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ABSTRACT: The flux of icebergs is most commonly constrained in the palaeo-record by manually counting gravel
clasts in sediment core X-ray images—a trusted method in Quaternary science and palaeoceanography for nearly
40 years. In this study, we explore the reproducibility (user consistency and between-user variability) of the
traditional clast-counting technique, something that has rarely been quantified. A participatory study was undertaken
whereby 14 individuals counted gravel clasts (>2 mm) on X-radiographs in cm intervals of two different glaciomarine
sediment cores: (i) a matrix-supported subaqueous diamicton facies and (ii) a clast-poor to clast-moderate laminated
facies. Pairwise comparisons of all 14 users’ counts using Spearman’s rho indicate statistically significant
relationships in all but one case (p<0.05). A strong correlation (rho=0.895; p<0.001) was also identified when
comparing individual users’ average clast counts on both images, indicating high internal counting consistency by
users but significant differences in terms of overall counts. Substantial variation was also observed between different
users’ counts on the same image. In the diamicton facies, the standard deviation of all users’ counts per cm was 1.91
(range: 0-4.3), while in the laminated facies, the standard deviation per cm was 1.28 (range: 0-3.67). Additionally,
several users recorded a lower average clast count in the clast-rich diamicton facies and a higher count in the clast-
poor laminated facies relative to other participants. These results may have significant implications when it comes to
interpreting past iceberg flux and ice-marginal dynamics. As a way forward, we present a new rigid protocol to
improve transparency, consistency and reproducibility for studies implementing this technique. Our findings have
implications regarding how manual clast counts should be interpreted and implemented but also strengthen the case
for automated clast-counting algorithms to reduce user bias and improve the consistency of IRD detection using
X-radiographic images. © 2026 John Wiley & Sons, Ltd.
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(>2mm) within horizontal cm-intervals. An increase in the
relative abundance of gravel clasts is taken as a representative
increase in ice-rafting, while a decrease indicates reduced ice-
rafting (Grobe, 1987; Fig. 1).

Variations of the original method described by Grobe (1987)
are occasionally implemented; for example, the grain-size
threshold can be reduced to 1mm for determining IRD,
allowing increased detection (Grobe et al., 1990; Yamamoto
et al., 2008; Weber et al., 2014; Hillenbrand et al., 2021), and
the horizontal sampling interval can be increased to 2 cm or

Introduction

Ice-rafted debris (IRD) refers to sediment transported by
icebergs and deposited in lakes or oceans. IRD comprises
any sediment that reaches the glacier terminus and becomes
incorporated into calving icebergs; thus, IRD can encompass
the entire spectrum of grain sizes (Andrews, 2000). However, it
is typically characterised by sand or gravel-sized sediment
(Ruddiman, 1977; Grobe, 1987; Scourse et al., 2009; Bartels
et al., 2017; Jennings et al., 2022; Ahn et al., 2024).

A range of different approaches can be used to identify IRD,
including sieving, laser particle-size analysis, image greyscale
analysis and clast counting or indexing using X-ray images
(manual or automated) (Connolly and Ewing, 1965;
Grobe, 1987; Hansen et al., 2015; Bartels et al., 2017; Reilly
et al., 2019; McDonald et al., 2022; Jasper et al., 2024). Each
of the different sampling strategies can bias IRD outputs in
different ways, with some methods overestimating and others
underestimating IRD in certain circumstances (McKay
et al, 2022). This study investigates the variability and
reproducibility of one of the most common IRD quantification
techniques—clast counting on X-radiographs (XR) (Grobe,
1987). This method involves counting clasts on XR images
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5cm (Callard et al., 2018; Jennings et al., 2022; Pesjak
et al.,, 2023; Girard et al., 2024). Others go further,
distinguishing gravel-size classifications, such as Smith et al.
(2021), who quantify gravels in bins of 2-8 mm and 8 mm or
greater. However, the traditional approach involves counting
clasts >2 mm on XR images in 1 cm intervals (e.g. Grobe, 1987;
Graham et al., 2017).

Supervised and automated clast counting/indexing routines
using XR or X-ray computed tomography (CT) are becoming
increasingly popular (e.g., Bartels et al., 2017, 2018; Reilly
et al., 2019; Cederstrgm et al., 2021; Jasper et al., 2024). It is
assumed that these techniques will reduce, user bias in clast
counting. However, these routines require human training
and/or validation, which is subject to error and bias,
potentially affecting the accuracy of clast counts. Additionally,
manual clast counting (Grobe, 1987) is still commonly
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Figure 1. lllustration of how to perform clast counting manually from
X-radiographs. Reproduced from Grobe (1987).

implemented in IRD studies (Graham et al., 2017; Jennings
et al., 2022; Girard et al., 2024; Lépez-Quirés et al., 2024).
Therefore, it is important to understand the factors that may
result in variations in clast counts between users and
determine the variability and robustness of manual clast
counting. In this study, we investigate the variability or
uncertainty in the traditional approach and, in doing so,
quantify observer bias in the manual X-ray IRD counting
(Grobe, 1987) method.

Why might variability and inconsistency occur?

The XR clast-counting (>2 mm) method has been consistently
implemented for nearly 40 years for the identification of IRD as
part of studies reconstructing climate and oceanic circulation
changes, ice-sheet growth and decay, and floating-ice margin (sea
ice or ice shelf) presence and removal (e.g., Rack et al., 1996;
Dowdeswell et al., 2000; Knies et al, 2001; Andrews
et al., 2016; Weber et al., 2014; Graham et al., 2017; Jennings
et al., 2022; Lépez-Quirds et al.,, 2024; Callard et al., 2025).
However, when a user implements clast counting, they are faced
with many decisions that might influence the results, for example:

1. Is this object a clast? Could it be a shell fragment, an
imaging artefact or an amalgamation of finer grains?

2. Should clasts be counted in all intervals or only once if they
overlap the sampling grid and appear in more than a single
interval?

3. Is this object a single clast or two (or more) overlapping
clasts? (e.g., Hogan et al., 2016; McKay et al., 2022).

4. Is it most appropriate to measure the longest or shortest axis
of each grain?

5. Is it necessary to physically measure every clast >2 mm? Or
is size estimation from a scale bar or grid appropriate?

It is conceivable that these decisions might affect the
variability and consistency of the technique, and experience
level alone may not be enough to overcome them. None of
these factors are specifically addressed in the literature and, at
only 3 pages long, the original paper does not provide details.
The only questions that can perhaps be answered from Grobe
(1987) is that it appears that gravels were only counted in the
first centimetre slice in which they appear (or the slice in
which they mostly appear). This is deduced directly from a

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

figure in the article (Fig. 1), but is not stated in the text.
However, the figure is quite schematic and leaves some
uncertainty in the counting process. Without strictly addres-
sing this and other concerns outlined above, it is reasonable to
assume that there is potentially a lack of consistency among
researchers who use this technique.

The possibility of user bias in IRD clast-counting studies has
only recently attracted attention (McKay et al., 2022; Jasper
et al., 2024). McKay et al. (2022) found very strong agreement
between two users with Pearson’s correlation coefficients of
0.961 and 0.927 (when comparing clast counts in 2-cm bins).
They suggest some factors for discrepancies between users
such as overlapping grains, low-radiodensity clasts overlying a
matrix comprising intense burrowing or lithological complex-
ity. They also call for greater standardisation of criteria
between working groups for determining IRD.

Jasper et al. (2024) used two different teams of researchers to
produce two individual data sets on the same XR images (grain
size >1 mm). These outputs were generally well matched with
some exceptions, with a Pearson’s correlation coefficient of
0.388, p<0.05, when comparing clast counts in 1-cm bins
(increasing to 0.555 when compared in 5-cm bins, likely due
to differences in the cm-interval in which clasts were counted).
However, in some horizons, discrepancies between the two
teams’ clast counts differed by as much as 16 clasts (Jasper
et al., 2024). This indicates only moderate agreement, with
considerable variation between users. We aim to provide
greater methodological standardisation by investigating
whether a larger participatory study could provide insight into
why these variations occur, for example, whether sediment
type or user experience affects clast counts.

The original method was exceptionally quick when first
introduced in the 1980s, being substantially faster and less
labour-intensive than sieving (Grobe, 1987). However, with
the introduction of new, automated or supervised routines that
allow for clast counting/clast indexing from X-ray images
(Bartels et al., 2017, 2018; Reilly et al., 2019; Cederstrom
et al., 2021; Jasper et al., 2024) or grey value standard
deviation (McDonald et al., 2022), this may no longer be the
case. Automated routines are, in some cases, near instanta-
neous or in other cases significantly faster than traditional on-
screen clast counting. Therefore, we also aim to quantify the
average time required to complete manual clast counting on
sediment core XR images in this study.

The implications of variability in X-radiograph
clast counting

The XR clast-counting technique is typically used to infer
relative past iceberg flux—increases and decreases in past
iceberg activity (e.g., Grobe, 1987; Rack et al., 1996; Grobe and
Mackensen, 1992; Weber et al., 2014; Graham et al., 2017).
However, it is also commonly used to determine other
glaciomarine conditions, such as grounding-line proximity and
ice-marginal dynamics (e.g., Hogan et al., 2016; Sheldon
et al., 2016; Smith et al., 2017, 2021; Jennings et al., 2022).
The proximity to marine ice-sheet margins can sometimes be
reconstructed from the relative abundance of gravel clasts (or
IRD) in X-radiographs (e.g., Callard et al., 2018; Smith
et al., 2019; Syring et al., 2020; Bradwell et al., 2021). Clast-
rich, massive to stratified sandy units may indicate intense
iceberg rafting or rainout in the proximal zone, while
laminated to massive muddy units that range from clast-poor
to clast-rich reflect varying intensities of iceberg rafting in more
distal settings, relative to background sedimentation (e.g.,
meltwater plumes, turbidites and bottom currents—Hogan
et al., 2016; O’Regan et al., 2021; Smith and Hogan, 2025;
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0] Cofaigh et al., 2025). However, other proxies such as
sedimentary structures, foraminifera, shear strengths and
stratigraphic associations are also critical when inferring ice-
marginal proximity (Anderson, 1999; Smith et al., 2019).
Without such context, distinguishing between intense
iceberg rafting in a more distal setting and ice-proximal
deposition can be difficult. Nevertheless, user bias in XR
clast counting remains an important source of potential
inconsistency when interpreting glacier proximity in the
marine realm.

Quantifying the abundance of gravel clasts on X-ray images
is becoming an increasingly common technique for constrain-
ing the presence, or absence, of past ice shelves (Reilly
etal., 2019; O’Regan et al., 2021; Smith et al., 2021; Jennings
etal., 2022; Clark et al., 2024; Callard et al., 2025). Ice shelves
typically filter gravel clasts, depositing IRD—in this case ice-
shelf rafted debris (Powell 1984)—close to the grounding line,
resulting in a marked absence of gravel (or very rare) clasts in
more distal sub-ice-shelf sediments (Domack and Harris, 1998;
Smith et al., 2017, 2019, 2021; Reilly et al., 2019; Jennings
et al., 2022).

Similarly, shorefast-sea-ice margins can block IRD deliv-
ery resulting in units that are gravel-clast-free (or very rare in
IRD) (Dowdeswell et al., 2000). Seasonal sea-ice signals can
also be differentiated by the rhythmic nature of gravel-sized
IRD using XR clast counting—often with mud-diamicton
alternating sequences (Dowdeswell et al., 2000). Conver-
sely, the removal or absence of perennial floating-ice
margins and the opening or presence of iceberg calving
bays may be differentiated based on more persistent and
abundant IRD signals (Hogan et al., 2016; Smith et al., 2019;
Reilly et al., 2019).

Significant variability between users undertaking XR clast
counting may lead to over- or underestimations of iceberg
flux and misinterpretations of palaeo-environmental condi-
tions. This matters because the tracking of past marine-
terminating glacier and ice-stream deglaciation is essential for
projecting the long-term behaviour of contemporary marine-
terminating glaciers and ice streams. It is also critical for
predicting how glaciers and ice streams will respond to the
loss of their floating-ice margins. If users are inconsistent in
their quantification of IRD, misinterpretations of sediments
are possible and thus reconstructions of past ice-stream
behaviour could be skewed, leading to erroneous inferences
regarding the nature of sedimentation and deglaciation more
broadly.

This study aims to improve our understanding of how user
variation (including experience level) can impact the reliability
of the technique. The results will allow clearer insight into how
best to interpret and implement XR clast counting to most
reliably quantify IRD (using the Grobe (1987) method). This is
additionally important, given that consistent manual clast
counting is imperative for the calibration of automated
routines. Specifically, in this paper we:

1. Robustly quantify, for the first time, the degree of user
variability in clast counting (as an IRD proxy) in different
sediment facies in a participatory study of 14 individuals.

2. Examine whether user-experience levels affect the consis-
tency of clast counting on X-radiographs using 3 different
groups (experienced, moderate experience and no ex-
perience).

3. Determine the time taken to undertake clast counting on
two sediment core images from different glaciomarine
facies.

4. Provide a more rigorous protocol to improve the robustness
of clast counting as an IRD proxy.

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Methods
Clast-counting participatory study

A comparative study of multiple different researchers under-
taking clast counting on two different XR images (Fig. 2), 93 cm
and 100cm in length, was undertaken. The piston cores
selected in the comparative study are from glaciomarine
sediments deposited in the central Minch, NW Scotland,
during the last glacial cycle (Fig. 2). Both sediment facies are
very poor in marine carbonate (and/or organic material); this
was key for this study, as the inclusion of shells can make the
clast-counting process significantly more challenging. The two
cores differ considerably in clast abundance—one is a clast-
rich but matrix-supported subaqueous diamicton (JC123-
032PC-section-8); the other is a clast-poor to clast-moderate
strongly laminated ‘ice-proximal’ glaciomarine facies (JC123-
031PC-section-7). Both facies were originally described by
Bradwell et al. (2021).

Selecting these two different sediment types should help to
understand the effect of different sediment facies on clast
counting (i.e., laminated vs. massive sediment structure, with
different clast abundances). XR-positive images were used for
the clast-counting analysis and prepared following the
methodology outlined in McDonald et al. (2022) to enhance
image clarity and contrast. Each count was conducted
independently and there was no communication between
users during the study.

Participatory analysis

For the participatory study, a horizontal 1 cm grid was added
to the images to divide the core up into slices, allowing a like-
for-like comparison between all participants (Fig. 2). Indivi-
duals were asked to complete a small questionnaire to
understand their educational background and previous ex-
perience level. 15 participants were approached with varying

a Image 1 Image?2,

w

Figure 2. Sediment facies and core images provided to participants in
this study. Panel (a) shows the two images in full with the sedimentary
facies. Panel (b) scale bar visible on images; the scale bar appeared in
the 10cm interval on the right-hand side of core images (0.2 cm).
Panel (c) pre-labelled depth intervals to ensure consistency between
different users. Inset images are colour-coordinated. [Color figure can
be viewed at wileyonlinelibrary.com]
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degrees of expertise and experience levels. All 15 were at a
minimum enroled on a PhD programme. Unfortunately, one
person’s data could not be used, as they misread the
instructions and provided a count of all large, discernible
sand grains on the XR images (<2 mm) as well as gravel clasts
(>2 mm). The remaining 14 participants had varying expertise
and experience levels. Finally, a validation count was under-
taken using a rigid protocol, outlined in this study. This count
was undertaken blind (by the lead author) without reference to
the results of the other participants. The validation count and
the mean-of-the-mean values for all participants’ counts
per cm on each image provide the best indication of the ‘true’
count; these were used to assess overall accuracy.

For analysis purposes, the participants were grouped into
categories based on expertise/previous experience. These
groups are labelled ‘experienced’ (participants 1-5), ‘mod-
erate experience’ (participants 6-10) and ‘no experience’
(participants 11-14). Participants were provided with a
short background to the study, with instructions on how to
perform the task and a link to the Grobe (1987) paper
(Supplementary files—Appendix A).

Statistical analyses

Each user’s counts on the two images were initially explored
using the Shapiro-Wilk test. This test compares the observed
data for each participant to a univariate normal distribution. As
count data were almost unanimously found to be not normally
distributed (only 2 of 28 tests returned acceptable normal
distributions at p=0.05; Fig. 3), the results of each participant
were compared using a scatter matrix and statistically analysed
using the non-parametric Spearman’s rank correlation (rho)
test. The following questions were investigated:

1. Whether the clast-counting method is consistently repli-
cated (i.e., highly correlated) by different users, when
counting clasts in cm intervals on the same images.

2. Whether the clast-counting method is consistently repli-
cated (i.e., highly correlated) by the same user on different
images. That is to say, whether individual users produce
internally consistent results when quantifying gravel abun-
dances on two different images.

Scatter matrices were produced to compare all counts on
each image between different users (91 individual compar-
isons for each image) using GGally in R (Schloerke et al., 2025)
to provide a visualisation of the strength of relationships and a
statistical test of any relationship found using Spearman’s rank
correlation. The standard deviation was also selected to assess
the variability of all 14 users counts over every cm interval on
both images. This serves to determine the spread of users
results around the mean, allowing insight into the variability of
the technique.

Results

When analysing the results of 14 participants undertaking XR
clast counting on two different glaciomarine facies (after
Grobe, 1987), statistically significant correlations are identified
between all users almost unanimously (Figs. 4 and 5). When
comparing the counts of all 14 users with each other, making a
total of 91 pairwise comparisons, Image 1 (the diamicton
facies) returned Spearman’s rho values from 0.190 to 0.721, a
very wide range. However, only one comparison returned a
p-value that was not statistically significant (at a = 0.05).

A similar trend was observed for Image 2 (the laminated
facies), where all 91 comparisons returned statistically

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Figure 3. Participant count distributions illustrated by frequency.
Wider violin sections indicate more frequent user counts. For example,
a wider violin at 5 (Y-axis = counts) for Participant 1 than at 10
indicates that this user counted 5 clasts more frequently than 10 clasts.
Mean numbers of counts per image (or stratigraphic facies) are
indicated by dark bars, and quartiles 1 and 3 are indicated by light
bars. Shapiro-Wilk tests of normality p-values are indicated by orange-
and black-coloured values above each violin. Orange-coloured values
indicate that the data are not normally distributed; black values
indicate normally distributed data. [Color figure can be viewed at
wileyonlinelibrary.com]

significant p-values (a<0.05), with Spearman’s rho values
ranging widely from 0.252 to 0.786, indicating relatively
strong phasing relationships overall between different users.
Interestingly, the weakest correlation, with a Spearman’s rho of
0.252, comes from the two most experienced users
(Participants 1 and 2), while the users with the lowest-level
experience maintain strong correlations with most participants
in this study.

When analysing the statistical variability between counts,
the results of different users are stark (Figs. 6 and 7). Greater
absolute count variability is observed in the diamicton facies
(Image 1), with an average standard deviation of 1.91 per cm
(standard deviation range = 0-4.3) (Fig. 7). On the other hand,
the laminated facies (Image 2) returned an average standard
deviation of 1.28 per cm (standard deviation range = 0-3.7)
(Fig. 7). In general, the greater the clast abundance, the greater
the absolute variability (higher standard deviation). Due to the
generally strong correlations, but high variability in clast
counting between different users, it can be determined that all
participants’ clast counts were relatively consistent with regard
to phasing (broadly increasing and decreasing simultaneously)
but not necessarily consistent in terms of absolute count
(magnitude).

J. Quaternary Sci., 1-12 (2026)
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Figure 4. Cross-comparison (scatterplot matrix) of different users in the diamicton facies (Image 1). Values relate to Spearman’s rho correlation
coefficient, *p-value <0.05; **p-value <0.01; and ***p-value < 0.001. Participants are numbered 1-14 based on experience level (from high to
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Figure 5. Cross-comparison (scatterplot matrix) of different users in the laminated facies (Image 2). Values relate to Spearman’s rho correlation
coefficient; *p-value <0.05; **p-value <0.01; and ***p-value < 0.001. Participants are numbered 1-14 based on experience level (from high to
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Figure 6. Participant counts by core depth. The Y-axis is ordered by level of experience. Note the consistent Y-axis scale between users for each

image. [Color figure can be viewed at wileyonlinelibrary.com]

The major discrepancy between user results stems from
some individuals being more conservative counters than
others (Figs. 3, 6 and 8). Thus, when comparing results from
two different facies, the average counts from different users can
vary significantly. The mean clast counts per cm slice equalled
3.76 in the diamicton (Image 1) and 2.13 in the laminated
facies (Image 2). However, there is significant overlap when
comparing the counts of different users, with some users
counting fewer clasts in the diamicton facies and more clasts in
the laminated facies than others (Figs. 6 and 8). For example,
participants 1, 6, 10, 11 and 14 counted more clasts per cm
slice in the laminated facies than participants 2, 8, 12 and 13
counted in the diamicton facies per cm slice (Fig. 8).

A reasonable degree of variability was observed with the
time taken to complete the task. For Image 1 (diamicton
facies), the mean time to undertake counting on the entire
image was 22min and 8s over 93 cm intervals. Image 2

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

(laminated facies) had a lower mean completion time of
16 min and 31s over a longer core section (100 cm). This
provides the first recorded insight into the time taken to
perform on-screen manual clast counting (Fig. 9).

Discussion
Reproducibility of X-ray clast counting

Overall, given the variation between respondents, we find that
clast counting is a semi-quantitative discriminator of IRD using XR
images, and is consistent with regard to identifying overall trends.
In studies with very small sample sizes (n = 2), McKay et al. (2022)
and Jasper et al. (2024) found differing agreement between users.
McKay et al. (2022) recorded very high statistical agreement,
whereas Jasper et al. (2024) recorded lower correlations, similar to
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Figure 7. User variability of clast counting on both X-radiographs.
The black line indicates the standard deviation of all participants’
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variability between users, with warmer colours indicating a greater
number of users. The green line indicates modal counts per cm
interval. [Color figure can be viewed at wileyonlinelibrary.com]

those in this study. It should be noted that both McKay et al. and
Jasper et al. report Pearson'’s correlation coefficients, whereas this
study uses Spearman’s rho to explore correlations. Parametric and
non-parametric correlation coefficients are not directly equivalent
(Chen and Popovich, 2002). In addition to this, the stronger
correlations (r> 0.9) identified by McKay et al. (2022) may have
resulted from both users using 1-cm thick sediment core slabs,
clear communication between users, similar training histories or
similar levels of experience, or the fact that, in some marine
sediment cores (e.g., more distal glaciomarine facies), clast
counting is not as challenging as other sediment types (e.g., more
proximal glaciomarine facies).

The counts in McKay et al. (2022) were undertaken on two
cores that appear to be potentially more variable in IRD
abundance than the cores selected in this study, with some
horizons devoid of gravel clasts and others very clast rich
(particularly in core LC42). In the images used in this study,
IRD is consistently present throughout the sediment facies,
albeit more variable in core 31PC. It is clear from this study
that user counts are more consistent in zones with less IRD and
less consistent in units with more IRD (Fig. 7). This may have
perhaps played a small role in the higher correlations seen in
McKay et al. (2022).

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Jasper et al. (2024) found similar levels of agreement to the
correlations recorded in this study, albeit using a clast size
threshold of 1 mm to determine clasts and two teams working
in parallel to produce the data sets. Their cores appear to have
had a fairly consistent spread of IRD and non-IRD features,
such as pyrite-infilled burrows, which may have led to lower
correlation coefficients when binned in 1-cm intervals
(r=0.4), more comparable to the typical correlation coeffi-
cients returned in this study (rho = 0.4-0.7).

Does expertise increase the accuracy of
X-radiographic clast counting?

It appears that expertise bears little impact on the accuracy and
consistency of clast counting. This is evident in both the
distributions and correlations, and also in the variability
between average counts per image between users of varying
experience (Figs. 3-7). This is a key finding of this research.
However, if the variability in clast counting is not a function of
expertise, it must be related to other factors.

Figure 10 provides an indication of consistency between
different users; specifically, the plot shows the relationship
between different participants’” mean counts in both facies
(Spearman’s rho = 0.895; p < 0.001). We find that users closest
to the trendline (3, 5, 7, 8, 9, 10, 11, 12 and 13) are more
consistent in their method and therefore more consistent in
their counts between facies. In addition to this, Participants 3
and 9 returned counts very close to the validation count and
the overall mean value for both images, indicating the highest
accuracy counts in the study (Fig. 10). However, this also
suggests that expertise does not have a significant impact on
the consistency (and potentially) and the accuracy of the clast-
counting method using two sedimentologically different
glaciomarine cores. We suggest, therefore, that ensuring a
strict methodical approach is more important than experience.

Given this between-user consistency, it is clear that
participants can be generally classed as ‘high’ or ‘low’
counters in this study. For example, participants 1, 10, 11
and 14 can be classed as ‘high counters’ and participants 2, 4,
7, 8, 12 and 13 can be classed as ‘low counters’ (Fig. 10).
There is consistency between both images in this regard, with a
strong, statistically significant correlation. This shows that the
Grobe method is reliable when identifying IRD trends between
all users, but much less reliable at quantifying the magnitude
of IRD.

This study also indicates that user experience does not
impact the applicability of the method. When reporting clast
counts on the laminated facies, the two most experienced
users had the lowest correlation with each other (Spearman’s
rho = 0.252). This was an unexpected result, but probably
stems from each user’s differing interpretations of what they
consider as clasts on XR images. Participant 2 appears to have
almost exclusively registered clasts that appear very dark, and
therefore, have a higher radiodensity, relative to the matrix
sediment on XR (Fig. S1). This may be because their expertise
in other settings led them to interpret low-radiodensity (less
dark on XR) clasts as non-IRD.

Alternatively, other factors such as operating with lower
screen brightness and differences in eyesight between different
users may lead to ‘high’ versus ‘low’ counting. Participant 1
appears to have been more generous with the 2 mm threshold,
counting clasts that are close to and possibly below the 2 mm
threshold. Participant 2 appears to have been more conserva-
tive by only counting clasts clearly >2 mm. On the other hand,
the least-experienced user (Participant 14) had a high degree of
correlation with all participants in the laminated facies,
including the most-experienced users. This suggests that
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Implications of user variability in the XR clast-
counting technique

The high degree of variability between users highlights the
potential for misinterpretation of certain sediments.
Although the facies examined in this study differ signifi-
cantly when considering average clast counts per cm across
all users (Mann-Whitney U=34, p<0.05), there remains
substantial overlap between individual users’ counts (Fig. 8).
For instance, when analysing users’ counts from Image 2,
‘high counters’ often produced average clast counts per cm
closer to the mean value of Image 1 (3.76), while ‘low
counters’ on Image 1 reported values closer to—or even
below—the overall mean for Image 2 (2.13). As a result,
interpretations of iceberg flux may be subject to under- or
overestimation, and this may affect palaeoenvironmental
interpretations depending on user bias.

Moreover, when analysing the results of Image 2, the two
most experienced users—Participant 1 and Participant 2—
recorded mean clast counts of 3.28 and 0.69 clasts per cm,
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regardless of expertise, with only introductory training, any
early-career analytical scientist can undertake XR clast
counting and generate consistent results.

This study was undertaken on two images that had low
biogenic marine carbonate material content, that is, proximal
glaciomarine sediment with significant fine muddy silts due to
meltwater delivery (Bradwell et al., 2019, 2021). In more shell-
rich sediments, it is possible that user expertise may play an
important role in providing more accurate results. However,
given the discrepancies between experienced users seen here,
this remains uncertain.

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

respectively. Although there is a weak statistically significant
correlation between these users (Spearman’s rho=0.252,
p<0.05), the deviation in clast counts could potentially have
important implications for palaeo-environmental interpretation.
For example, very clast-poor laminated facies with intervals of
IRD absence (as recorded by Participant 2) could perhaps be
interpreted as evidence of ice-shelf cover (e.g., Smith et al., 2021;
Jennings et al., 2022). In contrast, a more clast-rich laminated
sediment unit (with high and persistent gravel clast abundances
of 3.28 clasts per cm as recorded by Participant 1) would
typically suggest the absence of a perennial floating-ice margin
(o) Cofaigh and Dowdeswell, 2001; Hogan et al., 2016; Smith
et al., 2019; Jennings et al., 2022). The repetitive increases and
decreases (or rhythmicity) of their gravel counts could also
suggest former seasonal sea-ice cover (Dowdeswell et al., 2000;
Fig. S1). Such discrepancies highlight how user-to-user varia-
bility could generate competing interpretations of the same
deposits, especially when evaluating the potential presence of
floating-ice margins. Significant differences in user counts—both
across the two images and between the most experienced users
on the laminated facies (Image 2)—<clearly illustrate how
differences in clast counts could translate into conflicting
reconstructions of ice-shelf or sea-ice cover, calving-bay
conditions and ice-margin proximity (Fig. S1).

A protocol to improve consistency between users
when undertaking the Grobe (1987) IRD method

Numerous respondents reported differing methods for gravel
classification and regarding which slice (or cm interval) clasts
were counted in. Several users anecdotally testified to under-
taking subtly different approaches. For example, some users
indicated that for clasts that overlap different cm slices, they:

1. Counted all clasts in each sample slice (whole or partial).

2. Counted clasts in the interval in which they mostly
appeared—also implemented by participant groups in
Jasper et al. (2024).

3. Counted clasts only within the first slice in which they
appeared.

This highlights the need for a more systematic approach
when implementing clast counting.

Most respondents considered the axis of interest for clasts to
be the a-axis (longest visible axis) (as performed by McKay
et al.,, 2022), although, to be considered a gravel clast
(>2mm), the b-axis should technically be considered (the
intermediate axis), as the b-axis would be the critical
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dimension for a gravel to be classified via sieving. However,
XR images are only 2-dimensional and do not allow
investigation of the entire clast. As glacially derived clasts
can often be bullet-shaped and elongate, it seems reasonable
to consider the longest axis as the critical dimension. Most
respondents also reported estimating clast size with the naked
eye, while others reported measuring the clasts using a
reference filter or measuring with a ruler. These factors are
considered as the main reasons for the high variability
(standard deviation) between clast counts.

There are also fundamentally challenging factors such as the
fact that clasts may become wholly or partially ‘hidden’ behind
others on XR images (Hogan et al., 2016; McKay et al., 2022);
this is also more likely when sediment is rich in IRD. This may
have played a role in the higher standard deviation in the
diamicton facies where there are more clasts and subsequently
more chance of clasts ‘overlapping’ (Figs. 2 and 7). However,
the standard deviation becomes inherently greater when more
clasts are present, as user biases due to different operating
decisions become amplified. That is to say, even when clasts
are sparsely distributed but in high abundances (e.g., some
horizons of the laminated facies), there is a greater spread
around the mean, as any factors that result in underestima-
tions/overestimations of clast abundance become enhanced.
This is exemplified in Fig. S1, where different decisions
between participants 1 and 2 result in substantially different
IRD signals for the same core section (especially at 15-20 cm,
40-45 cm and 95-100 cm depth).

A few clear suggestions are provided below, by way of a
protocol, which, if routinely implemented, may help to
improve the consistency of the Grobe (1987) method.

1. Crucially, only one observer should count the gravel clasts
of cores in any given study. Also following the guidelines
presented by McKay et al. (2022), these counts should be
validated by another wuser. This should avoid large
discrepancies, even between experienced users, such as
those seen between high and low counters.

2. Screen brightness should be maximised to facilitate max-
imum visibility of all clasts, whilst remaining comfortable.

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

3. Gravel classification should be determined based on the
length of clasts (the longest visible axis).

4. Clasts should be counted in the sampling interval in which
they appear most predominantly. Clasts that evenly overlap
sampling intervals should only be counted in the first
sampling interval in which they appear. Failing to adhere to
this rule may result in overcounting and may also result in
the reported number of clasts being biased by the grid
location.

5. All clasts visibly close to the 2mm threshold should be
measured using a measuring tool. We draw the analogy that
when conducting clast-fabric analysis, clast size would not
simply be ‘eyeballed’ but rather measured. Discretion
should be used, as there is no need to measure clasts that
are clearly longer than 2 mm.

Additionally, to avoid ‘high’ versus ‘low’ counting errors,
horizons containing numerous ambiguous objects (potential
clasts) should be checked against a small physical sediment
subsample. However, we appreciate that this destructive
approach may not be feasible for all studies, and thus, this
step is deliberately not included in the above protocol.
Furthermore, combining clast counting (>2 mm) with different
IRD proxy records (e.g., sieving, LPSA or automated ap-
proaches) can enhance and improve IRD interpretations.

Final considerations

It is well accepted that the core diameter can impact gravel
counting as an IRD proxy (McKay et al., 2022). The results
from this study add further uncertainties, given that some users
consistently count higher or lower than each other. Our
findings further add to the existing observation that clast
counting on XR images cannot be used to quantify IRD as a
proportion of weight or volume such as can be achieved using
sieving or X-ray CT (Cederstram et al., 2021). However,
despite the variability, manual clast counts serve as a
consistent proxy (or semi-quantitative measure) for clast
percentage abundances, and therefore, can be used to infer
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relative increases or decreases in iceberg abundance, iceberg
delivery and/or ice-marginal dynamics.

By adhering to the above protocol, better consistency will be
achieved between users. We also call for more transparency
when undertaking this particular method, whereby the specific
rules implemented should be clearly stated when using the
Grobe method.

In addition, more clarity must be provided in the literature as
to what constitutes a clast in a sediment core XR and what
does not constitute a clast, for example, as observed in the
discrepancies between ‘high’ and ‘low” counters. This will be
more common in sediments with many ambiguous features
with a radiodensity higher than that of the surrounding
sediment matrix, increasing the propensity for inconsistencies.
This emphasises the need for greater clarification and
potentially standardisation of how different objects appear on
sediment core X-ray images.

Finally, the results of this study strengthen the case for the
use of automated strategies to determine IRD and to pursue
further research into how these different techniques may be
improved in different glaciomarine settings. Many of these
automated methods (e.g., Reilly et al., 2019; McDonald
et al., 2022) can be significantly quicker to implement. In
the meantime, however, the framework provided here will go
some way towards minimising the inconsistencies in the
manual clast-counting technique, which will in turn help to
improve training for machine-learning models based on
manually counted data sets (e.g., Jasper et al., 2024).

Conclusions

In a participatory study of 14 individuals, the manual clast-
counting IRD method (Grobe, 1987) was found to be variable
among different users, but an internally consistent technique
for quantifying gravel-sized IRD in two different sediment
facies. Statistically significant relationships were observed in
all but one case when undertaking pairwise comparisons of all
14 users’ counts using Spearman’s rho (p < 0.05). Although the
phasing (or frequency of clasts per cm) was strongly correlated
between nearly all users, there was significant variability
between wusers’ total counts. This internal consistency
(rho = 0.895), but between-user variability indicates that some
users are systematically more conservative counters than
others for various reasons.

The factors that result in this user variation include different
approaches when clasts overlap on XR images (Hogan
et al., 2016; McKay et al., 2022); clasts appear in more than
one sampling interval (1 cm slice); when determining between
non-clastic high-radiodensity objects and low-radiodensity
clasts; different approaches to determining clasts greater than
the 2 mm threshold (‘eyeballing’ vs. measuring) are used; and
when potential differences in users’ screen brightness and
eyesight are present. Expert does not play a significant role,
with statistically significant count correlations observed
between both experienced and inexperienced participants in
this study. These findings highlight that user-dependent
inconsistencies in XR clast counting introduce significant
uncertainties into reconstructions of past ice-stream dynamics,
particularly surrounding interpretations of former ice-shelf,
sea-ice and calving-bay settings. A new protocol is presented
for researchers to follow in order to increase count consis-
tency.

Overall, this study suggests that XR clast counting, when
applied manually, should only be considered a semi-
guantitative measure of IRD abundance. Innovations in
automated approaches to quantify IRD, particularly Artificial

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Intelligence, provide exciting new approaches that may act to
mitigate the observer biases discovered in this study.
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