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Abstract

A main scientific objective of International Ocean Discovery Program Expedition 398 Hellenic
Arc Volcanic Field was to reconstruct the history of the Christiana-Santorini-Kolumbo volcanic
field to allow for better hazard planning and risk mitigation. Identification of tephra layers in sed-
iments has become increasingly important to inform present-day hazard assessment and better
constrain the temporal development and evolution of volcanic systems. However, tephra and sed-
iment composition can vary spatially and temporally; their identification is not always routine, nor
straightforward, especially when of small volume, such as with small eruptions or distal deposi-
tion. Here, we employ visible to shortwave infrared spectroscopy to identify tephra layers from the
background marine sediment present in core sections collected during Expedition 398. Core pho-
tographs collected shipboard are used to ascertain the presence of visible tephra units and high-
light regions of further study as potential cryptotephra.

1. Introduction

Understanding the frequency, magnitude, and nature of explosive volcanic eruptions is essential
for hazard planning and risk mitigation. Explosive volcanic eruptions can disperse large amounts
of pyroclastic material (tephra) over a wide geographic range. When preserved in the sedimentary
record, these layers can serve as stratigraphic marker beds that can be used to infer the timing and
magnitude of eruptive activity (e.g., Federman and Carey, 1980; Dugmore, 1989; Brown et al.,
1992; Carter et al., 1995; Eden et al,, 2001; Knudsen and Eiriksson, 2002; Larsen et al., 2002; Svens-
son et al., 2006) and provide volcanic material to analyze for constraints on preeruptive storage
and eruptive conditions (e.g., Cassidy et al., 2014; Ponomareva et al., 2015).
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However, terrestrial stratigraphic tephra records can be patchy and incomplete because of subse-
quent erosion and burial processes. In contrast, the marine sedimentary record commonly pre-
serves a more complete historical record of volcanic activity because individual events are
archived within continually accumulating marine sediments (e.g., Paterne et al.,, 1988; Ortega-
Guerrero and Newton, 1998; Wulf et al., 2004, 2012; de Fontaine et al., 2007; Bertrand et al., 2008;
Gudmundsdéttir et al., 2012). Although thick tephra layers are often identifiable by changes in
sediment color and/or texture, thinner tephra layers may also be present that are not visible to the
naked eye (e.g., Freundt et al., 2021). Often these so-called cryptotephra are more difficult to iden-
tify and require time-consuming and destructive sediment dissolution, point counting, petrogra-
phy, geochemistry, and microscopy work. Although potentially difficult to identify, characterizing
these cryptotephra is of great importance when constraining volcanic history because smaller
eruptions are more frequent than large ones (e.g., Siebert et al., 2015; Papale, 2018), thereby result-
ing in more immediate hazards to surrounding populations. Additionally, these smaller, more fre-
quent eruptions are of high significance geologically because they may provide insight into the
mechanisms by which a volcano rebuilds following a cataclysmic eruption (e.g., Lipman and Mul-
lineaux, 1981; Harris et al., 2003; Ryan et al., 2010; Watt, 2019; Shevchenko et al., 2020) and the
relationships between small and large eruptions (e.g., Caricchi et al., 2021).

Prior work has demonstrated that visible to shortwave infrared (VSWIR) spectroscopy is a power-
ful, nondestructive method by which to distinguish volcanic tephra from background marine sed-
iment (McCanta et al., 2015). Here, we present VSWIR scans of selected core sections from
International Ocean Discovery Program Expedition 398 Holes U1589A and U1591C to identify
potential tephra horizons for future sampling. In addition to VSWIR data for individual core sec-
tions, results of spectral absorption band fitting procedures are presented to verify that tephra can
be distinguished from surrounding nonvolcanic sediments. VSWIR spectra are made available in
spreadsheet form in the Laboratory Information Management System (LIMS) database.

2. Methods and materials

2.1. Drill sites and settings

Hole U1589A is located at a water depth of 484 m in the eastern portion of the Anhydros Basin,
~10 km southwest of Amorgos Island (Figure F1). Site U1589 was targeted because it sits in a
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Figure F1. Map of Expedition 398 drill sites in the Hellenic Volcanic Arc. Sites U1589 and U1591 where sections from this
study were drilled are marked with red stars. Map modified from Druitt et al. (2024b).
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location determined to receive input from both Santorini and Kolumbo volcanoes. This location
was drilled to provide a comprehensive stratigraphy of volcano-sedimentary fill within the Anhy-
dros Basin for use in documenting the presence of volcanic events, reconstructing basin evolution,
and linking volcanism and tectonics (Druitt et al., 2022). Hole U1589A was drilled to 446.7 meters
below seafloor (mbsf) (Druitt et al., 2024a).

Hole U1591C is located at a water depth of 514 m in the Christiana Basin, ~8 km northwest of
Christiana Island and ~20 km southwest of Santorini (Figure F1). Site U1591 was targeted because
its location suggested input from Christiana, Santorini, and Milos volcanoes and because the vol-
cano-sedimentary fill of the deeper basin (compared to the Anhydros and Anafi Basins) could
potentially record an earlier history of the Christiana-Santorini-Kolumbo volcanic field (Druitt et
al.,, 2022). Hole U1591C was drilled to 902.9 mbsf (Druitt et al., 2024a).

2.2. Visible to shortwave infrared core scanning and data analysis

The VSWIR spectra of 40 archive sections (Table T1) from Holes U1589A and U1591C were
acquired under ambient conditions from 0.4 to 2.5 mm using a portable OreXpress field spec-
trometer transported to the Gulf Coast Repository at Texas A&M University (USA). Sections were
analyzed every 10 mm, a resolution used to minimize overlap of spectral spot size. White refer-
ence spectra of a Spectralon standard were collected every 15 unknown spectra, and all data were
processed by first applying a white reference correction.

Preliminary tephra identification was completed using the 0.9 um absorption feature previously
identified as resulting from the presence of tephra (McCanta et al., 2015). To calculate this spectral
feature (BDI1000OVIS), the reflectance maximum between 0.442 and 0.992 um was first identified.
This was accomplished by fitting a ninth-order polynomial to the spectrum in this region, evaluat-
ing the polynomial at each wavelength point, and finding the maximum value (R,,,,). This reflec-
tance maxima was then used to normalize the reflectance values between 0.883 and 1.023 pum, and
the BDI100OVIS parameter was calculated by computing the sum of 1.0 minus the normalized
reflectance values (Equation 1):

R.
BDI1000VIS = » 1 - —L, (1)

ax

where R, is the reflectance value at the ith wavelength between 0.883 and 1.023 pum.

The 2.2 and 2.35 pm absorption band depth (BD) parameters (BD2p2 and BD2p35) were deter-
mined according to Equation 2,

) (2)

where R is the reflectance at the center of the spectral band and R is the modeled reflectance at
the center of the band (defined in Equations 3-5).

RC* = aRS+bRL, (3)

a=b-1,and (4)
Ae—A

b= 5235 (5)
)\‘L_ks

R is therefore a linear fit between the long wavelength (1,) and short wavelength (1) areas out-
side the designated band, and A is the wavelength of the true band minima (following Pelkey et al.,
2007; see McCanta et al., 2015 for a more detailed discussion of band parameters). These calcula-

Table T1. Core sections analyzed using shore-based high resolution VSWIR spectroscopy. Download table in CSV format.
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tions result in nondimensional numbers for each parameter used to determine the depth of the
absorption feature.

3. Results
3.1. VSWIR spectral trends

Several key absorption features between 0.4 and 2.5 um that allow for tephra to be distinguished
from background marine sediment are evident (Figure F2). In regions consisting of visible tephras,
an absorption feature is present at 0.94 um, attributable to the recognized 1 pum feature that is
related to ferrous iron (Fe?*) in glass, specifically to spin crystal field transitions of Fe?* in octahe-
dral coordination (consistent with short-range order in glass) (e.g., Burns, 1993; Keppler, 1992). A
contribution from iron in mafic minerals such as pyroxene (two strong absorption features with
minima near 1 and 2 pum), olivine (broad feature near 1 pm), or FeTi oxides (hematite = strong
absorption feature near 0.9 pum; magnetite = weak feature near 1.1 pum) is also possible (e.g.,
Adams, 1974; King and Ridley, 1987; Cloutis, 2002; Muirhead et al., 2009). This absorption feature,
commonly referred to as the 1 um feature, is only observed in tephra-dominated spectra and has
been shown to be diagnostic of tephra concentrations down to 15% by volume (McCanta et al.,
2015).

In regions dominated by nonvolcanic sediment (hereafter “sediment”), an absorption feature due
to metal-OH absorptions in clay minerals is evident at ~2.21 pm (Figure F2). A subtle feature at
~2.35 um is also present. Both the ~2.21 and ~2.35 pum features are often anticorrelated with the 1
um feature; that is, regions with high tephra concentrations have low sediment concentrations and
regions with low tephra concentrations have high sediment concentrations. Previous work has
shown the 2.21 and 2.35 pm features to be distinguishable in samples with >50% sediment in sim-
ple sediment + tephra mixtures (McCanta et al., 2015).

Additional spectral features evident in scanned sections include the ~1.4 um overtone band (OH
stretch) and ~1.9 pm combination overtone (H,O symmetric and asymmetric stretches) (Figure
F2). These water-related features are present in both tephra and sediment regions and are indica-
tive of the wet state of the cores (which were not dried prior to VSWIR analysis) rather than the
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Figure F2. VSWIR results comparing visible tephra unit and background sediment in Section 398-U1589A-44F-2A. Key

absorption features are indicated with gray vertical lines. The features at 0.94, 2.2, and 2.35 pm are used to distinguish
tephra from nonvolcanic sediment.
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presence of hydrous minerals. Although the sediments present in the core sections contain phyllo-
silicate minerals, which would result in spectrally diagnostic features, the ~1.4 and 1.9 um features
observed are likely the result of variable amounts of surface and adsorbed water, regardless of sam-
ple type, in addition to bound water in phyllosilicate minerals. These features are therefore not
used to distinguish between tephra and background sediment.

3.2. Identification of tephra layers using spectral band parameters

Spectral data for the 40 archive sections were collected and evaluated using the spectral summary
parameters described above. Variations in BDI1000VIS, BD2p2, and BD2p35 were compared with
core photographs taken shipboard to determine if visible tephra layers were observed spectrally.
Results for one section (398-U1589A-44F-2A) with a clearly visible tephra layer (16—-27 cm depth
within core section) are plotted in Figure F3. This section was identified shipboard as ooze (Druitt
et al., 2024a). Section 44F-2 occurred in Subunit IIC, described as ooze and mud with minor vol-
canics. Strong increases in BDI1000VIS are observed in the visible tephra unit, indicative of a
more Fe-rich mineralogy than found in the background sediment. Corresponding decreases in the
parameters related to clay mineralogy, BD2p2, and BD2p35 are also observed in the visible tephra
unit resulting from decreased clay content in the sediment due to the increased proportion of vol-
caniclastic sediment.

In addition to VSWIR spectroscopy, magnetic susceptibility (MS) measurements were used to dis-
tinguish tephra units from nonvolcanic sediment (e.g., Rasmussen et al., 2003; Peters et al., 2010;
McCanta et al,, 2015). During Expedition 398, MS analyses were collected shipboard on archive
sections using a Bartington MS2E sensor as part of the Section Half Multisensor Logger (SHMSL).
The utility of comparing these MS measurements to the onshore VSWIR analyses is limited, how-
ever, because the MS data has significantly coarser resolution (2 cm/analysis versus <1 cm/analysis
for VSWIR), suggesting that thinner tephra units may be missed. Despite this caveat, MS data for
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Figure F3. Nondimensional spectral summary parameters BDI1000VIS, BD2p2, and BD2p35 and onboard SHMSL MS plot-
ted for comparison with core photograph taken shipboard, Section 398-U1589A-44F-2A. High BDI1000VIS and MS and low
BD2p35 and BD2p2 correlate with the presence of tephra. Patterned intervals highlight tephra and potential tephra units,
both visible and invisible. The dark material visible in the top of the photograph is a visible tephra unit, clearly distinct from
the light-colored marine sediment above and below it. The three other highlighted units are potential cryptotephras, only
identified using VSWIR results.
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Section 398-U1589A-44F-2A are plotted, and it is evident that increases in BDI1000VIS and MS
both correlate with the visible tephra layer (Figure F3).

When attempting to identify regions of interest for cryptotephra, prior work has shown neither
BD2p2 nor BD2p35 to be particularly sensitive to the introduction of a volumetrically small cryp-
totephra layer (McCanta et al., 2015). For this reason, the spectral parameter BDI1000VIS was
focused on for identifying potential cryptotephra layers. In Section 398-U1589A-44F-2A, three
additional regions were identified using BDI1000VIS as having potentially elevated volumes of
tephra (patterned intervals in Figure F3). Section depths 29-34 and 71-76 cm do not correspond
to visually continuous tephra layers but with patchy tephra material, potentially reworked through
bioturbation (Figure F3). These do not appear to be regions of interest for cryptotephra. Section
depth 122-127 cm exhibits a small peak in BDI1000VIS that does not correspond to either a visi-
ble tephra layer or patchy tephra pockets. This makes it a candidate for a cryptotephra unit. To
verify, a physical sample from the region would need to be disaggregated, cleaned, and point
counted following the methods of Le Friant et al. (2008) and McCanta et al. (2015) to determine if
the tephra content was above background and therefore a true cryptotephra. Additionally, glass
chemistry should be acquired to fully distinguish between reworking and primary volcanic events.
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