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ARTICLE INFO ABSTRACT

Method name: The isolation of specific grain size classes of lithogenic samples and biogenic carbonate from the
Sediment grain size isolation of <63 um fraction <63 um fraction (i.e. clay and silt) of marine sediment is often a prerequisite to further pre-
using a centrifuge treatments and/or analytical measurements for palaeoceanographic studies. Established tech-
niques employed have included sieving, settling and micro-filtration (and/or a combination of
these). However, these methods often use significant amounts of bulk sediment (often up to ~3 g)
and/or require considerable amounts of time during sediment processing (ranging from 48 h to 3
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Biogenic carbonate rich sediment weeks) to isolate a size specific class for further analyses. Here, we build on previous approaches
Centrifugation to isolate three grain size classes (e.g. <2 um, clay; 2-10 um, fine silt; and 10-63 pm, coarse silt)
Grain size isolation from the <63 um fraction of marine sediment with the aid of a centrifuge at varying revolutions

per minute using Stokes’ Law. We show the utility of our approach using two common sediment
types dominated by (i) lithogenic and (ii) biogenic carbonate (specifically coccoliths) components
of marine sediment cores. Our method reduces the amount of sample material required to 1-2 g
to provide an isolated clay fraction (or other targeted size fraction) and decreases the sample
processing time (to ~1 hour) to enable high throughput of analysis, when compared to previous
techniques for palaeoceanographic proxy measurements.

* We recommend a more straightforward grain size isolation method for lithogenic sediment
and biogenic carbonate sediment types
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Introduction

Marine sediment cores provide long-lasting continuous archives of both marine and terrestrial environmental conditions. These
past environmental conditions can be inferred via palaeoproxy measurements that record geochemical and biological information,
for example, via key geochemical elemental ratios indicative of a specific environmental variable (e.g. [1-4]), or the relative
abundances of species that have specific ecosystem tolerances (e.g. [5,6]), such as a change in climate conditions. A requirement
of many palaeoproxy measurements is the ability to quantitatively isolate specific grain size classes (e.g. <2 um clay fraction) from
a mixed <63 um sediment sample without significant modification of their chemical or physical properties. For instance, marine
sediment provenance studies (i.e. the identification of specific geographic source areas of sediment) require the exact separation of
grain size classes prior to analyses, because different transport processes may contribute preferentially to specific grain size fractions
[7,8]. For example, a key tool used to identify sediment provenance are radiogenic isotopes (mainly neodymium (¢Nd) and strontium
(87Sr/86Sr)) of the lithogenic clay fraction [7,9]. There is an ongoing effort to determine the extent to which 87Sr/80Sr isotope ratios
are sensitive to grain size variability and chemical weathering [7,10-13]. It is widely recognised that the 87Sr/86Sr composition
of marine sediment typically increases with decreasing grain size [11], since clay minerals are preferentially derived from Rb-rich
minerals such as biotite and K-feldspars, which are more prone to chemical rather than physical weathering processes [14,15].
The grain size sensitivity of 87Sr/86Sr isotope compositions has caused inconsistencies when comparing different core sites used for
proxy-based provenance reconstructions. Hence, limitations persist concerning the utility of Sr isotope data from the bulk sediment
fraction, or when comparing existing data from different grain size fractions ([7,16-19]; van der Lubbe, 2016; [20]). For example,
Hahn et al. [16] identified a + 0.02 - offset in 87Sr/80Sr isotope data measured in the <2 um fraction compared to <120 um fraction,
0.00001 (10~5) orders of magnitude higher than the 87 Sr/86Sr isotope variability usually considered significant [21]. Unlike 87Sr/80Sr
isotope ratios, the eNd signatures are less sensitive to chemical weathering and thus grain size variation [7]. For palaeoclimate recon-
structions, the influence of different grain size fractions on provenance analyses needs to be carefully accounted for, especially when
interpreting land-sea linkages [7]. Thus, as a prerequisite for such studies, the accurate separation of the grain size classes is essential.

Accurate and precise particle size separation is also an essential requirement during sample preparation for studies focused on the
microfossil content of marine sediments. For example, coccolithophores (2 to ~30 um) are among the marine organisms that provide
proxies for palaeoceanographic reconstructions from both organic and inorganic fossil records [22]. Particular organic biomarkers, i.e.
alkenones, which are produced by a specific small-sized group of coccolithophores (e.g. Emiliania huxleyi and Gephyrocapsa oceanica)
are important proxy of past sea surface temperature and productivity [23,24], as well as of atmospheric carbon dioxide (pCO,)
concentrations [25]. Likewise, the geochemistry of coccoliths — coccolithophores inorganic exoskeletons made of calcite — provide
a unique signal for past variations in surface water oceanographic and productivity conditions [26,27]. For example, the coccolith
fraction (<20 pum) Sr/Ca is a well-developed proxy, reflecting coccolithophore growth rates and therefore documents variations in
coccolithophore production independent of any coccolith counting [28]. The isotopic signals obtained from coccoliths is dependent
on the size and the species, through vital effects [29,30] and species-specific growth rate [28], therefore isolating bulk coccoliths into
consistent size fractions is necessary.

A wide range of techniques have been used to separate different grain size fractions from a bulk sediment sample. These include:
1) wet and dry sieving (e.g. [31,32]), 2) micro-filtration (e.g. [33]), 3) settling and decanting (e.g. [34]). These methods typically
require significant amounts of bulk sediment (often up to ~3 g) [35] and/or require considerable amounts of time during sediment
processing [35,34]. Additionally a two-step centrifugation (e.g. [35,36]) has been applied using different centrifuge speeds, followed
by decantation and settling. This method successfully isolates the <2 pm fraction but takes 48 h so is significantly longer than our
proposed 1-hour method.

For the biogenic fraction, the utility of coccolith trace element and isotopic analyses is still limited by the challenges of separating
coccoliths from bulk sediments, especially the removal of the finer size fraction (<2 um). Each technique has its own advantages,
micro-filtration and settling are highly effective in isolating the larger size coccoliths (e.g. >3 um) while centrifugation has been
suggested to be more efficient in separating the finest particle (<3 um; [37]). The efficacy of microfiltration diminishes when dealing
with reduced amounts of sediments as separating the coccoliths into different precise size fractions (e.g. >12 um, 10-12 pum, 8-10 pm,
5-8 pm, 3-5 pm, >2 pm) using a vacuum pump has its own limitations. The large diameter of the filter and the pressure exerted by
the vacuum pump from the bottom can lead to the rupture of the membrane filter, rendering the technique impractical for precise size
separation. Additionally, separating all the size fractions using a centrifugation method alone yielded low accuracy, where mixing
of different coccolith sizes has been recorded [37]. Removing the <2 pum prior to doing the size separation of larger fraction for
coccolith clumped isotopes, for example, will minimise, if not completely remove, diagenetic imprint in the samples. The presence of
abiotic or diagenetic calcite has been reported to result in temperature offset between UK37 and A47-derived temperature from the
2-5 um fraction [38]. The <2 um particles, which were described to be calcitic [38] and could be identified as micarb [39], if not
completely removed, could account for discrepancies between UK37- and A47-based sea surface temperature estimates. Therefore,
any improvement in the size separation technique used in size-dependent coccolith analyses should focus on improving the precision
and accuracy of the size class separation and the time required for processing. We provide a standardised protocol with a low time
cost and small sample size of the initial sediment for both biogenic and lithogenic sediment components.

Example 1: - Pre-treatment of lithogenic fraction (decarbonated)

Marine sediment from marine core site MD20-3591 (36° 43.707 S; 22° 9.151 E, water depth 2464 m) [40] and International Ocean
Discovery Program (IODP) Site U1476 [41] located at the northern entrance of the Mozambique Channel (15°49.25’S; 41°46.12’E)
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was initially wet sieved at <63 um to separate the coarse and fine sediment fraction. Before the grain size separation, approximately
1-2 g of the <63 um freeze-dried sediment fraction was decarbonated, and organics and Fe-Mn coatings were removed following a
method developed by previous studies (e.g. [8,19,34,42,43]). The separation of particles smaller than 2 um was carried out using
5 mL 0.5 % sodium metaphosphate and 15 mL of deionised (DI) water, then centrifuging following Stokes’ Law (see full method
(Table 1)).

Example 2: - Pre-treatment of biogenic carbonate fraction

We used sediment materials from the IODP Site U1475 [41] drilled from the southwestern flank of the Agulhas Plateau (41°25.61’S;
25°15.64’E) spanning the mid-Pliocene (2.8 to 3.3 Ma). The site was chosen because of the dominance of the different sizes of the
coccolithophore genus Reticulofenestra (>2 to ~12 um), which altogether comprise up to ~90 % of the total assemblage, making the
site an ideal study location for the size separation technique. Other subtropical to tropical species such as Coccolithus pelagicus (~4 to
15 um), Helicosphaera spp. (~7 to 11 um), and Pseudoemiliania lacunosa (~4 to 7 um) commonly co-occur in the sample.

A total of 16 samples were processed. About 1 g of freeze-dried bulk sediment was lightly crushed with a pestle and mortar,
suspended into a 20 mL 0.5 % ammonia solution, disaggregated, and was then mixed using a vortex. The solution was then placed
in a 50 mL centrifuge to separate the particles smaller than 2 um following Stokes’ Law, assuming a density of 2.65 g/cm? (see full
method (Table 1)).

We provide an updated method of separating grain sizes using a centrifuge which is straightforward to follow and is time and cost-
efficient. Minimal material is needed (1-2 g of <63 um dry sediment) which means there is no bulk sample wasted. To confirm the
utility of the grain separation technique, we have used grain size analysis for the lithogenic sediment and a combination of automated
and manual counting techniques for the biogenic carbonate components. This separation technique improves how effectively the size
separation works for both lithogenic sediment and biogenic carbonate (specifically coccoliths) components as well as offering the
potential of retrieving sufficient sample material for future analyses such as clumped isotope and radiocarbon measurements in
coccoliths, as well as other biogenic components (e.g. diatoms). Given radiogenic isotopes datasets reflect analyses on a variety of
size fractions, this standardised size separation method will also lead to more comparable radiogenic isotopes datasets with consistent
size fraction separation.

Method details
Method validation

Experimental design

Here, we explain the experimental design and tests used to isolate precise grain size classes from the <63 pm fraction into separate
size classes. Our main focus is on the use of centrifugation as it provides the shortest processing times and is the most suitable
approach for high throughput sample processing necessary to support proxy reconstructions that require many samples (typically
high-resolution or long timescale studies). We will provide examples of the application of this method using lithogenic and biogenic
carbonate sediment in separate work flows (Table 1).

Experimental set-up

According to Stokes’ Law, the settling velocity of a particle is proportional to the density difference between the particle type and
the liquid phase, inversely proportional to the viscosity of the liquid, and proportional to the square of the particle diameter. Equally,
within a centrifuge, Stokes’ Law can be used to calculate the time of rotation required to separate specific size fractions according
to Eq. (1) [44] which describes the relationship between time (T) and different components of the centrifuge and material being
processed.

T = 9n1n (R2/R1) / 82 N2r2 (p—p0)+ 2(ta + td)/3 )

Where:

T total time (sec)

n viscosity (poises)

R2 final distance from rotation axis (cm)

R1 initial distance from rotation axis (cm)

N angular velocity (rev/sec) r particle radius (cm)
p density of particle (g/cm?3)

p0 density of displaced media (g/cm?3)*

ta = time of acceleration (sec)

td = time of deceleration (sec)

* We use the grain density of quartz (2.65 g/cm>).

To determine the specific centrifuge settings for our experiment, we first consider the effect of the different key variables in
Eq. (1), these are, a) grain density parameter, p and b) angular velocity, N. We additionally test the initial sample size to determine
the effect on the isolation of the clay fraction. All experiments were carried out using a Thermo Scientific™ Sorvall™ ST 16 Centrifuge
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Table 1
Method for isolation of <2 pm fraction®.
Step Lithogenic Biogenic Carbonate
1 Add 5 mL sodium metaphosphate solution (0.2 %), 15 mL DI water to tube 1. Add 20 mL 0.5 % ammonia solution.
2 Vortex at 3000 rpm until fully suspended then centrifuge 1000 rpm, 2 min for fractions ~2 pm.
3 Decant solution of tube 1 into tube 2 and place tube 2 aside.
4 Pour 5 mL Calgon solution (0.2 %), 15 mL DI water into tube 1 again. Pour 20 mL 0.5 % ammonia solution into tube 1
again.
5 Vortex tube 1 until fully suspended then centrifuge 1000 rpm, 2 min.
6 Pour solution of tube 1 into tube 2. Tube 2 contains 40 mL now.
7 Vortex tube 2 until fully suspended then centrifuge 1000 rpm, 4 min,
a. This removes the >2 um fraction (settled) and the suspended solution contains the <2 pm clay fraction.
8 Pour supernatant into tube 3, this contains the <2 um clay fraction.
Vortex tube 3 until fully suspended then centrifuge for 10 min at 2500 rpm. Discard Tube 3.
10 Rinse samples using DI water (40 mL) three times. Take tube 2. This contains the >2 pm fraction to

be processed for further size separation (2-3 pm,
3-5 pm, 5-8 pm,
8-10 pm, 10-12 pm) using the
micro-filtration technique.
11 After cleaning, place samples in tubes in an oven at 40 °C.
a. Or can pipette sample onto a glass slide under the fume hood and allow to air dry
for XRD work.

2 To isolate the 2-10 pm and 10-63 pm fraction we utilised Eq. (1), assuming a typical grain density of quartz (2.65 g/cm?), to determine the
following centrifugation steps:
i) 1000 rpm for 2 min isolating the 10-63 pm fraction,
ii) using the supernatant, 1000 rpm for 2 min,
iii) pour solution into a new centrifuge tube and 1000 rpm for 4 min. The resulting supernatant contains the <2 um and 2-10 pm.
iv) 2500 rpm for 10 min separates the 2-10 pm from <2 um (Fig. 4).

Series. We selected the following initial settings: R1 = 6 cm, R2 = 17 cm, acceleration = 5.26 s and deceleration = 15.2 s, according
to Eq. (1). These parameters were designed to reduce sediment processing time.

Grain density parameter (p). The lithogenic composition of most marine sediment is dominated by light minerals, mainly quartz (grain
density = 2.65 g/cm?3) and feldspar (2.57 to 2.77 g/cm?). The dominance of these light minerals results in average grain densities
for marine sediments of about 2.65 g/cm? for most grains > 63 um (i.e. sand). This grain density assures the removal of the majority
of the quartz grains if a 2 um separation is carried out, although some particles of less dense minerals could remain in suspension
[44]. Considering the higher grain density for calcite particles (2.71 g/cm?3) we calculate the difference in centrifuge time, relative
to a quartz grain density, to be ~0.3 s in our experiments. Given this increase in centrifuge time is negligible compared to the time
of centrifuge deceleration time (~15.2 s) we applied a grain size density of 2.65 g/cm? for calculating the centrifuge times for all
experiments.

The angular velocity parameter (N). We tested changing parameter N, the angular velocity, for various spins when separating the
finest fraction (2 um) from the lithogenic sediment samples. Adjusting the angular velocity modified the total spin time (T), resulting
in either a time too low for the centrifuge setting (<1 min), or increasing the processing time. The revolutions per minute (rpm)
tested were 500, 1000 and 2000, and all tests resulted in a successful size fraction isolation for the lithogenic sediment samples. We
therefore set the angular velocity to 1000 rpm for the first three steps of separation to maximise the low processing time.

Sediment material- initial sample size. We tested the initial sample size (weight) of the <63 um dry lithogenic sediment fraction
necessary to result in a final weight of 20-50 mg for the <2 pm fraction of lithogenic sediment- a requirement for radiogenic isotope
analysis [9]. Through testing different starting weights of dry <63 um sediment, we typically find that a starting weight of 1-2 g of
dry <63 um sediment results in a sufficient amount of <2 um fraction after centrifugation for subsequent analysis such as radiogenic
isotope analysis.

Application/ Verification of the centrifugation set-up

The values obtained in the Experimental Design using Eq. (1) have helped determine specific settings for the new proposed method.
We use samples from two common marine sediment types dominated by (i) lithogenic (ii) biogenic carbonate (specifically coccoliths)
to test our protocol. For both sediment types, we demonstrate the utility of our protocol by isolating three grain size classes, the
<2 um, 2-10 pm and 10-63 um fractions from the total <63 pm material, with minor uncertainty using Eq. (1). We test these specific
size fractions as they are commonly used in palaeoceanographic studies (e.g. [7]); however, we emphasise the specific grain size
fractions can easily be varied using Eq. (1).

For both lithogenic and biogenic sediment types, we tested the accuracy of the updated centrifuge method calculations for larger
size fractions (2-10 um and 10-63 pm). To isolate the 2-10 um and 10-63 pm fraction we utilised Eq. (1) and values obtained in the
Experimental Design testing to determine the centrifugation steps, assuming a typical grain density of quartz (2.65 g/cm3).
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Fig. 1. Grain size distributions from lithogenic sediment grain size separation; 2-10 um (left), 10-63 pm (right). Colours indicate different sediment
samples from the same core site (MD20-3591). For the 2-10 pm separated sediment, most of the sediment grain size distribution is within the 2-10
um fraction with some outliers > 10 um, these are single grains based on the data output (see data availability). Note: grain size distribution on log
scale.
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Fig. 2. Separated clay fraction distributions. a) Grain size distribution of separated lithogenic clay fraction (<2 pm), b) Percent finer than with
<2 pm threshold indicated (red dashed line).

Grain size analysis of lithogenic fraction (decarbonated) for method validation

We measured the grain size distribution of the lithogenic sediment to confirm the size isolation was successful. For the 2-10 um
and 10-63 um size fractions, we use Beckman Multisizer IV Coulter Counter and for the <2 um size fractions we used the HELOS
laser particle analyser because clays are platy and difficult to distinguish with the Beckman Multisizer IV Coulter Counter. Following
the proposed standardised protocol, we find that over 90 % of the grains between 2 and 10 pm were isolated and over 70 % of the
grains 10-63 pm were successfully isolated based on grain size analysis using the Beckman Multisizer IV Coulter Counter (Fig. 1).
The percentage of isolation for the 2-10 um and 10-63 um fraction was calculated by summing the % volume of the particles within
the respective size class.

Additionally, the <2 um fraction was successfully isolated, with over 90 % of the sediment isolated recording as clay (<2 pm)
using the HELOS laser particle analyser (Fig. 2a and b).

Biogenic carbonate fraction grain size separation validation

To determine whether the grain size isolation was successful in the biogenic carbonate fraction, we performed count analysis on
the microscope images (Fig. 3), this is because grain size analysis using the Beckman Multisizer IV Coulter Counter or HELOS laser
particle analyser requires the removal of carbonates and organics which implicates future coccolith analysis in biogenic sediment.
Therefore, we prepared smear slides of the separated grain size fractions from biogenic carbonate sediment for microscopy (<2 pm,
2-10 pm and 10-63 um). A total of 20 images for each size fraction were taken using the Leica DMLB transmitted light microscope
fitted with Leica Application Suite imaging software. We carried out count analysis on MATLAB® 2019a using the image processing
toolbox, by tracing the boundaries of grains within a microscope image (of a set size). We ensured that similar image size and
resolution was used across the images as the minimum grain size depends on the pixel size. We created a binary image and removed
background noise from the image. By having an original image and the binary image, it is possible to count the objects and perform
image analysis, through subtracting the difference in the image contrast. The analysis reveals 48 % of the grains are 10-63 um within
the separated 10-63 um class and for the samples separated to 2-10 pum, 68 % of the grains are 2-10 um. For the <2 pm fraction,
45 % of grains were <2 um and no coccoliths were present in the <2 pum isolated fraction (Fig. 3a and d).
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Fig. 3. Images of biogenic sediment (top)- size fraction separation. a) <2 pm fraction, b) 2-10 pm fraction, ¢) 10-63 um fraction. Tracing boundaries
image analysis (bottom), each unjoined colour shape represents a different particle defined by the analysis. d) <2 pum fraction, e) 2-10 pm fraction,

f) 10-63 pm fraction.

Recommended method

Based on the experimental set up and centrifugation verification steps tested, we outline a recommended method for the separation
of the <2 um size fraction. For a detailed list of materials and equipment, please see Supplementary Information. The updated method
for the separation of the <2 um fraction discussed in this paper focuses on Step 6 (lithogenic) and Step 3 (biogenic carbonate) and is

detailed in Fig. 4 and Table 1. NB: tube refers to 50 mL centrifuge tube.

TUBE 1 ,Msp/m‘ » TUBE 2
—> ) 40mi
-  (2x20ml)
i 20ml VORTEX o
5 3000rpm

4 CENTRIFUGE bt
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Keep desired TUBE 3
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. 2-10pm VORTEX

‘\ v/ 3000rpm
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CENTRIFUGE
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40ml

Fig. 4. Our method for separating the <2 pm, 2-10 pm and 10-63 pm fractions through calculations using Eq. (1) for both lithogenic and biogenic

carbonate sediment types.
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Pre-treatment of marine sediment for lithogenic fraction:

1) Take 1-2 g of dry sediment <63 um fraction (sieved),

2) Removal of carbonates,

3) Removal of organics,

4) Removal of eventual remaining carbonates,

5) Leach of Fe-Mn coatings of the lithogenic fraction,

6) Centrifugation to isolate <2 pm fraction using 50 mL centrifuge tubes (see Table 1 for in detail steps),
7) Drying of samples,

8) Total sample digestion for radiogenic isotope analysis.

Pre-treatment of marine sediment for biogenic carbonate fraction:

1) Take 1-2 g of dry <63 um fraction (sieved),
2) Add 40 mL 0.5 % ammonia solution,
3) Centrifugation to isolate <2 um fraction using 50 mL centrifuge tubes (see Table 1 for in detail steps).

Conclusions

We provide an updated method of separating grain sizes using a centrifuge which is straightforward to follow and is time and cost-
efficient. Previous techniques used for size separation include sieving, settling and micro-filtration, however our separation method
relies on standard equipment such as a centrifuge because this approach provides the shortest processing times compared to previous
techniques which can take 48 h - 3 weeks. Importantly, this method takes less than 1 hour to separate the varying size fractions
and requires 1-2 g of starting <63 pm sediment. This amount of starting sediment is much less than previous methods which use a
significant amount of starting sediment (up to ~3 g). This separation technique improves how effectively the size separation works for
both lithogenic sediment and biogenic carbonate (specifically coccoliths) components as well as offering the potential of retrieving
sufficient sample material for future analyses such as clumped isotope and radiocarbon measurements in coccoliths, as well as other
biogenic components (e.g. diatoms). Given radiogenic isotopes datasets reflect analyses on a variety of size fractions, this standardised
size separation method will also lead to more comparable radiogenic isotopes datasets with consistent size fraction separation.

Data availability

Grain size separation data from the HELOS laser particle analyser and the Beckman Multisizer IV Coulter Counter in this paper
is available at DOI 10.5281/zenodo.10462213. The MATLAB® code for image processing was written by Trauth [45] (MATLAB®
Recipes for Earth Sciences).

Code availability

MATLAB® code for image processing from Trauth [45] (MATLAB® Recipes for Earth Sciences).
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