
RESEARCH ARTICLE
10.1002/2015GC005913

Identifying cryptotephra units using correlated rapid,
nondestructive methods: VSWIR spectroscopy, X-ray
fluorescence, and magnetic susceptibility
Molly C. McCanta1, Robert G. Hatfield2, Bradley J. Thomson3, Simon J. Hook4, and Elizabeth Fisher1

1Department of Earth and Ocean Sciences, Tufts University, Medford, Massachusetts, USA, 2College of Earth, Ocean, and
Atmospheric Science, Oregon State University, Corvallis, Oregon, USA, 3Center for Remote Sensing, Boston University,
Boston, Massachusetts, USA, 4Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA

Abstract Understanding the frequency, magnitude, and nature of explosive volcanic eruptions is essen-
tial for hazard planning and risk mitigation. Terrestrial stratigraphic tephra records can be patchy and
incomplete due to subsequent erosion and burial processes. In contrast, the marine sedimentary record
commonly preserves a more complete historical record of volcanic activity as individual events are archived
within continually accumulating background sediments. While larger tephra layers are often identifiable by
changes in sediment color and/or texture, smaller fallout layers may also be present that are not visible to
the naked eye. These cryptotephra are commonly more difficult to identify and often require time-
consuming and destructive point counting, petrography, and microscopy work. Here we present several
rapid, nondestructive, and quantitative core scanning methodologies (magnetic susceptibility, visible to
shortwave infrared spectroscopy, and XRF core scanning) which, when combined, can be used to identify
the presence of increased volcaniclastic components (interpreted to be cryptotephra) in the sedimentary
record. We develop a new spectral parameter (BDI1000VIS) that exploits the absorption of the 1 mm near-
infrared band in tephra. Using predetermined mixtures, BDI1000VIS can accurately identify tephra layers in
concentrations >15–20%. When applied to the upper �270 kyr record of IODP core U1396C from the Carib-
bean Sea, and verified by traditional point counting, 29 potential cryptotephra layers were identified as orig-
inating from eruptions of the Lesser Antilles Volcanic Arc. Application of these methods in future coring
endeavors can be used to minimize the need for physical disaggregation of valuable drill core material and
allow for near-real-time recognition of tephra units, both visible and cryptotephra.

1. Introduction

Explosive volcanic eruptions can disperse large amounts of pyroclastic material (tephra) over a wide geo-
graphic range. When preserved subaerially, in ice cores, or in marine and lacustrine sedimentary records,
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 Eirı�ksson, 2002; Larsen et al., 2002; Svensson et al., 2006], provide independent chro-
nological constraints [e.g., Kristj�ansd�ottir et al., 2007; Stoner et al., 2007; �Olafsd�ottir et al., 2013; Austin et al.,
2014], and can be spatially correlated to provide event-coeval tie points [e.g., Brown et al., 1992; van den
Bogaard et al., 1994; Gr€onvold et al., 1995; Kristj�ansd�ottir et al., 2007]. Assuming conservative tracer proper-
ties, sedimentological, petrological, and geochemical analysis of tephra can be used to inform about the
timing and source of eruptive events [e.g., Shane, 2000; van den Bogaard and Schmincke, 2002; Lowe, 2011,
2014], identify systematic patterns or variance in terms of eruptive style, eruption magnitude, and repose
periods [e.g., Bonadonna et al., 2002; Larsen and Eir�ıksson, 2007; Le Friant et al., 2008], assess the complete-
ness of terrestrial records [e.g., Carter et al., 2004; Le Friant et al., 2008], and examine the nature and evolu-
tion of volcanism during the construction of a volcanic complex [e.g., Larsen, 2010; Shane et al., 2013]. While
subaerially deposited tephra records can be obscured by burial and/or dense vegetation, and may be sub-
ject to extensive erosion [e.g., Le Friant et al., 2008; Shane and Wright, 2011], evaluation of tephra incorpo-
rated into continuously accumulating sediment records can often make for the most complete archive of
explosive volcanic events. As sedimentary materials can often be reliably dated (e.g., via 14C, d18O, U/Th,
paleomagnetic secular variation (PSV), or relative (geomagnetic) paleointensity (RPI) data), identification of
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tephra layers in sediments has become increasingly important to inform present-day hazard assessment
and better constrain the temporal development and evolution of volcanic systems. However, as tephra and
sediment composition can vary spatially and temporally, their identification is not always routine, nor
straightforward.

Because the geochemical and mineralogical nature of tephra often contrasts with the properties of the
background sediment, multiple methods are potentially available to identify, characterize, and document
tephra distribution in sediments. Larger tephra deposits (millimeter to meter scale) are often easily visible
to the naked eye and can be readily detected and measured by changes in sediment color or texture [e.g.,
Turney and Lowe, 2001; Lowe, 2011]. However, the visible tephra record is frequently limited to locations
within close proximity to volcanic centers or for very large eruptions that distribute large amounts of mate-
rial over a wide area (e.g., the 74 ka Toba eruption: Ninkovich et al. [1978] and Matthews et al. [2012]). Fur-
thermore, if tephra has similar physical characteristics (e.g., texture, color) to the host sediment, they can be
difficult to identify using simple sedimentological analyses [e.g., Cassidy et al., 2014a].

In addition to the visible tephra record, fine layers of ash can accumulate that may not be readily discernible
to the naked eye [e.g., Houghton et al., 2000; Costa et al., 2012]. Often submillimeter and smaller in scale,
these cryptotephra [Lowe and Hunt, 2001] can represent smaller eruptions [e.g., Payne et al., 2008], and/or
eruptions from more distal sources [e.g., Carey and Sigurdsson, 1982; Rose and Chesner, 1987; Houghton
et al., 2000; Costa et al., 2012], making their identification and characterization important to fully constrain
the eruptive history of a volcanic center. Cryptotephra has been identified by a variety of methods, most of
which are time-intensive and sample destructive (e.g., sample disaggregation and point counting [Turney,
1998; Blockley et al., 2005; Davies et al., 2007; Kristj�ansd�ottir et al., 2007; Le Friant et al., 2008; Payne et al.,
2008]). Continuous, rapid, and nondestructive scanning techniques are a highly attractive alternative for
identifying cryptotephra permitting analysis of greater amounts of material at a higher sampling resolution
than traditional techniques. Through exploitation of mineralogical, geochemical, and sedimentological con-
trasts of tephra with the background sediment, multiple techniques possess strong potential for tephra
identification (see Cassidy et al. [2014a] for a detailed discussion); however, their integration or optimization
has not always been fully explored. Here we combine measurement of magnetic susceptibility, reflectance
spectroscopy, and X-ray fluorescence (XRF) core scanning and evaluate their potential for (crypto)tephra
identification in Integrated Ocean Drilling Program (IODP) core Site U1396 (Figure 1), which from previous
regional studies [e.g., Le Friant et al., 2008; Cassidy et al., 2014a] is expected to contain an extensive record
of visible and subvisible tephra, and cryptotephra.

2. Background on Nondestructive Methods to Identify (Crypto)Tephra From the
Lesser Antilles Volcanic Arc

2.1. Lesser Antilles Volcanic Arc
Resulting from the subduction of the Atlantic plate beneath the Caribbean plate, the Lesser Antilles Volcanic
Arc hosts a chain of active volcanic islands (Figure 1). Soufrière Hills on the island of Montserrat (active
1995–present) and La Soufrière on the island of Guadeloupe (last eruption 1977) are the most recently
active volcanoes in the north-western portion of the Arc; proximity of these two volcanic centers to the
core site means that their eruptive record is likely archived in U1396 (Figure 1). During and immediately
after an eruptive event, over 90% of fragments erupted from Lesser Antilles volcanoes are transmitted to
the ocean [Trofimovs et al., 2006]. Analysis of tephra from the region reveals compositions of glass shards,
dense to poorly vesiculated glassy to microcrystalline particles, dark scoria particles, and mineral and lithic
fragments [Le Friant et al., 2008]. Basaltic and andesitic volcanic fragments include plagioclase, clinopyrox-
ene, orthopyroxene, amphibole, and FeTi oxides [Harford et al., 2002] that contrast the dominantly biogenic
calcite and aragonite background sediment that accumulates at rates of 2–5 cm kyr21 [Le Friant et al., 2013;
Cassidy et al., 2014a; Wall-Palmer et al., 2014].

Close to the island chain, volcanically triggered mass movements (e.g., flank collapse and turbidites) tend to
erode and disturb the continuously accumulating sedimentological record [e.g., Trofimovs et al., 2006, 2008,
2013; Cassidy et al., 2014b; Watt et al., 2012]. More distal sites are less disturbed by mass wasting processes
and potentially provide a more complete, near-continuous record of island arc volcanism. However, the
inherent trade-off is that these distal sites receive a lower volume of material, potentially making
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identification of tephra more difficult. Two records, JC18-19 (3.6 m, 1130 m water depth, �140 ka, Figure 1
[Cassidy et al., 2014a]) and CAR-MON2 (5.7 m, 1102 m water depth, �250 ka, Figure 1 [Le Friant et al., 2008]),
collected to the south west of Montserrat contained 15 (JC18-19) and 23 (CAR-MON2) individual layers of
volcanic origin over the last �250 ka. In JC18-19, 8 of the 15 layers were considered to represent primary
fallout while the remaining seven were at least partially reworked volcaniclastic deposits. With strong
potential to discriminate tephra from the background autochthonous sediment using the techniques out-
lined below, these regional records provide additional data with which we can groundtruth our continuous,
rapid, and nondestructive data sets.

2.2. Mineral Magnetic Properties
Magnetic measurements are highly sensitive to small changes in the concentration, magnetic grain size,
and mineralogy of ferrimagnetic materials [Thompson et al., 1975; Thompson and Oldfield, 1986; Dearing,
1999; Evans and Heller, 2003]. Mafic volcaniclastics can possess ferrimagnetic minerals (e.g., magnetite,
maghemite, and titanomagnetite) in significant amounts; basalt, for example, can contain up to 10% iron
oxides by weight [Thompson and Oldfield, 1986] with magnetite phases in concentrations of 1–2% by vol-
ume [e.g., Kristjansson and Jonsson, 2007]. Andesites, dacites, and other volcanic products can also contain
significant proportions of ferrimagnetic phases as secondary minerals [e.g., Naranjo et al., 2010], while glass
shards can contain micrometer-sized titanomagnetite inclusions [Ananou et al., 2003]. In contrast, biogenic
silicates and carbonates, which forms the background autochthonous sediment matrix in the Caribbean Sea
[Reid et al., 1996; Wall-Palmer et al., 2012, 2014], possess weak or negative values of magnetic susceptibility
(MS) [Thompson and Oldfield, 1986; Polgreen et al., 1993; Stoner et al., 1996; P€alike et al., 2010]. Superimposi-
tion of ferrimagnetically rich lithic fragments on the carbonate background results in a strong MS response,
and as such is frequently exploited to identify the delivery of lithic fragments (e.g., from tephra or ice-rafted
debris) to the deep ocean [e.g., Robinson, 1986; Grousset et al., 1993; Roberts et al., 1997; Stoner and Andrews,
1999; Rasmussen et al., 2003; Peters et al., 2010].

Figure 1. Location of IODP Expedition 340 drill core site U1396 off the coast of Montserrat. The CAR-MON 2 [Le Friant et al., 2008] and
JC18-19 [Cassidy et al., 2014a] sites are identified as well. Bathymetry contour interval is 100 m; data from Smith and Sandwell [1997].
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While MS can readily detect visible mafic-rich tephra layers, robust and routine identification of crypto-
tephra has been more problematic [e.g., Carter and Manighetti, 2006; Kristj�ansd�ottir et al., 2007; Gehrels et al.,
2008]. Whole core measurement of MS commonly utilizes a Bartington MS2C loop sensor, often as part of a
multisensor track (MST) configuration [e.g., Gunn and Best, 1998]. This system integrates MS measurement
over several centimeters downcore [Dearing, 1999; Thomas et al., 2003] meaning that while larger,
centimeter-thick tephra deposits are readily identified, signal smoothing inherent to the MS2C system often
precludes detection of (sub)millimeter-scale layers. As an alternative, the Bartington MS2E point source sen-
sor integrates MS measurement over 3.8 mm (1.9 mm up and downcore) [Dearing, 1999], potentially making
it more suitable for detection of small-scale, discrete deposits. Compared to the MS2C, the MS2E is less fre-
quently employed for tephra identification suggesting that significant potential still exists to exploit these
magnetic methodologies, particularly when in conjunction with other properties.

2.3. VSWIR Spectroscopy
The reflected visible shortwave infrared (VSWIR) region of the electromagnetic spectrum between 0.4 and
2.5 mm contains strong absorption features due to charge-transfer absorptions in transition metals (domi-
nated by iron) and vibration and overtone bands due to hydroxyl and water (including near 1.4, 1.9, and
2.2–2.5 mm) [e.g., Farmer, 1974; Salisbury et al., 1991]. The exact position and nature of these bands are spe-
cific to the bond strength, length, charge, and coordination state of individual cation-anion pairs, providing
a means to identify various carbonate, hydroxyl, iron, phyllosilicate, sulfate, and water-bearing minerals that
are often common components in tephra [e.g., Pieters and Englert, 1993]. As a result, reflectance spectros-
copy has been used extensively and with great success to determine the geochemical composition of ter-
restrial and extraterrestrial deposits [e.g., Lucey et al., 1995; Bibring et al., 2006; Mustard et al., 2008; Rivkin
and Emery, 2010].

Although reflectance spectroscopy has not commonly been used to identify pyroclastic deposits in marine
cores, several studies have taken advantage of optical spectroscopy due to the nondestructive nature of
the measurements. For example, VSWIR spectroscopy was successfully used to identify cryptotephra layers
in Irish peats [Caseldine et al., 1999] and was used specifically for its rapid, nondestructive analytical nature.
Additionally, remote spectroscopic analysis has been used to study the chemistry and physical properties of
terrestrial lava and tephra deposits (i.e., shape, grain size, texture, and degree of weathering) [e.g., Spinetti
et al., 2009; Hooper and Necsoiu, 2011; Tirsch et al., 2012]. However, for terrestrial analysis, only the visible
spectrum has traditionally been utilized resulting in difficulty distinguishing tephra whose minerals are simi-
lar in color to those of the surrounding sediments. Extended wavelength range VSWIR spectroscopy pro-
vides an opportunity to both discriminate and identify tephras that are invisible to the naked eye but
separable at longer wavelengths due to the differing spectral features associated with distinct mineralogies.
It is worth noting that measurements at even longer wavelengths in the emitted portion of the electromag-
netic spectrum could be used for even greater discrimination and identification as the fundamental vibra-
tional features associated with silicon-oxygen bonding occur around 10 mm in the reststrahlen region. In
addition to the analytical features described above, the spatial resolution of the VSWIR spectrometer allows
for detection of millimeter-scale features on the order of cryptotephra. The spatial resolution varies due to
sample-spectrometer distance; in this study, a contact probe was used resulting in a spot size of �10 mm.

2.4. Whole Core X-Ray Fluorescence (XRF)
XRF determines sample geochemistry by exploiting the unique wavelengths at which different elements
fluoresce when excited by X-rays. Core scanning systems that utilize XRF were developed in the 1990s [Jan-
sen et al., 1998] and provide a nondestructive method to obtain sample composition (e.g., Si, K, Ca, Ti, Mn,
Fe, Sr, and Zr) in a semiquantitative manner [Francus et al., 2009]. Second generation ITRAX scanners have
the capability of detecting certain elements at low abundances (e.g., Fe: 25 ppm, Ti: 60 ppm) [Croudace
et al., 2006] and high spatial resolution (spot size 5�8 mm 3 0.5 mm) such that discrete tephra intervals
should be readily distinguishable from the carbonate dominated surrounding material.

XRF core scanning has been used to identify tephra in lake cores with some success [Moreno et al., 2007;
Langdon et al., 2011; Kylander et al., 2012] though ITRAX can have difficulty in the analytical detection of
lighter elements (such as Si) [Kylander et al., 2012]. Nevertheless, Kylander et al. [2012] were able to identify
basaltic tephra layers when shard concentrations exceeded 1000 shards/cm3 and rhyolitic tephra when con-
centrations exceeded 850 shards/cm3. The potential to detect small variations in the geochemical signature
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of these deposits makes XRF scanning a very powerful and attractive nondestructive tool to complement
the magnetic and spectral properties.

2.5. A Multiproxy Approach
While each of the methods described above are capable of high-resolution measurement, are sample non-
destructive, and provide analyses that are relatively rapid and inexpensive to acquire, each have their own
analytical weaknesses. MS is only strongly sensitive to the concentration of ferrimagnetic (Fe, Ni, and Co-
bearing) phases while the MS2E integrates measurement over several millimeters. XRF measurements can
become complicated when grain size differences exist among measured units (which may be a common
feature of tephra). Finally, like XRF, VSWIR spectroscopy can only discriminate variations exposed at the split
cleaned surface of the sediment core and presently there are no specifically developed VSWIR proxies to
understand tephra emplacement.

The purpose of this study is fourfold: (1) to exploit the full capabilities of each measurement technique for
cryptotephra identification, i.e., MS measurement using the MS2E, the (sub)millimeter-scale geochemical
resolution of the XRF core scanner, and VSWIR spectral measurement; (2) to develop and test a new tephra-
specific VSWIR parameter to robustly identify tephra in sediments; (3) to integrate these independent and
nondestructive analytical techniques to better assess their viability for cryptotephra identification in marine
sediments; (4) to provide an expanded regional tephrochronologic record (�270 ka) for the volcanic island
of Montserrat and the northern Antilles arc through measurement of IODP site U1396C and its integration
with other regional records from the Caribbean Sea.

3. Methods

3.1. Core Location, Site Setting, and Sampling
Integrated Ocean Drilling Program (IODP) core Site U1396 (16830.490N, 62827.100W; 801 m water depth;
Figure 1) is located in the northern Bouillante-Montserrat half-graben 36 km southwest of the Soufrière Hills
volcanic complex on the island of Montserrat and 99 km northwest of La Soufrière on the island of
Guadeloupe. Its location on a seafloor topographic high was chosen to minimize the presence of reworked
volcanic mass flow units [Le Friant et al., 2013]. Site U1396C was cored in 2012 twenty kilometer closer to
Montserrat than the shorter CARMON-2 [Le Friant et al., 2008] and JC18-19 [Cassidy et al., 2014a] records
from the region (Figure 1) and therefore potentially contains expanded tephra sequences relative to these
records.

For this study, we measured the top 7.5 m of Site U1396C (sections U1396C-1H-1A to U1396C-1H-5A) that
the planktic d18O record suggests spans the last �270 ka [Wall-Palmer et al., 2014]. Overlap between the
upper sections of the U1396C record and the shorter CAR-MON 2 and JC18-19 records of Le Friant et al.
[2008] and Cassidy et al. [2014a] provides an opportunity for existing (crypto)tephra unit correlation and
independent verification of the upper U1396C record. Cleaned archive halves of the upper five sections of
U1396C (U1396C-1H-1A to U1396C-1H-5A) were sampled using 2 3 2 3 150 cm plastic u-channels in June
2012 that were initially developed for paleomagnetic measurements and are designed to subsample com-
plete sections of core with minimal disturbance. Samples were taken from the more pristine center of the
archive half of the core, thus helping to avoid disturbances due to wall/core liner effects. Coring disturban-
ces such as fall-in or flow-in [i.e., Jutzeler et al., 2014] were minimal in U1396C making this one of the most
pristine records collected during IODP Expedition 340.

3.2. Magnetic Analysis
Measurements of MS were made at 2 mm intervals on the archive half of the split core sections using the
Bartington MS2E point sensor on the SHMSL (Section-Half Multi Sensor Logger) onboard the JOIDES (Joint
Oceanographic Institutions for Deep Earth Sampling) Resolution during IODP Expedition 340. MS measure-
ments were repeated on the five u-channel samples (with the lid removed and wrapped in plastic wrap)
using the MS2E on the GEOTEK XY multisensor logger at the marine geology repository at Oregon State
University to test for consistency between the two measurements and to assess any depth shifting that
occurred during u-channel sampling. The u-channel was secured in a custom-designed u-channel holder to
facilitate and maintain accurate positioning of both the vertical and horizontal axis of the sensor. For com-
parison with frequently acquired MS2C data and to examine differences in measurement resolution
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associated with the MS2E, we repeated MS measurements on the u-channels using the u-channel MS track
in the Paleomagnetic and Environmental Magnetic Laboratory (PEML) at Oregon State University. Equipped
with a 36 mm diameter MS2C loop under software control using the Bartington MS3 magnetic susceptibility
system, measurements were made at 1 cm intervals; the PEML track integrates data over �3 cm.

3.3. Spectral Analysis
3.3.1. Spectral End-Member Preparation and VSWIR Analysis
To assess the use of spectroscopic methods for identifying (crypto-)tephra, two end-member compositions
were measured: volcaniclastic material collected from a terrestrial Montserrat tephra unit collected around
5 km downwind of the Soufrière Hills volcano, and material from a visibly clean layer of marine hemipelagic
host sediment in U1396C (U1396C-3H-4A). The volcaniclastic material is andesitic in composition and con-
sists primarily of hornblende and plagioclase crystals, minor FeTi oxides, dense dome rock, and vesiculated
material [Stinton et al., 2014]; hemipelagic sediment is dominated by calcium carbonate [Le Friant et al.,
2013]. These samples were dried for 24 h in a 1008C oven, gently disaggregated with an agate mortar and
pestle, and sieved using a 200-mesh sieve (74 mm grating). The <74 mm fraction was weighed and mixed in
specific proportions to generate 13 samples with different tephra concentrations containing 0, 2, 5, 10, 15,
20, 25, 50, 75, 80, 90, 95, and 100% tephra by weight. Sample mixtures were analyzed at the Brown/NASA
RELAB facility using an ASD FieldSpec3VR spectrometer between 0.4 and 2.5 lm. A cylindrical aluminum dish
was completely filled for each sample, and the sample-filled dish was tapped rather than pressed to mini-
mize preferential orientation of grains. The VSWIR spectra of the five u-channels (with sample caps
removed) were acquired every 5 mm under ambient conditions from 0.4 to 2.5 mm using an ASD
FieldSpec4VR spectrometer at Tufts University.

3.4. XRF and XRD Analysis
U-channels were run through the Cox Analytical Systems ITRAX XRF core scanner at the University of Massa-
chusetts Amherst at a rate of �1.5 m/d with a sample spacing of 0.5 mm and 10 s count time to collect ele-
mental data (Si, K, Ca, Ti, Mn, Fe, Sr, and Zr).

Clay speciation analysis on a bulk split of visibly clean hemipelagic sediment (sampled from U1396C-3H-4W
70–75 cm depth) was performed by X-ray Diffraction (XRD) at Actlabs (Ontario, Canada). A subsample of the
bulk sediment sample was mixed with 10 wt % corundum as an internal standard to determine the amount
of poorly crystalline and X-ray amorphous material. Another subsample was dispersed in distilled water and
the <25 lm fraction was extracted by wet sieving. Oriented slides of the <25 lm fraction were prepared by
placing a sample of the suspension onto a glass slide. In order to detect clay minerals, the oriented slide
was analyzed after air drying. XRD analysis was performed on a Panalytical X’Pert Pro diffractometer,
equipped with a Cu X-ray source and an X’Celerator detector, operating at the following conditions: 40 kV
and 40 mA; range 58–708 2u for the random specimen and 38–358 2u for the oriented specimen; step size
0.0178 2u; time per step 50.165 s for the random specimen and 50.085 s for the oriented specimen; fixed
divergence slit, angle 0.58 for the random specimen and 0.258 for the oriented specimen; sample rotation 1
rps. The quantities of the crystalline mineral phases were determined using the Rietveld method based on
the calculation of the full diffraction pattern from crystal structure information. The X’Pert HighScore Plus
software along with the PDF-4/Minerals ICDD database were used for mineral identification and
quantification.

3.5. Sample Disaggregation and Point Counting Analysis
Preliminary results from MS, VSWIR, and XRF core scanning data were used to identify potential crypto-
tephra horizons, four of which were subsequently sampled from the working half of U1396C from the IODP
Gulf Coast Repository in March 2014. Samples were extracted in 8 cm3 plastic cubes centered on the poten-
tial cryptotephra layer resulting in sediment sampling of 1 cm above and below it within the core. Each
cube was then stratigraphically subdivided into four 0.5 cm depth slices for disaggregation and point count-
ing to better constrain the potential cryptotephra location. A sample from the dominantly hemipelagic
region submitted for XRD analysis was also disaggregated and point counted to evaluate the background
volcaniclastic concentration.

Samples for point counting were treated in 10% HCl for 3 days to disaggregate the carbonate microfossils
and then sieved at 40 lm following the method of Le Friant et al. [2008] to create a carbonate-free >40 lm
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fraction. This fraction was weighed to determine the weight percentage of the >40 lm carbonate free frac-
tion relative to the total weight of the sample.

In each carbonate-free >40 lm fraction, �400 particles were counted using a binocular microscope to
determine the proportion of volcaniclastic material present. Volcanic particles were classified during the
counting process using a modified version of Cassidy et al. [2014a]. The categories used are as follows:
(1) volcanic glass shards and white mineral fragments; (2) black mineral fragments; (3) vesicular or pumi-
ceous material; (4) nonvesicular lava clasts; (5) altered lava clasts (red in color); (6) mafic scoria clasts.
The volcanic glass and white mineral fraction was further subdivided into distinct components with an
additional count using the petrographic microscope to distinguish between glass and mineral
components.

4. Results

4.1. Summary of Routine Shipboard Analyses From IODP Expedition 340
All cores recovered on IODP expeditions are described shipboard for lithology and measured for their
magnetic, gamma ray attenuation (GRA: related to density), and visible reflective properties. A summary
of these shipboard measurements is given in Figure 2. Three visible volcaniclastic deposits were
described in the top 7.5 m of U1396C [Le Friant et al., 2013]. Their lithology is described as crystalline and
lava rich (concentrations 30–50%) along with bioclastic sand [Le Friant et al., 2013]; this is in contrast to
the background sediment that is dominated by carbonate ooze and calcareous sand (Figure 2). MS
(acquired using a 100 mm MS2C loop) and GRA were measured at 2.5 cm intervals on the unsplit cores
on the Whole Round Multi Sensor Logger (WRMSL); L* (sediment reflectivity) was acquired at 5 cm inter-
vals on the split archive half on the Section Half Multi Sensor Logger SHMSL. In general, L* decreases, and
density and magnetic susceptibility increase in response to the described visible tephra in the core. How-
ever, outside of the visible tephra, the variation in coarsely measured shipboard measured properties
appear relatively benign and do not appear sensitive to the 15 volcaniclastic units that were previously
described in JC18-19 [Cassidy et al., 2014a] or the 23 volcaniclastic units described in CAR-MON 2 [Le
Friant et al., 2008].

4.2. XRD Results
Identification of tephra in the region around Montserrat can potentially present a difficult challenge due to
the large amount of volcanic material present in the background sediment. Point counting and XRD analysis
of hemipelagic sediment indicates that volcanic material comprises �35% of the average background sedi-
mentary material. This relatively high average volcaniclastic component can result from settling and (re)sus-
pension of volcanic minerals in the water column and/or eolian and hydrologic transport processes. The
targeting of a topographic high (Figure 1) during coring of U1396 minimizes the potential for hydrological
reworking of materials, e.g., turbidites or submarine mass movements [Le Friant et al., 2013], making eolian
transport and long duration settling potentially dominant processes to account for the relatively high volca-
niclastic background. It is therefore important to recognize that baseline values of MS, reflectance, and XRF
core scanning from this region already contain a significant proportion of material of a volcanic nature.
However, we also expect intervals related to discrete eruptive events to be in higher concentration than
this constant (albeit relatively high) background. XRD analysis of the hemipelagic component is therefore
useful to aid better constraining of the spectral mixing model. The minerals identified in the bulk sample
and their amounts (wt %) are: calcite (36.4 6 6.3%), aragonite (3.0 6 2.8%), plagioclase (25.0 6 16.1%), illite
(2.7%; single analysis), quartz (1.7 6 0.3%), cristobalite (1.1%; single analysis), and halite (2.1 6 1.1%). In addi-
tion, the bulk sample contains 31.0 6 13.1% poorly crystalline and X-ray amorphous material (mainly amor-
phous biogenic silica and volcanic glass). The sediment was found to be highly heterogeneous with respect
to the volcaniclastic component (e.g., plagioclase content).

4.3. Magnetic Properties
MS data acquired using the shipboard MS2C and MS2E, the PEML acquired u-channel MS2C, and the Geotek
XY acquired u-channel MS2E are shown in Figure 3. U-channel data acquired at the same (in the case of the
MS2E) or better (MS2C) sample measurement resolution than those on ship accurately reproduce the trends
in the shipboard data; absolute values vary due to the volume differences integrated into each
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measurement. All four measures strongly identify the visible tephra in the core (gray horizontal bars in Fig-
ure 3); however, in general, greater structure is revealed in the higher-resolution measurements. For exam-
ple, while the shipboard MS2C loop data (Figure 3a) clearly identify the visible tephra at 2.7 m with a single
peak, u-channel measured MS2C data suggest that three separate peaks might make up the same event
(Figure 3b). Higher-resolution u-channel and shipboard MS2E data (Figures 3c and 3d) suggest that the
three identified peaks might be discrete individual events as MS returns to almost background values in
between peak values.

Comparison of the shipboard U1396C MS2E record to the nearby JC18-19 MS record (Figure 4) [Cassidy
et al., 2014a] suggests the top �4 m of U1396C overlaps with the 3.6 m JC18-19 record. Sedimentological
analyses, MS, and other proxies in JC18-19 were previously used to identify nine visible volcanic units
(VVUs) and six potential cryptotephra in JC18-19 [Cassidy et al., 2014a]. Correlation of peaks in JC18-19 MS
to peaks in our 2 mm MS2E MS U1396C record suggests all nine VVUs and four of the six potential crypto-
tephra in JC18-19 can be recognized in the upper 4 m of U1396C (Figure 4 and light gray bars in Figure 5).
Following a similar approach to Cassidy et al. [2014a], we establish a statistical exceedance-based threshold

Figure 2. (a) Line scan images and graphic lithology from the visual core descriptions for U1396C-1H-1A to U1396C-1H-5A [Le Friant et al., 2013]. (b) Shipboard L*, gamma ray attenua-
tion (as a proxy for sediment density), and magnetic susceptibility. Note how the three shipboard parameters are efficient at discriminating the visible volcaniclastic sand and ash layers
(shaded gray regions) from the background calcareous ooze.
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to identify potential cryptotephra in the MS data set. Using intervals of low MS outside of the visible and
correlated tephra units (50–120, 300–350, and 470–650 cm), we can define a background average MS
value of 194 3 1025 SI. We use a relatively large interval to calculate the background as this encompasses
the natural variability within the core over a relatively long timeframe. We define our threshold as 3 times
the standard deviation above the mean (382 3 1025 SI), exceedance of this value in the data set can be
considered statistically anomalous to the background and therefore could potentially contain (crypto)-
tephra. The 13 MS peaks that correspond to the 9 VVUs and 4 potential cryptotephra in JC18-19 all exceed
this threshold value, accompanied by 4 other MS peaks in the upper 4 m of U1396C (dark gray bars in Fig-
ure 5); three of these are under 450 3 1025 SI (1.36, 1.43, and 1.48 m) and the fourth peaks at 516 3 1025

SI. With accurate identification of previously identified tephra in JC18-19, we consider this an acceptable
threshold for discriminating potential cryptotephra intervals from the hemipelagic background in
U1396C.

Figure 3. Core images and four measures of magnetic susceptibility, from left to right; shipboard acquired MS2C on the WRMSL at 2.5 cm
intervals (red), u-channel MS2C acquired at 1 cm intervals (dark blue), u-channel MS2E acquired at 0.2 cm intervals (light blue), and ship-
board MS2E acquired at 0.2 cm intervals (orange). Gray bars mark the location of the visible tephra identified in the visual core description
(see Figure 2).
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Below �4 m, 21 intervals of MS> 382 3 1025 SI are identified in U1396C (yellow bars in Figure 5); 12 of
these are over an 87 cm interval between 6.63 and 7.5 m. The high density of MS exceedances in this inter-
val could reflect a very active period of volcanic activity, or alternatively, higher baseline MS values resulting
from a greater concentration of volcanoclastic material in the sediment that fluctuates around the threshold
value. To evaluate these alternative hypotheses, we must look to other proxies to help independently iden-
tify evidence for discrete tephra and identify any discrete layers that may not produce a strong magnetic
response.

4.4. Spectral Properties
4.4.1. Spectral End-Member Mixing Model
Before examining the sediment record of U1396C, we investigated and evaluated the potential to develop
a new parameter based on spectral analysis to identify tephra. Collected spectra for the 13 known mixtures
of tephra and hemipelagic sediment are given in Figure 6. In these dried samples, there is roughly a factor
of 2 variation in overall albedo between the bright hemipelagic sediment (100% sediment) and dark tephra
(100% tephra) material. Several key absorption features between 0.4 and 2.5 mm are evident and high-
lighted with gray vertical bars in Figure 6. In samples with >15% tephra, a notable absorption is present
near 1 mm, as well as a broader, shallower absorption near 2 mm. These are likely attributable to ferrous iron
(Fe21) in glass, specifically to spin crystal field transitions of Fe21 in octahedral coordination (consistent
with short-range order in glass) [e.g., Burns, 1993; Keppler, 1992]. A contribution of iron in mafic minerals
such as pyroxene (two strong absorption features with minima near 1 and 2 mm) or olivine (broad feature
near 1 mm) is also possible [e.g., Adams, 1974; King and Ridley, 1987; Cloutis, 2002]. The exact center position

Figure 4. Correlation of shipboard acquired MS2E MS (blue) with MS of nearby core JC18-19 (red) [Cassidy et al., 2014a]. Gray bars denote
visible volcanic units (VVUs) in JC18-19 and their coeval layers in U1396C based on correlation of MS; gray dashed bars are used to corre-
late C2 and C3 as these are not as apparent in the U1396 MS data as other individual events. Slight differences in absolute values between
the two cores may result from small volumetric differences integrated into the measurement and or spatial variance.
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of the absorption minima near 1
lm varies systematically with
mineral composition (e.g.,
depending on the proportions
of Ca, Fe, and Mg in pyroxene or
Mg and Fe in olivine), but is gen-
erally referred to as the ‘‘1 mm
feature’’ even if the band center
falls at slightly shorter or longer
wavelengths.

In the samples dominated by
hemipelagic sediment (sedi-
ment concentrations >50%), a
pair of absorption features due
to metal-OH absorptions in clay
minerals are evident at �2.21
and �2.35 mm. The strength of
these absorption features are
roughly (but not exactly) anti-
correlated with the strength of
the 1 mm feature; as the band
depth of 1 mm feature increases,
the phyllosilicate or clay mineral
features become less apparent.
Using these two criteria, the
threshold at which tephra is reli-
ably detectable is a concentra-
tion of about 50%. A discernable
1 mm feature first becomes evi-
dent at a concentration of about
15–20% tephra; the feature is
large and unmistakable at a
tephra concentration approach-
ing 50%. Fifty percent tephra is
also the concentration at which
the narrow clay absorption fea-
tures between 2.2 and 2.3 mm
become muted and difficult to
detect.

Other spectral features evident
include the �1.4 mm overtone
band (O-H stretch) and �1.9 mm
combination overtone (H2O sym-
metric and asymmetric stretches;
indicated with dashed vertical
lines in Figure 6). While it is
tempting to consider these over-
tone bands of water and hydroxyl
as indicators of the presence of
hydrated phyllosilicate minerals
in these laboratory samples, this
approach is infeasible in the natu-
ral core samples. Core samples

Figure 5. Shipboard acquired MS2E MS alongside the core image for the top five sections
of core U1396C-1H. MS values that exceed 3 standard deviations greater than the mean
(dashed black vertical line; 382 3 1025 SI) are shaded gray for further investigation. Where
U1396C and JC18-19 overlap (above 4.02 m—dashed horizontal black line) this method
picks out all nine VVUs and four of the six cryptotephra (C1–C3 and C6) identified in JC18-
19 [Cassidy et al., 2014a]. Four cryptotephra are identified from the same interval as JC18-
19 that were not correlated with that record (dark gray lines). Green lines indicate addi-
tional tephra layers identified below the JC18-19 record.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005913

MCCANTA ET AL. CRYPTOTEPHRA IDENTIFICATION 4039



were not dried prior to analysis and thus contain variable amounts of surface and adsorbed water in addi-
tion to water bound in the interlayer region of clay minerals, making these features indistinguishable and
therefore unreliable mineralogical indicators for our purpose [Hook et al., 1999; Baldridge et al., 2009;
Hecker et al., 2011].
4.4.2. Development of New Tephra Specific Spectral Summary Parameters
Exploiting the results of the two-component mixture spectra described above, we devised three spectral
summary parameters [e.g., Murchie et al., 2000; Pelkey et al., 2007] to rapidly assess the large number of
spectra collected along a core. BDI1000VIS was developed to capture the integrated band depth near the
1 mm region, and BD2p2 and BD2p35 were created to detect absorption features in clay minerals at 2.2 and
2.35 mm, respectively.

To calculate BDI1000VIS, we first find the reflectance maximum between 0.442 and 0.992 mm. This is accom-
plished by fitting a ninth-order polynomial to the spectrum in this region, evaluating the polynomial at
each wavelength point, and finding the maximum value (Rmax). This reflectance maxima is used to normal-
ize the reflectance values between 0.883 and 1.023 mm, and the BDI1000VIS parameter is then calculated by
computing the sum of 1.0 min the normalized reflectance values (equation (1)):

BDI1000VIS 5
X

12Ri=Rmax : (1)

Here Ri is the reflectance value at the ith wavelength between 0.883 and 1.023 mm.

The 2.2 and 2.35 mm absorption band depth (BD) parameters (BD2p2 and BD2p35) are determined accord-
ing to equation (2).

BD 5 12RC=RC�; (2)

where RC is the reflectance at the center of the spectral band and RC* is the modeled reflectance at the cen-
ter of the band (defined in equations (3)–(5) and illustrated in Figure 7).

Rc�5 aRS 1 bRL (3)

Figure 6. Visible to shortwave infrared spectra of binary mixtures of tephra and hemipelagic sediment. Key absorption features used to
distinguish tephra from sediment are highlighted with gray vertical lines; vertical dashed lines indicate H2O symmetric and asymmetric
stretches not considered in the proposed identification method.
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a 5 b21 (4)

b 5 ðkC2kSÞ=ðkL2kSÞ (5)

RC* is therefore a linear fit between the
long wavelength (kL) and short wave-
length (kS) areas outside the designated
band.
4.4.3. VSWIR Spectral Results
Spectral data for the upper 7.5 m of
U1396C were collected and evaluated
using the spectral summary parameters
discussed above with the resulting varia-
tions in BDI1000VIS and BD2p2 presented
in Figure 8. Strong increases in BDI1000VIS
are observed in the visible tephra units,
indicative of a more Fe-rich mineralogy
than found in the hemipelagic sediment.
Corresponding decreases in the parame-
ters related to clay mineralogy, BD2p2 and

BD2p35 (not plotted), are also observed in the visible tephra units resulting from decreased clay content in the
hemipelagic sediment due to the increased volcaniclastic volume. When attempting to identify regions of interest
for cryptotephra, neither BD2p2 nor BD2p35 were found to be particularly sensitive to the introduction of a volu-
metrically small cryptotephra layer. For this reason, we consider BDI1000VIS to be the better spectral parameter for
potentially detecting cryptotephra.

For the VSWIR background, we chose a core region that shows minimal spectral variation to define a background
type section (322–332 cm) and again following the approach of Cassidy et al. [2014a] we calculated a threshold
value three standard deviations above the mean to identify intervals statistically considered anomalous and there-
fore potentially containing higher concentrations of (crypto)tephra (BDI1000VIS 5 above 0.0007; BD2p2 5 below
0.0033). Using this metric, 29 regions were identified for further investigation based on variations in the BDI1000-
VIS parameter over the 7.5 m record of U1396C (Figure 8) in addition to the three visible units already observed.

4.5. XRF Core Scanning Results
Due to the primary andesitic and mafic mineralogy of the volcaniclastic materials in this region [e.g., Harford et al.,
2002], Fe and Mn potentially serve as useful discriminants of tephra composition. The elemental concentrations of
Fe and Mn can be normalized for their Ca concentration (ln(Fe/Ca) and ln(Mn/Ca)) to provide an estimate of the
mafic to intermediate volcaniclastic composition relative to the background carbonate dominated sediment [Cas-
sidy et al., 2014a] (Figure 9). The natural log of these values was used to diminish differences at large positive com-
positional values, but to also amplify differences in the compositional data at values between 0 and 1 where the
majority of the XRF data falls. The XRF core scanning data are quite noisy, likely due to grain size variations in these
mixed samples which at the coarser sedimentary tail approach the measurement resolution of 500 mm (Figure 9).
To reduce the noise, a 15-point moving average was applied to smooth the data over 7 mm (3.5 mm up and
down core). Using the same background interval as the spectral data (322–332 cm), we statistically generated 3r
threshold values for ln(Fe/Ca) and ln(Mn/Ca) of 20.88 and 24.91 (black lines in Figures 9c and 9d). Comparison to
the JC18-19 record [Cassidy et al., 2014a] shows that ln(Fe/Ca) values in U1396 exceed the 3r threshold value
(gray areas in Figures 9c and 9d) for all eight corresponding VVUs in JC18-19 (XRF of VVU1 was not measured in
JC18-19); ln(Mn/Ca) fares slightly less well, only failing to identify the small unit corresponding to VVU7 in JC18-19
[Cassidy et al., 2014a]. Below 4 m and outside of the overlapping regions of U1396 and JC18-19, 22 additional
regions in ln(Fe/Ca) and 16 regions in ln(Mn/Ca) were identified in U1396C for further investigation (Figure 9).

5. Discussion

5.1. Combining Parameters to Identify Cryptotephra in U1396C
5.1.1. Comparison of the Parameters Used to Identify Cryptotephra
All five parameters (MS, BDI1000VIS, BD2p2, ln(Fe/Ca), and ln(Mn/Ca)) used to characterize the sediment in
U1396C showed strong variation in properties associated with the three visible tephra units in U1396C

Figure 7. Idealized spectrum indicating absorption band depth parameter calcu-
lation. The band depth is defined as 1 2 RC/RC*, where the point C is the center of
the given absorption band, RC is the reflectance at that wavelength, and RC* is a
linear fit to the continuum between the short wavelength kS and long wave-
length kL sides of the absorption band [from Pelkey et al., 2007].
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and/or the VVUs and cryptotephra previously identified in JC18-19 by Cassidy et al. [2014a]. Interpolation of
the MS and XRF core scanning data sets to the same 0.5 cm sampling resolution as the reflectance data
set allows direct comparison of different parameters. Correlations between all five parameters are listed in
Table 1. The strongest correlation (r 5 0.94, n 5 1441) is between the two XRF core scanning data sets
(ln(Fe/Ca) and ln(Mn/Ca)) suggesting that iron and manganese minerals cooccur within the sediment and
deposited volcaniclastic units in the form of mafic minerals such as FeTi oxides, amphiboles, and pyroxenes.
Comparison of the ln(Fe/Ca) XRF core scanning data to the BDI1000VIS reflectance data (r 5 0.66, n 5 1440)
suggests that the BDI1000VIS data set is sensitive to many of the same Fe-rich layers, likely resulting from
the sensitivity of the BDI1000VIS parameter to Fe-absorptions associated with mafic minerals. Relatively
strong correlation between MS and BDI1000VIS (r 5 0.66, n 5 1439), ln(Fe/Ca) (r 5 0.61), and ln(Mn/Ca)
(r 5 0.63) further suggests these three parameters are strongly sensitive to Fe-bearing minerals within inter-
mediate to mafic volcaniclastic deposits. In contrast to the XRF core scanning, MS, and BDI1000VIS data,
BD2p2 shows a lower correlation to the other parameters with the negatively correlated BDI1000VIS

Figure 8. Core image and two of the VSWIR spectral parameters identified to delineate tephra occurrence. (a) BDI1000VIS and (b) BD2p2, both acquired at 0.5 cm intervals. Note that the
BD2p2 scale bar is inverted. Gray bars mark the location of the visible tephra identified in the visual core description (see Figure 2). The yellow bar marks the area used for the hemipela-
gic background. (c) BDI1000VIS and (d) BD2p2 acquired at the same scale as Figures 8a and 8b. VSWIR values that exceed 3 standard deviations greater than the mean (black vertical
line; BDI100VIS 5 above 0.0007; BD2p2 5 below 0.0033) are shaded gray for further investigation.
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(r 5 20.54) spectral parameter being the strongest relationship. Largely sensitive to the clay mineral con-
tent, this negative correlation reflects decreasing clay content with increasing mafic-rich content.
5.1.2. Identification of a Visible Tephra Unit
MS, XRF parameters, and BDI1000VIS appear strongly sensitive to the mafic components within the sedi-
ment. However, there is sufficient scatter between different proxies to suggest they are capturing slightly
different aspects of the sediment which in combination may be usefully exploited to fully capture the volca-
niclastic signature of the sediment. To test the efficacy of each parameter, the spectral properties, MS, and
XRF core scanning measurements of a visible tephra layer were first examined (375–383 cm; Figure 10).
Threshold values (described in the results section) were exceeded for each of the four parameters

Figure 9. Core image and the XRF core scanning compositional data from U1396C thought to best identify tephra presence. (a) ln(Fe/Ca) and (b) ln(Mn/Ca), both acquired at 0.5 cm
intervals. The heavy line in each plot is a 15-point running average used to reduce noise; the actual data are shown in the orange and light pink points, respectively. Gray bars mark the
location of the visible tephra identified in the visual core description (see Figure 2). The yellow bar marks the area used for the hemipelagic background. (c) ln(Fe/Ca) and (d) ln(Mn/Ca)
acquired at the same scale as Figures 5a and 5b with only the 15-point moving average shown. XRF values that exceed 3 standard deviations greater than the mean (black vertical line;
ln(Fe/Ca) 5 21, ln(Mn/Ca) 5 25) are shaded gray for further investigation.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005913

MCCANTA ET AL. CRYPTOTEPHRA IDENTIFICATION 4043



quantifying the tephra presence. Sharp
increases in BDI1000VIS, MS, and XRF
core scanning data are observed at the
base of the tephra layer (383 cm) and are
sustained through the tephra layer
(Figure 10). Similarly sharp decreases in
BDI1000VIS and MS occur at 375 cm
where visible changes in sediment color
occur; in contrast, XRF values experience
a more gradual decrease going up-core
as the tephra layer grades more gradually
into the sedimentary background over
�17 cm (Figure 10). A second peak in the
XRF core scanning data is also observed
at 370 cm that is muted in BDI1000VIS

and MS data potentially implying a later event of a composition not resolvable by BDI1000VIS and MS. A concomi-
tant decrease in the parameters related to clay mineralogy BD2p2 and BD2p35 (not plotted) is observed at the
base of the visible tephra, increasing only when the tephra unit ends (Figure 10). Together, all three techniques
exceed their threshold values indicating a strong response to the large, visible, likely mafic-rich, tephra unit that
we can quantify using our developed methodology (Figure 10). Combination and application of these parameters
to the 7.5 m U1396C record can therefore be used to identify (crypto-)tephra over the last�270 ka.
5.1.3. Identification of Potential Cryptotephra
Using exceedances of the thresholds established for each individual parameter, spectral and MS data are used
to identify potential cryptotephra in the upper 7.5 m of U1396C. The broader declines observed in the XRF
core scanning data make it more difficult to identify the discrete fine-scale nature of cryptotephra so these
data are used in a complimentary role alongside the reflectance and MS data sets to support cryptotephra
identification. In addition to the 3 visible tephra which produce strong responses (gray bars in Figures 11–15),
29 potential event layers were identified in the upper 7.5 m of U1396 (red bars in Figures 11–15). In each case,
exceedance of a minimum of two parameters above the defined threshold indicated departure from the back-
ground hemipelagic-dominated sedimentary signature as per the protocol described in Cassidy et al. [2014a].

Table 1. Correlation Coefficients of the MS, BDI1000VIS, BD2p2, ln(Fe/Ca), and
ln(Mn/Ca) Recordsa

MS BDI1000VIS BD2p2 ln(Fe/Ca) ln(Mn/Ca)

MS 0.66 20.44 0.61 0.63
BDI1000VIS 0.66 20.54 0.66 0.70
BD2p2 20.44 20.54 20.37 20.41
XRF Fe/Ca 0.61 0.66 20.37 0.94
XRF Mn/Ca 0.63 0.70 20.41 0.94

aMS and XRF records were interpolated to the same 0.5 mm measurement
resolution as the VSWIR data to facilitate direct comparison. Note the strong
correlation between the two XRF data sets which suggests Fe and Mn co-occur
in these cores and the generally strong correlation between BDI1000VIS and
the MS and XRF data indicating the sensitivity of BDI1000VIS to Fe-bearing
phases. Correlations are based on original measured depths and have not
been corrected for potential positioning offsets (see section 5.1.3) which would
generally act to improve the correlation values.

Figure 10. Visible tephra unit in U1396C-1H-3A. The spectral summary parameters BDI1000VIS and BD2p2, magnetic susceptibility, and core scanning XRF geochemical ratios are plotted
to show that positive tephra identification is obtained with all techniques for visible units. The vertical orange line represents the 3r standard deviation above an average background
value. Values above this envelope are considered to be distinct from hemipelagic sediment.
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While the spectral parameter BDI1000VIS and MS were found to best correlate with tephra presence, XRF core
scanning results, specifically ln(Fe/Ca), were often positively correlated as well, reinforcing our interpretation
(Figures 11–15). The spectral parameters related to the presence of clay species (BD2p2 and BD2p35) were not
as useful for reliable cryptotephra identification as the presence of fine-scale cryptotephra does not always sig-
nificantly affect the clay content of the layer (Figures 11–15). Within the 31 total layers, we discern 11 of the 15
VVU and cryptotephra layers identified by Cassidy et al. [2014a] using our combined approach.

Close examination of the independent data sets suggest minor depth offsets may exist as similar peaks in dif-
ferent parameters do not exactly line up (e.g., U1396C-1H-4A layers identified between 550 and 565 cm;
Figure 14). Offsets between the shipboard measured MS data and the u-channel measured VSWIR and XRF

Figure 11. U1386C-1H-1A. The spectral summary parameters BDI1000VIS and BD2p2, magnetic susceptibility, and core scanning XRF geochemical ratios are plotted for comparison. Ver-
tical orange lines represent 3r standard deviation both above and below an average background value. Values outside of this envelope are considered to be distinct from hemipelagic
sediment. Horizontal red shaded boxes indicate depths where two or more parameters indicate the presence of cryptotephra following the approach of Cassidy et al. [2014a]. Letters in
the right-hand column denote regions of overlap with JC18-19 tephra identification [Cassidy et al., 2014a]. Asterisks indicate locations of point counting.
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core scanning data have two potential origins resulting from positioning errors during u-channel sampling
and/or shrinking of the sediment within the u-channel (and potential movement) resulting from unavoidable
air drying. The extent of sample translocation can be assessed though comparison of the MS2E data sets meas-
ured onboard ship and those measured on the u-channel samples (Figure 3). In general, there is excellent
agreement between the two data sets with offsets between prominent features predominantly< 1 cm (around
the resolution of the VSWIR data). This suggests that significant translocation (>2 cm) may be dominantly
related to drying rather than sampling. Only one interval in the lower part of the record exceeds this tolerance.
The peak in shipboard MS2E at 7.21 m is shifted 7 cm deeper in the u-channel MS2E data (Figure 3). Reexami-
nation of the u-channel showed significant cracking in this area resulting from drying and explaining the shift
and potential offset of the peaks in BDI1000VIS and MS in the lower 50 cm of the record (Figure 15). For

Figure 12. Core U1396C-1H-2A. The spectral summary parameters BDI1000VIS and BD2p2, magnetic susceptibility, and core scanning XRF geochemical ratios are plotted for comparison.
The horizontal gray boxes represent the extent of the visible tephra layer. Vertical orange lines represent 3r standard deviation both above and below an average background value. Val-
ues outside of this envelope are considered to be distinct from hemipelagic sediment. Horizontal red shaded boxes indicate depths where two or more parameters indicate the presence
of cryptotephra. Letters in the right-hand column denote regions of overlap with JC18-19 tephra identification [Cassidy et al., 2014a]. Asterisks indicate locations of point counting.
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identification of potential cryptotephra, we therefore accept offsets in peak values resulting from positioning
errors of 62 cm.

Several difficulties should be noted. As discussed above, the background volcaniclastic component is high.
Therefore, distinguishing additional input from a small eruption can be difficult. In several cases, especially
in the lower part of the core, all indicators consistently plot above the threshold established for that data
set. (e.g., 495–525 cm and >700 cm; Figures 14 and 15). One likely explanation for this is that these earlier
periods (>175 ka) [Wall-Palmer et al., 2014] experienced increased background volcaniclastic fluxes to the
core site due to either greater availability and/or transport of material to the core site. Therefore, rather
than being discrete eruptive units, although evidence from CAR-MON2 suggests this period experienced

Figure 13. U1396C-1H-3A. The spectral summary parameters BDI1000VIS and BD2p2, magnetic susceptibility, and core scanning XRF geochemical ratios are plotted for comparison. The
horizontal gray box represents the extent of the visible tephra layer. Vertical orange lines represent 3r standard deviation both above and below an average background value (sedi-
ment used to represent average background is indicated on the core image by a blue vertical line). Values outside of this envelope are considered to be distinct from hemipelagic sedi-
ment. Horizontal red shaded boxes indicate depths where two or more parameters indicate the presence of cryptotephra. Letters in the right-hand column denote regions of overlap
with JC18-19 tephra identification [Cassidy et al., 2014a]. Asterisks indicate locations of point counting.
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greater eruptive activity [Le Friant et al., 2008], higher baseline values in all parameters may imply increased
volcaniclastic fluxes rather than an increased eruptive frequency. Discrete and well-defined peaks in MS,
VSWIR, and XRF core scanning data were used to identify potential cryptotephras within these intervals,
however, corroboration of these intervals in this case can only come from more traditional point counting
methods.

5.2. Verification of Increased Volcaniclastic Components Through Physical Counting
In order to ascertain if the layers identified above contain increased amounts of volcaniclastic material that
could represent a cryptotephra horizon, sample disaggregation and point counting techniques were

Figure 14. Core U1396C-1H-4A. The spectral summary parameters BDI1000VIS and BD2p2, magnetic susceptibility, and core scanning XRF geochemical ratios are plotted for comparison.
Vertical orange lines represent 3r standard deviation both above and below an average background value. Values outside of this envelope are considered to be distinct from hemipela-
gic sediment. Horizontal red shaded boxes indicate depths where two or more parameters indicate the presence of cryptotephra.
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employed. Here we compare results from the destructive techniques applied in four layers from core sec-
tions U1396C-1H-1W, 2W, and 3W (Figures 11–13). Three intervals are characterized by exceedances in mul-
tiple cryptotephra indicators (MS, BDI1000VIS, and XRF at 66.5, 277.2, and 357.5 cm depth) while the other
interval (11.1 cm depth) shows relatively little response of our cryptotephra proxies, aside from a small
increase in BDI1000VIS (Figure 11). Following the definition set forth by Le Friant et al. [2008], increase in the
glass shard/white mineral fraction was determined to be the best indicator of tephra presence although
many other volcanic end-members increased above background levels in potential cryptotephra layers as
well (Table 2). The background contained 33.7 glass shards/white mineral fragments per gram of dry sample
and therefore presents a useful threshold above which to characterize the presence of cryptotephra.

Figure 15. Core U1396C-1H-5A. The spectral summary parameters BDI1000VIS and BD2p2, magnetic susceptibility, and core scanning XRF geochemical ratios are plotted for comparison.
Vertical orange lines represent 3r standard deviation both above and below an average background value. Values outside of this envelope are considered to be distinct from hemipela-
gic sediment. Horizontal red shaded boxes indicate depths where two or more parameters indicate the presence of cryptotephra.
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Depth 66.5 cm. VSWIR and XRF indicate strong tephra preference at 66.5 cm (Figure 11); a small MS peak is
observed once the data were shifted slightly in relation to the reflectance and XRF core scanning data
(<1.5 cm) to account for positioning errors (see above discussion). Although peak values are centered
between 66 and 66.5 cm, VSWIR and XRF parameters are above threshold values over the whole 2 cm inter-
val sampled for point counting (Table 2 and Figure 11). Point counting revealed that the glass shard/white
mineral component is above background levels throughout the interval, averaging 109 shards/g of dry sam-
ple. Many other volcaniclastic particles are high in this layer as well including pumice and altered lava clasts
(Table 2) providing strong evidence for cryptotephra presence. An increased percentage of black minerals
may result in the observed increased MS response.

Depth 277.2 cm. All techniques indicate strong tephra preference at 277.2 cm (Figure 12). Discrete peaks in
each of the observed parameters (MS, VSWIR, and XRF) are above threshold levels over the entire 2 cm
sampled interval (Figure 12). Point counting reveals the glass shard/white mineral component to be 2–3
times that of the background (Table 2). Both the nonvescicular clasts and altered lava components show
order of magnitude increases over the background as well (Table 2). In addition, the black mineral compo-
nent shows an order of magnitude increase over background and a significant increase over all other point
counted layers (Table 2). This results in the 277.2 cm layer having the strongest MS response of any of the
point counted layers. Overall, the point counting data indicate an increased amount of volcaniclastic mate-
rial in the 277.2 cm region consistent with a cryptotephra layer.

Depth 357.5 cm. Reflectance and MS (when shifted �2.5 cm to account for positioning errors) data both
show above threshold values at 357.5 cm (Figure 13). Core scanning XRF indicates that the region is on a
slope rising above the identified thresholds, but distinct peaks were not observed above the overall slope.
The glass shard/white mineral component is at least 2 times than of the background and order of magni-
tude increases in pumice, nonvescicular clasts, and altered lava clasts are observed as well (Table 2).
Although not as high as in the 277.2 interval, the black mineral concentration shows an order of magnitude
increase over the background levels resulting in a strong MS response (Figure 13 and Table 2). As in the pre-
vious layers, the point counting data confirm an increased concentration in volcaniclastic material in the
region identified by multiple nondestructive methods consistent with a cryptotephra layer.

Depth 11.1 cm. Reflectance, MS, and XRF core scanning data are all at or below their threshold values in this
interval which is described as being a bioclastic-rich sand unit containing glass and other lithics [Wall-
Palmer et al., 2014]; however, a small peak in BDI1000VIS is observed (Figure 11). Point counting over 0.5 cm

Table 2. Point Counting Results

Depth Below
Sea Floor (cm)

Concentration 5 Number of Particles Per Gram of Dry Material

White
Glass/

Minerals
Black

Minerals Pumice
Nonvescicular

Clasts
Altered

Lava Scoria

Background 33.7 1.7 8.4 3.8 0.9 2.8
U1396C-1H-1W 11 11.5 86.8 6.5 52.8 14.0 9.2 5.2
U1396C-1H-1W 11.5 12 65.9 6.1 75.5 14.0 8.7 4.4
U1396C-1H-1W 12 12.5 73.3 9.6 70.7 7.4 9.6 3.9
U1396C-1H-1W 12.5 13 79.0 11.3 49.3 11.8 18.8 4.4
U1396C-1H-1W 66 66.5 122.2 10.9 46.7 13.1 14.0 12.2
U1396C-1H-1W 66.5 67 103.4 9.2 30.5 11.8 13.1 6.5
U1396C-1H-1W 67 67.5 91.2 7.9 27.9 17.9 14.8 12.7
U1396C-1H-1W 67.5 68 120.4 10.0 28.8 20.5 11.3 6.5
U1396C-1H-2W 276 276.5 80.0 19.0 13.0 38.0 17.0 2.0
U1396C-1H-2W 276.5 277 55.1 19.2 10.2 30.4 10.9 1.0
U1396C-1H-2W 277 277.5 95.0 29.8 17.4 51.1 18.0 0.0
U1396C-1H-2W 277.5 278 74.4 27.7 9.9 26.5 11.5 0.8
U1396C-1H-2W 278 278.5 78.1 22.2 8.1 39.7 15.4 1.7
U1396C-1H-2W 278.5 279 77.2 23.7 13.3 31.1 17.0 1.2
U1396C-1H-3W 357 357.5 68.8 6.0 47.7 41.2 13.6 0.0
U1396C-1H-3W 357.5 358 63.8 11.1 43.9 33.8 11.1 1.9
U1396C-1H-3W 358 358.5 78.3 11.3 28.7 55.8 14.8 2.0
U1396C-1H-3W 358.5 359 61.3 8.4 22.1 47.2 18.5 1.8
U1396C-1H-3W 359 359.5 58.8 14.6 20.2 52.7 18.8 2.8
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intervals from 11 to 13 cm suggests that the glass shard/white mineral concentration is nearly double that
of the background in this depth interval (Table 2 and Figure 11) with a significant increase in pumice as
well. The lack of either a XRF or MS signal may result from the low concentration of black minerals (although
above background) as these phases are likely to be the major carriers of iron in the volcanics. This layer
highlights one of the strengths of the multiproxy approach; each method is sensitive to different signals.
Therefore, the VSWIR record is not only that of the mafic material (i.e., that recorded by MS and XRF), but
also changing in response to the glass shards/white mineral fraction thereby making it very useful in depos-
its where silicic glass shards are the primary component.

Traditional methods of sample disaggregation and point counting support and validate our hypothesis that
the combination of MS and reflectance data (with some corroboration from XRF core scanning results) is
capable of identifying regions in which elevated volcaniclastic components may be indicative of crypto-
tephra. Distinguishing the source of the volcaniclastic material, either primary fallout or reworked mass flow
deposits, was not undertaken in this study although the location of U1396C on a topographic high was cho-
sen to minimize the presence of mass flow deposits [Le Friant et al., 2013]. Coeval increases in the concen-
tration of glass shards, MS, and reflectance suggest that the nondestructive techniques proposed in this
study can successfully identify cryptotephra and can facilitate expansion of the tephrochronologic record of
the region to include smaller or more distal eruptions.

5.3. Evaluating Spectral Parameter BDI1000VIS as a Tephra Identification Proxy
Magnetic susceptibility and XRF core scanning techniques have both successfully been applied to identify
tephra layers in sediment cores [Kristj�ansd�ottir et al., 2007; Peters et al., 2010] and are relatively well-
understood proxies. Despite previous attempts at using UV-VIS spectroscopy for tephra characterization
[e.g., Caseldine et al., 1999], VSWIR methods have not been fully developed for routine identification. Here
we developed the spectral parameter BDI1000VIS as a measure of the shape and depth of the 1 mm band
[Pelkey et al., 2007], which dominantly reflects the concentration of Fe-phases in the system. Strong correla-
tion with the independently generated MS and ln(Fe/Ca) data sets and point counted data strongly sup-
ports this interpretation. Therefore, if Fe is present in the volcaniclastic particles that comprise tephra,
BDI1000VIS can be strongly sensitive to tephra presence in concentrations as low as 15% at subcentimeter-
scale resolution. In contrast, BD2p2 and BD2p35 (as proxies for clay phyllosilicates) only present strong neg-
ative correlations with larger visible tephra. In many of the cryptotephra, however, the low abundance of
volcaniclastic material means that the majority of the measured sample is hemipelagic sediment. The lack
of a negative BD2p2 and BD2p35 correlations with other proxies identifying cryptotephra indicates the
lower resolving ability of this spectral parameter for cryptotephra identification.

5.4. Comparison with Previous Studies and Extension of the Tephrochronologic Record of the
Northern Antilles Arc
The 5.75 m cryptotephra record of CAR-MON2 (Figure 1) was established through traditional sample disag-
gregation techniques and point counting every 10 cm, except in visible tephra-rich areas where they were
sampled at 5 cm intervals [Le Friant et al., 2008]. This methodology identified 20 individual cryptotephra cor-
responding to 9 dome-forming eruptions and 6 open vent eruptions over the last �250 kyr [Le Friant et al.,
2008] (Figure 16). Compared to CAR-MON2, we identified 29 potential cryptotephra in addition to the three
visible tephra units (Figure 16). Identification of additional layers may result from the increased sampling
resolution of the data set presented in this paper which makes individual measurements at 0.05–0.5 cm
resolution opposed to the averaging of point counts over 5–10 cm [Le Friant et al., 2008] which precludes
identification of multiple cryptotephra within the same sampling interval. Furthermore, the closer proximity
of U1396C to Montserrat and Guadeloupe than CAR-MON2 may also result in greater accumulation of
tephra in individual event-layers and may also explain the increase in identified layers in U1396C over
CAR-MON2. However, as noted above, these units correspond only to regions with increased volcanic con-
tent; no distinction is made between primary fallout or reworked material.

One of the overarching goals of IODP Expedition 340 was to expand the tephrochronologic record of the
northern Lesser Antilles arc. While event-layers identified in U1396C cannot be exclusively tied to individual
eruptive centers without additional geochemical data to discriminate source (e.g., Pb isotopes [Lindsay
et al., 2005; Labanieh et al., 2010; Cassidy et al., 2012]), the tephra record can be used to constrain eruptive
activity of the northern portion of the arc as a whole. The 3 visible tephra units likely represent the largest
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eruptions in the region with the 29 smaller events representing smaller, more distally sourced, and/or
upwind events which considerably expand the initial shipboard-derived tephrochronologic record [Le Friant
et al., 2013]. Similar to Le Friant et al. [2008], we observe evidence for greater volcanic activity in the earlier

Figure 16. Stratigraphic column for the upper 10 m of U1396C. Geologic units were compiled from shipboard visual core descriptions [Le
Friant et al., 2013]. Cryptotephras identified in this study are represented by horizontal black dashed lines. The extent of visible tephra
layers (either primary or reworked) are outlined by gray boxes. Thick black solid lines are visible tephras. Ages for U1396C from Wall-Palmer
et al. [2014]. For comparison, the stratigraphic column of Le Friant et al. [2008] for CAR-MON 2 is plotted. Correlations between the two
cores are from Wall-Palmer et al. [2014].
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part of the record than the more recent period which possess similar eruptive intervals and repose periods.
Notably, we identify an increased period of activity containing five cryptotephra layers between 77 and 131
ka which were previously unrecognized in CAR-MON2 (Figure 16) and was interpreted to reflect a relatively
quiet period in the volcanic history of the arc. Only 7.5 m of U1396C has been analyzed; an additional
137 m of material, representing a 4.5 Myr record [Le Friant et al., 2013], remains to be investigated. On-
going work to identify and date both visible tephra and cryptotephra units over the whole core section and
to integrate these results with other cores around Montserrat will result in the most complete eruptive
record ever produced for the northern Antilles.

5.5. Application to Future Coring Endeavors
Spectroscopic properties and magnetic susceptibility are routinely collected onboard the JOIDES Resolu-
tion using the SHMSL. The spectral measurements cover the visible wavelength of light (0.39–0.9 mm), a
range that does not include the wavelengths we deemed useful for identification of Fe-rich layers (0.95,
2.2, and 2.35 mm). With restriction to the visible spectrum, SHMSL data collection is potentially missing
out on significant opportunities for identification of Fe-rich layers in sediments which could be obtained
through collection of the VSWIR spectrum. In addition, collection out to longer wavelengths adds no addi-
tional time to the measurement. Data presented here have shown that cryptotephra can be positively
identified in a rapid, nondestructive manner using techniques that could be adapted to be completed
either shipboard or on land. Integration of these combined data sets can be used to help minimize the
need for physical disaggregation of recovered cores. Sediments like those in U1396C are a finite resource,
collected at great cost, and must be sampled judiciously in order to meet the needs of the scientific com-
munity as well as maintain an archived record for future study. By combining MS, VSWIR, and possibly
XRF core scanning methods to identify potential cryptotephra, sampling can be better targeted to those
areas that appear to contain cryptotephra and avoid oversampling and destruction of large portions of
cored material.

Additionally, although this study demonstrates that VSWIR spectroscopy can be used to identify intermedi-
ate to mafic tephra when present in both visible and invisible units within a hemipelagic sediment back-
ground, this technique could also be applied to many other geologic settings. As discussed above, many
silicates and carbonates have distinguishing features in the VSWIR region of the electromagnetic spectrum
allowing identification of the materials present. Therefore, additional spectral indices in this wavelength
region could be defined in order to identify materials as disparate as rhyolitic glass, olivine, feldspar, clays,
and calcite, from a wide range of geologic environments. The development of identification methods using
VSWIR could provide access to diverse samples from varied geologic settings (e.g., marine tephra layers,
storm-related sand deposits in peat, and varved sequences) that currently require considerable work to
address.

6. Conclusions

We exploited several rapid, complementary, nondestructive techniques for the identification of crypto-
tephra in marine cores. These methods includes: (1) MS—sensitive to Fe oxides; (2) VSWIR spectroscopy—
shown here to be sensitive to Fe-bearing phases in lithics and glasses; (3) XRF core scanning which,
although not as rapid a measurement as either MS or VSWIR spectroscopy, is sensitive to several elements
in addition to Fe and can be used to help confirm potential cryptotephra identification and/or identify
layers not rich in Fe phases. This multi-proxy approach results in a more robust identification of crypto-
tephra layers as a result of the different chemical properties analyzed by each technique.

This combination of techniques was used to identify 3 visible tephra and 29 potential cryptotephra in IODP
core U1396C expanding the current tephrochronological record of the Lesser Antilles arc. Traditional point
counting techniques were used to establish a background concentration and then successfully identify
regions of increased volcaniclastic deposition (interpreted as cryptotephra) in one of the identified layers in
U1396C-1H-1A. This methodology allows for greatly reduced physical sampling of precious drill core mate-
rial and potentially identification of multiple events within intervals traditionally averaged over during point
counting. Combined these methodologies and the development of the new BDI1000VIS spectral parameter
are applicable in a host of different environments to distinguish tephra and other Fe-rich layers from back-
ground sediment accumulation.
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Erratum
In the originally published version of this article, there was an omission in the acknowledgments section. The text has since been updated
and this version may be considered the authoritative version of record.
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