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ABSTRACT: Glacial marine sediment deposition varies both spatially and temporally, but nearly all studies evaluate
down-core (~ time) variations in sediment variables with little consideration for across core variability, or even the
consistency of a data set over distance scales of 1 to 1000 m. Grain size and quantitative X-ray diffraction (QXRD)
methods require only < 1 g of sediment and thus analyses assume that the identification of coarse sand (i.e., ice-rafted
debris) and sediment mineral composition are representative of the depth intervals. This assumption was tested for
grain size and mineral weight % on core MD99-2317, off East Greenland. Samples were taken from two sections of
the core that had contrasting coarse-sand content. A total of fourteen samples were taken consisting of seven (vertical)
and two (horizontal) samples, with five replicates per sample for gXRD analyses and ~ 10 to 20 replicates for grain
size. They had an average dry weight of 10.5 = 0.5 g and are compared with two previous sets of sediment samples
that averaged 54.1 = 18.9 g and 20.77 = 5.8 g dry weight. The results indicated some significant differences between
the pairs of samples for grain-size parameters (mean sortable silt, and median grain size) but little difference in the
estimates of mineral weight percentages. Out of 84 paired mineral and grain-size comparisons only 17 were

significantly different at p = << 0.05 in the post-hoc Scheffe test, all of which were linked to grain-size attributes.

INTRODUCTION

Glacial marine environments encompass a variety of sedimentary
processes (turbid meltwater plumes, iceberg sediment rafting (Fig. 1),
bottom-current transport, and resuspension by iceberg scouring) (Dow-
deswell and Scourse 1990; Dowdeswell et al. 2000, 1994; Syvitski et al.
1996, 2001) that are probably not uniform over a region or even across the
width of the typical core (10 cm). Sampling of marine cores invariably
focuses on down-core changes of sediment or other properties (Ledbetter
and Ellwood 1976) with the goal of reconstructing past changes in ocean
climate or sediment transport and deposition (McCave and Andrews
2019a, 2019b).

An implicit assumption in nearly all studies is that the core is
representative of the cored stratigraphic (e.g., seismic) unit, and multi-core
or push cores (from a large box core) have usually not been investigated to
confirm this assumption. Thus, the scale of lateral sediment variability in
this environment (Fig. 1) is largely unknown, and not surprisingly little
mention has been paid to possible variations across width intervals in
cores. For example, the target population in this study is the Holocene
sediment sequence in the small Grivel basin (~ 100 km?) located on the
eastern Greenland shelf (Jennings et al. 2011), but the available population
is only represented by core MD99-2317 (Fig. 2A). As the core’s surface
area is < 100 cm?, this was but one of 10%/km?® possible sites. A rarely
noted assumption in paleo-marine studies is that the compositions
(sediments, geochemical, biological) are representative of the target
population. This is a reasonable assumption for several proxies, such as
foraminifera (Perner et al. 2016), although their distribution can be patchy,
but much less so for proxies linked to iceberg deposition, such as coarse
grain sizes or mineralogy (Fig. 1). Thus, the basic question is how
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representative of a specific ocean—glaciological setting is a single core and
samples from that core?

Objectives

Lacking close adjacent cores from the area we resort to investigating the
lateral (across core) variability in grain size and mineral sediment
properties in paired samples from core MD99-2317 from the East
Greenland continental shelf (Figs. 2, 3) using a between analysis-of-
variance (ANOVA) design and a post-hoc test for paired comparisons (Fig.
4). The questions that are addressed are: How variable are sediment
properties between sample pairs from the same depth, and do the results
suggest the need for more rigorous guidelines for sampling cores in these
environments and even the acquisition of multiple cores? Differences
might be expected between sample depth increments, but an implicit
assumption is that the sample properties do not vary across the width of the
core. In addition, the rate of sediment accumulation is certainly inherent in
any considerations dealing with the representativeness of the selected
samples. Because the measurements are replicated in this study, the data
for both qXRD (Raven and Self 2017) and grain size are also an explicit
evaluation of the precision of the methods.

CORE MD9%9-2317

Core MD99-2317 (henceforth #2317) was retrieved from Grivel Basin
(Fig. 2A), a small basin on the East Greenland Shelf (68.103° N, 27.8615°
W, 536 m wd, 25.07 m long), collected during the IMAGES V expedition
(Labeyrie et al. 2003; Labeyrie and Jennings 2005). In most winters the
landfast sea ice extends across the basin (Hastings 1960), which restricts
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Fic. 1.—Photographs of icebergs showing: A) large iceberg off East Greenland
ploughing through landfast sea ice, moving left to right (credit https://www.nasa.gov/
mission_pages/icebridge/index.html.) B) Inclined debris bands in an iceberg. C)
thick concentration of probable basalt-rich sediment from glacier traction zone near
the MD99-2317 site. Melting and the release of sediment for deposition on the
seafloor is spatially and temporally intermittent.

the movement of any embedded icebergs (Fig. 1A). Grivel Basin is only 30
to 40 km from a series of calving tidewater glaciers that flow across the
Geikie Plateau, an extensive (60,000 km ?) early Tertiary basalt outcrop
(Brooks 1990; Nuttall 1993) (Fig. 2A). Grivel Basin is also in the path of
icebergs drifting south in the East Greenland Current (EGC) and sourced
from large tidewater glaciers in Scoresby Sund and NE Greenland (Seale et
al. 2011). The landfast sea ice breaks up in May to June, and heavy drifting
sea ice is frequently present through July and September, with freeze-up
starting in October (Hastings 1960). As an indication of the variability in
iceberg and sea-ice concentrations Figure 2B illustrates the area
immediately south of Grivel Basin.

Iceberg drift is mainly controlled by ocean currents, thus the vast
majority of icebergs from East Greenland tidewater glaciers drift south
along the East Greenland Shelf. Radar observations of iceberg numbers
and their dimensions in September 1990 on the East Greenland Shelf
(Dowdeswell et al. 1992, their Table 1) showed between 1 and 29, with
widths of between 100 and 1000 m, and keel depths between 100 and 600
m. However, deep-drafted icebergs would be grounded on the shallow shelf
that extends upstream from the Grivel Basin where the seafloor is heavily
scoured (Syvitski et al. 2001). There is no historical data base for the yearly
numbers of icebergs in the area, as there is for the Newfoundland Shelf
(Bigg and Wilton 2014), although data from Iceland (1985-2011,
Jonsdottir, in Andrews et al. 2019) documents changes in the number of
icebergs observed on the NW/N Iceland shelf that are primarily linked to
Scoresby Sund sources and transported in the East Iceland Current.

However, Fe-geochemical sediment data from MD99-2322, 160 km SW of
#2317 (Darby et al. 2017) indicate that although the majority of the sand
grains came from Scoresby Sund or NE Greenland, some grains had a
signature from areas around the Arctic Ocean.

The sediment load in icebergs can be extremely variable (Bigg 2016)
and depends on whether it includes the basal traction zone and subsequent
transport and melt history (Dowdeswell and Scourse 1990) (Fig. 1).
Sediment transport in this environment consists of sediment-rich meltwater
plumes from the bases of tidewater glaciers ( Syvitski et al. 1996; Mugford
and Dowdeswell 2010; Mugford and Dowdeswell 2011) and transport of
basal till carried away from the ice front in icebergs, which are often
entrained in the frontal sikussuaq (Dwyer 1993, 1995) also referred to as a
mélange of sea ice, icebergs, and bergy bits (Amundson et al. 2010).
Iceberg drift in the area is restricted by the development of landfast sea ice
(Hastings 1960), and many glaciers are fronted by a sikussuaq (Fig. 2B),
which also delays iceberg movement onto the shelf and the reduction in
iceberg sediment content. Typically, only a small fraction of the basal till
(Fig. 1C) is made up of coarse sand, and the bulk of the sediment is of silt
and clay size (Dreimanis and Vagners 1971; Dreimanis 1982). On this part
of the East Greenland Shelf (Fig. 2), cold and fresh Polar Water overlies
modified and chilled Atlantic Water (Jennings et al. 2011).

A depth—age model was constructed for #2317 based on 15 calibrated
radiocarbon dates and the presence of the Vedde and Saksunarvatn tephras
(Fig. 3A) (Jennings et al. 2006, 2011, 2014). The youngest radiocarbon
date is at 312 cm, 86 cm from the core top at 226 cm, with an age of ~
3200 cal yr BP. The sediment accumulation rates (SARs) for the section of
the core included in this study (226 to 600 cm) varied from 25.6 to 10.6 yr/
cm, potentially enabling multi-decadal to multi-century resolution of
sediment records. Despite the closeness to glacial sources (Fig. 2A) the rate
of sediment accumulation (SAR) at #2317 is < 1 mm/yr. These SARs can
be compared with fjord to shelf estimates derived from studies just south of
#2317 from Nansen to Kangerlussuaq fjords (Fig. 2) where SARs declined
from 200—400 cm/ky in the fjords to < 10 cm/ky on the shelf (Andrews et
al. 1994, their Fig. 7).

The rate of accumulation of iceberg rafted sediments is a function of: i)
the sediment load and distribution in the icebergs (Fig. 1B, C), ii) the water
temperatures, iii) the rate of wave erosion, and iv) the rate of iceberg drift
(Fig. 1A) ( Russel-Head 1980; Dowdeswell and Murray 1990; Venkatesh
et al. 1994; Bigg 1999, 2016). Factors iii and iv suggest that deposition
would be higher in the mainly ice-free summer months. Given our
knowledge of the water-mass distribution on this part of the East Greenland
Shelf (Jennings et al. 2011) it is probable that at Grivel Basin Irminger or
Atlantic Intermediate waters (> 1° and < 3°C) extend beneath the Polar
Water transported south in the East Greenland Current (Fig. 2A), and this
would enhance melting of icebergs.

In the literature, ice-rafted debris (IRD) is often defined as various grain
sizes > 63 pm (Andrews 2000; McCave and Andrews 2019a) but it is
important to note that silt- and clay-size sediments are also an integral
result of glacial erosion (Dreimanis 1982). Our conceptual model for
sediment deposition thus envisages the rapid settling of coarse sand from
melting icebergs, whereas fine-grained sediments entrained in meltwater
plumes or released from icebergs is transported by currents, with final
composition determined by bottom-current flow speed (McCave and
Andrews 2019a, their Fig. 1).

SEDIMENT VARIABILITY
Sampling and Methods

The on-board core description and subsequent examinations of the
lithofacies of #2317 (Labreyrie et al. 2003, Leg 4, p. 644 ) indicate that
“The uppermost unit (0—22 m) consists of a very dark gray silt clay, mostly
homogeneous. ..” and the core logging of color and magnetic suscepti-
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bility confirmed this analysis. For this study the quality of the X-
radiographs was such that we were unable to count IRD clasts > 2 mm
(Grobe 1987) so inferences about iceberg rafting have been based on
various sand fractions determined by either sieving or laser particle-size
analysis (e.g., McKay et al. 2022). Previous research on #2317 included
foraminifera and IRD history (Jennings et al. 2011), changes in mineral
composition (Andrews et al. 2010), and evidence for changes in bottom-
current flow speed (McCave and Andrews 2019a, 2019b) (Fig. 3A). The
samples taken for foraminiferal studies had dimensions of ~ 8 cm X 4 cm
X 2 cm, dry weights of 54.1 £ 18.9 g, and a 2-cm sampling interval (n =
466) (Jennings et al. 2011). A second series (called here “GRL# samples™)
was undertaken combining sediment from two 10 cc plastic rings with
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Fic. 2.—A) Location of the core site, MD99-
2317, on the East Greenland Shelf (credit Google
Earth). The cluster of small red squares are a
schematic representation of iceberg transport
along the shelf. B) False-color Landsat 1992
image of the area just south of the MD99-2317
site (Dwyer 1993, 1995), Kang Fj, Kangerlussuaq
Fjord; NJ, Nansen Fjord. The heavy dashed line in
Part A marks the northern limit of Part B.

Dark blue = open
water

sample average dry weights of 20.77 £ 5.8 g (n=100). For both these data
sets, sand content was obtained by wet sieving through a > 63 pm mesh
and the volume wt% was obtained for the GRL# samples by using Malvern
Mastersizer 3000 (see McKay et al. 2022). The GRL# samples were not
always evenly spaced and the sampling of a rare event, such as the 23.1%
sand (Table 1) in one sample, probably represents a restricted sediment
avalanche from an iceberg such as shown in Figure 1C, and confirms the
assumption that IRD records can be noisy.

Interpretations of geochemical and mineral and grain-size variations are
also faced with the closed-array compositional conundrum (Chayes 1971;
Templ et al. 2008) so that an increase in one size fraction necessitates a
decrease in one or more other grain size bins resulting in spurious negative
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Fi. 3.—A) Downcore plot of MD99-2317 data showing sediment texture, some of the calibrated radiocarbon dates, grain-size parameters, and mineral weight %. The
heavy dashed black lines show statistically significant trends in the data. The yellow rectangles highlight the two sections that are the focus of this study. B) Boxplots of the %
of sand in the two sections (Upper and Lower) for the three sets of samples discussed in the text. C) Boxplots of the volume% and weight % of sand taken from the two
sections of the core (Fig. 4).
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FiG. 4.—Photograph of the experimental A and B sampling for the two sections of MD99-2317and showing GRL# grain size distributions from samples in the two sections
(see also Fig. 4) (n =6 and 8 refer to the number of samples taken from the archive half of the core).
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TaBLe 1.—Comparison of the sample weights and sand estimates for the Upper and Lower sections (Fig. 4). A) Sampling for foraminifera, B) GRL#
sampling for grain size and mineral composition and the Malvern sand fraction weight %s, C) initial sampling for this experiment, and D) the weight

and percentages of sand in the 1 g sample.

Dry Initial %V Dry Dry
Mid-Depth, Sample Depth, Dry Coarse Sediment Sediment
cm Weight, g~ > % 1000 pm % Sand cm wt, g Sand Sand %  Depth ~ Weight, g = % Sand  Weight, g = % Sand
Upper A) B) C) D)
274 40.66 19.2 23.1 274 19.93 0.10 0.10 275A 9.71 0.67 1.0 1.71
276 29.4747 3.2 4.5 280 15.58 0.00 0.00 275B 10.75 1.00 1.0 2.01
278 37.81 0.4 1.5 286 17.39 0.00 0.00 279A 9.5 1.04 1.0 5.37
280 33.707 0.3 1.6 279B 10.54 1.03 1.0 2.84
282 37.808 0.9 22 285A 9.21 0.71 1.0 1.33
284 35.291 33 4.5 285B 11.07 1.26 1.0 3.08
286 40.326 0.6 1.5
Lower 542 63.12 0.0 0.3 544 21.07 0.00 0.00 540A 10.6 0.03 1.0 0.35
544 81.184 0.0 0.3 552 27.12 0.00 0.00 540B 10.44 0.10 1.0 0.9
546 54.213 0.0 0.5 560 19.57 0.00 0.00 545A 10.81 0.07 1.0 0.24
548 76.809 0.0 0.5 545B 10.95 0.24 1.0 0.33
550 63.798 0.1 0.5 550A 11.36 0.39 1.0 0.41
552 75.311 0.0 0.3 550B 9.99 0.25 1.0 0.35
554 58.396 0.0 0.3 555A 11.47 0.19 1.0 0.13
556 55.506 0.0 0.2 555B 11.23 0.30 1.0 0.18

correlations. No consistent data transformations have been implemented to
address the issue, although Aitchison (1986) advocated the logratio
transformation. However, in this paper we use the mineral and grain-size
percentage data.

Samples from Lower (555-545 cm) and Upper (275285 cm) sections
(Figs. 3A, 4) were extracted for our experiment, the original data were
taken from the working half of the core whereas the new samples were
extracted from the archive-half (Fig. 4) (see Sampling Method, below).
Seven depth intervals were sampled with two samples taken at each depth
(Fig. 4; Table 1). All mineral and grain-size data presented is available
electronically in the PANGAEA database (Andrews 2022). The sample
volumes were ~ 10 cc and the dry weights averaged 10.55 * 0.64 g (Table
1). An extrapolated age for the section of the core ~ 280 c¢cm (Fig. 3A) is
~ 2400 cal yr BP, whereas the calibrated age at ~ 550 cm is 7000 cal ka
BP. Given the rates of sediment accumulation (Jennings et al. 2011) then
the Lower 5-cm series are separated by ~ 60 yr versus 125 yr for the Upper
sediments (Figs. 3A, 4).

Replicate ¢XRD data (see Sampling Method) were obtained froma 1 g
split of the < 2 mm sediment. Small sample statistics are defined as > 5
(e.g., 0.5° = 0.03) (Morgan 2017), which in our experiment called for a
total of 7 X 2 X 5 (n = 70) gXRD analyses. Sample recovery from the
qXRD preparation resulted in a final sample weight usually between 0.5
and 0.8 g. As the XRD carousel holders hold ~ 0.25 g so our replicate five
samples consisted of two splits and three re-runs.

Between-Sample ANOVA

The ANOVA null hypothesis, that parameter means are not significantly
different between the paired samples (e.g., Fig. 4) ( Dixon and Massey
1957; Davis 1986), is either accepted or rejected. If the null hypothesis is
rejected a post-hoc test (NIST/SEMATECH 2012) is used to see which if
any of the paired comparisons are significantly different. There are several
post-hoc options available (Aabel 2016) and the selection depends of
whether equal variances are assumed and/or equal replicate analyses are
required. The Scheffe test is considered the most conservative for pairwise
tests, but the Tukey-Kramer test is also appropriate (NIST/SEMATECH
2012). Equal variances are assumed but an equal number of samples is not
required, ANOVA methods test derived parameters, such as the median

grain size or SS%, whereas Curray (Curray 1961) stressed the importance
of the total grain-size spectra in understanding depositional processes.
However, the problems inherent in particle size analysis (Fieller et al. 1992)
restrict our ability to statistically compare the cumulative grain-size
distributions.

RESULTS
qXRD Comparisons

The original 34 mineral wt% estimates are reduced by combining some
of the minerals into larger groups, such as K-feldspar, plagioclase, and 1:1
and 2:1 clay minerals (Villasefior and Jaeger 2014). For this paper the
between-sample mineral variations for six minerals are compared (Table
2A), noting that embedded within the replicates is also machine variability
(in this case a Siemens D5000 X-ray diffractometer). Five replicates of
each sample were processed for a total of 7000 minutes of machine time.
The boxplot (Fig. 5) gives a visual evaluation of the variations within a
sample and between sample pairs (Fig. 4) however, we stress that we are
dealing with comparisons between small samples, that is n = 5 (Morgan
2017).

The actual mineral composition of our samples is not known, but the
repeatability of the estimates is indicated by the standard deviations and the
coefficient of variation (CV% a dimensionless number) (Table 2A). There
is a voluminous literature on the application of CV% in statistics (Al-
Jarallah and Aly 2014; Krishnamoorthy and Lee 2014) but here the results
are simply reported. (Table 2A, B). The results indicate that 50% of the
CV% statistic can be classified as very good (CV% < 10%) and 40% are
good (CV% 10-20%) (Table 2). The remaining 10% are acceptable and
were usually associated with disturbance during the automatic loading of
the sample from the carousel. The between-sample ANOVA of the paired
samples for the four non-clay and two clay minerals indicate that the null
hypothesis of no difference was accepted except for quartz, pyroxene, and
smectite (Table 3A; Fig. 5). Even in this case the post-hoc Scheffe
indicated that no significant paired differences were detected. However, the
problems associated with the XRD data summing to 100% (Chayes 1971)
are evident in the strong negative correlations between quartz and pyroxene
and between pyroxene and smectite (—0.61 and —0.65), compared to 0.4 for
the association between quartz and smectite.
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Fic. 5.—Boxplot of results from five replicate for each A and B samples at the seven depths (n= 70) runs of X-ray diffraction mineral weight %s. The small diamonds (not
for quartz) are the mean values A) quartz wt%, B) K-feldspar, C) plag, plagioclase, D) pyroxene, E) smectite, F) illite and mica.
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The choice of a 5-cm depth interval (Fig. 4) was not a major factor in the
experimental design, which was more concerned with variations across
width intervals. The ANOVA on the depth increments (Table 3B) indicates
significant differences in quartz, pyroxene, and smectite, but the post-hoc
Scheffe test indicated no significant differences between the paired depth
increments (Fig. 4), however the Tukey-Kramer post-hoc test indicates a
single significant difference, and that is between pyroxene at 545 cm and
276 cm (Fig. 3A). ANOVA results on the Lower versus Upper sections also
indicated significant differences in pyroxene (Figs. 3, 5; Table 3C).

Even though the data indicates that there are distinct trends for some
minerals (Fig. 3A) the only clear changes are in pyroxene and smectite,
both of which are associated with the glacial and periglacial erosion of the
Greenland early Tertiary outcrop (e.g., Fig. 1B) (Andrews et al. 2015).

Grain Size

The two sections of the core have clear differences in their grain-size
compositions with the ~ 550 cm samples having a major mode ~ 18 pm,
whereas the ~ 280 cm samples have a broader and finer-grained peak (Fig.
4). There are also significant trends in at least some of the grain-size data
(Fig. 3A, B). In an apparent contradiction both the fine silt and the coarse
sand increase in the uppermost section (Fig. 3A), a reflection of both
glacial plucking and abrasion (Boulton 1996; Andrews and Principato
2002; McCave and Andrews 2019a). Statistics for the grain-size variables
are based on between 10 and 20 replicate runs (Table 2B). The absolute
differences between paired cumulative A and B curves varies from 0.84%
to 4,73% but there is no valid statistical test as to whether these differences
are significant or not (Fieller et al. 1992).

The Gradistat program (Blott and Pye 2001) was used to reduce the 40
grain-size bins to seven descriptive categories as were the sortable silt
parameters (McCave et al. 2017). The study focused on whether there are
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fixed standard deviation of = 2 and varying
means. The dashed horizontal dashed lines delimit
CV% that are ranked good (G) or very good (VG).

differences in the A versus B pairs in terms of: i) % > 240 pm, ii) % of
sand (> 63 um), iii) median grain size, iv) % very coarse silt, v) % very
fine silt, and vi) the SS,,c.n (Fig. 6; Table 4).

It is not surprising that estimates of sand weight % versus volume %s
vary (Fig. 3B) as the methods employ very different assumptions
(Shillabeer et al. 1992, see also https://www.materials-talks.com/blog/201
7/06/13/laser-diffraction-vs-sieving-comparison/) and also are undertaken
on very different sample weights (McKay et al. 2022). We compare sand
content for samples from the Upper and Lower core intervals for the three
data sets (Fig. 3A; Table 1), the results are portrayed as boxplots (Fig. 3B,
C). All the comparisons indicate a significant difference between the Upper
and Lower sections (Fig. 3A), reflecting an increase in ice rafting in the
Upper section during Neoglaciation (Jennings et al. 2011). In the
experimental data set (Fig. 4) the difference in sand % between the Upper
sieved and volume wt%os is significant (p=0.015), but the sand% estimates
(> 63 pum) are not dissimilar for the Lower section percentages (Fig. 3C).
Furthermore, sieving of the large 50 * g samples indicated a variable % of
grains > 1000 pm in the Upper section and virtually none in the Lower
(Table 1),

Plots of the average grain-size curves for the seven pairs of samples
replicate the major differences in the grain-size curves for these two
sections of the core, and reflect changes in regional sediment source-to-
sink processes (Jennings et al. 2011; Perner et al. 2016). The box plot of
the sediment variables (Fig. 6) suggests that whereas some pairs are similar
others may have statistically different distributions. The null hypothesis is
that there are no differences between the averages of the A versus B
samples (Fig. 4); the post-hoc Scheffe was employed to test whether the
paired samples were statistically similar and to avoid problems associated
with the use of multiple t-tests. However, the Scheffe test (Fig. 5; Table 4A)
indicates that out of the possible 42 paired comparisons (seven pairs and
six variables) only 13 were significantly different (p = > 0.05). Of the six
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TABLE 2.—A) gXRD mineral wt% estimates of the means, medians,
standard deviations (n = 10), and the coefficient of variation (CV%). B)
Grain size % estimates of the means, medians, standard deviations, and

the coefficient of variation (CV%).

A) See Fig. 6

Depth, cm 276 280 286 540 545 550 555
Quartz

Mean: 39 34 32 3.7 3 3.46 33
Median: 39 3.5 33 3.85 3 345 3.55
Std. Dev.: 0.19 0.27 0.9 0.54 0.84 0.48 0.51
CV% 4.87 7.94 28.13 14.59  28.00 13.87 15.45
K-feldpsar

Mean: 12.9 12.95 13 12.6 11.7 13 12.3
Median: 12.9 13.5 12.6 12.6 11.8 13.1 12.6
Std. Dev.: 1.34 1.02 2 241 1.9 1.22 0.88
CV% 10.39 7.88 15.38 19.13 16.24 9.38 7.15
Plagioclase

Mean: 20.9 20.2 21.2 21.2 20.8 20.4 21.6
Median: 20.9 19.5 21.6 21.1 20.7 20.2 21.8
Std. Dev.: 1.57 1.15 1.46 1.63 1.68 1.09 1.08
CV% 7.51 5.69 6.89 7.69 8.08 5.34 5.00
Pyroxene

Mean: 133 133 13.7 13.9 144 14.4 14.6
Median: 13.4 13.3 13.6 14.1 14.1 14.1 14.6
Std. Dev.: 0.69 0.67 0.85 1.03 0.97 0.77 0.53
CV% 5.19 5.04 6.20 7.41 6.74 5.35 3.63
Smecitite

Mean: 18.6 18.4 17.4 15.8 17.5 18.1 18
Median: 18.2 18.8 17 16.3 17.5 18 18.1
Std. Dev.: 0.92 0.99 1.01 3.66 1.21 0.74 0.63
CV% 4.95 5.38 5.80 23.16 6.91 4.09 3.50
Illite and Mica

Mean: 5.4 5.6 5.5 4.3 5.8 5.6 6.1
Median: 5.7 4.9 5.5 4.4 6.1 54 6.1
Std. Dev.: 0.91 1.36 0.96 2.64 1.11 0.69 0.73
CV% 16.85 2429 17.45 61.40 19.14 12.32 11.97
B) see Fig. 7

Depth cm 276 280 286 540 545 550 555

% > 240 pm

N 25 30 20 20 20 20 25
Mean: 1.3 1.2 2.1 0.13 0.11 0.86 0.11
Median: 1.49 0.8 1.98 0 0 0 0
Std. Dev.: 0.7 1.2 1.25 0.39 0.3 3.8 0.37
CV% 53.85 100.00 59.52  300.00 272.73  441.86 336.36
% > 63%

Mean: 1.6 1.8 1.9 0.8 1.42 0.88 0.29
Median: 1.6 1.95 2.1 0.9 1.4 1.1 0.1
Std. Dev.: 0.69 0.59 0.48 0.13 0.11 0.89 0.33
CV% 43.13 32.78 25.26 16.25 7.75 101.14 113.79
Median pm

Mean: 8.02 9.32 10.89 9.35 8.42 7.61 5.82
Median: 7.98 9.56 11.25 9.35 8.41 7.75 5.12
Std. Dev.: 0.1 1.02 0.74 0.12 0.04 0.37 1.02
CV% 1.25 10.94 6.80 1.28 0.48 4.86 17.53
V coarse silt

Mean: 10.6 12.1 14.55 13.5 11.4 9.8 7.2
Median: 10.1 12.2 14.8 13.5 11.4 10.35 6.7
Std. Dev.: 0.39 1.08 0.44 0.99 0.06 0.85 0.94
CV% 3.68 8.93 3.02 7.33 0.53 8.67 13.06
V fine silt

Mean: 12.57 11.68 10.66 11.68 12.29 13 15
Median: 12.6 12.6 10.4 11.7 12.3 12.95 15.9
Std. Dev.: 0.85 0.68 0.48 0.05 0.03 0.2 1.4
CV% 6.76 5.82 4.50 0.43 0.24 1.54 9.33
Ssmean

Mean: 21.6 21.9 222 24.04  24.59 24.51 24.2
Median: 21.6 21.9 22.19 24.07  24.58 24.5 24.19
Std. Dev.: 0.05 0.079 0.058 0.13 0.508 0.27 0.069
CV% 0.23 0.36 0.26 0.54 2.07 1.10 0.29

grain-size variables that were used, the mean sortable silt difference
indicated that five out of the seven paired samples (Fig. 6) were
significantly different, whereas no differences were detected in the mean
coarse sand percentages. However, the probability of having five
significant differences out of seven comparisons is ~ 0.16 thus limiting
any conclusive statement.

DISCUSSION

The results from this project raises a fundamental question as whether
small sediment samples are representative of a 10-cm diameter core in an
iceberg-rafting dominated region (Figs. 1, 2), and of course the core itself
only samples a very small fraction of the target seismic sediment unit. The
validity of conclusions drawn from the available (single core), to the much
larger and unsampled target population, has been a fundamental problem in
the Earth Sciences for several decades (Krumbein and Graybill 1965;
Griffiths and Ondrick 1968), and this particularly applies to ice-proximal
glacial marine environments where spatial variability in the deposited
coarse IRD fraction is expected to occur. Iceberg deposition depends on
melting and on the distribution of sediment in and on the iceberg, and this
can result in spatially limited deposition (cm?) or a larger coverage (m?) if
the iceberg becomes unstable and rolls (Fig. 1C). Only in the case of
massive iceberg discharge, such as Hudson Strait Heinrich events, will
coeval iceberg deposition take place over 10° km? at 10° yr scales
(Hemming 2004; Andrews and Voelker 2018). Given the rates of sediment
accumulation noted earlier, most sampling methods (Fig. 4) integrate
decades to centuries of iceberg deposition and this plus bioturbation will
tend to totally mask the cm- to pm-scale depositional, events that mark
iceberg transport and sediment release (Fig. 1).

Working on Antarctica marine sediments, McKay et al. (2022)
undertook a comprehensive analysis of methods used to identifying ice-
rafted debris, namely X-radiography of > 2 mm clasts, the sieved wt% of
sand > 250 pm, and the volumetric % of sand > 125 um. One of their
conclusions for the poor correlation between methods was “We suspect
that the primary reason for this is the very small sample size(~ 0.15-0.9 g)
that is required for the correct obscuration of the laser particle sizer for
samples of these lithologies.” This conclusion supports our observations
on #2317 and further calls for a consensus on what sediment fraction(s)
can be termed “ice rafted” (Andrews 2000; McKay et al. 2022). In her
informative commentary on the McKay et al. (2022) paper Cowan (2022)
noted that the “. . .cleanest signal” of IRD is obtained by sieving out the >
250 pm coarse sand fraction. However, we add a caveat to that
recommendation, sample weights should be as large as possible,
understanding the usual constraints on core sample protocols. In addition,
the nature of the bedrock and basal ice temperature has an influence on the
amount of coarse debris produced during glacial erosion (Drewry 1986).

Analysis of the seven sets of paired data for mineral composition and
grain-size attributes in general reveal that there is little statistical difference
between the mineralogy of the paired samples, but there is more significant
variability between the grain-size variables (Tables 3, 4; Figs. 5, 6). The
CV% (Table 2A, B) is a commonly used measure of the repeatability of a
measurement (Davis 1986). In the gXRD data, the CV% is usually < 20%
(Table 2A) but varied from 3 to 61.4% (Fig. 7), but the overall conclusion
is that the whole-pattern approach (Eberl 2003) to obtaining wt %s of
mineral mixtures in marine sediment is robust (Raven and Self 2017). In
terms of the grain-size data (Table 4), our results indicate that there can be
considerable internal variability in the estimates of the > 240 and even the
> 63 pm fractions, whereas the replications for median grain size, % very
coarse silt gave extremely small CV%s (Table 2) and that also applies to
the calculations of SS,,c.n. How far this might be driven by changes in
grain shape is an unknown (Marshall et al. 2014).

A plot of the mean and CV% data for the mineral wt%s and grain-size
parameters (Fig. 7) indicates that they could be modeled by a power law,
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TaBLE 3.—A) ANOVA data for mineral variables (Fig. 5) showing the
degree of freedom (df), the F statistic, probability of rejecting the null
hypothesis (p), * = significant, and the number of significantly different
paired comparison (# of 7), B) ANOVA results of between adjacent
depths, C) ANOVA of the result of comparison between the upper versus
lower sections (e.g., Figs. 3, 4).
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TaBLE 4.—A) ANOVA data for grain-size variables (Fig. 6) showing the
degree of freedom (df), the F statistic, probability of rejecting the null
hypothesis (p), and the number of significantly different paired
comparison (# of 7), B) ANOVA results of between adjacent depths, C)
ANOVA of the result of comparison between the Upper versus Lower
sections (e.g., Figs. 3, 4).

Scheffe Test Between A and B pairs df F p # of 7
Between A and B pairs df F p #of 7 A) 13,146
% > 240 pm 473 < 0.001 0

A) 13.56 % > 63um 432 < 0.001 2
quartz 1.6 0.11 median pm 72.33 < 0.001 5
K-feldspar 0.84 > 05 v. coarse silt 279.86 < 0.001 3
plagioclase 1.08 0.396 v. fine silt 258.14 < 0.001 2
pyroxene 1.98 0.039* 0 SS mean 8313 < 0.001 5
smectite 1.31 0.023* 0 B) Between depths 7,142
illite and mica 0.84 > 0.5 % > 240 um 4.44 < 0.001
B) Between depths 6.63 % > 63um 28.88 < 0.001
quartz 244 0.035% median pm 110.63 < 0.001
K-feldspar 1.04 0.407 v. coarse silt 22534 < 0.001
plagioclase 113 0.351 v. fine silt 86.25 < 0.001
pyroxene 3.89 0.002* SS mean 748.28 < 0.001
smectite 3.16 0.009* C) Between U and L sections 1,158
illite and mica 1.79 0.114 % > 240 pm 22.87 < 0.001
C) Between U and L sections 1.68 % > 63um 101.87 < 0.001
quartz 0.54 0.461 median pm 52.78 < 0.001
K-feldspar 2.57 0.114 v. coarse silt 33.96 < 0.001
plagioclase 0.431 > 05 v. fine silt 4935 < 0.001
pyroxene 18.54 < 0.001* SS mean 2448.9 < 0.001
smectite 3.14 0.081
illite and mica 0.028 > 0.5

which suggests that the standard deviation is relatively constant regardless
of the mean. However, there is a notable increase in the calculated CV%
values for average values < 3.

Recommendations

The answers to the two primary questions that were raised are: Yes, there
is some variability between paired samples (Figs. 5, 6; Tables 3, 4) and
accordingly we argue that the sediment samples should be taken across the
full breadth of the core to obtain the best representative sample for grain
size and mineralogy. For example, an 8§ cm X 3 ¢cm X 0.5 cm sample would
provide ~ 10 g dry weight of sediment, sufficient for several 1 g gXRD
and grain size analyses and represents ~ 6 to 13 yr of accumulation in this
study. The weight % of various sand fractions in this entire sample would
be most representative indication of coarse IRD transport. Our results
indicate that it is important to obtain as large a sample as possible if an
objective is to define coarse IRD, given the usual constraints of sample
sharing and multiple proxy requirements. For this purpose, the sieved
weight % of the sand fractions is more representative than results obtained
from the laser sizing of 1 g samples. Ideally a series of replicate 1 g
samples will provide a sense of the mineral and grain-size variability
(Tables 2—4), although we note that the qXRD and grain-size replicate
measurements resulted in generally acceptable CV% estimates (Fig. 7).

CONCLUSION

In our focused study on glacial marine sediments in iceberg-dominated
areas (Figs. 1, 2) some mineral and in particular some grain-size
characteristics vary significantly across the same depth interval, and
certainly between samples that are only 5 cm apart (Fig. 4). This does raise
the larger question of the degree of spatial variability in sediment
properties and the implicit assumption that “a core” is indeed
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representative of the region’s depositional history. This assumption is
rarely, if ever, tested, and grain-size variability in these regions is aptly
shown by the change in wt% of sand between 274 and 278 cm (Table 1).
The data support the initial concern that estimates of the sand fraction,
especially the coarse fraction, can be underrepresented in grain-size
methods that require a sample size of 1 g or less, a conclusion also reached
by McKay et al. (2022) based on a detailed study of Antarctic core
samples. Estimates of the weight % or volume % of sand are dependent on
the methods used and on the mass of sediment available for study. Even in
areas close to calving tidewater glaciers (Figs. 1, 2) the amount of coarse
sand > 250 pm is not large, and this suggests that the small samples (< 1
g) taken for laser-sizer grain-size methods (Syvitski 1991) may not always
be representative of the coarse IRD fraction (Table 1A), but we also note
that the bulk of sediments produced by glacial erosion is < 63 pum
(Dreimanis 1976, 1982). This suggests that paleoceanographers also need
to use provenance tools to document glacially derived sediments (Licht and
Hemming 2017).

The glacial marine environment that we have described here is not
radically different from other areas of the world with tidewater glaciers, and
our concerns about spatial sampling have wide application. However, to
understand the full range of variability of glacial marine sediment, multiple
cores from the same basin need to be studied, but this is an unlikely
scenario.

SUPPLEMENTAL MATERIAL

Sample Preparation for the Malvern Master Sizer 3000 and Quantitative
X-Ray Diffraction is available from the SEPM Data Archive: https://www.
sepm.org/supplemental-materials. The full mineral and grain-size data are
archived in the Pangaea data base (Andrews 2022; www.Pangaea.de). The
submitted material also includes the full grain-size data for MD99-2317
(see McCave and Andrews 2019a, 2019b).
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