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Abstract We report a new approach to locate and
quantify cryptotephra in sedimentary archives using a
continuously-imaging Flow Cytometer and Micro-
scope (FlowCAM®). The FlowCAM rapidly photo-
graphs particles flowing in suspension past a
microscope lens and performs semi-automated ana-
lysis of particle images. It has had primarily biological
applications, although the potential sedimentological
applications are numerous. Here we test the ability of
this instrument to image irregularly shaped, vesicular
glass shards and to screen sediment samples for the
presence of cryptotephra. First, reference samples of
basalt and rhyolite tephra (sieved <63 pm) were
analyzed with the FlowCAM, demonstrating the
ability of the instrument to photograph individual
tephra shards. The highest-quality images were used to
create a reference library of tephra particles, against
which other particle morphologies could be automat-
ically compared. Lake sediment samples with known
concentrations of tephra were then analyzed. The
tephra image library was used to perform pattern
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recognition calculations, automatically distinguishing
tephra-like images from other particles in the sediment
samples. The number of tephra shards identified by the
FlowCAM technique was compared to manual count-
ing using a polarizing light microscope, demonstrating
that this rapid approach is capable of determining the
relative concentrations of tephra in a given sediment
sample. However, the FlowCAM systematically
underestimates tephra concentrations relative to man-
ual counts. We conclude that with a well-developed
image library, the FlowCAM can be an effective tool
for cryptotephra and sedimentological applications,
but it may be inappropriate for large volume samples
or if particle morphologies are outside the range of the
image library.
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Introduction

Tephrochronology plays a valuable role in paleoenvi-
ronmental studies by providing time markers in the
form of volcanic ash (tephra) deposits. Applications of
tephrochronology have seen significant expansion
with the use of cryptotephra—low-concentration
tephra deposits that are not visible in the sediment
record (Lowe and Hunt 2001). The actual concentra-
tion of glass shards within cryptotephra horizons can
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vary widely, from thousands to just a few per cubic
centimeter in distal areas. Cryptotephra from Icelandic
eruptions, for example, are being identified in increas-
ingly distal locations throughout the North Atlantic
(Abbott et al. 2011; Dugmore et al. 1995; Gronvold
et al. 1995; Turney et al. 1997; Hall and Pilcher 2002;
Jennings et al. 2002; Pilcher et al. 2005; Lowe 2011;
Coulter et al. 2012; Balascio et al. 2011a, b; D’ Andrea
et al. 2012). Their wide distribution and occurrence in
marine, terrestrial and glacial records represents a
powerful tool for Holocene correlation in the North
Atlantic.

While methodological improvements have enabled
detection and isolation of very low concentrations of
cryptotephra in distal areas, many of these techniques
are destructive and/or labor intensive. Non-destructive
approaches to searching sediment cores for tephra
include magnetic susceptibility (Calanchi et al. 1998;
Carter et al. 2002), X-ray radiography (Dugmore and
Newton 1992), X-ray fluorescence (Kido et al. 2006;
De Vleeschouwer et al. 2008; Balascio 2011), X-ray
diffraction (Andrews et al. 2006), and reflectance and
luminescence (Carter and Manighetti 2006). These
techniques highlight textural or compositional con-
trasts between tephra deposits and the background
sediment. Although they rapidly identify target zones,
reducing the number of samples requiring further
processing with extraction-microscopy procedures,
these scanning methods have proven unsuitable for
detecting very low concentrations of cryptotephra
typical of distal deposits (Gehrels et al. 2008). Here,
we investigate an alternative and novel method of non-
destructively measuring cryptotephra concentrations
using fluid imaging.

In this study, we test the ability of FlowCAM®
technology to detect and quantify the abundance of
fine volcanic glass shards in a variety of sediment
samples. Our objectives are to establish the strengths
and limitations of the method’s ability to locate
cryptotephra and measure their relative concentration
and to explore its use as a potential alternative to labor-
intensive, manual methods of heavy-liquids separation
and microscopy.

Fluid imaging background
The Flow Cytometer and Microscope (FlowCAM®)

combines the capabilities of flow cytometry, micros-
copy, and particle image analysis (Brown 2004;
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Sieracki et al. 1998; Sterling et al. 2004; Tauxe et al.
2006). These instruments have been used primarily in
biological applications to measure the size and
abundance of cells (Alvarez et al. 2011 and references
within; Barofsky et al. 2010; Brown 201 1a, b; Buskey
and Hyatt 2006; Ide et al. 2008). However, in this study
we use the instrument to process sediment samples.

To process sediment samples, particles are sus-
pended in a viscous heavy-liquid and transferred to the
FlowCAM by pipette to the top of the flow cell
apparatus. A peristaltic pump pulls the sample through
the flow cell, where digital images of the sample are
acquired at a constant rate (10 frames s ') as particles
flow past a microscope lens. Images of individual
grains are automatically isolated and extracted from
the background image by the FlowCAM software
(VisualSpreadsheet™) according to user-defined
detection thresholds (Brown 2011b). Each particle
image is then automatically characterized using 26
morphological properties, such as area-based spheri-
cal diameter, circularity, elongation, roughness, trans-
parency, edge gradient, and aspect ratio (Brown
2010a). The software allows users to build a library
of reference images that are most representative of the
targeted particles. During sample analysis, the statis-
tical filter assigns a score to each particle based on
morphological similarity to reference examples in the
library (Brown 2008). Subsequent visual inspection of
these results can be performed quickly by viewing the
sorted images (Brown 2010b). This semi-automated
identification process reduces the time involved in
standard microscopy techniques and improves repro-
ducibility (the same libraries can be used as a
reference for every sample).

In this study, we evaluate the FlowCAM’s perfor-
mance in distinguishing fine tephra (<63 pm diame-
ter) from a non-volcanic sedimentary matrix. Volcanic
glass particles that compose cryptotephra horizons can
have a range of morphologies, but are typically
distinct from other minerogenic grains (e.g. Enache
and Cumming 2006). In general, the morphology of
volcanic tephra shards is related to both magmatic
composition and eruption style (Ersoy et al. 2007;
Heiken 1972, 1974; Heiken and Wohletz 1985). They
are frequently characterized by angular, vesicular
shapes with concavities and troughs on grain surfaces,
although the vesicles may vary in shape and density,
and particle shapes can be blocky, round, or elongate.
Smaller particles are often fragments of vesicle walls
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and may consist of slightly curved or needle-like
grains. In our application, a library of tephra images
was created using samples of volcanic ash. The tephra
library built for this experiment does not contain the
full range of shard morphologies, but does include a
wide range of angular, blocky, elongate, and vesicular
grains that provides a starting point for evaluation of
the method.

Methods
Instrument and software setup

Analyses in this study were performed using a
Benchtop model FlowCAM at 100X magnification
with a 100-um flow cell. Before each analysis, the
FlowCell was cleaned, then primed, with 15 ml of a
non-fibrous and non-reactive heavy-liquid (5 % PVP,
polyvinylpropyl [Sigma-Aldrich, M, 130,000]) to
remove any air bubbles or residual particles. Camera
gain and flash duration were adjusted to target an
average intensity of 160-180. Samples were sus-
pended in ~20 ml of PVP and pipetted into the
FlowCam with a pump setting of “4-Slow.” Samples
were processed using “Autolmage” mode at a
constant imaging rate of 10 frames s~ '. At the
beginning of each analysis, the first ~0.25 ml of
suspended sample was used to tune the instrument
focus, and define the background for the automated
background image subtraction. When ~I ml of sam-
ple remained in the top of the flow chamber, ~10 ml of
PVP were added to ensure that all particles had been
imaged and the re-collection rate was ~100 %. After
analysis, samples were re-collected in their original
containers for later use. Total time for each analysis
and cleaning between samples ranged from 5 to
10 min.

Pure rhyolitic and basaltic tephra samples were
processed to test the FlowCAM’s ability to image
cryptotephra particles <63 pm in diameter and gen-
erate a library of tephra images for use as the reference
in the statistical filters (Fig. 1). Basaltic tephra sam-
ples from the Grimsvotn AD 2004 eruption (Jude-Eton
et al. 2012) and rhyolitic tephra from the Askja AD
1875 eruption (Meara 2011) were used as standards.
Both tephra samples were sieved to <63 um to focus
on the particle sizes typical of distal tephra deposits.
Although these samples did not capture the full range

of tephra morphologies found in nature, they demon-
strated the value of even a limited reference database,
and provided an initial step toward building a more
comprehensive database of tephra shard images that
can be used for future applications.

Artificially mixed samples were also analyzed with
the FlowCAM. These contained quartz-rich lake
sediment (approximately 10-20 pm) and varying
concentrations of tephra from the rhyolitic and basaltic
sample standards. However, the abundance of fine-
grained sediment decreased the FlowCAM’s ability to
image all particles flowing past the lens. To correct for
this, we defined minimum particle size thresholds of
15 um diameter and a 2 um minimum distance
between particles (these settings were applied to all
of our analyses). This enabled the software to avoid:
(i) saturating the detector with the finest particles, and
(i1) imaging clusters of particles in the same frame.
However, this can result in an underestimate of the
final number of tephra particles identified. Applying
this statistical filter, the software was able to identify
basaltic and rhyolitic tephra compositions in the mixed
samples. This indicated that our library could be used
to identify a range of tephra compositions in sediment
when particle morphologies are similar to those in the
library.

Application to natural lake sediment

We performed FlowCAM analysis on a suite of lake
sediment samples from a lake in Norway (69.22°N,
16.01°E) known to contain late Pleistocene finely
dispersed tephra shards attributed to the Vedde Ash
(rhyolitic) and Saksunarvatn tephra (basaltic) (Hafl-
idason et al.2000). Prior to analysis, the lake sediment
samples were acidified using concentrated nitric acid
to remove organic matter (Pilcher et al. 1996) and
rinsed in triplicate using deionized water. Samples
were then washed in deionized water over a 20-um
sieve to remove sub-20 pm particles. Heavy-liquid
separations were performed to concentrate tephra
shards, typically 2.3-2.5 g cm ™, from the remaining
mineral grains using standard methods (Turney 1998).

The concentrated lake sediment samples were
processed using the FlowCAM, and re-collected into
their original containers. After an initial statistical
analysis using the tephra image library developed
from our tephra standards, the highest-quality tephra
images (i.e. in focus with well-defined edges) were

@ Springer



260

J Paleolimnol (2014) 52:257-264

Fig. 1 Representative tephra images from the tephra image library produced by the FlowCAM

selected and added to the library. Samples were then
re-analyzed using this updated image library. For each
sample, images were filtered using the image library, a
cutoff value was established based on inspection of the
particle images, and the number of images that were
determined to be tephra were summed. To determine
the accuracy of this method relative to conventional
methods, the re-collected samples were then mounted
onto glass slides and examined under a polarized light
microscope for manual counts of tephra grains.
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Results

Seventeen lake sediment samples were analyzed span-
ning two tephra horizons previously identified by
conventional methods at depth intervals of 243-250
and 283-291 cm. FlowCAM analyses show tephra
concentrations ranging from 2 to 90 grains per sample,
with distinct peaks of 89 and 90 grains occurring at 247
and 284 cm, respectively (Fig. 2a). Samples re-col-
lected and examined using standard microscopy
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Fig. 2 a Grain counts for the 17 lake sediment samples using the FlowCAM (light grey) and traditional microscopy methods (black).

b Scatter plot of these values displaying a linear relationship

methods indicated concentrations ranging from 24 to
317 tephra shards per sample, with distinct peaks (317
and 312 shards) at the same depths of 247 and 284 cm
that were identified by the FlowCAM analysis (Fig. 2a).
Although the absolute number of grains counted on the
FlowCAM was consistently lower than the microscopy
counts, the relative concentrations were consistent at all
depths and exhibit a linear relationship (Fig. 2b). The
FlowCAM identified an average of 22.8 &+ 9.7 % of the
grains counted under a microscope.

To estimate the uncertainty of microscope counts,
sample depths with the highest concentrations were
counted under the microscope in triplicate. Average
counts for the two peaks at 247 and 284 cm were
317 £ 11 and 312 + 14, respectively. By contrast,
the VisualSpreadsheet software uses an algorithm
based on quantitative particle values to determine the
likelihood of a particle actually being tephra, so that
identification is standardized and variability in the
software based identification of tephra images
between multiple runs of the same sample was tested
and determined to be negligible. However, the Flow-
CAM images only the portion of the sediment sample
that flows in the camera’s limited field of view, which
at 100x magnification is one-third of the sample
volume (Alvarez et al. 2011). Therefore, changes in
the homogeneity of the sample and very sparse
quantities of tephra grains can negatively affect the
reproducibility of FlowCAM based tephra counts.

Tephra counts from the FlowCAM method identi-
fied a greater percentage of shards in the samples
containing basaltic tephra, 30 & 9 %, compared with
17 £ 6 % for the rhyolitic tephra (Fig. 3a). However,
for both compositions, a strong linear correlation
exists between FlowCAM and traditional microscopy
counts (Fig. 3b).

Discussion

The image-based, FlowCAM approach to identifying
cryptotephra is capable of providing insight into
relative concentrations of tephra shards. The method
was effective at imaging tephra shards from 20 to
100 pm diameter, which were the limits of samples we
analyzed, and at concentrations approaching zero. In
lake sediment samples, comparison of FlowCAM
tephra counts with standard microscopy show that the
instrument was able to identify samples with the
highest concentration of tephra as determined from
microscope counts. However, the FlowCAM was only
capable of measuring 23 4+ 10 % of the microscope
counts in each sample. Interestingly, in a previous
study Alvarez et al. (2011) found that using the
FlowCAM at 100 x in autoimage mode, only 31.49 %
of the total sample was being captured within the field
of view of the camera lens. When taking this into
account, our ability to image 23 + 10 % of the total
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Fig. 3 aPercent of total tephra grains imaged by the FlowCAM
(FlowCAM counts/microscope counts x 100) for the rhyolitic
(light grey) and basaltic (black) populations. b Scatter plot of

tephra concentration not only makes sense, but also
bolsters the idea that the FlowCAM is in fact imaging
and correctly identifying a high percent of the tephra
flowing through the field of view. When this 31.49 %
field of view is corrected for in the results of this study,
the FlowCAM consistently imaged and accurately
identified 74.6 % of the tephra contained in each
sample. Additional sources of error in the absolute
number of tephra particles counted by the FlowCAM
may include: the software settings used to extract
particle images, particle clumping, the focus of
images, and the range of tephra morphologies within
the user-defined tephra image library.

The ultimate goal of this study was to test the
suitability of this instrument and method as a replace-
ment for the laborious and destructive extraction-
microscopy technique. This was under the assumption
that an unprocessed sample of lake sediment could be
rapidly analyzed by the FlowCAM, and subsequently
re-collected, preserving the sample for later analyses.
However, our study showed that ratios of tephra to
background sediment had to exceed ~ 1:200 to be
processed in a reasonable amount of time (20-30 min
per sample). In contrast, distal cryptotephra deposits
occur in very low concentrations and may not be
suitable for FlowCAM analysis. In sedimentary
archives where cryptotephra horizons contain very
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high concentrations of tephra shards this method
would be advantageous. However, analysis of small
sediment volumes (~ 1 cm3) with low tephra concen-
trations limit the number of particles counted in a
reasonable amount of time. Thus, pre-processing of
the sediment core is still required to reduce the sample
to a manageable volume prior to FlowCAM analysis.
Nevertheless, the FlowCAM can provide an indication
of where tephra is likely to be more abundant in a
sediment core—making subsequent isolation of tephra
shards using conventional density-separation methods
more efficient by focusing attention on specific depth
horizons. In other types of records (peat, or sedimen-
tary records with visible/high concentrations of
tephra), the FlowCAM’s possibility as an effective
replacement to standard microscopy seems very
possible, and warrants further investigation in future
studies.

Limitations and recommendations

Our study demonstrates that the FlowCAM is able to
detect tephra shards and may be useful in cryptotephra
applications. However, the ability to distinguish
tephra in sediment is dependent on the quality of the
user-defined library of tephra images and the differ-
ence in the morphology of tephra from the background
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sediment. In applying this method, we recommend
that care be taken to build a library of tephra images
that captures a range of tephra morphologies predicted
for a particular environment or region. If the library is
inadequate, this method may fail to detect tephra even
if it is present. For example, diagenetically altered,
crystal-rich, lithic-rich or phreatomagmatic tephras
containing fewer of the distinctive bubble wall shard
morphologies may be challenging to account for, but
present an interesting area for future work in fine-
tuning the FlowCAM technique. Additionally, uncer-
tainties in particle counts may be reduced with
additional preparation steps to disaggregate samples,
such as the use of a dispersant (Calgon) and/or
sonication prior to FlowCAM analysis.

Conclusions

The results from this study indicate a strong potential
for the FlowCAM to provide a valuable method of
particle discrimination in a wide variety of sedimen-
tological applications. Further investigation of the
utility and reproducibility of the results is necessary.
However, the instrument was able to efficiently
capture high-quality images of tephra shards within a
sample, and that the images clearly depicted the
distinct morphological characteristics of the targeted
tephra shards. These distinct particle properties
allowed the visual pattern recognition software to
identify and separate the tephra images within a
sample’s data file. We were able to accurately
determine the relative concentrations of tephra within
a sediment sample, although the absolute tephra
concentrations were consistently underestimated.
The primary reason for lower tephra counts using the
FlowCAM is because of the camera’s limited field of
view, which has been established by others and can be
used to correct particle counts. Further investigation of
the applications and limitations of the instrument in
cryptotephra studies could address: (i) a greater
number of tephra standards, (ii) additional background
sediment types, and (iii) particle grain sizes. The
FlowCAM may also provide an alternative approach
to traditional microscopy methods when the identifi-
cation and enumeration of any microscopic “group”
of particles in a mixed sediment sample can be defined
by a set of distinct set of particle characteristics.
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