Harnessing the potent.
to 1 denti fy cryptotep
cores: a controlled

Master® Thesis in Earth Science

Quaternary Geology and Paleoclimate

Jan Magne Cederstrgm

Department ofEarth Science
University of Bergen
November 2019






Abstract

Volcanic ash (tephra) is a powerful geochronological tool, called tephrochronology, as
rapid widespread deposition in multiple environments allows for correlation of
geological archives across vast areas. It can thus help to understand the Earth®
climate system through time and space, and thanks to analytical advances in the past
decades it is now possible to detect invisible (crypto) tephra deposits across thousands
of kilometers from its original volcanic source. At present, lab-work related to
tephrochronology is both time-consuming and labor-intensive, involving multiple steps
to both identify and extract the tephra before it can be analyzed. To overcome these
obstacles, we introduce the usage of Computed Tomography (CT) as a tool to identify
cryptotephra horizons in sediment cores. The results are promising and show that CT
scanning combined with different processing-tools can be used to 1) locate invisible
ash horizons in both minerogenic, ice and organic cores, as well as 2) visualize the
structure of the horizons. Potentially saving researchers a lot of time and further
improve the tephrochronological research. The results also highlight the partial volume
effect that needs to be accounted for when applying CT scanning on other sediment

cores, also outside of tephrochronology.
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1. Introduction and motivation

Tephrochronology i the use of geochemically distinct volcanic ash (tephra) horizons
to date and correlate geological archives i is a powerful chronological tool in
Quaternary Geology (Davies, 2015). Following eruptive events, ash plumes rapidly
settle within hours to days across vast areas (Stevenson et al., 2012), providing
isochronous regional time markers when detected in sediment and ice cores (Blockley
et al., 2014).

Over the past decades, new analytical approaches have enabled the detection and
identification of smaller invisible ash shards (cryptotephra) at greater distance from
their volcanic source (Turney, 1998; Blockley et al., 2005; Hayward, 2011). These
advances have greatly expanded existing tephra frameworks across oceans or
continents, and further back in time (Lane et al., 2017 and references therein).
Progress is, however, held back by the laborious and therefore expensive lab
procedures required to extract glass from host sediments. These typically involve a
series of flotation procedures with heavy liquids to concentrate tephra shards (Blockley
et al., 2005). Often, hundreds of contiguous samples need to be subjected to this
treatment to reliably locate cryptotephra horizons throughout records at high resolution
(e.g. Smith et al., 2013; Fontijn et al., 2014).

The overall motivation behind this project is to find more efficient ways to identify
cryptotephra horizons in geological archives. To do so, we explore the use of
Computed Tomography (CT) scanning. As with heavy liquid flotation, this approach
characterizes ash based on its characteristic density properties, captured by CT
greyscale values. Pioneering work by Griggs et al. (2015) and Evans et al. (2017)
highlights the potential of this innovative use of CT scanning to visualize ash in discrete
resin-impregnated samples. Here, we further expand this potential by CT scanning
entire cores with a unique customized scanner. To do so in a rigorous way, we set up
a controlled experiment based on synthetic cores made up of different host materials

and spiked with known quantities of tephra shards after Balascio et al. (2015).



2. Theoretical background

2.1 Tephrochronology

Tephrochronology encompasses the use of volcanic ash (tephra) to date and
synchronize geological records. Its application has greatly increased over the last
decades in Quaternary research because of its potential to substantially improve
chronological control (Lowe, 2011). Fundamentally, the application of
tephrochronology is based on three principles. First, ash from different eruptions has
a unique geochemical fingerprint that allows us to identify and distinguish them.
Secondly, it relies on superposition i overlying ash horizons are progressively younger
(Feibel, 1999). Finally, it is assumed that ash is instantaneously and synchronously
deposited across large areas following volcanic eruptions (Lowe, 2011).

Tephrochronology was first applied by Si gur Lur Th
on Iceland in the 1930s (Thorarinsson, 1944). Usage was, at
the beginning, only focused on visible tephra horizons in peat
(Fig. 1) within close proximity to areas with volcanic eruptions,
such as Iceland, Japan and New-Zealand (Davies, 2015). In |
the 1960s some work was done outside of volcanic areas, but
mainly in Scandinavia (Davies, 2015), such as Christer
Perssons work on peat bogs in Norway (Persson, 1967).
However, it was not until the discovery of microscopic tephra
horizons in peat in Scotland in 1989 (Dugmore, 1989) that [
tephrochronology became a widespread method for
correlation and dating outside of Scandinavia (Davies, 2015).
Over the past decades, further advances allowed
tephrochronologists to find even smaller shards and horizons
at increasing distance from their source. Like for example the
finding of ash from the North America in Europe by Jensen et

al. (2014) (Fig. 2) and the discovery of ash from Kamchatka

on Svalbard by van der Bilt et al. (2017), proving that volcanic %
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Notwithstanding these advances, the pace of progress is



laboratory procedures required to isolate shards (Davies, 2015). Unless researchers
target a specific depth interval based on additional chronological data, the entire length
of geological archives has to be sampled to assess whether cryptotephra is present
(Davies, 2015). For each sample, this process involves more than a dozen steps during
which tephra is separated from host material based on the specific density of glass
(Blockley et al., 2005).
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Figure2 - Site map showing locations fifidings(stardcircleg of the White River Astanging from Alaska tdlomway (From
Jensen et al. (2014)

2.2 Computed Tomography (CT)
Computed Tomography (CT, also sometimes referred to as CAT) scanners use X-ray
imagery of scanned objects to compute 3D visualizations based on density differences.
Fundamentally, this approach is based on the same principle as réntgen scanning,
where an X-ray source (tube) emits radiation that is captured by a detector after
attenuation by the sample, which is placed in between the source and detector. The
amount of radiation that is absorbed by the sample is calculated based on the number
of photons that reached the detector (Hounsfield, 1972). Unlike réntgen set-ups, CT
scanners move while scanning; either the X-ray source and detector orbit around
samples (e.g. medical CT scanning; Fig. 3A), or the scanned object itself rotates during
measurement (e.g. industrial CT scanning; Fig. 3B). Both approaches yield readings
from 360 degrees around the scanned object (Hounsfield, 1972), allowing it to be
reconstructed in three dimensions (3D). Two different types of scanning exist: axial
where the scanner just orbits around the object and helix where the object also moves

through the scanner allowing scanning of longer objects.



Figure3 A: Tyical setup dér a medical C3anner. B: Example of a setup for an industria€hner. a) Source, b) Detector,
c) Sediment core, dpble in a medical C3tannerThe difference betweehe setp of scanner A and B is mainly which parts
that moves. Fora medical Tscanner (A) the source and detectog arranged with a fixed distance between scanned object
and source, while for an indtrial CTscanner this can ofh be changed, thus allowing different resolutions for thedams.

CT-based visualizations of objects reflect the attenuation of X-ray photons, which is
proportional to the density of the scanned material(s) (Kalender, 2011). For example,
dense steel attenuates most radiation, while most photons pass through low-density
water. In cone-beam based CT systems (like the one used for this project), the degree
of attenuation is reflected by grayscale values (Razi et al., 2014). The distribution of
grayscale values ranges from black (light) to white (dense), but is unconstrained and
depends on the scan settings (e.g. current, voltage) and the scanned object (Bryant et
al., 2012). The number of shades of gray depends on the bit depth of the employed
scanner: 8-bit scans generate 256 values, whereas 16-bit imagery produce 65 536
shades of gray. This color scale can later be shifted during processing to assign other
colors to given values. The resolution of CT scans is typically expressed by the size of
the voxels (3D pixels), ranging from micrometers to nanometers depending on the type

of scanner and the proximity between the object and source.



2.3 Computed Tomography in geoscience
The usage of CT scanning in geoscience can be traced back to the 1980s when
medical CT scanners were mainly used in 1) petroleum geology to measure porosity
and permeability (Vinegar and Wellington, 1986), 2) sedimentology to look at structure
and fabrics (Renter, 1989) and 3) soil sciences to look at bulk density (Petrovic et al.,
1982). In later times the resolution of CT scanners has increased with the new
generation of microCT and nanoCT scanners. The application on soft sediment
samples, with the scanning of sediment cores, has also increased in recent years. CT
scanning has among others been used to look at varves (Bendle et al., 2015), flood
layers (Stagren et al., 2010), sediment structures (van der Bilt et al., 2018), evidence of
past avalanches in sediment cores (Rgthe et al., 2019) and bioturbation impact on

tephra-depositions in marine sediment cores (Rutledal et al., Submitted).

The possibility for rapid non-destructive visual inspection, and real-time processing are
the main advantages of CT scanning in geoscience, as it also allows for multiple

calculations done effectively without having to do manual measurements.



3. Material and methods

3.1 Synthetic core design
To explore the possibilities to identify (crypto)tephra using CT scans, we set up a
controlled experiment. Specifically, we created a series of synthetic cores that were
spiked with known quantities of ash shards after Balascio et al. (2015). To do so, we
used 50 ml centrifuge tubes and filled these with alternating layers of sediment and
tephra. We added tephra to organic, minerogenic as well as ice cores to reflect the
broad range of conditions that is typically found in natural geological archives. We
created a set of two cores with each of these materials; one spiked with felsic (rhyolitic)
ash, the other with basaltic tephra. These different tephra types cover the typical
density range (2-2,5 g/cm?3) of distal volcanic eruptives (Blockley et al., 2005). We used
light-colored phonotrachytic ash derived from the 39 ka BP Campanian Ignimbrite (Cl)
eruption as our rhyolitic end-member (Tomlinson et al., 2015), while taking dark-
colored basaltic ash from the 2011 CE Eyjafjallajokull (Ey) eruption (Dugmore et al.,
2013). The color of the ash affected the visibility of horizons in the synthetic cores due

to the contrast with the surrounding material.

Both ash types were sieved to ensure that we analyzed size fractions that are most
typically used by the international tephra community (Davies, 2015; Abbott et al.,
2018). The rhyolitic CI tephra was only sieved with a 25 pum mesh size, owing to its
distal sampling location (Romania; ~1000 km). Proximal (Icelandic) basaltic Ey tephra
was sieved into the three fractions recommended by Abbott et al. (2018); 25-80 pum,

80-125 um and >125 um. We used the intermediate 80-125 um range for our cores.

Next, we counted shards on a 1 mm? gridded picking tray under a Leica MZ6 optical
microscope (x40) to determine the approximate number of shards per gram of ash. To
do so, we counted and weighed a known quantity of shards i rhyolitic Cl and basaltic
Ey ash contained 711 400 and 663 500 shards per gram, respectively. Four tephra
horizons were subsequently added to each synthetic core at regular (~1.0 cm)
intervals, ranging from near-visible (bottom) to diminutive-invisible (crypto; top). We
respectively added ~18 000, ~9 000 and ~500 shards to each invisible horizon (from
bottom to top) (Fig. 4), while iteratively assessing the visibility of the lowermost horizon

per lithology and tephra type. Ensuing shard numbers ranged from 70 000 to 170 000.
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3.1.1 Ice cores
Tephra horizons within annually laminated ice cores greatly improves the age
estimates for paleoclimate archives, and it is therefore important within the
tephrochronological society (Bourne et al., 2015). Thus, it was decided to construct
synthetic ice cores to explore if tephra horizons embodied in ice would appear ona CT
scan, and also explore the possibilities for CT scanning of ice in a normal environment
(not sub-zero degrees). The ice cores also worked as a test-/calibration-scan due to
the low-density matrix (ice), which would ensure that the tephra horizon would be easy
to detect before applying the method on synthetic cores with a higher density matrix

(organic and minerogenic).

To make the synthetic ice cores, distilled water and a commercial freezer set at around
-18° C were used. First a layer of ice was made in 50 ml centrifuge tubes by filling 30
ml of water and letting it stand in the freezer until frozen solid. Cold water was then
added with a plastic pipette on top of the ice in the test tube, and tephra was sprinkled
onto the water letting it sink to the bottom. The test tube was again placed in the
freezer, allowing the next layer containing tephra to freeze. This process was repeated
for all four tephra horizons in the cores. The layers
were placed close to each other in the top part of the
centrifuge tube to be able to do axial scans, thus

minimizing the scan-time.

To prevent ice melt during scanning, we placed each
core inside a foam-isolated 63 mm wide plastic tube
that was cooled down by liquid nitrogen. Isolated caps
were placed on both ends of the pipe to keep it frozen
for as long as possible (Fig. 5). Liquid nitrogen has a
gas expansion ratio of 1:694 at room temperature
(20°C; Compressed Gas Association, 1999); to ensure
safety, we 1) evaporated most nitrogen prior to

capping, and 2) added valves to release pressure.

Figure 5 - Isolated plastic tube containil
liquid nitrogen and the ice core witl
calibration cube placed on top inside the
scanner. Photo: Jan Magne Cederstrgm



3.1.2 Minerogenic cores
The minerogenic synthetic cores were made using sediments extracted from
deglaciation units within lake cores taken in lake Ingulsjg, Vaga county, located in the
southern Norway (61°31MWj, 9°01 BN[L120 m a.s.l). The source sediments were chosen
because of their fine homogenous grain size distribution (clay-sand). The sediments
were first dissolved in aqueous (5%) hydrogen peroxide (H202) to remove all traces of
organic material. The sediments were sieved at 63 um, and only the lower grainsizes
retaining the silt and clay fractions were used to limit grading in the sediment during

settling.

The synthetic cores were made in 50 mi
centrifuge tubes, and the first attempt of making
laminated layers was done by using a IEC
Centra-4B centrifuge following the method
described in Balascio et al. (2015). The method
uses the centrifugal force as an alternative to
gravity, to allow sediments to settle rapidly. For
each layer of the core you add sediments, then
run the centrifuge until all of it has settled. The
centrifuge was set at 2500 RPM with as little ‘ . : u‘ ‘

. . . . Figure6 - Tilted layers in the centrifugetie after
braking as possible. However, using this method, ginga centrifuge to allow rapid settling of

the synthetic cores ended up with tilted layers Se@mens

(Fig. 6). The tilting of the layers could be explained with the limited amount of
sediments being used, as tests with larger amounts of sediments in the centrifuge
tubes (larger than we could use) solved this problem. As the tilted layers were not ideal
for this project, natural settling in distilled water was applied instead. The settling time
was set to 30 minutes, based on the time used in the method of separating silt and

clay in a wide-mouth glass jar described by Poppe et al. (2001).

Both glass shards and sediments were added by sprinkling it on top of the water, and
letting it settle naturally (without help) to replicate a natural environment. To force all
the tephra to settle, a few drops of green soap were added to break the water surface

tension.



3.1.3 Organic cores
The synthetic organic cores were made with potting soil (made up of peat moss)
representing the matrix sediment in 50 ml centrifuge tubes. The first attempt on settling
was executed by using the centrifuge similar as with the minerogenic cores. The same
problem with tilted layers occurred here. In addition, bigger organic particles would not
settle, due to their lightweight and large area to volume ratio. It was also tried to let the
material settle naturally in water, but the problem with floating material occurred again.
The solution was to make dry cores and using a customized piston to compact each

layer.

The (comparatively large) size of potting soil particles also caused the shards to fall in-
between the organic material leading to uneven layers. To overcome this problem the
compost was homogenized using a grinder for 20 seconds, in order to reach a similar

texture as natural organic sediments.

Similar to the synthetic minerogenic cores, a tephra horizon was added by sprinkling it
on top of each organic layer. Nonetheless, for the reasons stated above, in these cores

no water was used.

3.2 Application: marine and lake sediment cores
In addition to the synthetic cores, two different U-channels taken from real sediment
cores were used. Neither of the U-channels were examined for tephra, as they were
part of reference-cores, thus the tephra examination was done in other sections of the
cores, but at the same depth. The first being a section of the peat core DB2 (95 cm to
120 cm) from a site located on the north-east coast of the sub-Antarctic island of South
Georgia (54°13'S, 36°38'W, 16 m a.s.l.) presented in Oppedal et al. (2018). Samples
of this core have been previously investigated for their tephra concentrations and the
results from that investigation showed a maximum concentration of 300 tephra
shards/cm? at a core depth of 112 cm. (Table 1) The core was spiked with a thin
rhyolitic -tephra horizon in the top part to use for calibration (See section 3.3 and 4.1).
The second core-section used was a 41 cm section of the marine core GS15-198-
36CC collected during the Ice2Ice-cruise in 2015 (Jansen, 2015). The core was taken
in the Denmark Strait, East of Greenland (67°51'N, 21A 5 2 Njw, waofgi0 mdept h
(Sessford et al., 2018), and had not been investigated for tephra prior to the scan.

Here, the main objective was to investigate whether the results from the scanning could

10



be used to determine an area of interest for further tephrochronological studies. After
the scanning, and processing of the data, a tephra shard concentration profile was
manually produced for a section of the core (17-22 cm) by Sunniva Rutledal (Table 2)
as part of the Ice2lce-project.

Table 17 Tephrain DB2 Table 27 Tephrain GS15-198-36CC

Depth (cm) | Number of Depth (cm) Tephra shards
shards/cm? >80 um pr g

95 193 55 57

96 37 7,5 163

97 16 9,5 1425

98 6 11,5 157

99 2 13,5 71,7

100 198 15,5 111.,4

101 18 17,5 109,8

102 33 19,5 182,6

103 10 20,5 323,4

104 3 21,5 182,98

105 5 23,5 16

106 12 25,5 73,9

107 4 27,5 17,8

108 5 29,5 24,5

109 22 31,5 25

110 12 33,5 43

111 9

112 304

113 109

114 13

115 0

116 0

117 10

118 2

119 34

120 2

11



3.3 Calibration of CT scans
As outlined in section 2.2, CT grayscale distributions
of scanned objects are unconstrained (floating) and
depend on the instrument settings and material type
(Bryant et al., 2012). Consequently, the grayscale
range of tephra likely varies between cores. To
remedy this, we tried to calibrate scans with
standards. For this purpose, we embedded rhyolitic

Cl and basaltic Ey ash in 1 cm® epoxy molds. These

cubes were then placed on top of our synthetic cores
during scanning (Fig. 7) to use as guidelines when

Figure? - Calibration cube placed on top ¢
locating the grayscale values for the tephra horizons. syntheticminerogenic core containing

) ) o ) ) basaltc tephra prior to scanning. Phot Jan
For instance if the tephra inside the calibration cube Magne Cederstrgm
has a grayscale value of 2000, we would expect the
tephra horizons to have the same grayscale value, and thus we could isolate the voxels

containing this grayscale value to identify the tephra horizons.

3.4 Grainsize analysis
To check for grading and soft sediment deformation in the synthetic core containing
basaltic tephra and minerogenic sediments, grain size distributions were measured
using a Mastersizer 3000 laser diffraction instrument with a HydroLV dispersion unit
(Malvern Instruments) located at EARTHLAB at the University of Bergen. This was
applied after the initial CT scanning on selected cores. Some normal grading was
expected, as the grainsize used was within the silt/clay-range, and thus have some
difference in grainsize. Soft sediment deformation could potentially create unexpected
results or location of the tephra horizons. Prior to the Mastersizer 3000 measurements,
Calgon was added as a dispersing agent, and ultrasound was used for 40 seconds.
The refraction index was set to 1.543, the absorption index to 0.01 as for quartz, and
all samples were measured for 20 seconds at a stirring speed of 2500 rpm. A total of
4 samples was measured over an interval of 0,5 cm and the grain size distribution from
each sample was averaged over five measurements to monitor and improve analytical

precision.

12



3.5 Core photography
To be able show the synthetic cores they were split open and photographed using
ITRAX XRF Core Scanner from Cox Analytical System (Gothenburg, Sweden) at the
Department of Earth Science at the University of Bergen. This resulted in 16-bit
photos with a resolution of 1972 x 2906 pixels for the ice cores, and 16-bit photos
with a resolution of 1972 x 10095 pixels for the organic and minerogenic cores. No
other measurements were taken using the XRF Core Scanner.

13



3.6 Computed Tomography (CT) scanning
The used CT scanner is a custom-built ProCon CT-ALPHA pCT located at EARTHLAB

at the University of Bergen. The scanner is customized for scanning sediment cores
vertically. It is equipped with a 3000 x 3000 pixel detector and a 240 kV micro-focus
tube, which allows the scanning of cores with a height up to 150 cm and a diameter of
125 mm (CT-Laboratory, 2017) (Fig. 8). Inside the scanner, the core rotates 360
degrees while the detector and tube move vertically along the core, unlike more

common medical scanners where the object moves relative to the detector and tube.

Figure8 - Setup inside the CT scanner, showing a synthetic minerogenic core containing basaltic tephra placed ir
holder in the C$canner. During scanning the saaimil be placed as close as gide to the core holder to allow high
resolution scans.dh the source, detector and core holder can be moved inside the scanner. Photo: Jan Magne
Cederstrgm

The CT scanning data was reconstructed using the, by Fraunhofer developed,
XRayOffice software. The program reconstructs the, from the scanning derived, 2D

slices into a three-dimensional (3D) volume by stacking them on top of each other.

For this project, the scanner was consistently operated with a current of 850 pA and a

100 kV voltage, with an exposure time of 267 msec, generating 1600 projections. The
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