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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco The abyssal plains are generally assumed to be geologically inactive parts of the ocean plate interiors where

processes (such as pelagic sedimentation or manganese crust and nodule formation) occur at very slow rates. In

Keywords: terms of intraplate volcanic activity, almost all is assumed to occur at hotspots, leading to little exploration in

Volcanism other intraplate regions. The Peru Basin is an abyssal plain known to host Mn-nodule fields. We present remotely-

Lmra%lat? operated underwater vehicle (ROV) investigations of a small seamount adjacent to such a Mn-nodule field on
eru basin

20Ma Nazca Plate crust, showing that it appears to have been recently volcanically and hydrothermally active.
The seamount lies 1600km east of the nearest spreading axis (East Pacific Rise) and 600km from both the
Galapagos Plateau (to the north) and the subduction zone off Peru (to the east), making off-axis, hotspot or petit-
spot processes unlikely as a cause of the volcanism. The shallow mantle below the Nazca (and conjugate Pacific)
Plate shows globally anomalous low seismic shear-wave velocities, perhaps reflecting higher-than-normal
amounts of melt in the mantle below this region which may provide a source for the magmas. Our own
regional mapping work and literature sources highlight several similar sites of probable young volcanism else-
where in the Peru Basin which may also be related to this anomaly. The Nazca abyssal plain may be much more
geologically active than previously thought. If so, this could have wider implications for, among other things,
chemosynthetic ecosystem connectivity.

Non-hotspot

1. Introduction

Volcanism in the ocean basins is traditionally assumed to occur
almost exclusively at the plate margins (mid-ocean ridges, subduction
zones, possibly also transform boundaries) and areas of intraplate hot-
spot activity related to thermo-chemical plumes in the mantle (Morgan,
1971). Some exceptions to this general scheme are known, all producing
large volcanic features visible on satellite altimetry maps (Smith and
Sandwell, 1997): In the Pacific, elongated intraplate volcanic ridges
have been discovered and proposed to be caused by shear-driven up-
welling in the asthenosphere (e.g., Pukapuka, Sojourn and Hotu-Matua
Ridges, South Pacific: Ballmer et al., 2013; Holmes et al., 2007) or to
breaking of the Farallon plate (Alvarado and Samiento Ridges: Lonsdale,
2005; see also Fig. 1); in the Atlantic, isolated volcanoes have been
related to intraplate stress fields leading to lithospheric extensional
fractures (Haase and Devey, 1994) or to small melting anomalies in the

* Corresponding author.
E-mail address: cdevey@geomar.de (C.W. Devey).
1 Present address: National Oceanography Centre, Southampton, UK.

https://doi.org/10.1016/j.margeo.2021.106548

vicinity of plumes (Long et al., 2020). Recent ship-based exploration has
revealed small volcanoes not visible on satellite maps on the Pacific
plate off Japan (Harigane et al., 2011; Hirano et al., 2001) and on the
Nazca plate off Chile (Hirano et al., 2013). These petit spots are thought
to be related to plate flexure prior to subduction (Hirano et al., 2006).
Whether small-volume volcanism is also a feature of the ocean floor
away from subduction zone flexure was, until now, largely unexplored.
The aim of this paper is to present first results from volcanic exploration
in the Peru Basin, an intraplate abyssal area far from plate boundaries or
hotspots. The area has previously been the subject of Mn-nodule-mining
environmental impact studies (the DISCOL project: Borowski and Thiel,
1998; Thiel et al., 2001). We find clear evidence for relatively recent
magmatic activity in the region.
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2. Geological setting

The study region, which we will henceforth refer to as “the DISCOL
area” lies in the Peru Basin on the Nazca plate (Fig. 1). Regional inferred
bathymetry from satellite altimetry and occasional ship tracks, com-
bined in the GEBCO grid (www.gebco.net), is presented on Fig. 1. This
figure also shows new multibeam mapping data collected by us in the
course of the work described here (data sources are given in the figure
caption), these data already are (https://doi.pangaea.de/10.1594/PA
NGAEA.854125) or will be made available at the Pangaea World Data
Centre www.pangaea.de prior to publication. Fig. 1 shows no seamount
chains or large tectonic features within several hundred kilometers of
the DISCOL area, although some isolated seamounts are seen which will
be discussed later. The large Alvarado and Sarmiento ridges are thought
to represent fissures related to the initial stages of break-up of the Far-
allon plate (Lonsdale, 2005). This break-up eventually created the Cocos
and Nazca plates by rupture along the Grijalva Scarp around 23 Ma
(Castillo and Lonsdale, 2004; Lonsdale, 2005). A compilation of mag-
netic anomalies (Lonsdale, 2005) suggests that the seafloor in the DIS-
COL region was created at the East Pacific Rise around 20 Ma ago
(magnetic anomaly 6A, Lonsdale, 2005). The DISCOL area is ca. 600 km
south of the margin of the Galapagos Plateau, over 600 km west of the
outer margin of the Peruvian subduction zone and 1.600 km east of the
East Pacific Rise. The average depth of the region (between 4200 and
4100 m) is in accordance with the 4150 m predicted for a 20 Ma old
plate by subsidence models (Korenaga and Korenaga, 2008). An over-
view map of the bathymetry of the DISCOL area is shown in Fig. 2.

As part of a 2015 environmental survey (Drazen et al., 2019; Gau-
sepohl et al., 2020; Simon-Lledo et al., 2019), an autonomous
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biogeochemical station (“lander”) was deployed outside the DISCOL
disturbance area to study background values of ocean currents and other
physical properties (see Boetius, 2015). Following deployment, the
lander failed to respond to releaser signals and so in a (finally unsuc-
cessful) effort to recover it, the last remotely operated vehicle (ROV)
dive of cruise SO-242/2 (station 235ROV) made a detailed visual search
of the seafloor at the lander deployment area of the seamount summit.
No samples were collected during this search.

The area of the ROV survey lies on the small seamount to the north-
northeast of the DISCOL disturbance patch (Fig. 2). The new bathy-
metric data show this seamount to have an irregular shape, with several
small circular cones visible on its flanks. The seamount itself and its
flanking cones show the steepest slopes in the area (up to 30°) as well as
higher rugosity than the surrounding seafloor (rugosities of up to 1.14
are evident on the seamount, where rugosity is defined as the ratio of the
area of a 3 x 3 grid square in the digital terrain model (DTM) to the area
of a horizontal plane covering the same grid points. The DTM used for
this calculation has 50x50m cells). The seamount rises from a broader
plateau at around 4150 m to the shallowest summit at 3850 m. This peak
depth is much shallower than the carbonate compensation depth in the
South Pacific and close to the lysocline there (Palike et al., 2012; Rea
and Leinen, 1985). Data from ODP drilling (Lyle, 1992) show surface
sediments in this region to have carbonate accumulation rates up to ca.
700 mg cm 2 k.a. ! and indicate a carbonate/opal ratio in the sediments
>1. Sediment analyses from gravity cores taken during the cruise on
which the ROV dive took place show three distinct carbonate enriched
layer, one at the sediment surface (up tol5 wt% Ca), one near the
sediment surface (~20 wt% Ca, at 1-5 mbsf) and a third one in about
8-10 m depth with ~20 wt% Ca (Paul et al., 2019).
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Fig. 1. Main figure: The location of the DISCOL area within the Pacific ocean. Major topographic features on the Nazca plate mapped (but not sampled) by Lonsdale
(2005) are labelled as are selected isochrons (grey dashed lines) on crust formed at the Pacific-Farallon (NW-SE trending) and Cocos-Nazca (NE-SW trending) plate
boundaries. Yellow circles show the location of heatflow measurements (values in mW,/m?). Red stars show locations of earthquakes recorded in the IRIS catalogue
since 1970 (from iris.edu, last updated 17 June 2021). Green triangles show the locations of seamounts studied by Marchig et al. (1999) labelled “M.” and Wiedicke
and Weber (1996) labelled “W&W". Note the different and mutually exclusive colour scales for the regional GEBCO map (blues) and the area mapped during cruises
S0-242/1 and SO-242/2 reported here (green/red). Raw bathymetric data from these cruises are available at https://doi.pangaea.de and https://doi.org/10.
1594/PANGAEA.854125). Inset top left: Grey-scale bathymetry of the NE equatorial Pacific showing location of the main figure (blue box). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)


http://www.gebco.net
https://doi.org/10.1594/PANGAEA.854125
https://doi.org/10.1594/PANGAEA.854125
http://www.pangaea.de
https://doi.pangaea.de
https://doi.org/10.1594/PANGAEA.854125
https://doi.org/10.1594/PANGAEA.854125

C.W. Devey et al.

88°30'W

88°27'W

88°24'W

S.0eL

Si€oL

88°30'W 88°27'W

— C—
3800 Depth (m) 4300

Fig. 2. The bathymetry of the study area derived from the 2015 multibeam
data collected during cruise SO-242/2. The area disturbed during the original
DISCOL project is marked, as are cones visible on the seamount flank and the
track (in white) of the ROV dive reported here (see also Figs. 3 and 9). The
bathymetric grid from which this figure was produced is from Gausepohl et al.
(2020) and can be downloaded at https://doi.
org/10.1594/PANGAEA.905579".

3. Methods

Video investigations were performed with the ROV Kiel6000 run by
GEOMAR. The vehicle has a maximum operating depth of 6000 m and is
equipped with both standard-definition (SD or 480p) and high-
definition (HD or 1080p) video cameras mounted on pan-tilt heads.
The HD video provided most of the images presented in this paper in the
form of frame-grabs. The view directions given for the images shown are
calculated from the vehicle heading and the pan angle of the camera
head. The absolute position of the vehicle relative to the ship was esti-
mated using Posidonia (® IXSEA) Ultra-Short Baseline (USBL) naviga-
tion which has a theoretical positional accuracy of +1% of water depth
(in our study area + 38 m). The vehicle also recorded its movements
relative to the seafloor in one-second intervals using a doppler-velocity
logger (DVL). These relative movements have much smaller, sub-
centimeter, internal errors which, however, accumulate steadily over
time.

Ship-based multibeam bathymetry was collected using a hull-
mounted Kongsberg EM-122 system with 432 beams and a frequency
of 12 kHz.

4. Results
4.1. Bathymetry

The ROV spent approximately 4.5 h on the seafloor (start
28.09.2015, 22:55UTC and end 29.09.2015, 03:35UTC) during dive
235ROV. Visual contact with the seafloor was maintained almost
constantly and a video survey was carried out. A combined processing of
the USBL and DVL navigation data (as described, for example, by
Kwasnitschka et al., 2013) to determine the position of the vehicle
during the dive proved to be very difficult as the area surveyed was small
(ca. 200x500m) and so filtering to exclude spurious Posidonia fixes was
unsuccessful. A bathymetric map for the survey is shown in Fig. 3,
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Fig. 3. Gridded ROV bathymetry (obtained from ROV altitude plus depth).
Note that due to navigational inaccuracies inherent in the ROV work, only the
general structure of the seafloor is available from this map. Labelled areas refer
to features described under “4.2 Geological Observations”. Stars show the lo-
cations of individual seafloor photographs presented in Figs. 4-8, labelled with
figure number and sub-panel letter.

gridded at 6 m. It was constructed using the DVL data and the seafloor
depth directly beneath the vehicle calculated from vehicle depth +
altitude from 22:55 to 02:45, after which time the drift is estimated,
based on geological observations on crossing video lines, to have
become unacceptable for gridding purposes.

4.2. Geological observations

Several geological units can be identified visually on the ROV
footage. These are described and illustrated in the following section. As
direct sampling of the seafloor was not performed during this “search
and rescue” ROV dive, any conclusions about the composition of the
units are based solely on their appearance.

4.2.1. Linear scarps exposing sedimentary strata with overlying indurated
layer

Several areas were seen with bedded sediments exposed along
laterally continuous scarps. In all cases, these scarps could be followed in
a relatively constant direction for many 10s of meters. The scarps all
appear to be vertical - no sense of dip could be determined from the
video footage.

Fig. 4A clearly shows the bedding in the sediments, which vary in
colour from white to light grey/green and contain lighter-coloured in-
clusions which may be fossils - at the resolution of the video no identi-
fcation is possible. In all cases, the sediment sequence is capped by a
dark grey to black-coloured layer several centimeters thick (Fig. 4A, B &
D) which in some cases extends as a flange or plate beyond the face of
the sediment wall (e.g. Fig. 4B). Where well exposed, this cap layer can
be seen to have an irregular and convoluted surface on the mm-cm scale,
similar to surfaces reported for, for example, cobalt-rich crusts (see e.g.,
Halbach et al., 2017). Occasionally the sediment appears more massive
and darker in colour and is cut by several parallel, steeply-dipping
planes (see Fig. 4C). The exposed scarps show a variation of light to
dark shades, with the base of the scarps (which are generally <5 m high,
although one example ca. 20 m high was seen) always being lighter in
colour.

More detailed examination of some of the scarps show rounded
vertical channels in the sediments (Fig. 5). The channels are up to
several 10s of cm across. It is notable that such channels are only seen in
the sediments close to the scarps - on the flat sedimented areas away
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Hard cap

Fig. 4. Examples of bedded sediments exposed on scarps. All sediment sequences appear to have a hard cap (A-D), pieces of which are sometimes visible at the foot
of the scarp (A, D). This cap is darker in colour than the sediments. The look direction (as degrees clockwise from North) of the photographs as well as the estimated
horizontal width of the seafloor visible on the image is shown in the top right-hand corner.

Fig. 5. Vertical channels running through the sediments. These channels are
only seen near the cliffs - no depressions which could overlie such features are
seen on flat sedimented surfaces. View directions and estimated scale indicated
as in Fig. 4.

from the scarps, no “sink-holes” or similar features which might suggest
underlying channels are visible.

4.2.2. Massive white sediment with dark veins
On the top of the shallow area in the northeast region of the dive area

(see Fig. 3), outcrops of white sediments showing no discernible bedding
are cut by veins of dark material. The dark veins are seen in places to
have two raised margins and are associated with irregular clumps of
dark material on the seafloor (see Fig. 6A). In close-up, the white sedi-
ment (Fig. 6B) shows signs of bioturbation (burrows are clearly seen),
has a rounded, concoidal outcrop surface structure and is cut by
numerous thin (1-2 mm), light-coloured, veinlets. Without samples it is
not possible to determine whether the sediment is carbonate or silicic
(but see discussion). The massive white sediment is cut on one side by a
steep scarp littered with massive boulders with no pelagic sediment
cover (Fig. 6C, D). On the scarp face itself, some dark patches are
observed which look to consist of the same material as seen in the dark
veins (Fig. 6E). We assume this is where the white sediment has broken
along a vein, leaving some of the black material coating the surface.
Some blocks of sediment entirely surrounded by veins are seen in one
area (Fig. 6F).

4.2.3. Pillow lavas

The small east-west ridge in the western part of the dive area (see
Fig. 3) appears to be constructed of pillow lavas and tubes (see Fig. 7)
lying on top of dark, platy material similar to that seen on top of the
sediments (see Section 4.2.1). The pillow lavas, which cover a region ca.
100x150m on a 10 m-high ridge, have only a thin dusting of uncon-
solidated sediment and occasional sessile organisms attached to them.
Pillow tubes have the black colour, the longitudinal striations and other
surface features and the 20-60 cm average diameter typical of basaltic
pillow tubes seen elsewhere on the seafloor (e.g., Yeo et al., 2012). The
area of the pillows was the only region during the dive where white
decapods were observed (Fig. 7A). The pillows clearly lie on top of and
are erupted through the dark platy material (Fig. 7B). The base of the
pillow mound is marked by a sharp transition into underlying sediment
(Fig. 7C).

4.2.4. White mounds

Two areas show small, white mounds protruding several 10s of cm
above the seafloor. These constructs are seen both at the base of the
pillow ridge (Fig. 8A) and associated with the dark veins in the massive
white sediment (Fig. 8B). The mound in Fig. 8A appears to be sur-
rounded by a lighter-coloured halo on the adjacent seafloor. These
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Fig. 6. Dark veins running through white sediment on the seafloor. (A) The veins show two raised margins and are associated with clumps of dark material on the
surrounding seafloor. (B) The white sediment is massive, shows concoidal surface structure and is cut by thin white veins. (C) A dark vein terminates at a scarp. (D)
The boulders below the scarp are angular and show little sediment dusting. (E) On the scarp the dark veins are seen coating surfaces in the white sediment. (F) Dark
veins completely surrounding blocks of sediment, note also the zonation in proportion of sediment to veins from left (few veins) to right (vein dominated) across the

picture. View directions and estimated scales as in Fig. 4.

mounds show no sign of biological activity on their surface and appear
to be located on both soft (Fig. 8A) and hard (Fig. 8B) substrate.

5. Discussion
5.1. Geological interpretation of rock types

Beside the pillow lavas, several different lithologies are evidently
present in the dive area. Although no samples were collected, the video
information provides numerous indications of what these lithologies
may be:

e Sediments: Both grey-green and white sediments are seen on the small
seamount. In view of the higher content of carbonate relative to opal
in present-day sediment being deposited at this location in the Peru
Basin (Lyle, 1992) and the fact that, over the 20 Ma since this crust
formed, seafloor depth will have been shallower than it presently is
and so more amenable to carbonate conservation, we feel it is most
likely that most of the sediments we observe, and especially those
showing a white colour, are carbonates. The dark indurated cap seen
on the grey-green sediments in places is reminiscient of Mn-crusts
reported from seamounts throughout the Pacific (e.g., Segl et al.,
1984)

e Dark veins: The nature of the black veins which cut the white sedi-
ments is difficult to determine from photographic evidence alone.
The material must, at some stage, have been in a liquid form to fill
the veins, and so either was itself a liquid or its material was

deposited from flowing fluid. Several black, mobile materials can
occur on the seafloor, especially lava, asphalt and manganese-
containing solutions. The absence of chemosynthetic organisms
colonizing the veins suggests that the material is not asphalt (c.f.
Marcon et al., 2018). The matte appearance of the veins on exposed
surfaces (e.g., Fig. 6E) could imply a manganese oxide coating
(magmatic intrusions might be expected to show shiny, glassy sur-
faces) but the presence of large surface accumulations of black ma-
terial (Fig. 6A inset, Fig. 6F) next to the veins seems incompatible
with Mn-oxide deposition from a solution. So a magmatic origin for
the veins seems most likely.

White mounds: The shape and colour of the white mounds shown on
Fig. 8 does not appear to conform to any known deep-sea animal
group and we conclude that they are geological rather than biolog-
ical constructs. Although the video information shows no signs of
active fluid venting, these features are clearly constructed above the
seafloor and have some rigidity (i.e. they are not merely mounds of
loose material) leading us to the conclusion that they may be con-
structed from mineral precipitation around the exit points of crustal
fluid (i.e., they are “chimneys”).

5.2. A geological map of the seamount

Assuming these rock type classifications are correct, the video ob-
servations, combined with the vehicle position, can be used to produce a
geological map of the dive area, which is shown in Fig. 9. On this map,
boundaries which lie directly on the ROV track (shown by the depth-
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Fig. 7. Young pillows on old seafloor. (A) Near the summit of the pillow
mound. (B) Pillow flows emerge through a hard-cap which appears very similar
to that seen elsewhere on the top of the uplifted sediment blocks (see e.g.
Fig. 4A). (C) The sedimented basal contact of the pillow ridge. View directions
and estimated scales as in Fig. 4.

coded track) are located based on direct observations and have the
highest confidence. Between the ROV tracks, where there are no ob-
servations, boundaries have been extended in what appears to us to be
the most logical configuration, similar to procedures used in field
geological mapping on land. In regions where the ROV tracks are widely
spaced, the location of these interpolated boundaries will be subject to
large errors. With an estimated field of view from the ROV of up to 10 m
(this varied during the dive due to the ROV occassionally stirring up
sediment from the seafloor, reducing visibility. Also in the region of the
pillow mound the visibility appeared to be somewhat reduced), in re-
gions with closely spaced ROV tracks the boundaries are much better
constrained.

There are several features of the rock types and their relationships to
each other shown on this map which imply that this region of the Peru
Basin, normally thought of as an inactive intraplate area, has experi-
enced relatively recent magmatism, possibly associated with local tec-
tonic activity:

Marine Geology 440 (2021) 106548

White mound

White mounds

Fig. 8. White mound structures. (A) a white mound located on sediment at the
base of the pillow mound. The ROV “porch” is visible in the lower part of the
picture. (B) White mounds located along one of the dark veins described above
(see also Fig. 6). The blow-up shows the irrgular and steep shape of the mound.
View directions and estimated scales as in Fig. 4.

1. Most of the seamount summit region surveyed during the ROV
deployment is covered in grey/green deep water sediments, similar
to those seen in the adjacent DISCOL nodule area (see Cruise Report
S0242-1; Greinert, 2015). Evidence from the bedded sediments
exposed in the scarps (Fig. 4) suggests that this type of sedimentation
has been occurring on this seamount for extensive periods (no
magmatic basement was seen exposed below the sediment on any of
these scarps). Such scarps could be the result of either tectonic re-
activtion or mass-wasting, although their linear nature suggests the
former is more likely. As they expose indurated sediment showing no
sign of slumping (and indeed occasionally the scarps are over-
hanging, see Fig. 4A) we conclude that the scarps were formed post-
diagenetically. During the SO242/2 cruise, Parasound sub-bottom
profiling data (Grant and Schreiber, 1990) were collected along
several tracks (see fig. 7.1.2 in Boetius (2015)) from which data
(https://doi.org/10.1594/PANGAEA.854122) and images (https://d
0i.org/10.1594/PANGAEA.854124) are freely available online. Two
tracks passed over the seamount studied here, between 20:40 and
21:40 UTC on 13 Sept. 2015 (image SO242_2.192_01_SLF) and
03:10-04:00 UTC on 5 Sept. 2015 (image SO242_2_ 161 _SLF). Both
passes show Parasound records typical for steep-sided features, with
little sub-bottom penetration and multiple parabolic side-echoes. In
the few instances when penetration was achieved (e.g., between
20:55 and 21:00 on 13 Sept 2015) the image shows >10 m of un-
disturbed bedded sediment on the seamount flank and did not reach
acoustic basement. The flatter seafloor around the seamount shows
more consistent penertration of up to 50 m and also parallel-bedded,
apparently undisturbed sediments, the acoustic basement was here
also not reached.

2. The scarps have two main orientations, roughly N-S and E-W (see
Fig. 9). These orientations are relatively well constrained either by
repeated crossings with the ROV (the most easterly and westerly
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Fig. 9. Geological map of the dive area on the summit of the volcano shown on Fig. 2. The coloured track shows the water depth using the same data and colour scale
as for Fig. 3. Tick marks on the lines marking the scarps show their down-step side.

scarps) or because the ROV-trajectory approximately followed the
scarp, keeping it in view for some distance (the more easterly of the
two N-S-running scarps). The N-S-trending scarps both down-step to
the west, separating the summit into two platforms. We interpret
these scarps as being the traces of faults on the seamount summit
although we found no evidence to prove this unequivocally. The
more easterly platform, which includes the shallowest bathymetry in
the area and is centred on 88°26.52'W (Fig. 3), is characterized by
the white, unbedded sediments crosscut by dark veins (Fig. 6),
although a patch of similar sediments is also seen to the north of the
pillow ridge on the western block (see locations of Fig. 6C-E on
Fig. 3). The lack of distinguishable bedding in these white sediments
combined with their concoidal outcrop surface implies that they
have experienced more induration/diagenesis than the greenish
bedded sediments seen elsewhere. The occurrence of cross-cutting
white veins in the sediments may even imply that they have begun
to be remobilised and may be more fittingly described as marbles
rather than sediment.

3. The marbles are cross-cut by dark, presumably magmatic veins
which are occassionally surmounted by small white chimneys. None
of the exposures shows more than a thin sediment dusting, suggest-
ing that they formed in their present configuration relatively
recently. The veins occasionally show raised margins (Fig. 6A) which
may represent chilled margins. Our preferred interpretation for these
outcrops is that the white host sediments have suffered contact
metamorphism in proximity to a magma body and that the dark veins
are thin dykes of this magma intruding the sediments.

4. The western platform shows more conventional pillow-volcano
magmatism. As with the veins and chimneys, the pillow lavas show
little sediment cover (Fig. 7), again suggesting that they are rela-
tively recent eruptions (although with sedimentation rates in this
region being relatively low (1-10 mm/kyr, e.g., Marchig and Reyss,
1984) it is difficult to determine their exact age). This is supported by
the presence of crustaceans, which on the videos resemble the
munidopsis “squat lobsters” (Munidopsis subsquamosa Henderson),
on these pillows - such animals are often (although not exclusively)

found near hydrothermal vents (e.g., Chadwick et al., 2018; Mac-
pherson and Segonzac, 2005). The amount of extrusive volcanism
appears to be very minor - Fig. 7B shows individual pillow tubes
resting on what appears to be the Mn-crust normally seen topping the
sediment pile (e.g. Fig. 4). This crust appears to have been fractured
and bent upwards, presumably by underlying, intruding magma.

Independent corroboration for the occurrence of recent volcanic and
tectonic activity on and around the seamount comes from two sources:
Firstly, in 1992 Marchig et al. (1999) carried out a photo-sled profile
over the volcano (the exact path the sled took can, unfortunately, no
longer be determined) and report detecting spiked temperature anom-
alies of almost 0.1 °C in the water column above the volcano (see their
Fig. 3). They took this as strong evidence that the volcano was young and
still hydrothermally active. And secondly, in 2 October 1988 a magni-
tude 4.7 earthquake was detected teleseismically in the area and
assigned a location (7.065°S/88.619°W, see Fig. 1) ca. 25 km west of the
seamount and a shallow depth of 10 km (IRIS catalogue, event time-
stamp 591,837,663). In view of the errors inherent in teleseismic epi-
centre relocation, this earthquake occurred within error of the seamount
studied here.

Taken together, the evidence for pillow lavas lying on top of Mn-
crusts shown here combined with temperature anomalies in the water
column reported by Marchig et al. (1999) would seem to be enough to
conclude that active volcanism is occurring on this 20 Ma crust.
Although the volcano studied here is relatively small, its location in the
middle of the Peru Basin, an area expected, in plate tectonics, to have
been tectonically and volcanically inactive for many millions of years, is
unusual. This led us to search for other evidence of volcanism in the
area.

5.3. Regional plate tectonic setting and possible triggers for DISCOL
volcanism

In Section 1 we listed several phenomena (hotspots, petit-spots,
mantle convective rolls or intraplate stress) which have previously
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been advanced as causes of intraplate volcanism. It is instructive to
evaluate whether any of these could be responsbile for the small-volume
intraplate volcanism we observe.

A compilation of hotspot locations (Steinberger, 2000) shows no
known hotspot in the vicinity of the DISCOL area, the nearest is Gal-
apagos at >600 Km, the other Nazca Plate hotspots (Easter, Juan Fer-
nandez, San Felix) are all >2000 km distant. Although work in the
Atlantic (Long et al., 2020) has suggested that plume material may
contaminate the upper mantle over distances of several hundred km and
lead to dispersed volcanism near major plumes, the edifices they
sampled were all large constructive features (some apparently former
islands which had been eroded to guyots) unlike the DISCOL volcano we
study here. Additionally, Long et al. (2020) postulated that the
contamination was linked to a spreading head of material from the
Canary and/or Cape Verde plume stalled at around 1000 km depth in the
mantle over 60 Ma ago and visible in seismic tomography images. The
Galapagos plume shows no such deep root (French and Romanowicz,
2015; French and Romanowicz, 2014) and so is unlikely to be a potential
source for such plume contamination.

The work on petit-spots has shown them to be mechanistically linked
to plate flexure prior to subduction, as all petit-spot volcanoes are found
either on the concavely-deforming outer regions of the outer rise or on
the convexly flexured crest of the outer rise itself (Hirano, 2011; Hirano
et al., 2001; Hirano et al., 2013; Hirano et al., 2006; Sato et al., 2018).
The deformation of Atlantic lithosphere south of Greenland as a result of
glaciation/de-glaciation cycling has also been proposed to explain the
formation of a large (110 km long) un-named magmatic ridge there.
Once more, the unexceptional seafloor depth of the DISCOL region,
which lies on the age-depth curve for lithospheric cooling, suggests it is
not involved in such flexural tectonics. The DISCOL region is also much
further from the South American trench (600 km) than the locations
suggested by Hirano et al. (2013) to have experienced petit-spot
volcanism due to flexure off Chile (ca. 250 km). We do not, therefore,
attribute the DISCOL volcanism to a petit spot origin.

Two large linear volcanic ridges (the Alvarado and Sarmiento
Ridges, see Fig. 1) are present on the Nazca plate. Little is known about
their activity and no radiometric ages or geochemical analyses have
been published. Lonsdale (2005), in the only publication to discuss their
origin, concluded (based on “a few traverses of bathymetric data” and
the fact that they did not offset magnetic anomalies) that they were not
linked to fracture zones but instead “closely resemble the linear volcanic
ridges built over eruptive fractures that extend down the young flanks of
active eastern Pacific rises, such as Sojourn Ridge on the Pacific-Nazca
EPR”. The Sojourn Ridge extends between 50 and 550 km to the west of
the EPR and is younger than the underlying crust by up to 5 Ma (Forsyth
et al., 2006). Lonsdale (2005) notes that the Alvarado and Sarmiento
Ridges extend westward from the trench to EPR crustal ages of ca. 25
Ma, meaning that if their origin is similar to Sojourn Ridge they will
have been inactive for the last 20 Ma. Evidence that such off-axis linear
ridges do at some distance from the ridge cease to be active comes from
the Puka Puka ridge which, although extending up to 2000 km across the
Pacific plate from the EPR, is known to be inactive in all but its most
near-ridge part (Forsyth et al., 2006). We note additionally that the
DISCOL region is not in line with either the Alvarado or the Sarmiento
Ridges and that a characteristic feature of the off-axis ridges such as
Sojourn or Puka Puka is their elongated form and constant direction over
many hundreds of kilometers.

Evidence for plate extension and cracking in response to far-field
(plate tectonic) or within-plate thermal contraction stresses as a cause
or focusser of intraplate volcanism has been sought in many places.
Sandwell and Fialko (2004) suggested that cooling and contraction of
the Pacific Plate was responsible for lineaments in the gravity field
associated with the Sojourn, Puku Puka etc. Ridges, although Forsyth
et al. (2006) failed to find any evidence for it in the field and found that
even young, small volcanoes did not appear to be associated with
lineation-parallel cracks or graben in the plate. Cormier et al. (2011),
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studying the Cocos Plate, found that the gravity lineations there were
perpendicular to crustal isochrons and suggested that this was evidence
for thermal contraction. In the Peru Basin region studied here, no evi-
dence has been presented in the literature to suggest the plate may be
experiencing extension and no earthquake centroid moment tensor so-
lutions for the few intraplate earthquakes which have been detected (see
Fig. 1) are available. In the DISCOL study area itself, extensive and
detailed studies of the seafloor, including deep-submergence side-scan
sonar and photomosaics (e.g., Gausepohl et al., 2020), have not shown
any signs of active tectonic lineaments at the seafloor which might
reflect recent extensional tectonics there.

So what might be the cause of the DISCOL volcanism? The tomo-
graphic model of French and Romanowicz (2014) shows the whole
Nazca plate to be underlain by slow Vs signatures at shallow (70 km)
depth (see their Fig. 8, SEMUCB_WM1 slice at 70 km). The lateral extent
of these slow anomalies (over 4000 km) appears globally exceptional
when compared to other regions of the spreading system, where slow Vs
anomalies extend at most only 200-300 km off-axis (see e.g., Toomey
et al., 1998). This may indicate that the Nazca plate (and large areas of
the conjugate part of the Pacific plate) is underlain by mantle with an
elevated magma content. The seafloor on which the DISCOL volcano sits
has been described as having been generated either (i) at the now-
extinct Galapagos Rise (Marchig et al., 1999) which at the time was
the boundary between the Bauer microplate (Mammerickx et al., 1980)
and the Nazca plate or (ii) at the East-Pacific Rise (Lonsdale, 2005;
Meschede et al., 2008; Meschede et al., 1998). A detailed study of the
Bauer microplate and its overlapping spreading axes (Eakins and Lons-
dale, 2003) clearly shows that crust created at the Galapagos Rise does
not extend further east than ca. 90°W at a latitude of 12-13°S and that at
the latitude of the DISCOL volcano (7°S) the Galapagos Rise crust does
not extend eastward of ca. 97°W. This make the crust on which the
DISCOL volcano sits clearly of EPR origin.

In view of the fact that seafloor depths in the DISCOL region are as
expected from the seafloor age, we conclude that the Vs anomaly at 70
km depth is not related to higher-than-normal mantle temperatures but
may instead reflect a higher proportion of incipient or residual melt in
the mantle, possibly related to increased fertility. We suggest that it is
this melt which has fed the volcano studied here, although geochemical
analysis of samples from the volcano would be required to definitely
support or reject this hypothesis. Marchig et al. (1999) did not sample
the small volcano we have studied here but concluded, based on their
geochemistry, that samples dredged from the two small seamounts to
the NW and W (labelled M. and W&W on Fig. 1, see also discussion in
Section 5.4) had ocean island basalt affinities as they classified as alkali
basalts on a total alkali/silica diagram and showed elevated La/Lu
ratios.

If the volcanism we report is related to the Vs anomaly which appears
to be present under large areas of the Nazca plate, we might expect to
find similar volcanoes occurring elsewhere in the region. Although in-
vestigations of the type reported here have not been carried out at other
sites, some evidence for additional volcanism in the region is available.

5.4. Other signs of recent volcanism in the region

Modern multibeam sonar systems are capable of recording the
acoustic backscatter intensity in addition to the water depth informa-
tion. In areas such as the one studied here, which are far from plate
boundaries and so should be heavily sedimented, the difference in
acoustic backscatter between hard, rough volcanic rocks and deep-sea
sediment makes recent volcanic constructs easily detectable. Fig. 10
shows the bathymetry and co-registered backscatter intensity (high in-
tensity = light colour) for a region east and north of the DISCOL area
(the region covered by this figure on shown on Fig. 1). Note that the
effects of grazing angles on the backscatter intensity were corrected
(using the co-registered bathymetric information) during processing
with the program FMGT from the “Fledermaus” suite produced by QPS.
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Fig. 10. Regional bathymetry (top) and acoustic backscatter intensity (bottom)
information for the vicinity of the DISCOL area. The features referred to in the
text are labelled on the backscatter map and outlined in red on the bathymetric
map. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The small, relatively young pillow mound whose ROV-exploration has
been discussed here (“ROV Seamount”), with an overall dimension
estimated at 150x100m (see Fig. 3), is below the detection limit at the
calculated grid cell size of 80 m and thus is not evident on Fig. 10.
Several other features do, however, stand out. Approximately 50 km to
the ENE of the ROV seamount, two N-S orientated ridges with a rugose
form covered in knolls (labelled “Knoll-Ridges” on Fig. 10) are visible in
both the bathymetric and backscatter maps. The general higher back-
scatter and the complicated surface shape of the ridges suggest that they
are relatively unsedimented volcanic structures. Thirty kilometers east
of the Knoll-Ridges are two conical features (“Bright cones™) also
showing high backscatter. These seamounts rise more than 600 m above
the surrounding seafloor and the high backscatter intensities are seen
even on slopes facing away from the ship, implying that their high
reflectivity is not the result of errors in the grazing-angle corrections.
Other than the maps presented here, we unfortunately have no infor-
mation on the geology of the Knoll-Ridges or Bright Cones - they rep-
resents prime targets for future exploration of volcanism on old Pacific
seafloor.

Although the region has never been the focus of a systematic search,
two other indications of young, intraplate volcanism in the Peru Basin
can be found in the literature. Thus, for example, Marchig et al. (1999)
present information on hydrothermal activity in the Peru Basin for
which they collected sediment, Mn-nodule and rock samples from two
regions west and north of the DISCOL area. During their work they
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identified a large seamount at 6°25’'S/90°45'W rising 2000 m above the
surrounding seafloor (marked “M.” on Fig. 1) from which they recovered
alkali basalt samples. Oxygen isotope stratigraphy on a sediment core
taken adjacent to this large seamount suggests volcanism occurred there
at ca. 5 Ma, between 10 and 15 Ma after the crust was created. Wiedicke
and Weber (1996), examining acoustic records from the same cruise,
found deep-towed side-scan sonar evidence for small volcanoes “nearly
free of sediment” in a region near 8°35’S/90°45'W (marked “W&W" on
Fig. 1) which they concluded may be Quaternary in age.

The region studied here has also not been the subject of extensive
heat-flow work, with the global compilation of heat-flow measurements
assembled by the IASPEI/IAVCEI/IAGA/IAPSO/IAMAS/IAHS “Interna-
tional Heat Flow Commission” (https://ihfc-iugg.org/products/global
-heat-flow-database) providing only three values from the general re-
gion (values shown and positions marked by circles on Fig. 1). The
scatter on these values, at 319, 16 and 60 mW/mz, is far beyond what
would be expected for a 20 Ma oceanic plate (theoretical value ~ 100,
observational mean ~ 70 and observational range ~20-180: Hasterok
et al., 2011), indicating that the heat-flow regime in this part of the
seafloor is not purely conductive and that advective heat transport,
either from magmatism or fluid circulation in the crust, is probably
occurring.

5.5. Global implications

To what extent the evidence of scattered young volcanism on old
Nazca Plate seafloor shown here is representative for the abyssal sea-
floor globally is impossible to assess at present. The necessary acoustic
surveys in abyssal regions coupled with the kind of deep-submergence
investigations we have presented have simply not been performed. But
even within the confines of the Nazca Plate itself, our findings have
important consequences which go beyond marine geology. The dispersal
of vent-associated chemosynthetic organisms is thought to be controlled
by the availability of sufficiently closely-spaced habitats for larvae to
colonize (e.g., Van Dover et al., 2001) but several studies (e.g., van der
Heijden et al., 2012) have shown, using genetic markers in geographi-
cally widely seperated populations, that physical barriers to migration
appear to be relatively unimportant, suggesting that more hydrothermal
springs are present on the seafloor than detected by water-column sur-
veys for hydrothermal plume effluent (Breusing et al., 2016). Small
intraplate volcanoes such as those investigated here could, if present
over wide areas, provide the solution to this conundrum, providing
oases for life on the supposedly barren abyssal plain.

6. Conclusions

An examination of ROV video from a seamount on 20 Ma crust in the
Peru Basin, combined with regional ship-based bathymetric and
acoustic backscatter data on the Nazca Plate, leads to the following
conclusions:

Most of the seafloor at the summit of the seamount is covered in

thick, consolidated sediment as might be expected for a 20 Ma-old

seamount. Sections through this sediment exposed on fault scarps

(up to 20 m high) and acoustic sub-bottom profiles do not reach deep

enough to detect underlying igneous basement.

e Small areas of the seamount summit show evidence for magmatism.
All magmatic exposures show only a light dusting of sediment with
no continuous sediment blanket being seen, suggesting they are
much younger than the rest of the seamount.

e Magmatism has produced a small (ca. 100x150m in area, ca. 10 m
high) pillow mound and also veins and dykes in the sediments. The
intrusions appear to have metamorphosed the adjacent carbonate
sediments.

e The occurence of several small chimneys, some clearly associated

with the dykes, and the presence of what is possibly a munidopsis
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squat lobster on the pillows both suggest that the seamount may be
presently hydrothermally active, although no active venting was
seen. This is confirmed by temperature anomalies in the water col-
umn over the seamount seen in 1992.

e Regionally, we see other indications for recent volcanism and
disturbed heat-flow, implying that this intraplate region is still
volcanically active.
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