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Abstract

Santa Maria Island constitutes the oldest volcanic island within the Azores Archipelago, with no
onshore record of eruptions younger than ~2.8 Ma. A recent high-resolution multibeam
bathymetric survey, however, revealed the presence of a seemingly young submerged wide
volcanic edifice at approximately -70/-80 m, on the northeastern sector of the island shelf. The
outer flanks of this volcanic edifice are partially eroded by marine erosion, but its general
morphology is largely preserved, attesting to its relative youth. The edifice’s aspect ratio and crater
size are typical of a tuff ring formed by very violent surtseyan to taalian eruptions (with
water/magma interaction ratios close to 1), implying extrusion at sea level or in very shallow
waters, conditions that are incompatible with the present-day water depth at which this structure

occurs. A detailed geomorphological analysis — coupled with a correlation with a modified

“ Corresponding author. Tel.: +351 217 500 357

Email address: raramalho@fc.ul.pt (Ricardo S. Ramalho)



reference eustatic curve — allowed the formulation and discussion of a formation model for the tuff
ring, which involves extrusion during a period immediately preceding a rapid relative sea-level
drop, most likely at =43 ka. Extrusion during such a period would have allowed for the subaerial
consolidation and palagonitization of the tuff ring, increasing its resistance to erosion, before being
finally submerged during the Last Glacial Termination. Submersion during the Last Glacial
Termination — a period characterised by extremely fast sea-level rise — also helps to explain why
this tuff ring was submerged without being completely razed by marine erosion. Our study offers
insights on the formation and preservation of tuff rings in coastal environments, and in relation to
sea-level oscillations, suggesting that consolidation plays a crucial role in the process. Crucially,
our study suggests that Santa Maria’s volcanism might have extended well into the very late
Pleistocene, raising important hazard implications. Future work is scheduled to confirm this
hypothesis, including sampling of the volcanic products by dredging and/or by remote operated
vehicle. Our study also emphasises the importance of available high-resolution bathymetric

surveys to the formulation of solid volcanic hazard assessments on volcanic islands.
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1. Introduction

Volcanic hazard assessments simultaneously rely on knowledge of the present state of
rest/unrest of an individual volcano and its past eruptive history (Sparks, 2003). Whilst the present
state of a volcano — i.e. its current behaviour within the context of what is defined as its
background or baseline behaviour — will inform us on the eventual probability of an eruption to
take place in the near future, it is through the detailed analysis of that volcano’s eruptive history
that we gain knowledge on what type of eruptions are likely to occur, as well as on their expected
characteristics and magnitude (Marti et al., 2008; Becerril et al., 2014, 2017). Also crucially, for
long-term analysis, the detailed geological reconstruction of past eruptions and their age is key to
estimate recurrence times between eruptions, and consequently to establish the greater or smaller
likelihood for that volcano to erupt in a particular time frame (Newhall and Hoblitt, 2002; Sparks,
2003). Great importance is therefore given to information on when a particular volcano erupted for
the last time, information that, when combined with estimates on recurrence time, will serve as the
basis for the classification of that volcano as “active”, “inactive”, or “dormant” (Szakacs, 1994).

At ocean island volcanoes, it is normally the age of the latest subaerial volcanism and/or
the age of the latest noticeable shallow-water submarine volcanism (i.e. submarine volcanism that
was either recorded during historical times or that left a recognisable imprint onshore) that is
normally considered for volcanic hazard assessment purposes (Becerril et al., 2014, 2017). The
subaerial portion of ocean island volcanoes, however, represents only a tiny fraction of the full
geological record, which encompasses the shelf and submarine flanks of the island edifices. Given
that high-quality marine geophysical and geological data on the submarine flanks of ocean islands
are rarely available, it is therefore expected that many volcanic hazard assessments for ocean
islands may be based on an incomplete record, consequently being subjected to an additional
source of uncertainty (Becerril et al., 2013; Quartau et al., 2015a,b; Leon et al., 2017; Casalbore et
al., 2018).

Here we report how a recent marine geophysical survey covering the shelf of Santa Maria —
the oldest island in the Azores and a volcanic edifice considered extinct since the late Pliocene —
will probably force us to reconsider the age of the latest eruptions on this island and, consequently,
how we view potential volcanic hazard in the area. This survey employed high-resolution
multibeam bathymetry and reflection seismic techniques to map the island shelf and its

sedimentary cover. However, it unexpectedly revealed the presence of a seemingly young



submerged wide cone (or tuff ring) on the northeastern sector of the island shelf, raising the
possibility for volcanism to have extended well beyond 2.8 Ma, until recent times. In this letter we
document the finding of this volcanic edifice and, using its morphology, discuss how and when it
might have formed, an hypothesis to be tested by direct sampling during a future study. We also
explore the possible implications arising from this discovery, namely to the perception of future
volcanic hazard assessments on other ocean island volcanoes for which high-resolution marine

geophysics is not available.

Figure 1: (a) Map illustrating the bathymetry and geotectonic setting of Santa Maria within the
Azores triple junction. White arrows represent the approximate spreading direction of Terceira
Rift (TR). Upper-right inset depicts the regional setting of the Azores archipelago within the North
American (NA), Eurasian (Eu), and Nubian (Nu) triple junction, and the Mid-Atlantic Ridge
(MAR). (b) Bathymetry/altimetry of Santa Maria Island edifice, prior to the recent high-resolution
bathymetric survey. Bathymetry on both subfigures was extracted from the EMODNET web
portal (http://portal.emodnet-bathymetry.eu); subaerial topography was generated from a 1:5000
scale digital altimetric database from Secretaria Regional do Turismo e Transportes of the Azores
Government. (c) Shaded relief map of the subaerial part of Santa Maria Island (1:5000 scale,
digital altimetric database) and surrounding shelf, the latter derived from the recent
high-resolution multibeam bathymetric survey (see Ricchi et al., 2018). (d) Detailed
high-resolution bathymetry of the inset in Fig. 1c, showing the seemingly young volcanic edifice

(tuff ring) that constitutes de focus of this study and its surrounding submarine reliefs.

2.  Geological setting

The Azores Archipelago is a group of nine volcanic islands located in the mid North
Atlantic, in between 36.9°—39.7° North latitudes and 24.7°—31.5° West longitudes (Fig. 1a).
The islands straddle the triple junction between the Eurasian, North American, and Nubian
tectonic plates, and rest on the Azores Plateau, a large region of raised seafloor roughly defined by
the -2000 m isobath (Needham and Francheteau, 1974; Louren, co et al., 1998; Gente et al., 2003;
Miranda et al., 2018). With the exception of the westernmost islands of Flores and Corvo, which
are located west of the Mid-Atlantic Ridge, all islands sit on the diffuse plate boundary between
the Eurasian and Nubian plates, an area subjected to right-lateral transtensional strain that



promoted magma ascent to the surface and contributed to the formation of these island edifices
(Madeira and Ribeiro, 1990; Marques et al., 2013; Hipdlito et al., 2013; Madeira et al., 2015;
Miranda et al., 2015; Zanon, 2015; Miranda et al., 2018). Thus, on account of their geotectonic
context, most of the Azores Islands are tectonically and volcanically active, with five islands
exhibiting historical volcanism (i.e. since their discovery in the mid-15th century) and other two
exhibiting holocene volcanism (Gaspar et al., 2015). Corvo Island had its last eruption at 80-100
ka (Franca et al., 2003), making Santa Maria the only island without evidence for recent onshore
volcanism.

Having emerged for the first time above sea level at 6 Ma, Santa Maria is the oldest
island in the Azores Archipelago (Ramalho et al., 2017). Its geological history comprises periods
of intense volcanic growth (e.g. at 6.0-5.3 Ma, and at 4.1-3.5 Ma) alternated with periods of
relative quiescence, during which erosion prevailed (Sibrant et al., 2015; Ramalho et al., 2017). At
around 3.5 Ma, volcanism started to wane and island growth ceased, and at the same time the
subsidence trend affecting the island edifice reversed to a slow uplift trend extending to recent
times (Ramalho et al., 2017). The island’s most recent period of volcanic activity recorded
onshore comprises a set of monogenetic strombolian and hydromagmatic cones and associated
pyroclastic deposits and lava flows of pliocene age (Serralheiro et al., 1987; Serralheiro, 2003;
Ramalho et al., 2017). The products of this geological formation — representing low volume,
sporadic volcanism — have been dated between 3.2 and 2.8 Ma, after which it is widely accepted
that no volcanism occurred at Santa Maria (Sibrant et al., 2015; Ramalho et al., 2017). For this
reason, volcanism at Santa Maria is regarded as extinct — and consequently volcanic hazard
potential considered as very low — a condition that seems to be corroborated by the very low
seismic activity recorded in the area (Gaspar et al., 2015; Fontiela et al., 2018).

Practically all studies on the evolution of Santa Maria Island and its volcanism relied
exclusively on the island’s onshore geological record, given that only low- to medium-resolution
bathymetric datasets covering the island flanks and shelf were available until recently (see Fig.
1b). Therefore, notwithstanding the detailed knowledge of Santa Maria’s onshore stratigraphy,
until very recently little was known about the submarine flanks of the island, and how the geology
of the offshore fitted in the already complex geological evolution model derived from
subaerially-exposed sequences. A recent high-resolution bathymetric and seismic survey of Santa

Maria’s shelf and upper flanks, however, came to change this paradigm. This survey, which was



conducted to characterise in detail the shelf and its sedimentary cover for marine aggregates and
habitat mapping purposes, enabled a detailed mapping of the morphologies and geological
structures located above the 200 m isobath, providing unique insights into the offshore geological
record of Santa Maria (see Ricchi et al., 2018). Effectively, this new survey allowed the
recognition of several morphologies — such as submerged marine terraces, fault scarps (many of
which are the offshore extension of tectonic features recognised on land), sediment deposition
traps, as well as volcanic structures (such as truncated cones and dykes exposed by marine erosion)
— which are key to our stepwise comprehension of this island’s evolutionary history (Ricchi et al.,
2018, 2020). It was also during the course of this survey that the submerged volcanic edifice that
constitutes the focus of this study was identified and mapped, leading to the preliminary results

here reported.

3. Materials and Methods

A marine geophysical survey was undertaken onboard the R/V Arquipélago, from 24"
August to 15" September 2016, in the scope of the FCT-funded project PLATMAR
(Development of volcanic island shelves: insights from Sta. Maria Island and implications on
hazard assessment, habitat mapping and marine aggregates management). The primary aim of
this survey was to acquire new acoustic data (high-resolution multibeam bathymetry and single
channel seismic reflection data) to better understand the evolution of Santa Maria’s Island shelf
and the dynamics of its sediment cover (Ricchi et al., 2018, 2020). Accordingly, high-resolution
multibeam bathymetry was obtained using a pole-mounted Kongsberg EM2040C™ system with
an operating frequency range of 200-400 KHz and angular coverage of 130°. The vessel position
relied on DGPS with OMNISTAR corrections and survey track lines were generally run parallel to
the isobaths and with an overlap to guarantee full seafloor coverage. Sound speed profiles were
made during the survey using an AML MinosX Sound Velocity Profiler™ (SVP) to correct
variations in sound velocity resulting from salinity and temperature changes along the water
column. The survey comprised approximately 1330 multibeam lines, covering an area of c. 135
km?, in between -20 m and -250 m. Bathymetric data was processed using the Caris software Hips
& Sips 9.0 to produce high-resolution digital elevation models with variable cells size depending
on water depth (1 m for shallow water to 8 m at c. -250 m). A dense network of 614 high-resolution

seismic profiles was also acquired using an Applied Acoustic Engineering AA 200 Boomer™



plate, with most profiles using 100 J or 200 J of output energy, depending on the water depth. The
receiver array consisted of a single channel streamer with 8 hydrophones. A total of 2008 km of
seismic lines were acquired between -25 m and -300 m, made both parallel to the isobaths (and
acquired concurrently with the multibeam survey) and perpendicular to the coastline, the latter
with line spacing of =250 m.

The resulting high-resolution digital elevation model derived from the bathymetric mosaic
was then analysed in a GIS environment, and morphologies mapped according to their typology.
The eruptive edifice discussed in this study was then characterised with respect to its morphology,
including measurements of its dimensions, aspect ratio, crater size vs overall diameter, the
morphology of the flanks, etc. The two seismic lines that cross the edifice were then used to
identify its internal structure (namely the geometry of its diatreme) and the thickness of the
sedimentary cover. For relative sea-level correlations the eustatic curve of Bintanja and Van de
Wal (2008) was used, and the uplift rates determined by Ramalho et al. (2017) and Ricchi et al.
(2018) taken into account.

4. Results

4.1. Volcanic edifice location and setting

The volcanic edifice that constitutes the focus of this study is located on the northeast
sector of Santa Maria’s insular shelf, at 37° 3’ 20.656” latitude North and 25° 4’ 52.073”
longitude West (coordinates of its centre), and at approximately 75 m of water depth (see Fig. 1c
and 1d). The edifice rests on a submerged marine terrace, extending over 1 km seawards from its
inner edge, interpreted as a palaeo-shoreline presently located at -70/-80 m (see Fig. 7 of Ricchi et
al., 2018). This terrace is interpreted to be polygenetic, formed and reworked by successive
glacio-eustatic cycles over the last 0.8 Ma (Ricchi et al.,, 2018). The edifice is located
approximately 350 m to the northeast of the said palaeo-shoreline, and is above a 2-3 m

bathimetric step that can be seen immediately to its northeast.

Figure 2: Bathymetric profiles (a) across the volcanic edifice and their respective location (b), over
detailed very high-resolution bathymetry of the area. Black arrows in (a) show inferred drowned
wavecut notches and shoreline angle at the base of the ring. 3D views of the edifice from the

southwest (c) and from the from the northeast (d) respectively; white arrows and black dashed line



point to inferred drowned wavecut notches and shoreangle at the base of the ring, respectively.

4.2. Bathymetric constraints on the edifice’s dimensions and morphology
High-resolution bathymetry allowed us to constrain, very precisely, the present-day
dimensions and morphology of the volcanic edifice. The edifice exhibits an elliptical shape, with
350 m and 250 m of longer and shorter axis, respectively, with the longer axis being oriented along
the 315° azimuth. The crater is roughly circular, with 160 m in diameter. The rim stands
approximately 6-8 m above the seafloor to the southwest of the edifice, and 10-12 m relatively to
the seafloor on the deeper northeast side. The base of the edifice rises abruptly from the seafloor on
all sides, and a clear morphological step can be seen practically all around the rim, both at its outer
and inner slopes, at approximately -72 m (see bathymetric profiles of Fig. 2); this morphological
step is, however, less evident on the north side, where the rim is lower. Lower arcuate relieves
(with 1-2 m of elevation) are also observed concentrically arranged around the edifice’s main
relief, on its northwestern, northern, northeastern and eastern sides, and up to 100 m distant from

the base of the edifice.

4.3. Reflection seismic constraints on the edifice’s internal structure

Reflection seismic profiles (lines 3 and 57, Fig. 3) clearly show the internal structure of the
edifice, with clear inward dipping reflectors inside the crater, interpreted as the diatreme of the
vent. Sediment cover is also clearly seen in these profiles and amounts to 2-3 m in thickness,
particularly inside the crater or on the landward side of the edifice (relatively to Santa Maria). The
basal contact between the edifice and the underlying substrate cannot be seen in these profiles, due

to technical limitations of the boomer system, which does not permit the detection of this contact.

Figure 3: Uninterpreted and interpreted seismic profiles (lines 3 and 57) across the volcanic edifice
and their respective location. Note the presence of a well-developed diatreme below the edifice’s

crater, a structure typical of tuff cones/rings resulting from hydromagmatic eruptions.

5. Discussion

5.1. Morphological and structural constraints on eruption style and volcanic



edifice formation

Despite the fact that the outer flanks of the volcanic edifice are partially eroded, its general
morphology is largely preserved, attesting to its relative young age. Moreover, the morphology
and structure of the edifice can provide useful insights into the prevailing eruptive style and
environmental conditions at the time of the eruption.

The edifice’s dimensions, aspect ratio, and crater size suggests it to be a very wide tuff
cone or perhaps more accurately a tuff ring, morphologies that can be genetically linked to a
monogenetic explosive hydromagmatic eruption (Cas and Wright, 1987; Schmincke, 2004).
Effectively, notwithstanding the fact that it is partially eroded, the edifice exhibits a crater with
small depth to width ratio at or above ground level and with a low rim, features that are typically
associated with small but highly explosive hydromagmatic eruptions (Sheridan and Wohletz,
1981; Wohletz and Sheridan, 1983; Verwoerd and Chevallier, 1987; Sohn, 1996). In more detail,
the edifice exhibits morphometric parameters that are typical for hydromagmatic tuff cones and
tuff rings (see Pike, 1978). For example, on the basis of its actual dimensions, the edifice exhibits
an average WCR/WCO (i.e. the ratio between the diameter of the crater and the diameter of the
cone at its base) of 0.7, which is typical of tuff cones (Kervyn et al., 2012). However, if a wider,
closer to the original diameter of the edifice prior to erosion (c. 450 m, as estimated from the
seismic profiles of Fig. 3) is considered, this ratio lowers to 0.44, a value typical of tuff rings
(Sheridan and Wohletz, 1981; Wohletz and Sheridan, 1983). Moreover, the edifice’s H/WCR (i.e.
height/rim diameter ratio) is 0.07, which falls well within the typical range for tuff rings, i.e.
between 0.13 and 0.05 (Pike, 1978; Wohletz and Sheridan, 1983; Vespermann and Schmincke,
2000). The reflection seismic profiles also show that the vent exhibits a well-developed diatreme, a
defining characteristic of cones and rings formed by vigorous hydromagmatic eruptions (Lorenz
and McBirney, 1970; Lorenz, 1986). Therefore, the morphology, dimensions, and structure of this
volcanic edifice suggest it to be a tuff ring, formed by a violent surtseyan or more probably taalian
eruption, implying water/magma ratios somewhere between ~2 and ~0.8 (e.g. see Wohletz
and Sheridan, 1983). Such water/magma interaction ratios are generally attained when eruptive
vents are located in very shallow waters or eventually onshore, on substrates with a near-surface
saturated water table/body (Wohletz and Sheridan, 1983; Verwoerd and Chevallier, 1987; Sohn,
1996). In fact, similar structures in dimensions and morphology have been reported on the very
shallow submerged coastal plains of Marion and Prince Edwards Islands in the Indian Ocean (see



“type II” of Verwoerd and Chevallier, 1987); these rings exhibit characteristics that are
intermediate between “wet” tuff cones and “dry” maar-type tuff rings, and are thought to have
been formed during the Pleistocene and Holocene by drier, hotter and more violent explosions than
those leading to the formation of tuff cones, although not as energetic as the preatomagmatic
eruptions that generate tuff rings onshore (Verwoerd and Chevallier, 1987). Thus, by analogy,
the characteristics of the studied volcanic edifice and surrounding plateau suggests that its genesis
occurred on very shallow waters or even at sea level (e.g. see also Kano, 1998), i.e. during a
period which relative sea level was necessarily 70-80 m lower than today’s.

Modern examples of eruptions leading to the formation of coastal tuff cones and rings
include the Capelinhos eruption on the western coast of Faial Island (Azores), which took place in
1957/58, the eruption of Surtsey (Iceland) in 1963-67, and more recently the eruption of Lake Vui
(Ambae Island, Vanuatu) in 2005 and the eruption of Hunga Tonga-Hunga Ha to.666apai (Tonga)
in 2009 (Machado et al., 1962; Thorarinsson, 1966, 1967; Kokelaar, 1986; Németh et al., 2006;
N” emeth and Cronin, 2007; Vaughan and Webley, 2010). All of these eruptions occurred in
relatively shallow waters, breached the sea/lake surface, and formed a tuff cone/ring above
sea/lake level. Many of these examples, however, experienced a rapid change (from months to
years) to a strombolian/hawaiian eruptive style once the vent was completely isolated from sea
water, leading to late phase of subaerial cinder cone building or even the formation of a lava lake
and lava flow shield. Given that the edifice reported here retained its ring-like morphology,
without evolving to a taller tuff or cinder cone, it is postulated such a change to a
strombolian/hawaiian eruptive style never happened, probably because this eruption was very
short-lived and involved very low volumes of extruded material. Other examples of similar
shallow-water-formed edifices that retained their ring-like morphology include Isla Tortuga in the
Galapagos Islands and the islet of Molokini in Hawai t0.666°1 — see Fig. 4.

Figure 4: Subaerially exposed coastal tuff cones/rings that may serve as analogue for the
submerged tuff ring offshore Santa Maria. (2) Isla Tortuga in the Galapagos Islands. (b) Ilhéu de
Vila Franca (Sao Miguel, Azores). (c) and (d) Molokini, off Maui in Hawai t0.666°i. Note the
present-day wavecut notch marked by red arrows in (d). Images in (a), (b) and (d) correspond to

Worldview Satellite Imagery accessed through Apple Maps™,



5.2.  Erosional morphological imprint and inferred relative sea-level changes

The tuff ring rises abruptly from the seafloor on all sides suggesting that this structure has
been partially eroded by marine erosion sometime after its formation, causing the reduction of its
outer diameter and forming a small sea cliff. The lower concentric and outward-dipping relief that
can be seen on the north and northeast sides of the ring is interpreted as the erosional remains of its
outer flanks. The base of the ring therefore is thought to correspond the shore angle of a paleo
shoreline at approximately -80 m, if we account for the 2-3 m thick present-day sedimentary cover
that mantles the surroundings and abuts against the base of the edifice. The bathymetric step at -72
m is also interpreted as an incipient wavecut notch, carved at a higher position in the edifice. The
presence of these two wavecut morphologies therefore attests to the positions of two distinct paleo
sea levels, which timing will be here discussed. Crucially, the fact that these erosional
morphologies are still preserved, implies that they were carved in an already largely consolidated
tuff (which offered considerable resistance to wave cutting) given that the mechanical properties
of weak and friable materials are not suitable for the preservation of steep coastal cliffs and
notches (Trenhaile, 2015). The edifice also does not exhibit deep erosional gullies, slumps, or a
significant topographical decay resulting from extended subaerial exposure.

The still largely preserved overall morphology of the ring implies that the ring was either
exposed to marine erosion for only a very short period of time, i.e. not enough time elapsed to
allow complete truncation by marine erosion pene-contemporaneous of the formation of the
edifice (or during any of the subsequent sea levels that carved the wavecut features reported
above), or particular conditions existed that allowed the ring to resist erosion. Crucially,
considering its small size, it is highly unlikely such geological structure would survive largely
intact if exposed to the abrasion of the surf zone during the passage of more than one
glacio-eustatic cycle. Given these considerations, a correlation with a reference eustatic curve
(e.g. Bintanja and Van de Wal, 2008) — modified to accommodate Santa Maria’s uplift rate
determined by Ricchi et al. (2018) after Ramalho et al. (2017) — shows that there are only two,
possibly three short time intervals for which the extrusion of the ring is likely (Fig. 5): (1) at
13.5-13.0 ka, the last period when sea level was at -80/-70 m; (2) at 54-43 ka, towards the end of
a prolonged seastand during which sea level was fairly stationary at approximately -80 m, and
before sea level dropped to the Last Glacial Maximum; or (3) eventually at 71.4-69.5 ka, the
previous period that sea level was at -80/-70 m. Below we analyse each of these scenarios



individually.

Figure 5: Eustatic curve by Bintanja and Van de Wal (2008) modified to accommodate Santa
Maria’s uplift rate of approximately 0.042 mm/yr reported by Ricchi et al. (2018). Note the 3
possible age intervals during which the eruption that gave rise to the tuff ring is inferred to have
occurred. Age interval (2), 54-43 Kka, is considered the most plausible, with eruption likely taking
place closer to the lower age abound, i.e. at ~43 ka. Subaerial exposure times (minimum and

maximum) are indicated for extrusion at each age interval.

Extrusion followed by almost coeval rapid submergence at 13.5-13.0 ka is a plausible
scenario (age interval 1 in Fig. 6). However, historical examples show that newly-formed, largely
unconsolidated tuff cones/rings in the open ocean may be eroded away in a matter of months,
years, or decades, particularly in highly-energetic seas such as that around the Azores (Ramalho
et al., 2013). For example the tuff cone produced by the 1720 CE eruption of D. Jodo de Castro
Bank — which attained a diameter of 1.5 km and an elevation of about 250 m above sea level — was
completely eroded to below sea level in two years (Agostinho, 1931; Weston, 1964). Similarly,
the 90 m-high tuff cone produced by the Sabrina eruption (offshore Ponta da Ferraria in Sdo
Miguel) in 1811, was eroded in a matter of days (Madeira and Brum da Silveira, 2003). Syrtlingur,
which formed during the eruption of Surtsey in 1963-67, was razed by marine erosion in just 7
days (Thorarinsson, 1966), presently being below -40 m  (Romagnoli and Jakobsson, 2015). Even
Capelinhos in Faial Island (Azores), which erupted in 1957/58 as the result of surtseyan and partly
effusive eruption was reduced by coastal erosion to approximately 0.565 km?® after just 50 years,
and numerical modelling estimates that Capelinhos will be completely eroded in 100 years (Zhao
et al., 2019). Coastal tuff cones and tuff rings are therefore, and in general, very ephemeral
structures, unless special conditions exist to allow for their subaerial consolidation and higher
resistance to wave action at a later stage (Héskuldsson et al., 2007; Ramalho et al., 2013;
Romagnoli and Jakobsson, 2015). We therefore suggest that the eruption and submergence of a
tuff ring without significant erosion during a scenario of very rapid sea-level rise — even in one as
rapid as the one that took place at 13.5-13.0 ka, during the Last Glacial Termination — is possible
but unlikely.

More likely is a scenario where the eruption took place at sea level during a period of stable



sea level and/or immediately preceding a period of rapid sea-level drop. This would allow for the
subaerial consolidation of the tuff ring before surf was able to completely raze this structure.
Post-eruptive consolidation through compaction and palagonitization of hydromagmatic tuffs, in a
subaerial environment, may turn friable cones/rings into more stable and erosion-resistant
structures (Jakobsson and Islands, 1978; Jakobsson and Gudmundsson, 2008; Zanon et al., 2009).
Palagonitization in particular constitutes the main mechanism for the consolidation of
hydromagmatic and hyaloclastite tuffs. It consists in an alteration process that results from both
rapid syn-eruptive hydrothermal activity or slower burial-diagenesis processes, and which
gradually replaces sideromelane by hydrated gel-palagonite, palagonite, smectite and less
commonly to zeolites (Jakobsson and Islands, 1978; Jakobsson and Moore, 1986; Stroncik and
Schmincke, 2001; Jakobsson and Gudmundsson, 2008; Pauly et al., 2011). Palagonitization as
been reported to take place at very short time scales (i.e. a few years after eruption) but more
commonly it takes place at the scale of a few thousands of years (Jakobsson and Gudmundsson,
2008; Zanon et al., 2009). As such, in our view it is more likely that the studied tuff ring was
formed during the 54-43 ka seastand (age interval 2 in Fig. 5) when sea level was fairly stationary
at approximately -80 m, before dropping to its minimum during the Last Glacial Maximum. Given
that the ring does not show any obvious signs of significant topographical degradation due to
prolonged subaerial erosion — and given that marine erosion pene-contemporaneous of the ring’s
formation was not able to completely raze its relief — it is more likely that its formation took place
closer to 43 ka, immediately prior to the relative sea level drop of the Last Glacial Maximum rather
than at an earlier stage. This would still result in 29.5-30.5 kyrs of subaerial exposure prior to
submergence, a period that would possibly be long enough for the stabilisation, compaction and
palagonitization of the ring but perhaps short enough to prevent excessive subaerial and marine
erosion of this structure. Under this scenario, the carving of the lower wavecut surface, at the base
of the ring, would be pene-contemporaneous of the ring’s extrusion at ~43 ka, whilst incipient
marine erosion during submergence at 13.5-13.0 ka would have been responsible for the carving
of the higher wavecut notch at -72 m. Accordingly, in our view, subaerial consolidation during the
Last Glacial Maximum followed by rapid submergence of the ring during the very fast
transgression of the Last Glacial Termination would explain why, albeit some erosion, the ring
retained its young volcanic morphology and was not completely razed to the base.

Finally, the tuff ring could also have been formed at 71.4-69.5 ka (age interval 3 in Fig. 5),



the previous time that sea level was at -80/-70 m. This scenario would be compatible with an
extrusion at sea level or very shallow waters, and given that this period was characterised by a very
rapid sea-level drop (by approximately 5.6 m/kyr), the tuff ring would be protected from marine
erosion in just a few hundreds of years. Extrusion at 71.4-69.5 ka would also allow for subaerial
consolidation over a period of approximately 57 ka, with some marine erosion of the base of the
tuff ring taking place during the seastand at 54-43 ka, finally followed by rapid submergence and
minor marine reworking (forming the higher wavecut notch) at approximately 13 ka. This
scenario, however, would expose the ring to subaerial erosion for a considerably longer period,
which presumably would result in a higher topographical degradation than the one inferred from
the present-day morphology of the ring. We therefore consider that extrusion at ~43 ka

represents the more likely scenario.

5.3.  Formation model

Given the aforementioned considerations, we propose that the tuff ring that is the focus of
our study was formed at sea level or in very shallow waters by a violent surtseyan or more
probably taalian eruption, which took place at a time when relative sea level was about 70 to 80 m
lower than the present day’s (see Fig. 6). This eruption resulted in the formation of a tuff ring about
20-30 meters high and 300-450 m of outer diameter. The eruption likely occurred at ~43 Ka,
just before relative sea level dropped rapidly to its minimum at ¢. -122 m during the Last Glacial
Maximum (20-18 ka). Extrusion at =43 ka would thus allow for the consolidation through
compaction and palagonitization of the tuff ring, over a period of ~30 ka, and allow only for
weak marine erosion pene-contemporaneous of the extrusion of the ring. Subsequently, the tuff
ring was rapidly submerged by the very fast transgression of the Last Glacial Termination, with
only minor marine reworking, leaving it at the water depth it can be found today when sea level
stabilised during the Holocene. In the meanwhile, shelf sediment deposition took place, covering

the surroundings of the tuff ring with 2-3 m of sediment and partially infilling its crater.

Figure 6: Inferred formation model for the tuff ring, with modified eustatic curve on the right-hand
side for reference. Stages correspond to: (1) Eruption of the tuff ring at sea level or in very shallow
waters at ~43 ka, when sea level was at 70-80 m below present level. (2) Incipient wave erosion

of the base of the ring, pene-contemporaneous of the ring’s formation. (3) Sea-level drop to -122 m



during the Last Glacial Maximum, allowing for the subaerial consolidation and palagonitization of
the tuff ring, as well as some minor subaerial erosion. (4) Rapid sea-level rise during the Last
Glacial Termination with further minor erosion of the base of the ring and the carving of wavecut
notches at approximately at -72 m, during 13.5-13.0 ka. (5) Establishment of present-day sea

level, leaving the tuff ring at its present water depth.

5.4. Implications & future work

The observations reported in this study, as well as the inferences on the probable age of the
tuff ring and its relationship with sea-level oscillations, offer interesting insights into the processes
of formation and preservation of coastal tuff rings and tuff cones. In particular we would like to
stress what, in our view, is key to the preservation and survival of such morphologies beyond
human time scales: the subaerial consolidation of tuffs through compaction and palagonitization
prior to rapid marine erosion. Notwithstanding the fact that this inference is not anchored in direct
observations of the ring’s composition — our observations are restricted to the analysis of marine
geophysical/acoustic data and does not include (yet) sampling of the tuff ring — the fundamental
role of subaerial consolidation and rapid palagonitization in turning friable tuffs into
erosion-resistant structures is well-documented by direct observations elsewhere (e.g. Jakobsson
and Islands, 1978; Jakobsson and Moore, 1986; Stroncik and Schmincke, 2001; Jakobsson and
Gudmundsson, 2008; Pauly et al., 2011), and should be taken into account when studying
submerged tuff rings such as this. Moreover, the considerations in this study suggest that
consolidation/palagonitization of tuffs prior to rapid marine erosion is only possible if those tuff
rings and tuff cones are formed at sea level or in very shallow waters (i.e. the bulk of its volume is
above water) during — or immediately preceding — periods of very rapid relative sea-level drop, or
alternatively had to experience very rapid syn-eruptive hydrothermal palagonitization to ensure
their survival above sea level. This suggests that morphologically preserved tuff cones/rings such
as Isla Tortuga (Galapagos Islands), Molokini (Hawai‘i), Ilhéu de Vila Franca (Sao Miguel,
Azores), llhéus das Cabras (Terceira, Azores) — all of which are well-consolidated and
highly-palagonitized — were probably extruded during or immediately preceding periods of rapid
sea-level drop, generally at the end of interglacials, or alternatively were the subject of very rapid
syn-eruptive palagonitization. Otherwise, as historical examples in the Azores and Iceland show,

marine erosion rapidly obliterates such structures, particularly when they rise from deeper waters



and are exposed to the open ocean (Quartau et al., 2014; Romagnoli and Jakobsson, 2015; Zhao et
al., 2019). This hypothesis remains to be tested with isotopic geochronology, but nevertheless it
highlights how crucial it is to integrate eruption timing with information on relative sea-level to
better understand the formation and preservation of coastal/shallow water tuff rings and cones in
relation to their environmental factors. Moreover, if a clear relationship between edifice
morphology and position of the vent with respect to coeval sea-level is firmly established, we may
be able to create a framework that we can use to more critically look at isotopic ages with large
uncertainties, and narrow those uncertainties on the basis of higher likelihood of eruption in
correlation to relative and eustatic curves.

Importantly, if our considerations are correct, volcanism at Santa Maria extended beyond
the ~2.8 Ma age threshold inferred from subaerially-exposed sequences, well into the late
Pleistocene. This means that Santa Maria probably experienced low-volume and sporadic
volcanism at least once in the last 100 ka, raising important hazard implications. Notwithstanding
the uncertainty concerning the exact timing of eruption of this tuff ring, its presence suggests that
volcanic hazard assessments for Santa Maria should take into account the occurrence of volcanic
activity on this island during the last 100 ka, after a long period of volcanic quiescence. Crucially,
this work also highlights how the availability of high-resolution marine geophysics/acoustic data
for the flanks and shelf of ocean island volcanoes is key to a solid and more accurate formulation
of volcanic hazard assessments. Solely based on onshore data, volcanic hazard assessments rely
only on part of the geological record, preventing a cabal and complete view on the timing (and
type) of the latest volcanic activity of the edifice, as well as an incomplete view concerning the
frequency of eruptions, i.e. the recurrence time between eruptions in that particular volcanic
edifice. This is particularly applicable to edifices subjected to recurrent dispersed and parasitic
monogenetic volcanism in their flanks, as it happens during the rejuvenated stages of many
islands, or in some contexts during any stage of island evolution (e.g. such as in the Azores).

Finally, future work is planned to recover samples from the studied tuff ring through
dredging and/or sampling by remote operated vehicle. These samples will allow us to confirm the
age and composition of this structure, as well as provide insights on the geochemistry of the
youngest volcanic manifestation at Santa Maria, one whose existence would go unnoticed without

the acquisition of high-resolution bathymetry in this island.



6. Conclusions

This study documents the existence of a seemingly young submerged tuff ring at Santa
Maria island shelf, presently at 70-80 m of water depth. A detailed analysis of the morphology of
the tuff ring and its internal structure suggests it to be a partially eroded tuff ring extruded by a
hydromagmatic eruption that took place at sea level or in much shallower waters than the depth at
which can be observed today. This analysis — coupled with a correlation with a modified reference
eustatic curve — allowed the formulation and discussion of a formation model for the tuff ring,
which involves extrusion just prior to a period of rapid relative sea-level drop, most likely at ~ 43
ka. Extrusion during such a period would have allowed for the subaerial consolidation of the tuff
ring, increasing its resistance to erosion, before being finally submerged during the Last Glacial
Termination — a period characterised by extremely fast sea-level rise — explaining why the tuff ring
was submerged without being completely razed by marine erosion. Our observations therefore
suggest that Santa Maria’s volcanic activity might have extended into the very late Pleistocene,
raising important hazard implications. Future work is scheduled to confirm this hypothesis,
including sampling of the volcanic products during a dedicated research cruise. Our study also
highlights how the availability of high-resolution bathymetric surveys is crucial for more solid and

realistic volcanic hazard assessments.
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Highlights

» High-resolution bathymetry reveals submerged young tuff ring at Santa Maria Island
» Morphology and correlation with relative sea level suggests ~43 ka of age

* Subaerial consolidation is key to preserve tuff rings from marine erosion

* Observations indicate volcanism at Santa Maria extended to late Pleistocene

* High-resolution bathymetry is key to volcanic hazard assessments of oceanic islands
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