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Radiolaria are the primary contributors to biogenic opal in the tropical ocean, and
their isotope compositions are potentially useful tool for reconstructing the silicon
cycle in mid-depth waters. To date little attention has been paid to their isotopic
study, partly because of the difficulties in purifying radiolarian tests from marine
sediments. In this study twelve surface sediment samples from the South China Sea
and the western Indian Ocean were used in a density separation experiment, with
the aim of enabling better separation of radiolarian tests from detrital grains and
other siliceous organisms. The results show that sponge spicules, radiolarian tests
and diatom frustules from tropical ocean sediments preferentially settle in heavy
liquid solutions with different specific gravities, and are constrained to range in the
densities from 1.95 to 2.1 g/cm® 1.85 to 2.0 g/cm® and 1.7 to 1.95 g/cm®,
respectively. These density ranges for radiolarians and diatom frustules in the low-
latitude ocean are much lower than that of amorphous silica, probably resulting from
the decreased silicification of radiolarians and diatoms due to the limited silica
availability in the highly-stratified tropical ocean. According to the components and
density ranges of siliceous microfossils observed in this study, an optimized method
with detailed procedures is proposed to extract and purify radiolarians from late
Quaternary sediments in the tropical ocean that have not undergone substantial
dissolution and diagenetic change. Using a combination of wet-chemical treatment,
wet sieving, differential settling, and density separations, this method can yield clean
radiolarian test in sufficient quantities from tropical ocean sediments for isotope/
geochemical analysis.
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1 Introduction

Silicon (Si) is one of the most important nutrients in the oceanic ecosystem, impacting
export efficiency of organic matter to the deep sea through the production of siliceous
phytoplankton (e.g., Nelson et al., 1995; Treguer et al.,, 2018). Through this, the Si cycle
plays a key role in the marine biological pump, the regulation of the carbon cycle and global
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climate changes on various timescales (e.g., Treguer and Pondaven,
2000; Conley and Carey, 2015). However, the limited quantitative
data about the reservoirs, consumptions, and sources of dissolved
silicon (DSi) in the different water layers of the ocean precludes a
comprehensive understanding of these processes and the evolution
of the marine Si cycle together with its climatic effects over time. To
address this, it is necessary to develop effective tools for quantifying
changes in the DSi cycle in the modern and past ocean
environments so that the relationships between the Si cycle,
biological pump efficiency and global climate change can be
better assessed.

The silicon isotope composition of siliceous microfossils,
composed of diatom frustules, sponge spicules, radiolarians, and
silicoflagellates, is an effective tool for quantitative reconstructions
of past oceanic DSi concentrations and consumptions (e.g., De La
Rocha et al, 1998; Hendry and Robinson, 2012; Doering et al.,
2021), and has provided records on various aspects of the past
silicon cycle (Brzezinski et al., 2002; De La Rocha, 2003; Hendry
etal, 2012; Hendry et al., 2014; Ablemann et al., 2015; Hendry et al.,
2016; Fontorbe et al., 2016; Swann et al., 2016; Fontorbe et al., 2017;
Swann et al., 2017; Sutton et al., 2018; Worne et al., 2022). This
includes changes in surface water silicon utilization (e.g., De La
Rocha, 2003; Hendry et al., 2014; Ablemann et al., 2015; Swann
etal, 2016; Worne et al., 2022), and deep-water DSi concentrations
(e.g., Hendry et al., 2012; Fontorbe et al., 2016; Hendry et al., 2016;
Fontorbe et al., 2017). Radiolarians, accounting for 62-99 wt. % of
the biogenic opal in the surface sediments of the tropical Pacific
Oceans (Lisitzin, 1972; Zhang et al., 2015), have significant potential
to extended this by constraining the Si cycle at surface and mid-
layer ocean depths (Ablemann et al., 2015; Doering et al., 2021).
However, until now the isotope composition of radiolaria has
received minimal attentions, partly due to the difficulties in
separating and purifying sufficient radiolarian tests from sediment
samples for isotopic analysis.

Although approaches have been proposed for the purification of
diatoms from marine and lacustrine sediments (Shemesh et al.,
1988; Ellwood and Hunter, 1999; Morley et al., 2004; Swann et al.,
2013; Swann and Snelling, 2023), few studies have focused on the
extraction of radiolarians from marine sediments. Shemesh et al.
(1988) proposed a method for the separation and cleaning of both
diatoms and radiolarians from Southern Ocean sediments by
sieving and settling techniques. These samples did not include
sponge spicules, which are a common marine siliceous group and
are more difficult to separate from radiolarians due to their similar
particle sizes. Ablemann et al. (2015) also developed an approach to
separate the radiolarian fraction larger than 125 um from Southern
Ocean sediments through a series of sieving and settling steps
combined with ultrasonic treatment. However, when this approach
is applied to samples from the tropical oceans in this current study,
some sponge spicules remain in the sieved material alongside
radiolarians. Additionally, the ultrasonic treatment used by
Abelmann et al. (2015) for several hours to remove diatoms from
radiolarians would result in the breakage of certain radiolarian
species in the tropical ocean, such as the Dictyocoryne profunda/
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truncatum group, which are common species characterized by three
arms (Shiino et al., 2020) and are susceptible to breakage
by sonication. Therefore, this method may not be suitable
for extracting radiolarian from sediments in low to mid-
latitude oceans.

Until now, extracting purified radiolarians for isotope analysis is
best achieved by hand-picking under a light microscope after the initial
separation of material by a heavy density liquid such as sodium
polytungstate (SPT) (Hendry et al, 2014; Fontorbe et al., 2016;
Fontorbe et al, 2017). In general, there are three problems with
manual picking. Firstly, radiolarian tests from Quaternary sediments
in the tropical Pacific Ocean are light with an average weight from
0.063 to 0.136 pg/shell (Moore, 1969; Takahashi, 1982). As such, 7,000
to 15,000 radiolarian tests need to be handpicked per 1 mg of material
needed for isotope analysis. Secondly, even if tests were handpicked
under a microscope, it is unavoidable to lose some radiolarian tests
when transferring samples to a storage vial due to electrostatic
adsorption of the light shells to the transfer tool, such as a brush.
Finally, the composition of the radiolarian assemblages may be
changed substantially because of the randomness of manual picking
or priority selection of larger individuals, which may bias the measured
isotope compositions.

This study thus aims to 1) constrain the density ranges of the
radiolarians, diatoms and sponge spicules through experiments on
the heavy liquid separation of various marine sediments, and 2)
from this develop a more effective method to separate radiolarians
from marine sediments, ensuring that the purity of extracted
radiolarian tests is >99%.

2 Materials and methods

A total of 12 sediment samples from the South China Sea (SCS,
9 samples) and the western Indian Ocean (WIO, 3 samples) (Figure
S1; Table SI in Supplementary Material) were used to assess the
settling characteristics and density ranges of different siliceous
microfossils. Three samples of already purified radiolarian tests,
extracted from sediment samples in the SCS by the method shown
in the Section 4.2 and Supplementary Material, were also used to
further quantify the settling of radiolaria in various SPT solutions.

2.1 Preparation of SPT solutions

Heavy liquids, with different specific gravities for the density
separation experiments, were made by further diluting prepared
SPT solution (~2.3 g/ml) with deionized water (DDW):

A%

D=P, -Py)x—
(P, 2)*P2_1

(Eq.- 1)

Where D is the volume of DDW added into the prepared SPT
solution; P, and P, are the densities of the prepared SPT solution
and the solution to be prepared, respectively; V is the volume of the
prepared SPT solution.
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2.2 Separation experiment

Bulk sediment samples were dried in the oven at 55°C, and
processed with wet-chemical treatment for the removals of
carbonates and organic matters (see details in Section 4.2 and the
Supplementary Material). The residuals of the bulk samples after the
wet-chemical treatment were sonicated using an Emerson Branson-
5800 at 40 KHz and 160W for ~5 minutes, to fully disperse particles
and remove detritus particles adhering onto the surface of siliceous
microfossils, and then separated twice by SPT solution at a specific
gravity of 2.3 g/ml to maximize the extraction of all siliceous
microfossils. After centrifugation with a relative centrifuge force
(RCF) of approximately 1153g (2500 rpm) for 20 minutes using a
Heraeus Megafuge 16 with the rotor radius of 16.5 centimeter, the
supernatant was extracted into separate centrifuge tubes before being
rinsed three times with DDW by centrifugation at the RCF of
approximately 415g (1500 rpm) for 5 minutes each time. Centrifuge
tubes were then filled with 10ml 30% H,0, and allowed to react in a
heat block at 75°C for 96 hours. After again being rinsed three times
with DDW by centrifugation at the RCF of approximately 415g for 5
minutes each time, particles were well mixed with DDW into
homogeneous suspensions and ~0.1 ml of the suspension was
extracted by pipette into separate tubes. This material was then
separated by SPT solutions at specific gravities from 2.25 g/ml to
1.70 g/ml at 0.5-unit intervals. After every SPT separation, particles
both in the supernate and settling (i.e. density fraction) were inspected
under an inverted microscope at x100 magnification to determine the
compositions of each fraction. Settlings were then dried for weighing,
whilst particles in the suspension and supernate were used for the next
density separation until there were less than a total of approximately
100 particles (less than 0.1% of the total particles in the sample
before the density separation experiment) remaining in the
suspension/supernate.

2.3 Sample composition

After each SPT separation, samples were rinsed three times with
DDW and then mixed into a homogeneous suspension. Three to
four drops of the suspension and approximately double amount
of the DDW were then dripped onto a petri dish and placed under
an inverted microscope. The individual numbers of various
components in each sample, which would be used to calculate
the proportion of the specific siliceous component relative to
each settling, were determined in 2-3 fields of view at x100
magnification. Settling solutions were then dried in the oven at
55°C and weighted. Based on the weight and relative proportions of
siliceous microfossils observed under the microscope, the total
amount of each siliceous component extracted through the
density separation experiments can be calculated as:

n
T™ = YPisW,

i=1

(Eq. 2)

Where TM is the total amount of each siliceous component
extracted through the density separation experiments, and Pi is the
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proportion of the specific siliceous component in each settling
separated by the SPT solutions from 2.25 to 1.7 g/ml at 0.5-unit
intervals, and W), is the weight of each settling. The relative amount
of each siliceous component at an individual specific density can be
defined as:

(Eq. 3)

where the RS is the relative amount of the specific siliceous
component; S; is the relative proportions of the specific siliceous
microfossil in the settling; W, and TM are same as those in Eq.2.

2.4 Inspection of pure radiolarian tests

In order to confirm the purity and cleanliness of radiolarian
tests extracted by the method proposed in this study, radiolarian
tests were inspected using an inverted microscope and scanning
electron microscopy (SEM) coupled with Energy Dispersive X-ray
Spectroscopy (EDS). For the purity inspection under the
microscope, radiolarian tests were well mixed with DDW into
homogeneous suspensions. Three to four drops of the suspension,
along with approximately double amount of DDW, were then
dripped onto a petri dish and observed under an inverted
microscope. The purity of radiolarian tests was assessed based on
the average number of non-radiolarian particles present in 100
radiolarian individuals in 4-5 fields of view at x100 magnification.

SEM-EDS was employed to further examine the cleanness and
preservation of radiolarian tests using a JEOL JSM-IT200 SEM
equipped with an Oxford Instruments Nano Analysis Ultim 100
EDS detector at the Nanoscale and Microscale Research Centre,
University of Nottingham. The freeze-dried radiolarian tests were
scattered randomly onto an aluminum stub with double-sided carbon
tape and coated with a layer of carbon film. The samples were then
imaged and subjected to EDS analysis in secondary electron mode,
with a spot size of 5 (dimensionless) and an accelerating voltage of 10
kV. To perform the EDS analysis, each spectrum was obtained by
collecting over 1,000,000 counts, and element concentrations of Si, O,
Fe, Al, Mg, Sr, Na, K and Cl were analyzed using the Oxford
Instruments Nanoanlaysis Software called AZtec. These elements
are the major components of siliceous microfossils and silicate
detritus, and can be used to identify any detrital particles that may
remain in pure radiolarian test samples.

3 Results

3.1 Settling characteristics of siliceous
microfossils in SPT solutions

The weights, compositions and relative amounts of the siliceous
particles settling from different sediment samples through repeated
density separations exhibit similar patterns (Figures 1-3). In
general, most of the terrigenous material and a very small fraction
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FIGURE 1

the net weight (W) (A) and the percentage (B) of the settling from representative samples through the SPT density separations.

of siliceous fossils (<1%) settle in the SPT solutions with specific
gravities of greater than 2.1 g/ml, and a few terrigenous detritus as
well as a large fraction of siliceous microfossils gradually settle with
the decrease in the specific gravities below 2.1 g/ml (Figure S2 in the
Supplementary Material). After the 1.7 g/ml SPT solution almost no
material remains in the supernate (Figure 1; Figure S2 in the
Supplementary Material). Based on the weight and composition
of the particles in the settling, the settling processes of marine
sediments are divided into four stages (Figures 1, 2).

Stage I (specific gravity = 2.25 to 2.1 g/ml): settlings are
predominately composed of terrigenous material. There is a
decrease in detrital particle size as the specific gravity of the SPT
solution declines (Figure S2 in the Supplementary Material) and a
slight increase of sponge spicules in the 2.1 g/ml SPT solution. The
total amounts of siliceous microfossils in the settlings are<1%.

Stage II (specific gravity = 2.1 to 2.0 g/ml): settlings across all
sites/samples, are dominated by sponge spicules (~46-78% of
settling) (Figures 1-3). Diatoms and radiolaria constitute 0-11%
and ~0-16% of the settling respectively, whilst 3-19% of the settling
is terrigenous detritus. The relative amounts of sponge spicules
(RSspon), radiolarian tests (RS,,q), and diatom frustules (RSgiac)
ranges from 82-93%, 4-19%, and 0-18%, respectively.
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Stage III (specific gravity = 2.0 to 1.85 g/ml): settlings are
dominated by radiolarian tests (~44-71% of settling) (Figures 1-3),
with the amount varying from ~11-38%, 52-55% and ~1-18% in SPT
solutions of 1.95 g/ml, 1.9 g/ml and 1.85 g/ml respectively. With the
increase of radiolarian tests in the settling during this stage, RSgon
decreases to an average of ~8% in the settling in a solution of 1.95 g/ml
and to lower levels (0-3%) in solutions< 1.9 g/ml (Figure 2), indicating
that specific gravities of 2.0 to 1.95 g/ml are likely the transition range in
the switch in settling from sponge spicules to radiolaria (Figures 1, 2).
RS;aq and RSy in the settling increase to ~79-95% and ~35-62% in
this stage respectively.

Stage IV (specific gravity = 1.85 g/ml to 1.70 g/ml): diatoms (~62-
86% of the settling) are the primary siliceous microfossils after the
density separations (Figures 1-3), with relative abundances varying
from ~53-59%, 53-89% and ~62-90% in the 1.8 g/ml, 1.75 g/ml, and
1.7 g/ml SPT solutions, respectively (Figure 2). Although the relative
proportion of diatom frustules in the settling increases through this
stage, radiolarians still contribute ~11-18% of the settling at 1.8 g/ml
and decrease to 0-2% in solutions< 1.8 g/ml, indicating that specific
gravities from 1.85 to 1.8 g/ml are the transition range in the switch in
settling from radiolarians to diatoms (Figure 1). RS,,q and RS, vary
from ~1-3% and ~23-60% in the settling, respectively.
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FIGURE 2

the relative proportion of each siliceous microfossil relative to the total particles (dashed lines) in each settling and to the total amount of specific

siliceous component (solid line) separated from various SPT solutions.

Experiments on the purified radiolarians show that ~12-15%,
72-78%, and 8-10% of the radiolarians settle in the SPT solutions at
specific gravities of 1.95 g/ml, 1.9 g/ml and 1.85 g/ml respectively.
Very few radiolarian tests appear in the settlings separated by the
SPT solutions >2.0 g/ml or<1.85 g/ml (Figure 1), with maximum
settling occurring at ~1.9 g/ml. This reiterates the earlier results
indicating that radiolarians preferentially settle in solutions from
2.0 to 1.85 g/ml (Figure 2).

3.2 The purity and cleanliness of
radiolarian tests

Based on the radiolarian classification system, Radiolaria are
classified into three classes: Polycystinea, Acantharea, and
Taxopodida (Adl et al, 2019). The majority of radiolaria
extracted from both the SCS and WIO belong to Class

Frontiers in Marine Science

Polycystinea which have much stronger resistance of dissolution
and are generally well preserved in the sediments compared to
Acantharea, and Taxopodida (Suzuki and Aita, 2011). These
polycystine radiolarians in the studied samples are primarily
composed of Orders Spumellaria and Nassellaria, with the
absence or less than 1% of Order Collodaria (Figure 4 as well as
Figure S3 and Videos 1 and 2 in the Supplementary Material). In
samples of pure radiolarian tests extracted from surface sediments
using the method proposed in this study, the average number of
non-radiolarian particles is less than one for every 100 radiolarian
individuals in different visual fields under an inverted microscope
at 100 x magnifications (Figure S3 and Videos 1 and 2 in the
Supplementary Material), indicating a purity of >99% in
radiolarian tests.

SEM images indicate that radiolarian tests are free from clay
minerals or fine detrital particles on their shells, and the majority of
radiolarian tests are intact with no apparent changes in shape or
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Compositions of the supernate and the settling from a representative sample (SCS-NE3) in the tropical ocean by SPT density separation. All photos

taken under the inverted microscope at 100x magnification.

distribution of the shell pores (Figure 4). The EDS analysis results show
that Si and O are the primary constitutes of pure radiolarian test
samples, with a combined concentration exceeding 99%, and the
concentrations of other elements (Fe, Al, Mg, Sr, Na, K and Cl) are
all below the minimum detectable limit for the EDS detector used in
this study. These finding further provide evidence that no impurities
were mixed with the radiolarians and that there were no changes in
pore material of radiolarian tests which may be induced by diagenesis.

4 Discussion

4.1 Density ranges of siliceous microfossils

Accurate information about the density of different siliceous
microfossils is essential to prepare the correct SPT density solutions
for the extraction of radiolarian tests from detrital grains and other
siliceous organisms. Although much work has been carried out to
determine water contents (e.g., Levi et al, 1989; Mortlock and
Froelich, 1989; Herdianita et al., 2000), chemical compositions
(Shemesh et al., 1988; Sandford, 2003), and the settling rates of
various siliceous microfossils (e.g., Takahashi, 1982; Miklasz and
Denny, 2010), only a few authors have reported on the densities of
diatoms and sponge spicules (Van Ierland and Peperzak, 1984;
Sandford, 2003; Miklasz and Denny, 2010).

The skeleton of siliceous microfossils (biogenic silica) is made of
amorphous hydrated silica (SiO,.nH,0) and varies considerably in
density depending on the different degrees of hydration and the
amount of structural water in the formula SiO,.nH,O (Perry et al.,
2003). In general, the density of biogenic silica is lower than that of
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the pure silica (~2.65 g/cm’), and generally below 2.2 g/cm® (Perry
et al, 2003; Finkel and Kotrc, 2010). Living diatoms with a
cytoplasm have densities of 1.03-1.26 g/cm® (Van lerland and
Peperzak, 1984), with the density of the cytoplasm itself 1.03-
l.lg/cm3 (Smayda, 1970). After deposition onto the seafloor the
cytoplasm is decomposed, leading to diatom frustules preserved in
sediments having a higher density (1.4- 2.2 g/cm?, mean = c. 2.1 g/
cm?) than those living in the water column (Miklasz and Denny,
2010; Finkel and Kotrc, 2010). According to the experiments
performed in this study on sediments from the tropical oceans,
although a few diatoms occurred in the settling of SPT solutions >
2.0 g/cm3, most diatoms (82-100%; mean RS, = 92%) settled in
solutions at specific gravities from 1.7-1.95 g/cm® (Figure 2), much
lower than those typically reported densities for diatom frustules
(2.1 g/cm3) and amorphous hydrated silica (~2.2 g/cm3).

There is limited data on the density of sponge spicules in
sediment samples. Levi et al. (1989) reported the density range of
sponge spicule as 2.01-2.03 g/cm’ based on three spicule fragments.
Sandford (2003) analyzed the physical property and chemical
composition of six species of sponge spicules, suggesting that the
average density ranged from 2.03-2.13 g/cm”. In this current study,
~96-99% of the sponge spicules (mean RS,;,,=98%) that settle in
SPT solution have slightly lower densities ranging from 1.95-2.10 g/
cm’ (Figure 2). To date, little effort has been made to measure the
density of radiolarian tests in marine sediments, but based on the
current experiments ~79-96% (mean RS,.q4 = 91%) of radiolarian
tests which primarily belong to polycystines settle in solutions from
1.85-2.0 g/cm’ (Figure 2).

As discussed above, although siliceous microfossils from
tropical sediments are primarily comprised of amorphous silica,
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FIGURE 4

SEM and EDS spectrum images of pure radiolarian tests extracted from surface sediment samples in the South China Sea (A and A’) and the western
Indian Ocean (B and B’). C and C" are the SEM image and spectrum of Spongaster tetras (radiolaria), which is characterized by a dense meshwork
and thus easy to capture fine detrital particles on the surface of the shell. The white squares in SEM images (A—C) represent the areas analyzed by
EDS. The elements in red in the tables of the element composition at the top right of spectrums (A, B’ and C') indicate those below the minimum

detectable limit for the EDS detector used in this study.

the densities of most radiolarian tests (1.85-2.0 g/cm3 ) and diatom
frustules (1.7 to 1.95 g/cms) are much lower than values typically
reported for amorphous silica (~2.2 g/cm’). Considering all
siliceous microfossils were reacted with 30% H,O, in a heat block
at 75°C for 96h, and then sonicated for 5 minutes before the density
separation experiments, organic matter and any material adhering
onto the shells of the biogenic silica should be completely removed,
and thus have no impact on densities of siliceous microfossils.
Although both dissolution and diagenetic alteration may affect
the densities of siliceous microfossils in the ocean, we suggest that
these processes have had no substantial impacts on siliceous
organisms extracted from sediment samples used in this study.
Whilst dissolution can results in a various degree of breakage to
siliceous fossils, most of siliceous microfossils extracted from the
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sediment samples in this study are intact and well-preserved
(Figure 4 and Videos 1 and 2 in the Supplementary Material),
indicating they have not undergone significant dissolution.
Diagenetic change is sluggish in the majority of deep-sea
sediments because of the uniformly low temperatures on the
deep ocean floor and moderate to low geothermal gradients that
characterize large parts of the ocean basins and continental
margins (Hesse and Schacht, 2011). Typically, such changes
occur in the strata beneath the seafloor at depths of several
hundred meters, induced by an increase in the pressure and
geothermal temperature (Hesse and Schacht, 2011). The samples
used in this study were primarily derived from unconsolidated
surface sediments, and showed no indications of having
undergone diagenesis
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In addition, the surface samples from the South China Sea and the
western Indian Ocean which were used for the density separation
experiments in this study covered a range of typical water depths from
outer shelf (372 m) to the deep sea (4,778 m) (Table S1 in the
Supplementary Material). If dissolution and digenetic alteration had
a significant impact on the densities of siliceous microfossils extracted
from different oceans in this study, it is possible that the settling
characteristics of these microfossils in SPT solutions would differ
between areas. However, density separation experiment indicated
that the weights, compositions and relative amounts of the siliceous
particles settling from different sediment samples exhibited similar
patterns (Figures 1, 2 and Figure S2 in the Supplementary Material).
This suggests that neither dissolution nor digenetic alteration had a
substantial impact on the densities of siliceous microfossils in this
study, and that the specific siliceous organism preserved in the surface
sediments may have a similar density range in the tropical oceans.

Furthermore, the dissolution of biogenic silica in the ocean is a
chemical process during which lighter isotopes are preferentially
released into the water, while heavier isotopes will remain in the
skeletons of siliceous organisms (Demarest et al., 2009). As a result,
the dissolution is expected to result in a slight increase in the density
of siliceous organisms, rather than a decrease. The process of
diagenesis can also have the similar impact on the density of
siliceous fossils as that of dissolution. During the diagenesis process,
biogenic opal (SiO,.nH,0) will gradually transform from Opal A to
Opal Cristobalite/Tridymite (C/T), and this transformation is a
process of dehydration reaction (Davies and Clark, 2006; Davies
et al, 2006). The transformation from opal A to opal C/T will
decrease the amount of structural water in Opal A, causing its
structure to become more stable (dissolution-resistant), compact
and denser (Davies et al., 2006). If siliceous organisms in this study
underwent substantial diagenesis or dissolution, it would be expected
that their densities would slightly increase, and be potentially higher
than the density of amorphous silica (2.2 g/cm’). However, the
density ranges of various siliceous microfossils obtained from our
study are notably lower than typically reported density values.
Therefore, we suggest that the process of diagenetic alternation or
dissolution had no substantial impacts on the densities of siliceous
organisms extracted from sediment samples used in this study.

Since the density of the amorphous hydrated silica (SiO,.nH,0)
depends on the relative content of the silica and structural water
(Perry et al, 2003), the lower densities of the radiolarians and
diatom frustules may indicate that the skeletons of these organisms
are characterized by less silica in their amorphous silica structure. It
has been suggested that decreasing silicification is a common
strategy for organisms to avoid growth limitation in Si-depleted
oceans (Paasche, 1975; Brzezinski et al., 1990; Martin-Jéezéquel et al.,
2000; Finkel and Kotrc, 2010; McNair et al., 2018), and
this mechanism has been invoked to explain the decrease
in radiolarian shell weight in low-latitude oceans during
the Cenozoic (Lazarus et al, 2009). As the water column in
the tropical oceans is highly stratified and the dissolved silica
is extremely low in the upper water column, a decreased
silicification of radiolarians and diatoms may also be responsible
for their low densities recorded in the current study.
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Due to the overlapping density ranges of the various siliceous
microfossils in this study, we suggest it is not possible to only use
density separation for the extraction and purification of the
radiolarian tests from tropical ocean sediments for isotope/
geochemical analysis. Although ~90% of the radiolarians
preferentially settle at densities from 1.85-2.0 g/cm’, the ~10%
loss of radiolarian tests may cause a composition bias in the
radiolarian assemblage. In addition, ~51% of diatom frustules and
a small fraction of fine mineral grains would also settle alongside
radiolarians in this density range. However, density separation can
effectively remove siliceous components (e.g. non-monoaxonic
sponge spicules) and silicate grains which are similar in size to
radiolarian tests. This would then allow for the further purification
of radiolarian tests after the removals of diatom frustules,
monoaxonic sponge spicules and fine detrital grains in the
settling by sieving at different size fractions.

4.2 Method to separate and purify
radiolarian tests in tropical
ocean sediments

Based on our findings above, we propose a method to efficiently
extract purified radiolarian samples from tropical ocean sediment
which have not undergone substantial dissolution and diagenetic
change, in sufficient quantities for isotope or geochemical analysis.
This method is based on some steps of methods for the extraction of
diatoms (Swann and Snelling, 2023), but contains additional stages
which reflect the increased difficulty in extracting radiolaria. Marine
sediments are generally composed of organic matters, biogenic
organisms (calcareous and siliceous organisms) and non-biogenic
components (silicate detritus and autogenic mineral grains) (Li and
Schoonmaker, 2003). To extract purified radiolarian tests from the
tropical marine sediments, wet sieving, differential settling and
density separation is applied to remove all non-radiolarian
material including organic matter, calcareous organisms, diatoms,
sponge spicules, seaweed spines, terrigenous material and
autogenic minerals.

The details of the full methodology are outlined in the
Supplementary Material. Organic matters and calcareous organisms
should be removed first by treatment with 30% H,0O, and 5-8% HCl
respectively. After wet chemical treatments, residuals can be filtered
with a 53 pum sieve to pre-concentrate radiolarian tests and remove all
fine detritus, small diatoms, seaweed spines and a small fraction of
sponge spicules (if required, filtrates in the container can be collected
and retained for the further separation of diatoms by SPT flotation).
After the first sieving, the larger faction would be composed mainly of
radiolarian tests, larger diatom frustules (of which there are typically
few in most tropical marine sediments), a few coarse detrital grains
and many sponge spicules (Figure 5).

The differential settling, sonication treatment, the second
sieving, and density separation is applied to further separate
radiolaria from other particles that remain after the first sieving.
For the removal of large diatoms, samples undergo differential
settlings (Shemesh et al., 1988) and sonication treatment for no
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more than 10 minutes to break down the remaining large diatoms
and avoid the breakage of radiolarian tests. The key procedure in
the methodology is the removal of the sponge spicules which have a
similar density and size to radiolarian tests. Although most sponge
spicules are greater than 53 um in length, the diameter (cross
section) of monoaxonic sponge spicules is generally several
micrometers (Tang et al,, 2019). Therefore, it is possible to
remove all monoaxonic spicules and a fraction of smaller non-
monoaxonic spicules by wet sieving if the sponge spicules are
repeatedly suspended in the water during the sieving process.
This can be done by half immersing samples in a container filled
with DDW, with the bottom of the sieve tapped gently to ensure
that all particles remain suspended in water (steps of Stage 3 shown
in the Supplementary Material). This leads to almost all
monoaxonic sponge spicules passing through a 53 pm sieve
(Figure 5), which if required could be collected from the
container flask for further isotope/geochemical analysis of the
sponge spicules.

The particles retained in the sieve after the second sieving would
be mainly comprised of purified radiolarian tests, with some coarse
detritus and potentially a small fraction of non-monoaxonic sponge
spicule. Radiolarian test can then be further isolated via an
additional set of density separation stages at specific gravities
from 2.1-2.0 g/cm® by 0.2-0.5-unit interval (steps of Stage 4
shown in the Supplementary Material). In our tests, this
effectively removes the remaining detrital grains and sponge
spicules (Figure 5) with minimal (<2%) loss of radiolarian tests.

After the procedure of density separation, the particles should
be examined under an inverted microscope to access the purity of
the radiolarian test. If the average number of non-radiolarian
particles is less than one for every 100 radiolarian individuals in
different visual fields under an inverted microscope at 100 x
magnifications as shown in Supplementary Videos 1 and 2, it
confirms a purity of >99% in radiolarian test. At this point, the
purified radiolarian tests can be transferred into a container and

After the wet-chemical treatment
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freeze-dried in preparation for isotope analysis. Otherwise, steps of
stage 2, 3, and 4 outlined in Supplementary Material should be
repeated to further remove specific impurities that may be mixed
with the radiolarian tests, until the purity level reaches >99%
(Figure 4 and Videos 1 and 2 in the Supplementary Material).

Considering the samples used for our experiments on the heavy
liquid separation are completely unconsolidated surface sediments
from the tropical ocean with no substantial dissolution or diagenetic
alteration, we suggest that the method proposed in this study is
primarily applied to extract and purify radiolaria primarily from late
Quaternary tropical marine sediments which have not undergone
substantial dissolution and diagenetic changes. If the sediment
samples have undergone diagenetic alternation, the initial three
stages (steps 1 to 16 in Supplementary Material) of the method
remain applicable. However, as density ranges of siliceous
microfossils may be altered during diagenesis, it is necessary to carry
out experiments on heavy liquid separation of sediments as described
in section “2.2 Separation experiment” to determine the density ranges
of various siliceous fossils prior to proceeding with the steps of stage 4
(steps 17 to 23 in Supplementary Material), which aim to further
remove the non-monoaxonic spicules and detrital particles from
radiolarian tests. This information concerning the density ranges of
various siliceous fossils is essential to access the feasibility of preparing
appropriate SPT density solutions for the extraction of radiolarian tests
from detrital grains and other siliceous organisms.

5 Conclusion

1) Based on the settling characteristics of siliceous microfossils in
SPT solutions, the sponge spicules, radiolarians, and diatom frustules
from tropical ocean sediments are constrained to range in density from
~1.95 to 2.1 g/em?, 1.85 to 2.0 g/cm’ and 1.7 to 1.95 g/cm’, respectively.

2) The density range of radiolarians and diatom frustules in the
low-latitude ocean are much lower than that of amorphous silica,

supernate (purified radiolarian tests)

y ‘V»W) B

2%y

. precipitate .
(non-monoaxonic spicules and detrital grains)

RT: radiolarian test
S8: sponge spicule

DF: diatom frustule
DG: detrital grain

The main process for separating and purifying the radiolarian tests from tropical marine sediments. All photos taken under the inverted microscope

at 100x magnification
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probably resulting from the decreased silicification of radiolarians and
diatoms due to the limited silica availability in the highly-stratified
tropical ocean.

3) An effective method has been proposed to extract and purify
radiolaria from tropical marine sediments that were not subjected
to substantial dissolution and diagenetic change. In general, after
processing by wet-chemical treatment, sieving and differential
settling and density separation, late Quaternary sediments from
the tropical oceans can yield purified radiolarian tests at a purity
of >99%.
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