages (1.1 ± 0.5, 1.3 ± 0.8, 1.6 ± 0.8 Ma)
are from pillow basalt fragments. On the basis of these
ages and uncertainties, we can conclude that Banco Tuzo
magmatism occurred at least 1–2 Ma BP.

Ar–39Ar ages
Four samples of the compositionally distinct basalts from
two dredges (D5 and D7) yielded reliable crystallization

Evidence for a drowned island
The elongate shape and relatively smooth, flat top of Banco
Tuzo make it unique in comparison to other seamounts

40

DISCUSSION

Table 2. Incremental heating 40Ar–39Ar analyses of basalts dredged from Banco Tuzo.
Sample

N n

D6B
D6D
D7C
D7F

8
6
7
7

7
6
4
5

Age (Ma)
1.6 ± 0.8
1.3 ± 0.8
2.0 ± 0.5
1.1 ± 0.5

Plateau Age
Ar % K/Ca MSWD

39

98.8
100
89.9
82.5

0.009
0.007
0.008
0.008

0.03
0.17
0.01
0.02

Total Fusion
Age (Ma) K/Ca
2.0 ± 0.9
1.3 ± 0.8
6.0 ± 1.4
2.0 ± 0.7

0.025
0.007
0.018
0.038

Age (Ma)
1.6 ± 0.9
1.3 ± 0.9
2.0 ± 0.6
1.1 ± 0.6

Inverse Isochron
Ar/36Ar intercept MSWD

40

295.5
295.9
296.2
296.1

0.04
0.20
0.02
0.02

N = total number of incremental heating steps for each sample.
n = number of steps included in the age plateau and isochron calculations.
MSWD = mean square weighted deviation values for the plateau ages (df = n–1) and inverse isochrons (df = n–2).

Figure 5. Step age spectra for the 40Ar–39Ar analyses of basalts dredged from Banco Tuzo. Black lines show the steps used in
calculating the age given above the line, and are positioned arbitrarily relative to the y-axis.
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in the region. The seamounts that lie between the main
Galapagos platform and the GSC appear to be either
cones (sometimes with defined calderas) or composite
edifices with discrete flows and rift zones (Mittelstaedt
et al. 2012). The flat top of Banco Tuzo is suggestive of the
guyots (drowned islands) in the western Pacific but, by
itself, a flat seamount top does not necessarily indicate past
subaerial erosion, as this feature is evident in other Pacific
seamounts where it has been caused by sedimentation
and filling of surface topography (Karig et al. 1970) or by
lava ponding within a caldera (Fornari et al. 1984, Clague
et al. 2000, Mitchell 2001). However, the exposure of hard
rock inferred from the Banco Tuzo backscatter data (Fig.
2) does not support sediment filling. Furthermore, the
lava ponding mechanism is often invoked in smaller
(4–5 km basal diameter), near-ridge volcanoes that have
roughly circular shapes, whereas Banco Tuzo is much
larger, far from circular, and morphologically unlike a
single volcano with a central caldera. The combination of
the flat top, the lack of primary volcanic features, and the
morphology of the dredge D7 rocks, is best explained by
previous subaerial exposure and erosion of the volcano.
The thin longitudinal channels on the eastern and
western flanks of Banco Tuzo (Fig. 2) support a subaerial
past as well. Similar features are present on the flanks
of Wolf and Darwin Islands (Harpp et al. 2014). Thin
channels several km long that have been observed on the
submarine slopes of the volcanic island of La Réunion
appear to be from sediment flows caused by the unstable
buildup of clastic sediment along the edge of slopes

(Saint-Ange et al. 2013). A plausible explanation for the
thin channels on Banco Tuzo is that they carried flows of
volcaniclastic sediment created by coastal erosion during
subaerial exposure.
Size and location of the ancient island
The age of the oldest sample constrains the paleoposition
of the ancient Banco Tuzo island as well as its subsidence
rate. Using an eastward plate velocity of 59 ± 1 km/Ma
(O’Connor et al. 2007, Geist et al. 2014) for the Nazca
Plate within the hotspot reference frame, we determine
the position of Banco Tuzo at 2 Ma BP to be c. 120 km
west of its current position. This would place it close to
where Wolf Volcano, the northern end of Isabela Island,
now lies (Fig. 6).
In order to determine the subsidence rate and the age
at which Banco Tuzo became submerged, we first assume
that the ancient shoreline is at or below the depth where
the rounded rocks were recovered (dredge D7, 530–430
m bsl) but above the other transects where no weathered
rocks were found, and therefore probably at the sharp
bathymetric break between the flat top and the steep slopes
on the western and eastern margins, at about 600 m bsl.
We also assume that thermal subsidence due to cooling
began after the youngest lava aged 1.1 Ma erupted, which
we assume was the cessation of magmatism. Therefore
Banco Tuzo has subsided c. 600 m in the past 1.1 Ma.
This is slightly faster than the 380 m of subsidence for
oceanic lithosphere derived from mid-ocean ridges during
1.1 Ma (Stein & Stein 1992), but slower than the 1195 m

Figure 6. Possible paleogeography of the Galapagos region for 2 and 1 Ma BP based on Geist et al. (2014), updated with data
presented here. Shadowed black circles indicate volcanoes that were active during that time increment. The pink shaded box is
the estimated location of the Galapagos hotspot. The solid arrow represents a possible pathway of migration of the lava lizard
clade currently comprising Microlophus habeli (Marchena) and M. bivittatus (San Cristóbal). The dashed arrow represents a possible
pathway of migration of the tortoise lineage Chelonoidis hoodensis (Española) and C. abingdoni (Pinta).
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of subsidence using the rate of the Galapagos Platform
(Geist et al. 2014). This disparity between the subsidence
of Banco Tuzo and the main archipelago suggests that the
northern volcanoes, such as Pinta and Marchena, which
are not located on the Galapagos Platform, may subside
more slowly than the main islands.
To estimate the size of the ancient Banco Tuzo island,
we assume that the slope break at 600 m bsl represents
the ancient shoreline. At c. 1.1 Ma BP the summit of the
island would have reached c. 350 m above sea level (not
accounting for any erosion) and would have had the
approximate land area and height above sea level of
Marchena. At this time, the westernmost island on the
main Galapagos Platform was a landmass composed of
what is now Santa Cruz and Floreana (Geist et al. 2014).
Banco Tuzo island would have been located just north of
this landmass (Fig. 6), until it subsided. Using a subsidence
rate of 550 m/Ma based on the above calculations, the
island would have subsided 350 m over 0.6 Ma and
therefore reached present-day sea level at c. 0.5 Ma BP.
The emergence dates of Pinta and Marchena are not clear
but recent radiometric ages of lavas dredged from the
flanks of the two islands are c. 1 Ma (C. Sinton unpubl.
data) and the oldest radiometric (K–Ar) dates from the
subaerial lavas are 0.9 ± 0.2 Ma BP for Pinta and 0.56 ± 0.04
Ma BP for Marchena (White et al. 1993). Therefore Pinta
and likely also Marchena were probably contemporaneous
islands with Banco Tuzo.
Impact on species dispersal
Dispersal of species between islands in oceanic archipelagos is imperative for the evolution of a diversity of
subspecies (Cowie & Holland 2006). Due to its location
between the main archipelago and the northern islands,
Banco Tuzo may have served as a stepping-stone for
terrestrial flora and fauna between them. The interisland radiation of terrestrial species is a prominent
aspect of evolution in Galapagos and the timing of
island emergence is a key determinant of this (Parent et
al. 2008). At least two specific radiations could have been
facilitated by Banco Tuzo. Mitochondrial DNA sequencing
shows a relationship between the giant tortoises of the
southeasterly island of Española (Chelonoidis hoodensis) and
of Pinta in the north (C. abingdoni) (Caccone et al. 2002).
An emergent Banco Tuzo at 2 Ma BP could have hosted
the ancestors of these tortoises before Pinta emerged as an
island (Fig. 6). Banco Tuzo may also have played a role in
the radiation of lava lizards Microlophus. The divergence
of the genetically related species on San Cristóbal (M.
bivittatus) and Marchena (M. habeli) has been given an
age of 0.4 Ma (Benavides et al. 2009) based on what they
considered was the age of Marchena. This age can be
extended if lava lizards migrated from San Cristóbal to
Banco Tuzo 1–2 Ma BP and then later to Marchena after
it emerged above sea level (Fig. 6).
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