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Abstract Eruptions in shallow water typically produce
cones of volcaniclastic material. In order to identify any
systematic effects of water depth and other environmental
parameters on cone morphology, we have measured the
heights and widths of cones in multibeam echo-sounder data
from a submarine ridge extending southeast from Pico Is-
land, Azores. XRF analyses of dredged samples show that
lavas here vary compositionally from alkali basalt to trachy-
basalt and trachyandesite. Cones in deeper water are gener-
ally steep-sided with upper flanks close to 30°, the dip of
talus at the angle of repose. However, height/width ratios of
cones vary more in shallow water (200-400-m summit
depth) with extreme values below 0.1; while some
shallow-water cones are steep-sided as in deep water, others
are much flatter. Three such cones lie on a bench at 300-m
depth immediately east of Pico Island and have flank slopes
of only 10-20°. We speculate that exceptionally shallow
cone slopes here were produced by forced spreading of the
erupting columns on reaching the water—air density barrier.
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Introduction

Eruptions in shallow water typically produce volcaniclastic
cones, which are common around volcanic islands. They are
thought to arise from explosive eruptions and through inter-
action of lava flows with ambient water (White et al. 2003),
with pyroclasts depositing on outward-facing slopes of the
cones at the angle of repose of the material. Until recently,
there have been few observations of the in situ process of
cone formation, except for sightings of pumice and other
particles floating on the ocean surface (Siebe et al. 1995;
Kaneko et al. 2005). Processes have generally been inferred
from the analysis of the particles deposited from the erupt-
ing vents (Kokelaar and Durant 1983; Cashman and Fiske
1991; Yamamoto et al. 1991; Fiske et al. 1998; Fiske et al.
2001) or recovered from the water surface (Siebe et al.
1995). Over the last decade, researchers have begun making
more direct observations (Mitchell 2012), such as at Rota-1
volcano in the west Pacific erupting at 550-m depth (Embley
et al. 20006), where the ambient pressure reduces the danger to
instruments from explosions. Chadwick et al. (2008a) de-
scribed video observations, taken using a remotely operated
vehicle, of mildly explosive activity and reported measure-
ments of acoustic noise, which included 2—6-min explosive
bursts. Surficial landslides on the flanks of the cone have been
recorded using the acoustic measurements and repeat survey-
ing of the bathymetry (Chadwick et al. 2012). Similar repeat
surveying has been carried out on Monowai submarine vol-
cano in the Kermadec arc, revealing periods of construction
and sector collapses. These have acted to rework deposits
from around the summit of the cone and re-deposit them on
its lower flanks (Chadwick et al. 2008b). Watts et al. (2012)
surveyed this cone with multibeam sonar immediately before
and after an eruption in 2011, which was recorded separately
in hydrophone (T wave) data. Combining the multibeam and
T wave datasets, they were able to show that the eruption rate
was similar to that inferred for subaerial edifices on other
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volcanic ocean islands (Crisp 1984). In contrast to these
relatively explosive eruptions, Gaspar et al. (2003) reported
amore effusive eruption at 300—1,000 m on a ridge to the west
of Terceira Island in the Azores in which expanding gas
produced ‘balloons’ of basaltic lava. As has been observed
elsewhere (Siebe et al. 1995), these ‘balloons’ remained on the
surface before sinking in the Terceira case after a 15-min
delay.

There have been no close-range observations of large sub-
marine eruption columns in shallow water as far as we are
aware. During explosive eruptions into water, the eruption
column is expected to lose considerable momentum due to
the surrounding fluid being more dense and viscous than air
(Cashman and Fiske 1991; White et al. 2003). However, the
density difference between particles and seawater is much
smaller than between particles and air. Equivalently sized
particles can therefore be uplifted in water columns of smaller
upward velocity than in atmospheric plumes. Gas retained in
vesicles provides further buoyancy, which is later lost when
water vapour or steam condenses on cooling. If the erupting
column comes into contact with the sea surface, it is expected
to halt and spread on encountering that density contrast,
forming a thin eruption umbrella (provided that the water
depth is not so shallow that the momentum in the column
can allow it to breach the sea surface, as occurred during the
formation of Surtsey Island (Moore 1985)). During the
spreading phase, particles within the umbrella may be trans-
ported by currents (Cashman and Fiske 1991).

Around Hawai'i, exceptionally flat cones with height to
width (H/W) ratios of 0.1-0.2 are common, with some H/W
ratios approaching 0.04 (Clague et al. 2000; Mitchell et al.
2002; Smith et al. 2002; Umino et al. 2006). Unlike the
cones described herein, these flat cones have been inter-
preted to have formed from lava extrusions in the form of
lava lakes (Clague et al. 2000; Zhu et al. 2002). The low
sulphur contents of lava samples recovered from these cones
compared with their source composition suggest that they
arise where the magma has already degassed before erupting
on the seabed, for example, during eruption in subaerial lava
lakes (Clague et al. 2000). Thus, the route by which magma
is transported towards the final eruption location (whether or
not opportunities for degassing exist before eruption) could
be an important factor over whether pointy (volcaniclastic)
or flat (effusive) cones form.

Evidence of vigorous pyroclastic eruptions in deep water
has been reported, e.g., at 4,200-m depth near the Hawaiian
Islands, which Clague and coworkers (Clague et al. 2002;
Davis and Clague 2006) have suggested may involve high
volatile contents. Based on samples collected along the Mid-
Atlantic Ridge running through the Azores islands, Bonatti
(1990) argued that the magmas forming the Azores originate
from melting of mantle rich in H,O and other volatiles
rather than anomalously high mantle temperatures, a theme

@ Springer

more recently corroborated by modelling (Asimow et al.
2004) and p—T estimates from major elements of lavas from
the islands (Beier et al. 2012). A volatile-rich source and
limited prior degassing such as that evident for Hawai'i may
explain the prevalent pointy cones that we will describe
later.

The submarine ridge extending southeast from the east-
ern ridge of Pico Island (Fig. 1) is the result of volcanism in
a transtensional plate-tectonic regime (Searle 1980; Lourenco
et al. 1998). According to Madeira and Brum da Silveira
(2003), the subaerial volcanic products on the east of Pico
Island (Madalena V. Complex) comprise lavas and scoria
cones. They are probably of Holocene age based on their
pristine textures and radiocarbon dates and since the unit
includes three historical eruptions identified elsewhere on
the island. Nunes (1999) dated a flow almost at the easterly
extremity of the island from associated organic material as
2000 y BP using '*C. Delicate morphologies of submarine
lavas in near-shore areas were recorded in the same multibeam
sonar dataset that we present here (Mitchell et al. 2008),
originating from subaerial lavas that entered the sea. These
are unlikely to have survived surf erosion during rising sea
level, providing further support for a Holocene age. An ex-
ception is a lava flow adjacent to the extreme east of the island,
which appears to have been abraded, leaving an unusually
smooth surface.

The lavas forming the island are alkali basalts with minor
hawaiites (Franca et al. 2006; Beier et al. 2012). Further
samples from the eastern subaerial ridge of the island were
reported previously (Mitchell et al. 2008). They reveal a
common liquid line of descent, similar to other Azorean
islands (Beier et al. 2006; Beier et al. 2008), though a
number of samples were less evolved. Compared with the
rest of Pico Island, the subaerial ridge lavas are slightly
more evolved on average and more diverse. Broadly speak-
ing, those data confirmed the alkali basalt composition of
the primary magma, though with varying degrees of olivine
and clinopyroxene fractionation. During two cruises of the
R/V Poseidon (232 and 286), rock dredges were taken from
the ridge (along the white lines with annotation “POS”, etc.,
in Fig. 1).

The present study concerns an analysis of shapes of
cones in multibeam echo-sounder data collected in 2003
(Mitchell et al. 2008) along with deeply towed ("TOBI")
sidescan sonar data collected in 1999 (Ligi et al. 1999;
Stretch et al. 2006). The results reveal that simple pointy
cones occur at all depths but some cones are flatter (smaller
height/width ratio) in shallower water. We unfortunately
lack seismic data capable of resolving the internal structures
of these features, so there is some ambiguity in interpreting
individual cone shapes. Besides a suite of dredge samples,
we also lack in situ information, in particular representative
grain-size data. Nevertheless, the trends in the dataset
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Fig. 1 Multibeam echo-

sounder dataset from the sub-
marine ridge extending south-
east of Pico Island. Bold black
lines numbered with white let-
tering show where topographic
cross-sections of cones were
taken. Also shown are the sites
of rock dredges (bold white
lines annotated POS, etc.) and
the path of the TOBI deep-tow
vehicle used in surveying the
ridge in 1999 (Stretch et al.
2006) (solid line). Bathymetry
data have been gridded at 25 m
and contoured at 50 m (500-m
intervals are shown in bold).
Coordinates are Universal
Transverse Mercator projection
(zone 26) distances in kilo-
meters, which provide scale.
Top-right inset locates the study
area. Top-centre inset shows a
typical cone measurement of
height (H) and width (W) (cone
2). Lower-left inset shows an
enlargement of the bathymetry
(10-m grid) contoured at 20 m,
with 100- and 500-m contours
in medium bold and heavy bold,
respectively

4250

424 426

overall appear consistent with volcaniclastic deposits pro-
duced from shallow marine eruptions. We interpret the
flatter cones to arise from spreading of the erupting column
caused by the abrupt air—sea density interface.

Data collection and analysis

The data collection on the University of Azores R/V Arqui-
pelago and data processing are described in Mitchell et al.
(2008). The data were collected with a portable multibeam
echo-sounder temporarily mounted on the vessel. A small
movement of the sonar transducers relative to the vessel
(and hence relative to installed vessel motion sensors) dur-
ing strong vessel movements led to some across-track rip-
pling of the data (higher wave conditions were experienced
immediately east of Pico Island). However, the data are
sufficient to resolve cone morphology. The gridded data
were loaded into the GeoMapApp software (Ryan et al.

POS286

11

428 430 432 434

2009) and cross-sections of the cones were extracted as
marked by the bold dark lines in Fig. 1. Maps and bed
gradient calculations were created with GMT software
(Wessel and Smith 1991). Where cones are elongated,
cross-sections were made perpendicular to the cone's long
axis, but other orientations were in some cases necessary, for
instance, to ensure that the base of the cones could be
interpreted from their profiles (hence, the gradients of some
of the flank profiles are biased towards smaller values).
The cross-sections are plotted centred on the summit loca-
tions horizontally in Fig. 2 and both horizontally and vertically
in Fig. 3. Cone height and width were interpreted from the 32
cones identified in Fig. 1 by fitting a line to the inflection
points on either side of each cone profile to account for the
substrate gradient as illustrated in the top-centre inset of Fig. 1.
Unfortunately, the cone bases are not everywhere easily iden-
tified because a gradient changes gradually and the topogra-
phy can be confused by the rugged pre-existing relief of the
ridge; hence, individual measurements have an uncertainty of
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Fig. 2 Bathymetry profiles of the submarine cones centred laterally
according to their summit locations. Vertical exaggeration is 2:1

up to £5—10 %. Therefore, trends in this dataset are interpreted
rather than individual values. A further 16 submarine cones
surveyed around Pico, Faial and Sdo Jorge (central Azores
islands) outside the area shown in Fig. 1 were also interpreted
and included in this analysis to increase the size of the dataset.
On the basis of surficial morphology and dimensions, these
further cones appear no different from the Pico submarine
ridge cones studied here. These combined morphometric
parameters are plotted in Fig. 4a, b and listed in Table 1. Also
shown in Fig. 4a are parameters of subaerial scoria cones from
the eastern ridge of Pico Island, measured in the same way
from the Shuttle Radar Topography Mission data (Ryan et al.
2009). As scoria cones may be more familiar to readers, these
are included to give a sense of scale.

Figure 5 shows a gradient map and enlarged bathymetry
of the area immediately east of Pico Island. Figure 6 shows
the acoustic backscattering data collected with the multi-
beam sonar data for the area marked in the inset to Fig. 5
(high backscattering is shown with a dark tone). This image
suffers from artefacts (Mitchell 1991) along the trackline
(marked “Art” in Fig. 6) caused by the flat seabed assump-
tion used by the mosaicking software; nevertheless, some
features and their acoustic textures can be observed as
marked. Cone numbering follows that in Fig. 5.

Depth scale (m)

-1000 1000 1500

500
-1500

500 0 500
Distance (m)
Fig. 3 Bathymetry profiles of the submarine cones centred on their

summit locations. For comparison, dashed lines represent the dip of a
perfect cone with 30° flanks. Vertical exaggeration is 2:1
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Fig. 4 Cone morphometric parameters. a Width versus height for the
subaerial (squares) and submarine (circles) cones. For comparison,
dashed line shows the trend expected for a perfect cone with 30°
slopes. b H/W ratio versus summit depth for the submarine cones.
Vertical dashed line at 400-m depth marks an arbitrarily chosen bound-
ary between deep and shallow populations. ¢ The mean particle dis-
placement (in excess of that expected for an equivalent-volume steep
cone) implied by the cone H and W values (see text for calculation). In
a to ¢, the open circles represent the flatter cones defined by H/W<0.12

Seabed backscatter data over the Pico Ridge were also
collected with a sidescan sonar on the TOBI deeply towed
vehicle in 1999 (Ligi et al. 1999; Stretch et al. 2006; Stretch
2007). In Figs. 7 and 8, these data are displayed with high
backscatter in white and low backscatter in dark grey. Dur-
ing interpretation, the backscatter data can be viewed along
with the bathymetry so that the interpreter can allow for any
effect of seabed relief in modulating the acoustic angle of
incidence (Mitchell and Somers 1989), but image variations
are typically caused by seabed type variations rather than
relief. Superimposed are a selection of thin-section images
(Fig. 7) and mineralogy (Fig. 8) of samples collected by
dredging on the R/V Poseidon during cruises 232 and 286
(also located in Fig. 1). Bulk compositions of some of these
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Table 1 Dimensions (heights A and basal widths ) of submarine
cones measured here. Cones 1-32 are shown in Fig. 1; cones 3348
were measured from other parts of this multibeam sonar dataset (not
shown)

Cone identifier H (m) W (m) Summit depth (m)
1 192 1,549 439
2 230 2,156 319
3 140 1,216 284
4 175 2,033 285
5 225 1,729 294
6 235 979 455
7 333 1,859 342
8 189 1,166 329
9 187 1,099 319
10 289 1,737 346
11 259 1,140 380
12 285 1,867 422
13 299 1,457 471
14 290 1,097 432
15 327 1,377 490
16 394 2,423 437
17 328 1,590 409
18 467 3,050 279
19 197 1,133 467
20 197 932 522
21 168 1,425 311
22 123 776 352
23 144 1,069 223
24 225 1,222 467
25 249 1,455 448
26 174 853 446
27 117 773 272
28 174 919 227
29 76 1,692 199
30 117 1,870 194
31 114 1,100 175
32 79 1,227 203
33 200 1,113 423
34 280 1,147 742
35 378 1,640 700
36 207 1,013 567
37 189 773 143
38 154 847 138
39 304 1,360 760
40 333 2,265 420
41 230 114 427
42 140 879 219
43 180 836 111
44 123 706 157
45 137 679 243
46 170 1,315 604
47 269 1,379 870
48 302 1,439 1,065

samples measured by XRF in the University of Kiel are
shown in Table 2 (for details, see Beier et al. (2006, 2008)).

Observations
Physiography of the ridge

The multibeam sonar data cover only the summit and upper
flanks of the submarine ridge, including the region of high
acoustic backscattering visible in Fig. 7. Based on the 30-
kHz frequency of the TOBI sonar, a maximum penetration
of order 1 m can be expected depending on the angle of
incidence and sediment attenuation properties (Mitchell
1993), so this area comprises bare rock, talus or thinly
sedimented seafloor.

The ridge is superimposed with cones of varied sizes and
aspect ratios. Where elongated, their major axes are gener-
ally oriented parallel to the overall ridge trend. The lower-
left inset to Fig. 1 illustrates the typical morphology of the
deeper cones. The regular spacing of contours on the flanks
of these cones suggests relatively uniform gradients. Small
ridges running parallel to the overall trend of the survey
tracks can be observed emanating from some cones, such as
cones 18 and 7. Although many of these lie parallel to the
vessel track such that an acoustic artefact cannot be ruled
out, we suspect that they represent ridges produced by
volcanic effusion above the same erupting dykes that
formed the cones. Minor indentations of contours on the
cone flanks running oblique to the artefacts mentioned ear-
lier suggest surficial landsliding or sector collapses (e.g.,
cones 16 and 12). The flatter summit regions are generally
narrow, up to only a few hundred metres at most.

Dark blue in the gradient map highlights areas of gentler
(<5°) gradients. This includes the abrasion shelf immediate-
ly east of Pico Island and farther east beyond that an area
where the ridge has a somewhat flat summit bench with
superimposed cones. The bathymetry corresponding to this
area is also shown enlarged in the lower-left inset to Fig. 5.

Dredged rock samples

Analysis of thin sections of the samples, which are generally
porphyritic, revealed the presence of pyroxene, olivine and
plagioclase in varying degrees of alteration. Hyaloclastites
were identified at various depths from 325 to 780 m. (We
use the term ‘“hyaloclastite” here in the general sense of
volcaniclastic rock containing glassy fragments (Thorpe
and Brown 1985; Batiza et al. 1984).) High loss-on-
ignition (LOI) values in the XRF analyses show that most
samples are significantly altered. The three analyses in
Table 2 (from sites marked in Fig. 8) have the smallest
LOI. A high proportion of dredges also recovered carbonates
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Fig. 5 Gradient map of the
submarine ridge extending
southeast of Pico Island as
derived from 25-m gridded
multibeam data. Continuous
lines marked TOBI show the
path of the TOBI deep-towed
vehicle for cross-referencing
with Fig. 7. Bathymetry con-
tours are shown at every 100 m
with the 500-m contour in bold.
Lower-left inset shows an en-
largement of the bench imme-
diately east of the island
(contours at every 20 m with
100 and 500 m in bold and
heavy bold, respectively) de- 4254 4.
rived from 10-m gridded multi-
beam data. The rectangle
locates the acoustic backscat-

tering data shown in Fig. 6. 4252
Coordinates are Universal
Transverse Mercator projection
distances in kilometers (zone 4250
26), which provide scale

4248

4246

410 412 414

and corals. Therefore, much of the ridge has probably not been
resurfaced by lavas recently. However, one sample of fresh
lava was recovered in the north of the area (Fig. 8). The
northernmost sample within the multibeam survey area was
classified as alkali basalt (215DS), whereas the other two

Gullies

Fig. 6 Acoustic backscattering mosaic derived from the multibeam
sonar data (high backscattering shown with dark tone). Cone numbers
correspond with those in Fig. 5 inset, which includes the bounds of the
map. Note the smooth texture under cones 29 and 30

@ Springer
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dredges yielded more evolved trachybasalts and trachyande-
sites. No particular correlation was found between bulk com-
positions and seabed texture in the TOBI sidescan sonar data
(Stretch 2007).

As the vesicularity of lavas may affect their viscosities
(Wallace and Anderson 2000) and reflect magma volatile
content, Stretch (2007) measured the vesicularity of the R/V
Poseidon dredge samples (Fig. 7) in thin sections, as well as
the dry bulk density (a proxy for porosity) using the water
replacement method. The results are shown in Fig. 9. Bold
lines represent either analyses of single dredge hauls or
averages where more than one sample in a dredge haul were
analysed. Although there are problems of sample size with
the former method, and effects of alteration and fracture
porosity in the latter, any strong variation with depth was
expected still to be apparent in the results, but none is
observable. The sample vesicularity and density data also
showed no relationship to surface texture in the TOBI sonar
images (Stretch 2007).

Cone geometrical characteristics
In Figs. 2 and 3, the flanks of the cones appear to have

relatively consistent gradients, though tending to be concave
upwards towards the cone bases. This curvature could partly
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Fig. 7 Thin-section images of
dredge samples collected on R/
V Poseidon cruises 232 and
286. The background is a
greyscale map of TOBI deep-
tow sidescan sonar data (Stretch
et al. 2006). White represents
high backscatter. The thin-
section images are about 5 mm
across

38°30N

JB°10°N

38°N

;\50

31°50°N

arise from the runout of debris on the slopes as described for
subaerial scree slopes (Young 1972; Selby 1993) or perhaps
an effect of shaking by occasional earthquakes as suggested
for the submarine slopes of Hawai'i (Lee et al. 1994). The
cone summits generally lack either broad plateaux or pits
observed in other submarine cones (Chadwick et al. 2008a,
b). In Fig. 4a, cone basal widths (W) and heights (H) of both
subaerial (square symbols) and submarine (circles) cones
are shown together on a scatter plot. A general increase in
height with increasing width is apparent. With the subaerial
cones excluded, however, the data show less central tenden-
cy or correlation. Everywhere the cone gradients are less
than 30° (a gradient delimiting the angle of repose of sub-
marine basaltic talus of 28-30° measured from acoustic
transponder-navigated submersible dive transects (Mitchell
et al. 2000)); the data in Fig. 4a fall to the right of the dashed
line representing simple 30° cones.

Smith and coworkers (Smith 1988, 1996) have idealised
seamounts as truncated cones in order to study variations in
cone shape. Although some cones in Fig. 3 lack a flatter
summit region, most have a small rounded or flatter summit,
presumably representing the finite area of the vent and
material deposited around it. If the cone summit width is
W, the height H and basal width W for a perfect truncated
cone are related by H=0.5(W—Wj)tand, where 0 is the
average dip angle of the flanks. Because there are few data
in Fig. 4a and their measurement is somewhat subjective,
obtaining # and W, by regression is not worthwhile here. We
instead note that the main body of data (solid symbols in

28°W

5

27°50'W 27°40'W 2773w 20w 27°10'W

Kilometers

Fig. 4a lying in the upper-left of the dataset) could be
modelled with flank gradients of 30°and with W, equal to
about 200 m or more. Because of the upward curvature of
the flank profiles, this W, value effectively represents the
wider basal area of low gradients below 30° as well as the
summit.

In Fig. 4b, the ratio H/W (“steepness”) is plotted against
summit depth. Whereas the maximum H/W is high across
the full range of depths (pointy cones occur in both deep and
shallow water), the range of H/W values generally declines
with increasing summit depth. In the shallower water, there
are more cones with flatter profiles. Cones with H/W<0.12
are highlighted with unfilled circle symbols in Fig. 4a—c.
Statistical tests on such small sample sizes are relatively
unreliable, but a simple calculation of mean and standard
error of the data separated at an arbitrarily chosen 400-m
depth suggests that the trends are just significant. The mean
and standard errors of H/W are 0.148+0.024 and 0.196+
0.024 (20) for the 0-400- and >400-m summit depths,
respectively.

Detailed morphology of the Pico Ridge summit bench

The gradients in Fig. 5 reflect the trends inferred from
Fig. 4b. Cone flanks typically have gradients of 25-30°
(red areas in the figure). However, on the summit bench of
the ridge near the island, the cone flanks are generally
shallower (<20°). The lower-left inset to Fig. 5 shows an
enlargement of the bathymetry there with 20-m contours.
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Fig. 8 Mineral and 28°W 27°50°'W 27°40°W 27°30°W 27°20'W 2°10°W
hyaloclastite presence in the R/ it i :
V Poseidon dredge samples
38°30°N
’O
Fresh sample P, Ol
P, O, Pl
38°20'N [
o P
Pl — p _
; 0, Pl
47% Si02 /
3% TiO2
PR 14% A1203
e S17ppmBa 46-55% Si02
517ppm Ba - i
- oo 0.8-3% TiO2
3 15-18% AI1203
7-12% Fe203
761-925ppm Ba
38°N
, Pl
A5 0 5 Kiometers
37°50°N [ p— _
58% Si02
0.8% TiO2
17% Al203
6% Fe203
1808ppm Ba
Key

Hyaloclastite present at the dredge site

;‘ Results from the XRF analysis performed by Beier & Haase (2002) at the University of Kiel
) No vesicles present in samples analysed in thin section

P Pyroxene present in samples analysed in thin section
O Olivine present in samples analysed in thin section

Pl Plagioclase present in samples analysed in thin section

Four cones (23, 29, 30 and 31) have notably more widely
spaced contours than cones down the flanks of the ridge.
Two summit cones are visible with relatively steep flanks
(cones 23, 31 and one not numbered immediately south of
31 and southwest of 30), so not all summit cones are
anomalously flat in the shallower waters.

Acoustic backscattering data

In the absence of high-resolution seismic data and samples
over this area, we appeal to the acoustic backscattering data
to provide clues to surface sediment or rock presence and
morphology (Blondel and Murton 1997). The reader should
ignore dominant SW—SE trends in these data (Fig. 6), which
are caused by the ship tracks and joins between adjacent
swaths. Between them, the region over cones 29 and 30 is
relatively acoustically smooth and featureless, aside from
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speckle expected of monochromatic imagery (Mitchell
1995). This texture is as expected for a sediment-covered,
relatively smooth seabed and we interpret it here as probably
representing a mound of volcaniclastic particles. In contrast,
the summit bench of the ridge between cones 23 and 29 has
a mottled texture, suggestive of lava flow exposures. This
mottled texture arises from the contrasts between bare rock
and sediment and from acoustic shadowing by rugged ter-
rain, being described previously as hummocky or bulbous in
deeply towed sidescan sonar images of lava (Smith et al.
1995). Also visible are bands of high backscattering extend-
ing down the flanks of the ridge coinciding with linear
depressions in the bathymetry. These represent gullies pro-
duced by sediment gravity flows. This suggests that there
has been some erosion though apparently not so extensively
to affect the cone statistics we will discuss in the following
section.
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Table 2 Compositions of a se-

lection of R/V Poseidon cruise Sample 196 DS2 198 DS5 215 DS1
286 dredged samples taken from Max depth (m) 1,139 1,100 844
sites marked in Fig. 1. Oxides
are given in weight percent SiO;, 58.13 47.95 46.89
TiO, 0.81 3.11 2.94
ALO; 17.38 15.51 14.26
Fe,057 6.04 11.04 11.09
MnO 0.14 0.19 0.16
MgO 2.05 3.85 8.21
CaO 4.05 8.32 10.27
Na,O 4.16 3.83 3.21
K,O0 4.61 2.03 1.19
P,Os 0.33 0.77 0.52
LOI 1.1 2.22 0.07
Total 98.8 98.82 98.81
Ba (ppm) 1,808 761 517
Cr (ppm) b.d.L 4 317
Ni (ppm) b.d.l b.d.l 143
Measurements were made l?y X- Zn (ppm) 67 124 103
ray fluorescence in the Institut
fiir Geowissenschaften, Univer- Rb (ppm) 83 54 30
sitdt Kiel (Beier et al. 2006; Sr (ppm) 597 619 574
Beier et al. 2008) Zr (ppm) 148 297 264
LOTI oss on ignition, b.d.I. below Classification Trachyandesite Trachybasalt Alkali basalt

detection limit

Discussion

The generally consistent cone flank gradients (Figs. 2 and 3)
are interpreted as formed by volcaniclastic particles supplied
from vents at the central summits of the cones and with
particles depositing near the angle of repose. In Fig. 4a,
however, some cones lie below a simple trend expected of
cone flanks enlarging at the 28-30° angle of repose (Mitchell
et al. 2000). Some of these flatter cones lie in the shallower
water on the summit bench (Fig. 5, inset). The lack of surface
and internal samples of these cones and the lack of seismic
reflection images of them unfortunately limit the reliability of
our interpretation of these features. Flowing lava is indeed
possible in shallow water without immediate disaggregation
because flow structures are imaged around the coasts of Pico
(Mitchell et al. 2008), so effusive origins for these cones are
not entirely ruled out. Nevertheless, the following evidence
suggests that these cones were likely also produced by explo-
sive eruptions.

The presence of sediment (which we suggest is volcani-
clastic) covering the cones implied by the backscatter data is
supported by the finer texture of the bathymetry data
(Fig. 5), which show smooth, rounded cone morphologies.
Given the apparent exposure or only thin sediment cover on
the lavas farther down the ridge suggested by high back-
scatter in the TOBI data (Fig. 7), it seems unlikely that the
flat cones are covered in mud to obscure hummocky

textures in the more shallow regions where currents are
stronger. The flat cones described by Clague et al. (2000)
were found to be deeper than 500 m and had flat tops with
sharp breaks of slope to steep flanks (i.e. coin-like shapes);
in contrast, the flat cones described here all occur in shallow
water (none in deep water) and have more rounded profiles.
Smith and Cann (1999) interpreted some submarine cones
as rootless, having been emplaced by eruption over lava
tubes. Thus, a magma that has degassed on land, such as
within lava lakes, might conceivably feed an effusive erup-
tion in shallow water via tubes. However, it is difficult to
envision lava tubes feeding cones 2, 29 and 30 from land as
down-gradient paths lie away from the summit of the ridge
to the north and south (Fig. 5). Overall, the simplest inter-
pretation of the flatter cones is that they are formed of
granular material much like the 30° pointy cones and differ
only because of processes associated with eruption into
shallow water.

The potential for surface waves to have influenced
the shallow cones

Some of these cones may have erupted before or during the
Last Glacial Maximum (LGM), so possible influences of
surface waves should be considered in flattening the tops of
cones. During the LGM, sea level probably dropped to
135 m below the present level based on a eustatic lowstand

@ Springer



Bull Volcanol

W b OO 9
o O O O
I L L 1
! !
T T T

- N
o O O
L !

I

T T T T T T
200 400 600 800 1000 1200 1400

N
I

—_
L
|

Dry bulk density (g/cm3)%  Vesicularity (%) ®
|

T T T T T T
200 400 600 800 1000 1200 1400

Depth (m)

Fig. 9 Estimates of a vesicularity and b bulk density of samples
collected on R/V Poseidon (Stretch 2007). Vesicularity was estimated
in thin section and density measurements were made using the water
displacement method. Horizontal bars represent the depth extent at
which the dredges were in contact with the bed. Continuous lines
represent densities of samples from the Pico submarine ridge (dredge
sites marked in Fig. 7) and dashed lines from ridges adjacent to Faial
and Sao Jorge islands. Bold lines represent averages of data (fine lines)
from single dredge hauls or where only one sample from a haul was
analysed

estimate from northern Australia (Yokoyama et al. 2000)
and as the Azores are a long way from the ice sheet loads
(i.e. glacio-isostatic movements are small). Modelling pre-
dicts a subsidence rate of ~1-1.5 mmyear ' here from
glacio-isostasy (Argus and Peltier 2010). We also discount
rapid subsidence of the island as there is little evidence of
the kinds of erosional benches seen around Hawai'i (Moore
1987) except examples to the southwest of Topo volcano
farther west, where they lie only down to 90-m depth
(Mitchell et al. 2008; Fig. SM15 of the “Electronic supple-
mentary material”), still above the LGM level. The shelf
break around Pico Island also does not appear unusually
deep. Wave erosion depth in these materials can be conser-
vatively judged from the depth to which Surtla (near Surt-
sey, Iceland) was eroded because the wave climate in south
of Iceland is stronger than in the Azores (estimated 100-year
return value of significant wave height is >24 m compared
with ~15 m in the Azores (Sterl and Caires 2005)). Accord-
ing to Kokelaar and Durant (1983), the summit of volcani-
clastic materials on Surtla was eroded down to 45-m depth
over 18 years following its eruption. Thus, surfaces from
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135 to 180 m below modern sea level were potentially
affected by wave erosion during the LGM if created before
the LGM. Any cone summits now below 180 m should have
been unaffected by wave erosion in the absence of glacio-
isostatic movements or below 200 m if the 1-1.5 mmyear '
glacio-isostatic adjustment (Argus and Peltier 2010) was
extrapolated over the past 20 kyr. In Fig. 4b, four cones lie
within this 200-m limit. Nevertheless, the assumptions be-
hind this calculation are extreme and four further cones at
around 300-m depth also have H/W of ~0.1. These cone
profiles are rounded and lack a flat surface typical of a
wave-eroded rock platform (Sunamura 1992). At least some
of these low H/W values therefore arose from other
mechanisms.

Flat cones formed during shallow explosive eruptions

Following Cashman and Fiske (1991), we interpret anoma-
lous H/W as caused by the forced spreading of columns
during explosive eruptions by the air—water density barrier
and further displacements of particles by tidal and other
currents during their fallout to the seabed. The amount of
spreading can be estimated from geometry. If a perfect cone
is formed from particles depositing after displacement from
a central point, the mean horizontal displacement of those
particles can be shown by integration to equal W/4 or,
alternatively, H/2tan(0). Therefore, the tendency for H/W
to become smaller with some values <0.1 towards shallower
water represents an increased displacement for those cones
with the smallest H/W values. This implies additional lateral
displacement by currents and other processes. For each
measured cone, we estimated the equivalent width W,
expected for a cone of the same volume (idealised with
V=nW?H/12) but with a more typical pointy cone H/W ratio
of 0.2. This was then used to estimate the anomaly (W— W)/
2 or implied mean additional displacement of particles. The
results shown in Fig. 4c are likely to be noisy but nevertheless
imply lateral displacements of >100 m for all the flatter cones.

Figure 10 shows the geometry of cone 29 (2:1
vertical exaggeration). From the cone dimensions (H=
76 m, Wy=1,692 m), the mean additional displacement
is 333 m, which is illustrated by the arrows in Fig. 10.
Also shown are the depth of sea level at the LGM and
maximum depth of wave influence at that time, assum-
ing the Surtla erosion depth (dashed and dotted lines,
respectively). Although sea level has fluctuated, it has
stood at around 50 m below present day for much of
the Quaternary (Miller et al. 2005). Therefore, the
eruption is most likely to have involved a subaqueous
buoyant column 150 m in height (present summit
depth to around 50 m depressed sea level), so the ratio
of the extra lateral displacement to water depth is
probably 2:1.
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Fig. 10 The topographic profile of cone 29 (2:1 vertical exaggeration)
shown along with the predicted depths of sea level and maximum wave
influence during the Last Glacial Maximum. Also shown (solid
arrows) are the mean additional displacements of particles required
to produce this flat cone compared with a cone of the same volume but
with H/W a more typical 0.2. Flattening is interpreted here as due to
spreading of the eruption column on encountering the air—water den-
sity interface and influence of currents on falling particles (Cashman
and Fiske 1991)

Translation of particles by water currents

Evaluating viability of advection of pyroclasts by currents is
difficult here as there are few current data available. Bash-
machnikov (2006) describes data from current meters in-
stalled for 3—4 months within the channels between Faial
and Pico and between Pico and Sao Jorge Islands nearby.
Spring tidal currents in the former reached 32 cms ' and
were relatively uniform over the water column aside from a
bottom friction layer. In contrast, the meter installed in the
Pico—Sao Jorge channel recorded currents smaller by ap-
proximately a factor of three (M, tides). Currents have also
been modelled numerically by Juliano (2010), taking ac-
count tidal and wind forcing. Her results for the 0-50-m
depth interval suggest a kinetic energy flux of 25 kWhm >
around the eastern end of Pico island where the shallow
volcanic cones lie, about a factor of two less than the 50 kW
hm 2 maximum flux within the Faial-Pico channel, which
is high there because of a funnelling effect between the
islands. As the kinetic energy in a streaming current is
proportional to the square of the current, the currents off
east Pico should be around 32/72 or a modest 23 cms .

In order for a particle to be translated laterally by >100 m
falling from the eruption column umbrella at the surface, we
assume that it falls ~250 m (Fig. 10) through a uniform
current of 23 cms ', implying a terminal velocity of
<60 cm/s. According to Fig. 2 of Cashman and Fiske
(1991), a particle of dry bulk density 2.5 gem > would have
a terminal velocity <60 cms ™' if it has a diameter of <1 cm
and greater diameters for densities <2.5 g/em’ (densities
from Fig. 9b). In practice, particles are likely to fall in
groups rather than individually (Cashman and Fiske 1991)
as also seen in experiments of comparable falling suspen-
sions (Parsons et al. 2001). Grains of a given diameter are
likely to fall faster than expected from calculations of simple
isolated spheres, so 1 cm is a maximum. This simple calcu-
lation also ignores grain shape effects.

Although we have no vibracore samples that would prop-
erly constrain the cone grain size distributions, where the
dredge hauls recovered carbonate-cemented material, par-
ticles of this size and less were present. On the basis of these
calculations, we therefore concur with Cashman and Fiske
(1991) that currents probably can influence the final depo-
sitional geometry of the finer submarine erupted particles.
However, the aspect ratios of the flatter cones in the ba-
thymetry contours in Fig. 5 inset are not noticeably different
from those of the pointy cones. Tidal currents would be
expected to displace particles to NE and SW, leading to
more elliptical contours. Thus, tidal spreading seems to be
minor in practice. This may imply that particle size is
generally greater than 1 cm or other processes such as time
of eruption limited tidal spreading.

Variability of cone shapes in shallow water

The variability in H/W ratio in the shallower depths (presence of
both flat and pointy cones) could arise from a variety of factors.
These include eruption timing in relation to the spring tide,
particle sizes and porosities (which will reflect magma rheology
and fragmentation and hence magma composition, volatile
abundance, degassing history, crystallinity, etc.; Table 2) and
sea level at the time of eruption. If observations of shallow
water eruptions are planned, we suggest that column and um-
brella dynamics could be addressed further by monitoring
eruptions down to 400-m depth, with additional geophysical
studies of cone geometry combined with sampling of deposits.

Conclusions

Cones of the Pico submarine ridge have a more varied height/
width ratio in 200—400-m depths (0.045<H/W<0.24) than in
deeper water (H/W>0.12). Whereas the shallower cones vary
from flat to pointy, the deeper cones are all pointy. We inter-
pret this as implying that wider dispersion of particles away
from the vent occurs in the shallower water sites where ‘head-
room’ above the cone is less than 400 m. Following Cashman
and Fiske (1991), we suggest that an enforced spreading of the
erupting column by the abrupt density change at the water—air
interface explains the flatter cones. However, although fallout
calculations of the kind suggested by Cashman and Fiske
(1991) based on the known tidal currents in the Azores sug-
gest that spreading of particles by the currents should be
important for particle sizes <l cm, the cone shapes are not
obviously elongated. This mechanism therefore appears not to
have been important in shaping the cones here.
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