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ABSTRACT

Volcanic islands export clastic material to their
surrounding oceans by explosive eruptions, lava
emissions, biogenic production on their shelves,
and failure of their slopes, amongst other processes.
This raises the question of whether geological
events (in particular, eruptions and landslides) can
be detected offshore and dated, and whether any
relationships (for example, with climate changes)
can be revealed using sediment cores. The volca-
nically active central Azorean islands (Faial, Pico,
Sao Jorge, and Terceira), with their neighboring
submarine basins, are potentially good candidates
for such an analysis. Here, chronostratigraphies of
four gravity cores collected amongst the islands
are constructed based on twelve radiocarbon dates
and two dates derived by geochemically correlating
primary volcaniclastic turbidites with ignimbrites
on Faial and Terceira Islands. Age-depth models are
built from the hemipelagic intervals to estimate
individual turbidite dates. Volumes of turbidites are
modeled by multiplying basin areas with bed thick-
ness, allowing for various turbidite thinning rates
and directions. The volumes of landslide-generated
turbidites are only comparable with the largest
volumes of their adjacent upper-slope submarine
landslide valleys; therefore, such turbidites in the
cores likely derive from these largest landslides.

Neil Mitchell @ https://orcid.org/0000-0002-6483-2450

Emplacement intervals between turbidites
originating from both landslides and pyroclastic
density currents are found to be mostly a few thou-
sand years. Frequencies of landslide-generated
turbidites and hemipelagic sedimentation rates
were both highest in the past 8 k.y. compared to
preceding periods up to 50 k.y. High hemipelagic
sedimentation rates are interpreted to be related
to sea-level rise, allowing more shelf bioproduc-
tion and release of particles by coastal erosion.
The coincident increased frequencies of subma-
rine landslides may also be associated with the
increased sediment supply from the islands, result-
ing in a more rapid build-up of unstable sediments
on submarine slopes. Notably, the emplacement
frequencies of turbidites of pyroclastic density
current origins do not suggest the decreased erup-
tion frequency toward the Holocene that has been
found elsewhere.

M 1. INTRODUCTION

Climate changes have been suggested to mod-
ulate volcanism because of mechanical responses
of volcanoes to adjustments in stresses caused
by changes in loading by ice (e.g., Hall, 1982;
Nakada and Yokose, 1992; Glazner et al., 1999) or,
for coastal or submerged volcanoes, by seawater
with sea-level fluctuation (e.g., Walcott, 1972; Wall-
mann et al., 1988). For instance, a lower eruption

frequency has been suggested to be correlated
with increased glacial loading (e.g., Jellinek et
al., 2004). The reduced water loading during sea-
level fall or extended sea-level lowstands may
encourage decompression melting in the mantle
(Walcott, 1972; Wallmann et al., 1988; Samrock et
al., 2019), hence increasing volcanic activity. Satow
etal. (2021) compared the past 360 k.y. of sea-level
change with the tephrochronology of Santorini Vol-
cano. Marine sediment cores revealed that ~98%
of eruptive activity of Santorini Volcano occurred
during periods of sea-level falls and subsequent
rises. According to their 2D numerical model, the
decreased hydrostatic pressure may have induced
relative tensile spreading in the roof of the magma
chamber, triggering dike injections and eruptions.

Large flank collapses have been reported for
both intra-plate oceanic islands (e.g., the Hawaiian
Islands [Moore et al., 1994], Canary Islands [Mas-
son et al., 2002], and Cape Verde Islands [Masson et
al., 2008]) and Madeira archipelago (Quartau et al.,
2018) island arcs (e.g., Montserrat [Wall-Palmer et
al., 2014] and Ritter Islands [Ward and Day, 2003]).
Coussens et al. (2016) compiled data on 25 vol-
canic island landslides and found no relationship
between the timing of large landslides (>0.3 km?3)
and periods of rapid sea-level rise for intra-plate
oceanic islands but did find a correlation for island
arcs. However, the data set was small; thus, sys-
tematic changes in the timing and frequency of
such events are still not well recorded or cannot
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be ruled out. To address this and potential cli-
matic modulation of eruptions, more data sets are
needed of emplacement histories of volcaniclas-
tic deposits in a variety of tectonic environments
and with a variety of geomorphologies (Kutterolf
et al., 2019).

The many flat-floored basins around the Azores
islands lie only 10-30 km from eruptive centers
and island slopes, potentially allowing the depos-
its arising from small events (both eruptions and
slope failures) to be captured (e.g., Wall-Palmer et
al., 2014). Basin-floor sediments are also of broad
interest for sedimentologists and paleoseismolog-
itsts as the “sink” that records the depositional
processes and history of erosion in the “source.”
These source-to-sink studies have investigated
how sediment in basins record processes in source
areas and how individual beds are affected by basin
topography (Sinclair and Cowie, 2003), varied flow
rheologies (Talling, 2001), and local environments
(Carlson and Grotzinger, 2001). A similar compari-
son of deposits with potential sources is therefore
attempted here. The work here continues studies
of an extensive set of samples and geophysical
data collected during a RV Meteor cruise (Schmidt
et al., 2019, 2020; Chang et al., 2022b). In this study,
information from sediment cores, high-resolution
multibeam bathymetric data, and seismic-reflection
profiles (collected with air gun and sonar sources)
were combined to work out the emplaced volumes
of deposits from submarine landslides and volca-
nic eruptions and how they varied over time. To
build chronologies, planktonic foraminifers picked
from hemipelagic beds were radiocarbon-dated
by accelerator mass spectrometry (AMS), and two
primary tephra beds were geochemically correlated
with terrestrial volcanic deposits of known dates.
Volumes of turbidites in the basins were modeled
by considering various distal flow thinning rates
found in other similar basins elsewhere. Our main
aims are to (1) estimate the volumes of volcani-
clastic turbidites in the basins for comparison with
volumes of potential source in the adjacent volcanic
islands; (2) use a hemipelagic sediment age-depth
model derived from radiocarbon ages to construct
chronologies of the four cores; and (3), from their
chronologies, derive emplacement frequencies

for volcaniclastic turbidites produced by eruptions
and landslides to see how they have changed over
three periods.

M 2. REGIONAL SETTING

The Azores islands have developed on a broad
plateau of oceanic crust thickened by excessive
volcanism associated with a melting anomaly of
the underlying mantle (White et al., 1976; Bonath,
1990; Gente et al., 2003; Vogt and Jung, 2004). The
islands are geologically young and active (Féraud
et al., 1980; Madeira and Brum da Silveira, 2003).
Volcanism and tectonic activity in the Azores have
been continuing during at least the Quaternary
(Calvert et al., 2006; Gertisser et al., 2010; Hilden-
brand et al., 2014). Moreover, eruption-fed (e.g.,
pyroclastic turbidite and fallout deposits) and mass
transport (e.g., landslide-generated) turbidites are
commonly recognized in the cores collected on
the basin floors around the islands (Chang et al.,
2022b), suggesting that volcanism and submarine
mass transport likely occur frequently in the cen-
tral Azores.

2.1 Explosive Eruptions on the Central Azores
Islands

Eruptions in the central group of islands are
generally moderate, i.e., low-explosivity Hawaiian
to mafic phreatomagmatic eruptions (Machado et
al., 1962; Madeira and Brum da Silveira, 2003; Cap-
pello et al., 2015; Zanon and Viveiros, 2019), though
explosive sub-Plinian and ignimbrite-forming erup-
tions have occurred on Faial and Terceira Islands
(e.g., Self, 1976; Pacheco, 2001; Gertisser et al.,
2010; Pimentel et al., 2015, 2021). The ignimbrite-
forming eruptions were usually associated with
caldera-forming or caldera-enlarging events that
produced large volumes of dispersed pyroclastic
fallout and pyroclastic density currents flowing tens
of kilometers (e.g., Self, 1976; Gertisser et al., 2010;
Pimentel et al., 2015, 2021).

Three prominent ignimbrite-forming eruptions
have occurred in the past 30 k.y. The C11 eruption

was the most complex and prominent eruption of
Caldeira Volcano of Faial Island (Fig. 1; Pacheco,
2001; Pimentel et al., 2015). It was the largest
eruption on Faial within the past 16 k.y. occurring
~1000 yr B.P. (i.e., from 1250 + 40-1040 + 50 yr B.P.
[Madeira et al., 1995] and 980 + 50 yr B.P. [Pacheco,
2001]), and its deposits widely blanket the island
(Fig. 1). The C11 deposits have been divided into
the Brejo, Inverno, and Cedros members, repre-
senting three distinct eruptive phases (Pimentel et
al., 2015). According to Pimentel et al. (2015), this
eruption started with a series of phreatomagmatic
explosions, causing ash to fall on the NW sector of
the island. The next phase (sub-Plinian) produced
coarse pumice fall deposits over the north flank
with most deposits dispersed in the NNW direction
from the caldera. The final phase involved wide-
spread pyroclastic density currents that reached
the north and west sectors of the island. Pimentel
et al. (2015) estimated the on-land tephra volume
to be 0.18 km? (we refer to these as “bulk volumes,”
which are not corrected for pore space, i.e., not
dense rock equivalent). The total tephra volume
including submarine deposits was estimated by
them to be >0.22 km?® using empirical methods of
Sulpizio (2005) combined with those of Fierstein
and Nathenson (1992).

Ignimbrites on Terceira Island constitute a
significant portion of the island stratigraphy. At least
seven ignimbrite sequences were emplaced
between ca. 86 and 25 cal k.y. B.P. (Calvert et al.,
2006; Gertisser et al., 2010; Pimentel et al., 2021).
The most recent Lajes-Angra Ignimbrite Formation
originated from eruptions of Pico Alto Volcano
(Fig. 1). Two ignimbrites were initially interpreted
by Self (1976) as resulting from two eruptions of
Pico Alto Volcano—the Angra and Lajes ignimbrite-
forming eruptions. Although the Angra and Lajes
ignimbrites have similar whole-rock major-element
compositions and mineral assemblages, their
whole-rock trace-element and volcanic glass com-
positions differ considerably (Pimentel et al., 2021).
Moreover, the Angra Ignimbrite is only exposed
in a narrow valley in the southern part of the
island. The Lajes Ignimbrite, in contrast, is widely
exposed in the southern, middle, and northern
parts of Terceira (Fig. 1). Radiocarbon dates of

Yu-Chun Chang et al. | Emplacement history of volcaniclastic turbidites around the Azores islands



http://geosphere.gsapubs.org

Research Paper

28°W 30’

39°N 00’

38°N 45’

38°N 30’

27°W 30’

39°N 00’

38°N 45’

A\

el

38°N 30’

27°W 30’

| (M) —— (kM)

3000 0-200-400 -800 -1200 -1600 -2000 -3200 0 20 40

K D extents of C11 and extents of turbidite gravity P reference /seismic
ey Lajes Ignimbrites depositional basins cores core sections

Figure 1. Bathymetry of the central Azores Islands contoured every 50 m from 500 to 3200 m. High-resolution multibeam echo-sounder data are shown
in bold colors as in color bar. Bathymetry in faint colors is from the Global Multi-Resolution Topography Synthesis (Ryan et al., 2009). Light-gray areas
represent the islands of Faial, Pico, Sao Jorge, Terceira, and Graciosa (F, P SJ, T, and G, respectively). SR is submarine Serreta Ridge. Black dashed lines
outline the calderas of Caldeira Volcano (CV) and Pico Alto Volcano (PAV). Yellow areas show extents of volcanic deposits on Faial (from the C11 erup-
tion) and Terceira (Lajes eruption), which include volcanic ash and ignimbrites. Yellow circles locate the gravity cores summarized in Figure 2. Black lines
(1-4) locate the seismic sections in Figure 8. Salmon-filled polygons represent extents of turbidite depositional basins identified from depth contours
and seismic-reflection data. Inset locates study area (rectangle outlined in red) and reference core site (red circle). CA, EA, and MAR represent the central
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Azores, eastern Azores islands, and Mid-Atlantic Ridge, respectively.

charcoal below and within the Lajes and Angra
ignimbrites (Calvert et al., 2006; Gertisser et al.,
2010), calibrated with the IntCal20 calibration curve
(Reimer et al., 2020), suggest the Angra Ignimbrite
was emplaced 25.3-28.1 cal k.y. B.P. (Gertisser et
al., 2010) and the Lajes Ignimbrite 23.0-28.8 cal
k.y. B.P. (Gertisser et al., 2010) or 25.2-25.9 cal
k.y. B.P. (Calvert et al., 2006). Their juvenile clasts

are characterized by coarse porphyritic pumices,
including light-gray comenditic trachyte pumice
and dark-gray or black scoriae, but the black dense
clasts occur exclusively in the Lajes Ignimbrite
(Pimentel et al., 2021). The on-land bulk volumes
of the Angra Ignimbrite and Lajes Ignimbrite were
estimated to be 0.08 km?® and 0.59 km?, respectively
(Pimentel et al., 2021).

2.2 Volcanism-Associated Sediment Gravity
Flows as Turbidite Sources

Deposits from pyroclastic density currents and
fallout have been recognized on the Azores islands
(e.g., Cole et al., 2001; Pacheco, 2001) and identified
in our four sediment cores near the islands (Chang
et al., 2022b; Fig. 2). Hawaiian to mildly explosive

Yu-Chun Chang et al. | Emplacement history of volcaniclastic turbidites around the Azores islands
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Strombolian eruptions have likely occurred fre-
quently (e.g., many times over the period of
human habitation; Weston, 1964; Madeira and
Brum da Silveira, 2003); so there is also a potential
for submarine-emplaced lava flows to initiate sed-
iment flows either due to the flow disintegration
arising from rapid transportation on steep slopes
(Bergh and Gudmunder, 1991) or flow-front failures
caused by piling up of lava fragments (Lodato et al.,
2007; Mitchell et al., 2008; Quartau et al., 2015). Col-
lapses due to slope overloading and oversteepening
(Mitchell et al., 2012; Costa et al., 2014, 2015) result
in large-scale mass movements, which can evolve
downslope into sediment gravity flows.

Figure 2 shows 41 volcaniclastic-rich beds found
in the sediment cores located in Figure 1. These are
updated from the identifications of Chang et al.
(2021) as described later in this article. The beds
include nine pyroclastic fallout beds and 33 vol-
caniclastic turbidites. The turbidites were further
classified into primary volcaniclastic turbidites
(PVTs) and secondary volcaniclastic turbidites
(SVTs). PVTs originate directly from pyroclastic
flows where transport occurs without an intervening
stage of deposition and remobilization. SVTs instead
likely involve events unrelated to volcanic activity
such as deposits remobilized by slope failure. SVTs
are separated from PVTs by common shelf biogenic
material (carbonates), rounded volcanic particles,
low proportions of glass shards, commonly het-
erogeneous glass shard compositions, and larger
organic contents. Two-thirds of the turbidites iden-
tified in the cores are PVTs. Their thicknesses are
typically 0.05-0.15 m, though two PVTs of 0.4 and
2 m were found. Although the PVTs were likely cre-
ated by pyroclastic density currents from eruptions
of the adjacent islands, core 1226 located within
the Terceira Rift may have received PVTs from sub-
marine eruptions on the Serreta Ridge, which is
volcanically active (Gaspar et al., 2003; Madureira
et al., 2017; Casas et al., 2018; Romer et al., 2019).

2.3 Other Sources of Sediment Gravity Flows

Processes that have been suggested to gener-
ate sediment gravity flows on submarine slopes

elsewhere also occur in the Azores. For instance,
more than a thousand submarine landslide valleys
have been identified along the upper slopes of four
islands in the central Azores (Chang et al., 2021).
Downslope mass movements (landslides) may
transform into turbulent sediment gravity flows if
the mass disintegrates during movement (e.g., Nis-
bet and Piper, 1998; Piper et al., 2007). Landslides in
the Azores potentially can be induced by frequent
earthquakes (Gaspar et al., 2015). High ocean sur-
face waves, which predominantly approach the
islands from the NW, have been suggested to be
responsible for more frequent submarine sediment
gravity flows on the windward sides of islands indi-
cated by more common sediment waves on the
seabed on that side (Chang et al., 2022a). Such a
higher frequency could arise from an increased
sediment flux from wave erosion (e.g., Quartau et
al., 2012; Zhao et al., 2020) supplying unconsoli-
dated sediment to upper slopes, where it is prone
to failure, or enhanced wave-agitated turbulent
flows (e.g., Normandeau et al., 2020; Porcile et
al., 2020).

In the investigated cores (Fig. 2), one-third
of the turbidites are SVTs and hence involved
some reworking of bed material, such as evi-
denced by the fragments of carbonate of shelf
origin and higher organic contents. The lower
abundance of SVTs compared with PVTs sug-
gests either that volcanic eruptions in the Azores
are more frequent than slope failures or that sed-
iment gravity flows generated by slope failures
have not all reached the basin floors (Chang et
al., 2022a). The SVTs thicknesses are similar to
PVT thicknesses, but no SVTs thicker than 0.2 m
have been found.

B 3. MATERIALS AND METHODS
3.1 Sediment Cores and Sample Collections

The four gravity cores were collected during
RV Meteor cruise M141/1 in 2017 (Hansteen et al.,
2017). These cores were sampled for radiocarbon
accelerator mass spectrometry (AMS) analysis (red
bars) and volcanic glass compositional analysis

(orange crosses) at the stratigraphic levels shown
in Figure 2.

3.1.1 Samples for Radiocarbon Dating

For radiocarbon dating, 13 samples were selected
mostly in hemipelagic beds immediately overlying
turbidites and tephra beds (Fig. 2). For those beds
with gradational or bioturbated boundaries, samples
were collected where hemipelagite and turbidite are
in equal proportions. That proximity should allow
reasonable estimates of the turbidite ages to be deter-
mined. Pretreatment of samples included sediment
disaggregation in 10 wt% sodium hexametaphos-
phate, ultrasonic bathing, rinsing, and wet sieving
(Hajdas, 2008; Brock et al., 2010). Approximately
10 mg of planktonic foraminifers showing little sign
of damage or alteration were hand-picked under
a high-power dissecting microscope (e.g., Fig. 3).
Globigerina bulloides and Globigerinoides ruber spe-
cies were mainly selected due to their abundance.
Although we prioritized mono-planktonic species to
reduce the Barker effect (i.e., an effect causing radio-
carbon age biases due to the differential effect of
partial dissolution and subsequent fragmentation of
shells [e.g., Ausin et al., 2019]), other surface-dwelling
planktonic species (e.g., Globigerinella siphonifera
and Globigerinoides sacculifer shown in Figs. 3C and
3D) were still sometimes included where abundance
of the preferred species was low.

The AMS analysis was conducted by the National
Environmental Isotope Facility (NEIF) radiocarbon
laboratory at the Scottish Universities Environ-
mental Research Centre (SUERC). Samples were
acid-leached to remove external carbon contami-
nation on outer shell surfaces (Hajdas, 2008; Brock
et al., 2010) and then converted into pure and con-
densed carbon (Povinec et al., 2009) suitable for
AMS analysis. Ratios of '*C/?C were measured by
isotope ratio mass spectrometry (IRMS), and the
8'3C values (deviation from reference *C/'?C) were
calculated relative to the Vienna Pee Dee Belemnite
(VPDB) standards. Contents of "“C were then cor-
rected for fractionation by normalizing §'*C to —25%o.
The conventional radiocarbon age (yr B.P) with +1c
confidence ranges are shown in Table 1.

Yu-Chun Chang et al. | Emplacement history of volcaniclastic turbidites around the Azores islands
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(A) Globigerina bulloides

(C) Globigerinella siphonifera

3.1.2 Radiocarbon Age Calibration and Age-
Depth Modeling

To correct for varying production rates of radiocar-
bon through time (Lal and Peters, 1967), radiocarbon
ages were converted to calendar ages using Marine20

(D) Globigerinoides sacculifer

(B) Globigerinoides ruber

Figure 3. Selected photos of
planktonic foraminifera species
from the samples used for radio-
carbon dating. (A) Globigerina
bulloides. (B) Globigerinoides
ruber. (C) Globigerinella si-
phonifera. (D) Globigerinoides
sacculifer. The species in (A) and
(B) were the main ones selected
for “C dating in this study. Note
glassy surface textures suggest-
ing lack of alteration.

(Heaton et al., 2020), a marine-specific calibration
curve that corrects for the global average of marine
reservoir effect (MRE) for non-polar areas. Correcting
for a local MRE (i.e., deviation from the global curve
or AR) is difficult around the Azores due to the lack
of established values and appropriate materials for

assessment (e.g., Ascough et al., 2005). Comparing
global AR variations (Reimer and Reimer, 2001) with
oceanic circulation in Ascough et al. (2005), however,
AR around the Azores is probably between -51 and
+14 yr. Such corrections are small compared with
age differences between samples reported in the
text below; therefore, variations in AR are ignored
in this study.

Volcaniclastic bed thicknesses were extracted
from each core to build hemipelagic sediment
age-depth models. How hemipelagic sedimenta-
tion rates have varied over time in detail amongst
the Azores islands is uncertain. These sediments
contain a poorly quantified but likely important vol-
caniclastic component (fine particles from coastal
erosion and ash from eruptions). Because other
contributions from slope failure, cliff failure, fluvial
outwash during storms, and biogenic production
varying with nutrient availability and climate are
all episodic, we suspect that sedimentation rates
have varied strongly between our age constraints.
Since the hemipelagic sedimentation process is
therefore uncertain, we have chosen not to use
Bayesian methods for age-depth modeling (e.g.,
Ramsey, 2008; Blaauw, 2010). We have instead
modeled deposition using simple linear age varia-
tions between dates. To be accurate, such age-depth
modeling relies on two assumptions, which we

TABLE 1. INFORMATION ON MICROFOSSIL SAMPLES AND RADIOCARBON DATING RESULTS

Publication code  Sample ID  Sample depth ~ Sample Boundary Dominant dated species Conventional 4'3C VPDB Calendar age Best calendar

(bsf cm) weight radiocarbon age (%o) (calyr B.P) age estimates
(mg) (10, yr B.P) (yr B.P)
SUERC-100215 1215-1 39-40 10.6 Gradational G. bulloides and G. ruber 2570 + 35 0.0 1911-2272 2070
SUERC-100216 1215-4 128-129 10.2 Gradational G. ruber 6315 + 38 -0.3 6390-6730 6559
SUERC-100217 1215-7 201-202 10.5 Gradational G. bulloides 11,901 + 52 -11 13,065-13,400 13,220
SUERC-100218 1219-1 35-36 10.7 Gradational G. bulloides and G. ruber 2,168 + 35 1.0 1415-1726 1582
SUERC-100219 1219-3 162.5-163.5 10.3 Gradational G. bulloides 14,349 + 57 -0.9 16,265-16,820 16,535
SUERC-100223 1219-5 229.5-230.5 10.2 Gradational G. bulloides 21,252 + 116 -0.6 24,170-24,930 24,543
SUERC-100224 1219-7 322-323 10.4 Sharp G. bulloides 45,384 + 2281 -0.6 44,351-54,564 46,992

SUERC-100225 1219-8 456.5-457.5 10.6 Gradational G. bulloides >46,665 -0.9 Out of range Out of range
SUERC-100226 1226-3 61-61.5 71 Gradational Mixture of four species 1512 + 37 -1.0 743-1047 894
SUERC-100227 1226-8 167-167.5 8.2 Gradational Mixture of four species 3064 + 37 -11 2507-2840 2691
SUERC-100228 1230-2 67-68 10.7 Sharp G. siphonifera and G. ruber 8301 + 37 0.5 8450-8853 8636
SUERC-100229 1230-4 128-129 10.7 Sharp G. bulloides and G. ruber 18,924 + 89 -0.7 21,710-22,286 22,006
SUERC-100233 1230-6 156-157 10.5 Sharp G. bulloides 22,473 + 134 -12 25,543-26,189 25,837

Notes: bsf—below sea floor; VPDB—Vienna Pee Dee Belemnite.
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return to later: (1) no change in hemipelagic sed-
imentation rate between dates (e.g., Milkert et al.,
1996; Lebreiro et al., 2009; Clare et al., 2015; Allin et
al., 2016); and (2) negligible surficial deposits have
been removed by turbidity currents as they accu-
mulated by instantaneous depositional processes
(e.g., Weaver and Thomson, 1993; Thomson and
Weaver, 1994; Gutierrez-Pastor et al., 2009; Gracia
et al., 2010). Individual estimated calendar ages of
each volcaniclastic-rich bed are calculated from the
linear interpolation between calendar ages of dated
samples. In practice, the sediment only at the dated
samples can be unequivocally assigned ages with
uncertainties. Nevertheless, some dates lie close
to the 8 and 20 ka boundaries between sediment
groups in these cores. This effectively allows us to
assign parts of the cores to different groups reason-
ably reliably (e.g., 8 ka for cores 1215 and 1230 and
20 ka for cores 1219 and 1230).

Hemipelagic sedimentation rates were cal-
culated by dividing the calendar age differences
between samples by the cumulative thickness of
hemipelagic beds within them. Hemipelagic sedi-
mentation rates were then found for discrete age
intervals representing the different periods of sea-
level change (0-8, 8-20, and 20-50 k.y.) by dividing
the cumulative hemipelagic thicknesses by their
time spans. Rates for those core intervals that do
not entirely extend over a full age interval were
computed by dividing the hemipelagic thickness by
their reduced durations. A more regional hemipe-
lagic sedimentation rate curve was then computed
by averaging the individual interval-averaged hemi-
pelagic sedimentation rates of the four cores. The
same calculation was also used to derive individ-
ual core and total interval-averaged frequencies of
PVTs and SVTs within the selected date intervals
after assigning dates to individual beds using the
hemipelagic thicknesses.

3.1.3 Samples for Sediment Core
Reinterpretation and Tephrostratigraphic
Correlations

The classification of bed types of Chang et al.
(2021) shown in Figure 2 was updated in the light

of data from six volcaniclastic samples (crosses in
Fig. 2) from core 1230 at depths 168-262 cm below
sea floor (bsf). Sample pretreatment and analytical
procedures followed those of Chang et al. (2021).
Backscattered-electron images of whole samples
were captured by JEOL JXA 8200 wavelength dis-
persive electron microprobe (EMP). Major elements
were measured on volcanic glass shards by EMP
at GEOMAR Helmholtz-Centre for Ocean Research
Kiel following procedures described in Kutterolf
et al. (2011).

Primary volcaniclastic turbidites (PVTs) in cores
1219 (22-29 cm bsf) and 1230 (168-368 cm bsf) were
correlated with ignimbrites on adjacent islands.
Correlations followed the established methods
of Kutterolf et al. (2008) and Schindlbeck et al.
(2016, 2018) by comparing the major geochemi-
cal elements of volcanic glass shards from marine
tephras with those of island samples, while their
stratigraphic positions were validated using the
age-depth model based on the radiocarbon dates.
Mineral assemblage data and sedimentary features
were also considered if they were available. The
geochemical correlations are constrained by over-
laps of multiple elements.

3.2 Marine Geophysical Data

Multibeam bathymetric data were collected in
four surveys at resolutions ranging from 0.5to 1 m
in the shallowest 100 m to 20-50 m at 2000 m depth.
The combined data set broadly covers the subma-
rine part of the central group of the Azores (Fig. 1).
The RV Arquipélago survey in 2003 investigated the
submarine parts of Faial, Pico, and Sao Jorge islands
(Mitchell et al., 2008). The /Atalante survey (EUROF-
LEETS cruise “Features of Azores and Italian Volcanic
Islands” [FAIVI]) in 2011 investigated predominantly
the shelf and slopes of Terceira Island (Chiocci et
al., 2013; Quartau et al., 2014; Casalbore et al., 2015).
Though mainly investigating the area around Sao
Miguel Island, the two RV Meteor surveys in 2009
(cruise M79/2; Hubscher, 2013) and 2015 (cruise
M113/1; Hlbscher et al., 2016) also partly covered
the central group, in particular the basin between
submarine Serreta Ridge and Graciosa Island.

Two-dimensional (2D), multichannel, seismic-
reflection profiles were collected during cruise
M113 (Hubscher et al., 2016) using two Gl guns as
a source (chamber volumes of 45 and 105 in®). Sig-
nals were recorded with a 144-channel acquisition
system. The main seismic processing steps were
editing, common mid-point binning, bandpass filter-
ing over the range 10/20-300/400 Hz, gain, stacking,
time migration, and fx deconvolution. Processing
is described further by Hiibscher and Gohl (2014).

During M113, sediment profiler data were also
acquired using a hull-mounted Parasound system
(Atlas Hydrographics) simultaneously with the mul-
tichannel seismic data. This system operates by
emitting two pulses with high primary frequencies
(18 kHz and 22 kHz), which combined nonlinearly
in the water to produce a signal at their difference
frequency of 4 kHz. The beams produced by the
high primary frequencies form cones of <4° width,
resulting in data without diffraction hyperbolae.
Hence, Parasound data have high vertical and
lateral resolution. Processing applied to the Para-
sound data included amplitude amplification and
frequency filtering. Depths below seabed have
been derived from the Parasound data assuming
a water velocity of 1500 m/s.

3.3 Turbidite Volume Modeling

If turbidites form simple flat-lying deposits of
uniform thickness within basins, turbidite volumes
can be estimated by multiplying the basin area with
the turbidite thicknesses found in the cores. For
such calculations, the area of each basin floor can
be delimited using a closed bathymetric contour
line (Fig. 1) located at the base of slope or tectonic
structures revealed by the seismic sections and
encompassing the core site. This approach makes
the implicit assumption that turbidity currents,
which are typically channeled on the slopes, are
sufficiently mobile to spread out across the entire
flat basin floor with uniform thickness.

To allow for bed distal thinning, the results of
more detailed analysis of turbidite geometries in
similar basins (e.g., Liu et al., 2018) were used.
Liu et al. (2018) classified thinning as occurring at
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low (3%-15%/km) and high (40%-65%/km) rates.
Representing the rate with K (1/km), the rate of
change is:

dT /dx =—-KT, (1)
where T is bed thickness, and x is distance. Inte-
grating from a fixed reference point chosen at the
origin (x = 0 km) suggests:

T=T,=exp (—Kx), (2)

where T, is the bed thickness at the reference
position x = 0 km. To implement the exponential

A (a-1) (a-2)

seafloor basin

Moy =
by

| =length
w = width

— sedimentinput direction

rectangle of area
equal to the basin

model, the delimited basins (Fig. 4A) were ide-
alized as rectangles of areas equal to the basins
(Fig. 4B). The length and width of each rectangle
were adjusted to represent approximately the
dimensions of each basin. Although turbidity cur-
rents potentially entered each basin from any side,
we identified those sides that were closest to the
most likely sources (for example, PVTs were most
likely produced by eruptions of adjacent islands
and SVTs by failure of adjacent steep slopes). Vol-
umes calculated with different source directions
then represent the effect of this uncertainty. Where
a core site is distal to the assumed source, the cal-
culation resulted in volumes that are larger than

(a-3)
volume calculation

/

>

T, = bed thickness at x=0 km
T =bed thickness at x km
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Figure 4. Conceptual elements of geometry used in calculation of turbidite volume, which attempts to account
for varied degrees of deposit confinement and distal thinning rate. (A) Concept of turbidite volume calculation.
(B) Turbidite thickness change from model basin edge, encompassing four thinning rates. Bed thicknesses
are normalized to 1 m at 0 km distance in this illustration; however, true thicknesses are used in the analyses.

when no thinning was assumed. In contrast, core
sites close to the source resulted in smaller vol-
umes than when no thinning is assumed.

For each chosen source direction, volumes were
estimated in practice by numerically integrating
T in a series of 1 km steps over the direction in
which the flows are assumed to have entered the
basin and multiplying by rectangle width. Thin-
ning rates of 9%, 30.75%, and 52.5%/km were used,
encompassing the appropriate rates of Liu et al.
(2018). Best estimates of individual turbidite vol-
umes were derived using the most likely sediment
entry direction and thinning rates suggested from
seismic-reflection data.

B 4. RESULTS
4.1 Stratigraphy of the Sediment Cores

The core stratigraphy that we established pre-
viously (Chang et al. 2021) was improved and
extended by: (1) reinterpreting one segment of
hemipelagic beds in core 1230 as a primary vol-
caniclastic turbidite; (2) geochemically correlating
two volcaniclastic beds with well-dated ignimbrites
on Faial and Terceira Islands; and (3) incorporating
the 12 new radiocarbon dates.

4.1.1 Bed Reinterpretation

Chang et al. (2021) originally interpreted the
168-262 cm bsf section of core 1230 as hemipelagic
sediment because this fine-grained section lacked
tractional structures. However, visual inspection
and chemical analyses by EMP of six additional
samples (located in Fig. 2) have led us to reinter-
pret the section. Selected backscattered-electron
images of 63-125 ym fraction from core 1230 at
168-170 cm bsf and 248-252 cm bsf revealed pre-
dominant volcanic glass shards and some biogenic
matter and lithics (Figs. 5A and 5B), which are sim-
ilar to samples at 262-368 cm bsf (Chang et al.,
2021). Besides minor outliers, major elements of
four samples from the segment clustered closely
(Figs. 5C and 5D). The consistency of the volcanic
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Figure 5. Data from samples of primary volcaniclastic beds in core 1230. Backscattered-electron microscope images in
(A) and (B) are from the core depths marked above each image. Red, orange, blue, and green arrows mark interpreted
volcanic glass shards, volcanic minerals, bioclasts, and lithics, respectively. Major-element compositions in (C) and (D)
measured on glass shards taken from the core depths shown in the graph keys. Three outliers out of >80 analyses were

excluded from the graphs. bsf—below sea floor.

glass geochemical compositions across the inter-
val suggests that the upper boundary of the thick
turbidite previously placed at 262 cm bsf should be
elevated to 168 cm bsf. The geochemical data for
these six samples are provided in Table S1'.

'Supplemental Material. Table S1: Geochemical data for six
samples. Please visit https://doi.org/10.1130/GEQS.S.21980360
to access the supplemental material, and contact editing@
geosociety.org with any questions.

4.1.2 Tephrostratigraphic Correlations

Evidence suggests that samples of core 1219 at
22-29 cm bsf and 1230 at 168-368 cm bsf correlate
with ignimbrites on Faial (C11) and Terceira Islands
(Lajes), respectively: (1) Multiple major elements
(MgO, SiO,, FeO, Ca0, and TiO,) derived from the
groundmass glasses of the land samples overlap
with those of the core samples (Fig. 6). (2) The

elongated and stretched light-gray pumiceous
glass shard (e.g., Figs. 5A and 5B) both dominate
the bed of core 1230 and the Lajes ignimbrite
(Pimentel et al., 2021). Most mineral assemblages
(e.g., anorthoclase, clinopyroxene, and olivine
phenocrysts) in core 1230 (Chang et al., 2021)
are also similar to those described in the Lajes
ignimbrite (Pimentel et al., 2021). (3) The strati-
graphic positions and dates of emplacement of
these two ignimbrites (Calvert et al., 2006; Gertisser
et al., 2010) are compatible with our hemipelagic
age-depth models (see section 4.2). The ranges of
radiocarbon dates of charcoal below and within the
ignimbrites calibrated with IntCal 20 are 745-1279
cal yr B.P. for the C11 eruption and 23,000-28,800
cal yr B.P. for the Angra-Lajes eruption (Pimentel
et al., 2021). Our age-depth model suggests 974
cal yr B.P. for the C11 bed and 27,179 cal yr B.P. for
the Lajes bed. These dates are well constrained
by ™C dates adjacent to the beds (1415-1726 cal
yr B.P.in core 1219 and 25,543-26,189 cal yr B.P. in
core 1230). As mentioned earlier, we assign this
bed to the Lajes ignimbrite given that the Angra
ignimbrite only outcrops in a valley on the south
of the island (opposite the core site).

4.1.3 Radiocarbon Dates and Age-Depth
Modeling

The calendar dates and two dates of the ignim-
brites correlated with volcaniclastic beds are shown
in Figures 2 and 7. Most calendar dates had narrow
uncertainty ranges (~350 yr) except the fourth sam-
ple in core 1219 (~10,000 yr), where radiocarbon
concentration was low. The 8*C values (1.0 and
-1.0) are typical of marine foraminifera, also indi-
cating low terrestrial contamination. The dates
progressively increase down each core with no age
reversals. The radiocarbon dates and associated
data are listed in Table 1.

4.1.4 Sedimentation History

Figure 7 shows the combined results derived
from the 12 radiocarbon and two correlated
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Figure 6. Comparison of major-element compositions of two well-dated ignimbrites on
land with those of volcanic glass shards in the sediment cores. Panels (A-D) compare
data from core 1219 (22-29 cm below sea floor [bsf]) with products of the Faial C11
eruption (Pimentel et al., 2015) and data from core 1230 (168-368 cm bsf) with products
of the Terceira Lajes eruption (Pimentel et al., 2021).

ignimbrites. Although these 14 dates leave some
temporal variations unresolved, they are sufficient
to group the deposits by date so that changes
between deposit groups can be explored. For
these group periods, we use inflections in the sea-
level curve of Spratt and Lisiecki (2016); their curve
contains clearly different regimes of highstand
(0-8 k.y.), transgression (8-20 k.y.) and regression
(20-50 k.y.). Stratigraphy within core 1219 is older

than the oldest dateable radiocarbon date (~1.6 m
of hemipelagics). One SVT within that interval
was dated by extrapolation using the hemipelagic
sedimentation rate from the overlying two radio-
carbon dates.

All dates progressively increase with depth
with no major change of trend that might indicate
sediment abruptly removed by erosion (eroded
intervals are not resolved) in each of the four

hemipelagic sediment age-depth models shown
in Figure 7A (black lines). They mostly steepen into
the Holocene, in particular, where dates close to
8 ka are available for cores 1215 and 1230. This is
reflected in greater average hemipelagic sedimen-
tation rates shown by the pink bars in Figure 7A,
which increase from ~4 cm/k.y. in the regression
period to ~11 cm/k.y. in the highstand period. Focus-
ing on the better constrained stratigraphy after the
regression period, sedimentation rates increased
from transgression to highstand periods by nearly
a factor of two. These rates are all higher than the
average open-ocean sedimentation rate at site
SU92-18 (3.5 cm/k.y.; Vlag et al., 2004).

The interval-averaged frequencies of emplace-
ments of primary and secondary volcaniclastic
turbidites (PVTs and SVTs, respectively) are shown
at the top of Figure 7A (light-tone and dark-tone
olive-green bars, respectively). Return periods of
both types of turbidites are >1 k.y. The frequencies
of PVT and SVT emplacements were both higher
during the transgression and particularly during
the highstand period compared to the preceding
regression period (Fig. 7A). Relative to frequencies
during the regression period, PVT emplacements
increased by a factor of 2.5 during transgression
and by a factor of 6 during the highstand. SVT
emplacements increased by factors of 4.5 and 7.5
over the corresponding periods.

Examining the records from individual cores
(Fig. 7C), along with the locations of age constraints
(Fig. 2), these frequencies vary among sites. While
emplacement frequencies of all turbidite types in
cores 1230 and 1215 were comparable between
transgression and highstand, in core 1219, frequen-
cies increased into the highstand period. Although
no date was recorded in 1219 close to 8 ka, the
uppermost six turbidites were well constrained by
the 1415-1726 cal yr B.P. date. The PVT frequencies
in cores 1215 and 1230 slightly decreased toward
the highstand period, whereas the frequency in
core 1219 increased. Although core 1226 did not
penetrate sediment older than 8 ka, its PVT fre-
quency was higher than the other cores, and that
high frequency is well constrained (Fig. 2). SVT
frequencies of cores 1215, 1219, and 1230 all con-
sistently increased into the highstand period.
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Figure 9. Turbidite volume modeling results. (A-D) Bathyme-
try (contoured every 50 m) with interpreted turbidite basins

(pink) superimposed with rectangles of equal area (black out-
lines). Yellow circles locate sediment cores. Abbreviations as

in Figure 1. (E) Thickness distribution of volcaniclastic beds

of the four gravity cores combined. (F) Turbidite volumes for

each core modeled with various thinning rates, sediment

input directions, and range of turbidite thicknesses found

in the cores. Yellow block encompasses the dominant range

of modeled turbidite volumes.

<
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volumes and ignimbrite volumes); therefore, this
is not such a concern. The moderate thinning rate
(i.e., 30.75%/km; blue curves in Fig. 9F) therefore
should provide the best volume estimates for large
turbidites. This rate is also supported by another
transparent section below (brown bars), which
tapers eastward from 3.18 to 1.51 m thickness
] over a distance of 3.05 km, representing a thin-
102 ning rate of 27%. Similar thinning can be observed
in Figure 8G.
i For the modeling (Fig. 9F), sediment input direc-
5] tions for PVTs in cores 1219 and 1230 were both
] chosen from the south sides of the basins, based
0+ !_|_| A ' ' A on the proximity of Faial and Terceira Islands. Core
0.0 0.2 0.4 0.6 ===== 18 2.0 2.2 1215 was interpreted as having received PVTs and
turbidite thickness (m) SVTs mainly from Pico and Sao Jorge Islands.
F 109_ Although some sediment flows originating from
core 1215 core 1219 core 1226 large events (pyroclastic density currents or land-
. slides) may have traveled longitudinally along the
basin floor, the mostly uniform interval of reflec-
tions in the Parasound data collected parallel to
Pico and Sao Jorge (Fig. 8E) suggests that such
events have been infrequent. We considered three
potential sources of turbidity currents for core 1226:
Graciosa Island, Serreta Ridge, and escarpment
southwest of site 1226. Modest carbonate con-
tents (10%—-20%; Chang et al., 2021) in the SVTs
5 ¥ A of core 1226 could imply that they originated from
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10 %‘Qc&»ﬁ A Qb Graciosa Island, as carbonates from shelf biogenic
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turbidites were sourced from the island slopes.
However, commonly observed young Holocene
pyroclastic particles suggest that most SVTs prob-
ably are not sourced from Graciosa Island (where
explosive eruptions have stopped; Larrea et al.,
2014). In practice, the escarpment southwest of site
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TABLE 2. MODELED AGES AND VOLUMES OF VOLCANICLASTIC TURBIDITES 1226 is suggested to be the most likely source of
Volcaniclastic Core ID Bed Bed *Estimated Best turbidite SVTs as it is an active tectonic feature (the southerly
deposit number thickness type calendar age volume estimates fault escarpment of the Terceira Rift). Volume cal-

(cm) (calyrB.P) (10°m°) culations with the southerly source were therefore
1 1215 4 SVT 3878 2.10 only applied to SVTs for core 1226. The common
2 1215 4 SVT 5262 2.10 Holocene pyroclastic particles also in the PVTs of
3 1215 4 PF 6818 NA core 1226 are suggested to have been dominantly
4 1215 13 SVT 11,542 6.85 originated from the Serreta Ridge, which has been
5 1215 13 SVT 13,406 6.85 active in recent times (Gaspar et al., 2003; Madu-
6 1215 11 PVT >13,406 5.79 reira et al., 2017; Casas et al., 2018; Romer et al.,
7 1215 7 PF >13,406 NA 2019). Hence, we chose an origin from the SE for
8 1219 10 PVT 811 2.64 the PVTs in this core.
9 (C11 eruption) 1219 6 PVT 974 1.58 The modeled volumes are 10°-10° m3 but
10 1219 9 PVT 1703 2.37 mostly 105107 m? (yellow bar in Fig. 9F). The best
1 1219 9 PVT 1703 2.37 estimated volumes of individual turbidites were
12 1219 4 SVT 1703 1.06 calculated (Table 2) with the preferred 30.75%/km
13 1219 7 SvT 1703 185 distal thinning rate and the most likely sediment
14 1219 2 PF 11,695 NA entry direction in each case. Because PVTs and
15 1219 7 PVT 17,316 185 SVTs in core 1215 were potentially emplaced from
16 1219 26 PVT 19,559 6.87 either Pico or Sao Jorge Islands, the best estimated
17 1219 3 SVT 25,041 0.79 L
volume for each turbidite was an average of the vol-
18 1219 2 SvT 40,087 0.53 umes estimated with those two alternative origins.
19 1219 14 PF 45,851 NA L.
20 1219 5 VT 88,388 131 Volum_es in Figure 9F valjy by up to Itw_o orders of
21 1226 23 PE 627 NA magnitude due to bed thlt.:kness variations and_ by
20 1296 9 SVT 627 3.37 up to one order of magnitude because of varied
23 1226 5 PVT 627 6.03 thinning rates.
24 1226 23 SVT 959 8.88
25 1226 14 PVT 959 16.33
26 1226 40 PVT 959 48.25 M 5. DISCUSSION
27 1226 7 PVT 959 8.17
28 1226 13 PVT 959 15.17 5.1 Implications of the Turbidite Volume
29 1226 4 PVT 2849 4.82 Estimates
30 1226 2 PVT 3059 2.41
31 1226 2 PVT 3269 2.41 5.1.1 Comparing SVT Volumes with Upper
32 1226 4 SVT 3203 1.55 Slope Landslide Volumes
33 1226 17 PF 3203 NA
34 1226 10 PVT 3203 12.05 The estimated volumes of SVTs range from
35 1230 23 SVT 8345 1.47 105 to 108 m3 (Fig. 10), whereas the landslide val-
36 1230 8 PVT 11,261 3.99 leys in the upper submarine slopes adjacent to
37 1230 9 PVT 22,638 4.49 the core sites have volumes of 10? to 10 m? (dark-
38 1230 1 PF 24,496 NA orange bars in Fig. 10). The estimated SVT volumes
39 1230 2 PF 26,146 NA therefore overlap only the volumes of the larger
40 1230 3 PF 26,972 NA landslide valleys, suggesting that only the larger
41 (Lajes eruption) 1230 200 PVT 27179 99.72 . . ..
deposits of landslide origin have been preserved
Notes: PF—pyroclastic fallout; PVT—primary volcaniclastic turbidite; SVT—secondary in the cores. Sediment gravity flows initiated by
volcaniclastic turbidite; NA—none applicable. smaller landslides probably deposited on the

*Estimated assuming linear deposition through hemipelagic intervals between known dates. . . .
9 P 9 pelag slopes before reaching core sites produced thin
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beds in the basin floors that cannot be identified by
eye or were later obscured by bioturbation.

The turbidites from the larger landslides in the
Azores submarine slopes (i.e., >10° m?) should there-
fore be preserved within these proximal basins.
These deposits are smaller than the so-called “giant
landslides” reported in the literature (e.g., >10"-10"
m?3; Hunt et al., 2013). Our comparison suggests a
more comprehensive landsliding history, encom-
passing smaller volumes, can be preserved in
the depositional areas adjacent to the islands, as
also found in the continental margins (e.g., Jobe
et al., 2018, and references therein). Landsliding
inventories are also potentially available for other
volcanoes with similar proximal basins.

5.1.2 Comparing PVT Volumes for the C11 and
Lajes Eruptions

The PVT volumes allow an assessment of the
proportion of pyroclastic sediments transported
into the sea and allow us to update estimates
of total erupted volumes from the C11 and Lajes
events. The best estimated volume of the PVT that
is associated with the Lajes eruption in core 1230
(Fig. 10A) is 108 m? (5 x 107 to 2 x 10® m?, a range
due to the different thinning rates). The volume
is of similar order of magnitude but slightly less
than the 5.9 x 108 m® of the on-land bulk volume of
Lajes ignimbrite estimated by Pimentel et al. (2021).
A significant portion (8%-33%) of the erupted prod-
ucts was therefore discharged into the ocean and
reached the basin floor. We can thus adjust the total
volume of erupted pyroclastic products of the Lajes
eruption to at least 6.9 x 108 m3.

The estimated volume of the PVT corresponding
to the C11 eruption (Fig. 10B) is 1.58 x 10 m3. This
is at least two orders of magnitude smaller than
the volume (>2.2 x 108 m?) of the ignimbrite on
land estimated by Pimentel et al. (2015). Two fac-
tors may explain this volume difference. First, the
two initial eruptive phases led to deposition mostly
toward the north and northwest of the caldera on
Faial (inset map to Fig. 10B). The basin-floor sedi-
ments may have mainly been emplaced during the
last phase of pyroclastic density currents, which

Pimentel et al. (2015) showed had a more north-
easterly component. Second, the seismic section
in Figure 8A suggests that sediments were likely
also deposited widely on the upper island slopes
rather than solely in the basin floor, which leads to
an underestimation of the actual volume.

Because ignimbrite-forming eruptions have
occurred repeatedly on Terceira, the island is likely
to host similar eruptions in the future (Pimentel
et al., 2021). Precisely estimating the areas to be
affected by erupted products is difficult for small
volcanic islands because the portions of products
transported offshore are usually unclear (Walker,
1981). Our tephra correlations imply that the
C11 and Lajes deposits extend offshore at least
20-30 km, a distance three to five times farther than
the outcrops on land had suggested. The turbidite
volume modeling also indicates that a significant
portion of the Lajes ignimbrite discharged into
the sea. We suggest that further sediment cores
from the slopes and around the basins would be
desirable to constrain better the distal thickness
variations and total volumes. This should include
the basin south of Terceira, given that the Lajes
ignimbrite also extended southwards.

5.1.3 Comparing Sediment Fluxes in Source
Areas with Depositional Fluxes in Basins

The radiocarbon-dated sediments allow depo-
sitional fluxes in the basins to be compared with
fluxes of sediment released by erosion on the
islands, eruptive activity, and biogenic production
on their shelves during the Holocene. Quartau et al.
(2012) showed that the present sediments on the
shelf of Faial Island are all Holocene in age because
there is no evidence of older stratigraphy in boomer
seismic records from there. They estimated fluxes
for the past 6.5 k.y. from onshore and shelf sources
for ~1/4 of the island (their sectors F and G in their
table 3). We divided those fluxes by a factor of
two to allow for the smaller length of the north
coastline of Faial adjacent to the basin containing
core site 1219. The estimated total sediment flux
to the basin of 45.2 x 10® m?¥/k.y. includes subaerial
sources (pyroclastics from recent eruptions, cliff

erosion, and riverine erosion) of 44 x 10° m%Kk.y. and
submarine sources (bioclasts) of 1.2 x 10 m3¥/k.y.

We can also assess how much particle accu-
mulation has occurred in the hemipelagic deposits,
some of which likely comprise fine particles also
originating from the island (e.g., remobilized vol-
canic ash). The flux in the basin of core 1219 was
estimated to have been 3 x 10 m¥k.y. by assuming
that a constant average hemipelagic sedimenta-
tion rate occurred uniformly over the basin polygon
during the 0-8 k.y. period. This is only 6.7% of the
island-generated flux.

We can also compare the island fluxes with
those of the SVTs, which contain some reworked
material possibly originating from the island shelf
and coasts. The mean SVT flux was 1.1 x 10 m¥Kk.y.
obtained by dividing the total turbidite volume in
the basin by the SVT emplacement interval in core
1219 (0-8 k.y.). This depositional flux is only ~2.4%
of the island-generated flux. There is therefore a
large difference (90.9%) between the flux supplied
from the island and the combined hemipelagic
and SVT fluxes in the basin. This discrepancy is a
minimum, as a further component of the sediment
originated from the tests of pelagic organisms orig-
inating from the overlying water column.

The flux discrepancy also supports our earlier
inference based on the SVT volumes that smaller
landslides produce sediment gravity flows that
deposit on the slopes. Thick sequences of reflec-
tions dipping parallel to seabed are commonly
observed within the flanks of oceanic islands (e.g.,
the Hawaiian Islands [Leslie et al., 2002]; the Mar-
quesas Islands [Wolfe et al., 1994]; and the Canary
Islands [Watts et al., 1997; Ledn et al., 2017]). These
are likely at least partly due to clastic deposits from
sediment gravity flows that have not fully runout.
Some shallow examples of such reflections are
shown in Figure 8A.

5.2 Has Sediment Deposition History Been
Affected by Climatic Changes?

Both hemipelagic sedimentation rates and
frequencies of submarine landsliding were gener-
ally higher during the time of sea-level highstand
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(0-8 k.y.) than during the sea-level transgression
or regression (Fig. 7A), suggesting a potential cli-
matic influence.

5.2.1 Hemipelagic Sedimentation Rates

The increased hemipelagic sedimentation rates
during the Holocene sea-level highstand period in
this study differ from the predictions of classical
siliciclastic sequence stratigraphy models (Posa-
mentier and Vail, 1988; Posamentier et al., 1988),
which usually suggest decreasing highstand
rates in deep-water slopes. Accordingly, shelves
are exposed, and most slopes are connected by
rivers or ice streams (e.g., Covault and Graham,
2010) during sea-level lowstands on continental
margins, enhancing sediment transport through
cross-shelf valleys to the slope and basin floors.
However, riverine supply of sediment in the Azores
islands is minor compared to supply by shelf bio-
genic production, coastal erosion, and volcanism
(e.g., Quartau et al., 2012; Ramalho et al., 2013) due
to the lack of permanent streams and weak oro-
graphic precipitation (Forjaz et al., 2004; Instituto
Nacional de Meteorologia, 2012). Sediment inputs
around insular volcanic islands differ due to several
factors. For instance, the insular shelves of volca-
nic islands submerged during sea-level highstands
allow increased biogenic production that would
not occur if the shelves were exposed above sea
level (e.g., Ramalho et al., 2013). High sea level also
allows waves to attack and erode the tall sea cliffs
(e.g., Zhao et al., 2020), which Quartau et al. (2012)
suggested to be the primary source of sediments
to the shelf of Faial. In contrast, sea cliffs should be
more protected from wave attack when sea level
was even only a few tens of meters lower than
at present. The high emplacement frequencies of
PVTs in cores 1219 and 1226 (Fig. 7C) during the
Holocene suggest that increased pyroclastic activity
could also be a reason for the increased hemipe-
lagic sedimentation rates due to the additional
supply of easily erodible volcaniclastic products.
The high hemipelagic sedimentation rate in core
1215 is further probably due to dual sediment inputs
from both Fail and Pico Islands.

5.2.2 Frequencies of Secondary Volcaniclastic
Turbidite Emplacements

Many of the upper-slope landslides in the
Azores have been suggested to have been triggered
by ground shaking during earthquakes (Chang et al.,
2022b). As earthquakes typically occur randomly
over time, they do not clearly explain the increase
in SVT emplacements into the sea-level highstand
period. However, increased earthquake activity may
be genetically connected to periods of increased
magmatic activity. Seismogenic faults are common
among the islands (Madeira et al., 2015), and many
faults in sea areas between them are seismogenic
also based on the pattern of seismicity (Casalbore
et al., 2015; Mitchell et al., 2018). GPS measure-
ments further suggest widespread displacements
from distributed tectonic deformation and volcano
deformation (D’Araujo et al., 2022).

Sidescan sonar and grain-size data suggest that
sediment released by coastal erosion is transported
toward the outer shelves and upper slopes of the
islands (Chang et al., 2022a). As such sediment
fluxes are likely greater during highstand condi-
tions (Quartau et al., 2012), more rapid deposition
onto the upper slopes can be expected. The amount
of time for such deposits to over-steepen and/or
become thick enough to generate large sediment
gravity flows when failed will also be shortened.
The increased frequency of SVT seems therefore
more likely associated with higher sediment fluxes
toward the present day.

The enhanced frequencies of highstand SVT
emplacement and hemipelagic rates prompt us to
question whether the changes in the source fluxes
we propose ultimately affected the volumes of
SVTs in the basins; i.e., did a larger flux of sedi-
ment from the shelves lead to larger landslides and
hence larger SVTs? Chang et al. (2022b) found that
landslide scar volumes differ between the different
islands, with larger volumes of scars in the slopes
of Sao Jorge and Terceira Islands compared with
Pico and Faial Islands. The shelves of Sao Jorge
and Terceira Islands are wider than those of Pico
and Faial Islands; hence, they have accumulated
greater volumes of sediment from biogenic pro-
duction during the Holocene highstand period

Consequently, greater sediment spillover of sed-
iment to the slopes might be expected, leading to
thicker accumulations of unstable sediment before
failure between major earthquakes. Figure 11, how-
ever, shows no significant systematic variation in
best estimated SVT volumes with age. Investigat-
ing this issue will require additional analyses of
cores around the islands to compensate for the
data variability.

5.2.3 Frequencies of Primary Volcaniclastic
Turbidite Emplacements

Primary volcaniclastic turbidite (PVT) emplace-
ments became more frequent overall in the
sea-level highstand period (Fig. 7A), but changes
in PVT frequencies vary between cores (light-tone
colors in Fig. 7C) reflecting different explosive
sources. For instance, PVT frequency was similar
in both transgression and highstand periods for
core 1215, whereas it decreased for core 1230. In
contrast, PVT frequencies for core 1219 increased
into the highstand period (given the age constraints,
this inference holds up even if bed 16 in the core
has been mis-assigned; Fig. 2). Frequencies for
core 1226 were also high in the highstand period,
although we have no data on previous times.

Since each core had different predominant
volcanic sources, there is no evidence that those
sources reacted in any coordinated way to sea level
and/or climate changes. Thus, we find no evidence
for increased volcanic activity due to unloading
during the low sea-level stand (Hasenclever et al.,
2017), and we also find no evidence for the suppres-
sion of eruptions by stresses induced by sea-level
rise as proposed for Santorini (Satow et al., 2021).
The Azores islands also have elevations that are
too low for glaciers to have been widespread at
this latitude during the last ice age. The equilib-
rium line altitudes of glaciers in Spain at similar
latitudes (Palacios et al., 2017; Serrano et al., 2017)
are higher than the highest elevation in the Azores
(Mount Pico, 2351 m).

There is also no resolvable systematic change
in PVT volumes between transgression dates and
highstand periods overall (Fig. 11B). PVT volumes
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Figure 11. Temporal variations in (A) turbidite thicknesses and (B) best estimated turbidite volumes. PVTs and SVTs are primary volcaniclastic
turbidites and secondary volcaniclastic turbidites, respectively.

for cores 1219 and 1226 are similar to the SVT vol-
umes at those sites, with no obvious change with
time. PVT volumes in core 1219 are small compared
to PVT volumes in other cores. In contrast, PVT vol-
umes in core 1226 vary more than in other cores,
possibly a result of some or all turbidites being
sourced from the Serreta Ridge (e.g., Casalbore
et al., 2015; Casas et al., 2018). The lack of a com-
mon variation in eruption frequency and erupted
volumes with time among the cores suggests that
eruptions were not modulated by direct or indi-
rect climatic influence. Rather, temporal variations
are more likely a result of variations in magma
supply or tectonic processes affecting eruptions
(e.g., Kappel and Ryan, 1986). Further work on the
chronology of eruptions in the Azores would help
evaluate whether a subtler change in eruption fre-
quency nevertheless occurred.

l 6. CONCLUSIONS

Four chronostratigraphies have been developed
based on 12 calibrated radiocarbon dates from
hemipelagic beds in these four sediment cores
and from two pyroclastic turbidites correlated with

ignimbrites formed on Faial Island (C11 at ca 1.0 ka)
and Terceira Island (Lajes at ca. 25 ka). Age-depth
models for the hemipelagic components were
reconstructed to date the emplacements of tur-
bidites and tephra in each core to a maximum age
of ca. 50 ka. Return periods of eruptions and land-
slides large enough to generate turbidites within
the cores were found to be mostly >1 k.y. for both
turbidite types. Hemipelagic sedimentation rates
and submarine landslide frequencies were higher
in the past 8 k.y. than in the previous few tens of
thousands of years. The increased hemipelagic
sedimentation rate could be explained by sea-level
rise, which enhances erosion of subaerial sea cliffs
and biogenic production on shelves. More frequent
emplacements of pyroclastic turbidites were found
in some cores for the past 8 k.y.; if this occurred
more widely, eruptions also supplied more friable
volcaniclastic products to submarine and subaerial
areas. The greater submarine landslide frequency
of the past 8 k.y. is probably associated with the
greater sediment supply, leading to more rapid
build-up of unstable sediment on the submarine
slopes of the islands. The higher emplacement
frequency of primary volcaniclastic beds in some
cores and lack of increase in others during the past

8 k.y. contradicts models that have been proposed
in which higher sea level increases the load on
magma chamber roofs, leading to lower eruption
frequencies. We suggest this different eruption
timing may in part be due to temporal variations
in magma supply, which can occur in volcanic rifts.

Turbidite volumes have been estimated allow-
ing for varied thinning rates across basin floors and
different input directions of sediment flows. The
estimated volumes are 10°-10° m® (mostly 108-107
m?3). The volcaniclastic turbidites of landslide origin
are comparable in volume with only the largest of
their adjacent upper-slope submarine landslide val-
leys; therefore, most landslides lead to mass flows
that deposit on the slopes and do not reach the
basins. This inference is also supported by a major
difference between sediment export flux of Faial
and depositional fluxes of SVTs and hemipelagic
sediments in core 1219. We therefore suggest that
the dipping seismic reflections found in the flanks
of many volcanic ocean islands are mostly due to
clastic material from sedimentary flows that did
not fully runout to the adjacent basin floors and
instead deposited on the slopes.

For two well-dated eruptions, the total volumes
of their products and proportions exported offshore
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were revised. For the Lajes eruption, 8%-33% of its
pyroclastic products were emplaced in the basin
north of Terceira; hence the total erupted volume
was at least 6.5-8.2 x 108 m? larger than previ-
ously suggested. In contrast, the volume of the
turbidite associated with the C11 eruption is two
orders of magnitude smaller than the correspond-
ing ignimbrite on land, suggesting that deposits
in the basin originated only from one of the erup-
tive phases or that deposits exported to the sea
largely remained on the slopes without reaching
the core site.
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