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Abstract: The global silica cycle is an important component of the long-term climate system, yet its
controlling factors are largely uncertain due to poorly constrained proxy records. Because radiolarians
and other organisms preferentially extract lighter **Si from the ocean, the 5"°Si of biosiliceous tests can
thus be used for a potential proxy of productivity. Additionally, 8°Si of oceanic silica could have reflected
changes in the isotopic ratio of sources and sinks.

Here we show &’Si records measured by secondary ion mass spectrometer (SIMS) in radiolarian silica,
precipitated inside radiolarian molds in early Mesozoic bedded chert of the Inuyama section, central
Japan. Range of measured &°°Si between -0.3 and 2 %o is consistent with that of modern and Cenozoic
radiolarian tests. Relatively large intra-chert bed variability up to ~ 0.8 %o (1SD) support that 5”°Si of
the Mesozoic radiolarian molds are not perfectly homogenized in a chert bed during diagenesis. We
found an overall inverse correlation between 10-Myr scale 8°Si and biogenic silica (BSi) burial flux,
which contradicts with a conventional interpretation of 8’Si as paleoproductivity proxy, despite the low-
resolution and scattered our 5"’Si records. Although most of the factors controlling oceanic 5"Si are
difficult to be constrained, this inverse relation might be explained by changes in 5"’Si of mafic/felsic rock
weathering ratio, which inferred from paleogeography. Further high-resolution 8*°Si records will allow a

better understanding of the past silica cycle.
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1. Introduction

The global silica cycle is linked to long-term changes
in Earth’s climate through feedback mechanisms
between atmospheric CO,, climate and the rate of silicate
weathering, followed by carbonate and biogenic silica
(BSi) deposition. Changes in Si and C cycle dynamics
are linked to global climate changes throughout Earth’s
history, a relationship, which in turn, allows numerical
models to reconstruct past atmospheric pCO, (Berner,
1991). Understanding the global silica cycle is therefore
crucial to elucidate the response of Earth’s surface system
to changes in external (astronomical) and internal (tectonic
and volcanic) forcings.

Silicate weathering and BSi burial are important
to constrain the silica cycle as major source and sink,

respectively, but are difficult to quantify, and poorly
understood their dynamic relation due to large uncertainties
in the proxy records. Radiolarians dominated as producers
of BSi during much of the Phanerozoic (Hein et al.,
1987), whereas siliceous sponges are largely restricted
to marginal settings, and diatoms became quantitatively
important only in the Cenozoic (Racki and Cordey, 2000;
Kidder and Erwin, 2001). Radiolarites were depositedin a
broad low-latitude belt, while radiolarian-bearing siliceous
mudstones dominated in mid-latitudes (Baumgartner,
2013).

The volume of Paleozoic and Mesozoic Radiolarian-
rich deposits is largely underestimated, because much
of the ocean floor has been subducted. Plate tectonic
reconstructions of Panthalassa and Tethys, based on
accreted remnants preserved in Circum-Caribbean,
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Circum-Pacific and Himalayan terranes, suggest that
radiolarian-rich sediments covered more than 80 % of
the area of the Mesozoic ocean (Baumgartner et al., 2018).

The modern oceanic silica cycle is relatively well-
known, and is considered to be close to steady state
(Tréguer and De La Rocha, 2013). Rivers are the main
suppliers of silicic acid to oceans followed by seafloor
weathering, groundwater, hydrothermal and aeolian
inputs. The surface BSi production of diatoms overpasses
by two orders of magnitude of the total silicon input
to the ocean resulting in high dissolved silica (DSi)
undersaturation and strong recycling. With depth, the
undersaturation becomes weaker due to silicon recycling,
but never reaches the saturation of any silica phases. Only
about 3 % of BSi produced in the photic zone is trapped
in sediments (Tréguer and De La Rocha, 2013). If steady
state is assumed, the total BSi burial has to be proportional
to the total input from all sources on timescales longer
than the residence time of oceanic DSi (Treguer and De
La Rocha, 2013).

BSi of radiolarian silica in bedded cherts is potentially
a unique proxy for past Si cycle, because the estimated
radiolarian BSi burial flux in the low-latitude pelagic
Panthalassa was comparable with the modern global BSi
flux, and was the possible major sink of DSi (Ikeda et al.,
2017). This hypothesis is consistent with overall in-phase
relation between radiolarian BSi flux and global silicate
weathering flux calculated by GEOCARBSULFvolc
model (Ikeda ef al., 2017), implying that the estimated
BSi burial flux can be proportional to silicate weathering
flux over timescales longer than residence time of oceanic
Si (<100 kyr; Ritterbush et al., 2015).

However, controlling factors for the BSi burial are still
controversial. Although changes in oceanic upwelling
intensity and consequent BSi productivity are proposed as
potential controlling factors (Hori et al., 1993; De Wever
et al., 2014), their temporal variations are also difficult
to be understood due to large uncertainty in their proxy
records, such as Al/Ti ratio (Murray et al., 1993; Murray
and Leinen, 1996; Dymond et al., 1997). On the other
hand, controlling factors for siliceous weathering are also
still debated. Today, more than 70 % of silicate weathering
occurs only in <10 % land area with highly-weatherable
volcanic rock region under humid monsoonal climate
(Hartmann et al., 2014). Considering the Mesozoic
paleogeography, wide distribution of the volcanic islands
and large igneous provinces under intensified mega-
monsoonal climate could have further modulate the global
silicate weathering (Ikeda et al., 2017), despite of lack of
quantitative constraints.

Si isotope of BSi is a potential proxy to understand past
Si cycle. Glacial-Interglacial scale 3*°Si variations have
been documented (e.g. Brzezinski et al., 2002), potentially
due to an increase of the diatom productivity and extraction
of light silicon by diatoms during interglacial periods (De
La Rocha et al., 1998).

Only few scattered data of 6°°Si from radiolaria are

published. (Wu et al., 1997; Egan et al. 2012; Ding et al.,
1996; Hendry et al. 2014; Abelmann et al., 2015; Fontorbe
etal.,2016). Silicon fractionation by modern radiolarians
varies between -0.8 %o and -2.1 %o (Egan et al., 2012;
Abelmann et al., 2015), which is similar to that by diatom
(Frings et al., 2016). Although factors controlling of
8%Si records of radiolarian test are still debated, even for
Cenozoic (e.g. Fontorbe et al., 2016), early Mesozoic Si
cycle seems to be a simpler system due to lack of diatom
in continent and ocean. In this paper, we investigated the
past oceanic silica cycle through in situ 3*°Si in radiolarian
molds of Mesozoic bedded cherts. Then we compared our
8%°Si records with BSi burial flux (Ikeda et al., 2017), to
constrain the early Mesozoic Si cycle.

2. Material

We sampled material from bedded cherts from the
Inuyama area, central Japan (Fig. 1). These cherts are
part of an accretionary prism and are incorporated into
several tectonic imbricates (Matsuda and Isozaki, 1991;
Kimura and Hori, 1993). High-resolution radiolarian
and conodont biostratigraphy, chemo-cyclostratigraphy
in this succession have allowed to reconstruct the best
studied Early Triassic to Early Jurassic bedded chert
sequence (Yao et al., 1980, Hori, 1990; Sugiyama, 1997;
Ikeda et al., 2010; Ikeda and Tada, 2013, 2014). Based
on biostratigraphic age constraints, average duration of
a chert-shale couplet are ~20 kyr throughout the early
Mesozoic (Ikeda et al., 2010; Ikeda and Tada, 2014),
which is consistent with the precession-scale changes in
the accumulation rate of BSi under the extremely slow
accumulation of shale mostly composed of aeolian dust
(e.g. Hori et al., 1993). Estimated BSi fluctuations should
be proportional to DSi input from chemical weathering
paced with the monsoon dynamics, over timescales longer
than the residence time of oceanic DSi (20 kyr; Tréguer
and De La Rocha, 2013; <~100 kyr; Ritterbush et al.,
2015), because low-mid-latitude BSi burial flux (Ikeda et
al., 2017) is ~90 % of the modern global ocean (Tréguer
and De La Rocha, 2013) and was a major sink for oceanic
DSi.

Bedded cherts are rocks composed of chert layers
(Si-rich), interbedded with clay-rich shale partings (Si-
poor), produced by differential compaction and diagenetic
reactions of dissolution-precipitation usually forming
opal-CT and later quartz (Isaacs, 1981; Tada, 1991).
Radiolarian molds filled with nearly pure microquartz and/
or chalcedony are found in the silica-rich matrix of cherts.
The radiolarian molds that we measured are commonly
spherical. Therefore, they could result from Spumellaria,
which have regularly a spherical morphology, dwelling
in a photic zone due to their symbiotic relation with
photosynthetic algae (e.g. Swanberg and Anderson, 1985;
Takahashi ef al., 2003).
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Fig. 1 Log of the Inuyama sections with their Triassic-Early Jurassic paleogeography on a map of Middle Jurassic (a) and their
current location (b). The Paleomap (a) is from the Stampfli model developed at the University of Lausanne (Stampfli and
Borel, 2002). The bed number log (c) is from Ikeda and Tada (2014). Additional information on the Kiso River sections can
be found in Sugiyama (1997). These radiolarites are illustrated through (d) the nice parallel bedding for Late Triassic bedded
chert (35°23°57”’ N, 136°57°34” E), (e) outcropping of Rhatian bedded chert along the Kiso River (35°25°21”° N, 136°58°16”
E) and (f) millimetric laminations inside single Norian bed (Kil8).
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Fig. 2 3*°Sinss2s measurements on sample KiO6¢ with analytical yield percent relative to the yield of the Paine Quartz Standard
(UNIL_Q1). Image on the right are out of focus to better distinguish the analytical spots.

3. Methods

In total, 34 cherts were analysed for the Inuyama
section. Sample holders consists of ten fragments of
different samples mounted into epoxide around an internal
standard. These fragments were previously polished into
trapezoidal shapes and the presence of radiolarian molds
was checked by optical methods.

The 6°°Si of micro-crystalline quartz precipitated inside
radiolarian molds was measured by SIMS at University of
Lausanne with a primary Cs* ion beam intensity of 2 nA,
resulting in a ~10 um spot (cf. Seitz et al., 2017), to avoid
contamination from other sources of silicon in radiolarites
(detrital/acolian minerals). Secondary ions *°Si and 2Si
were analyzed at 3000 MRP and collected on Faraday cups
(FC) multi-collection mode. The resistances of the L’2
and H'2 FC were 10" () for the detection of 28Si and 3°Si,
respectively. FCs were calibrated in the beginning of each
session, using the calibration routine. Mass calibration
was performed at the beginning of each session and every
12 h. Samples were gold coated to dissipated charges.
Each analysis consists of 20 cycles of 5 sec, and starts with
a presputtering time of 30 sec to remove gold and stabilize
the secondary ion emission. The standard deviation of
each analysis is expressed as analytical standard deviation.
The data have been obtained in 7 different sessions for
5°°Si measurements, over 7 months.

For each chert sample, we made 4-10 measurements
within about 0.5 cm stratigraphic interval (Fig. 2). A
quartz internal standard (UNIL_Q1; Paine Quartz; Seitz
et al., 2017 for 50 and method; 6*Sinss-2s = -0.13 =&
0.02 %o (2SD)) was analysed every 6-10 measurements
for instrumental drift correction and calibration.

We subsequently controlled by optical methods that
the ion beam actually hit the radiolarian molds for each
measurement. In addition, data were postprocessed using
the analytical yield and the analytical deviation of each

measurement. The analytical yield depends on the nature
of the analysed material (mineral species and matrix
effect) and on the topography of the analysed surface
which modifies the incident angle of the primary ion
beam. In addition to instrumental instabilities, the high
analytical deviation can also indicate heterogeneity and
the analyse of a mixture of silica, clays minerals and/
or oxides. Regarding these considerations, the analytical
yield and deviation are objective parameters to decide if
a measurement must be rejected.

The drift correction was realized using a least square
regression line weighted for incertitude (¢2). For the
calibration, we calculated the least square 5°°Si-mean (%)
and standard deviation (a’l) for the internal standard also
weighted for incertitude (Equation 1 and 2) to keep
consistent data processing with the least square drift
correction. The calibrated 8°°Si for samples (5°° Sinass
Spl) depend on each sample measurement (5*° Si Splneasured)
and are proportional to the measured least square 6*°Si-
mean and the true §**Sigs.2s from the internal standard (5*°
Si Stdneasurea and 6*° Sinss.2s Std, respectively) (Equation 3).
The errors on the calibrated §*Si (o(5* Sings.2s Spl)) were
obtained by error propagation (Equation 4). The weighted
means and standard deviations (Table 2 and Appendix
Tables A1 and A2) were then calculated for each sample
following equation 1 and 2. Raw, drift corrected and
calibrated data are indicated in appendix tables. The 3*°Si-
data were then filtered with a 10 Ma moving windows
average with a step of 5 Ma and compared with estimation
of the BSi burial rates in the Inuyama area (Ikeda et al.,
2017).

Equation 1

1 1
i=y (; x xi)/(a—iz)
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Fig. 3 TIllustration of the analyzed materials. A) epoxy sample mount (Br7) including several fragments of about 10 samples. B) Zoom
on a sample in this mount with binocular. C) Image of two spots left by a SIMS analysis ('O and 8*°Si) in radiolarian silica
(radiolarian molds) on a gold coated sample mount. The 3'O-spot on the right is covered by a new gold coating. The difference
of polishing between the radiolarian molds of nearly pure microcrystalline quartz and the matrix is well illustrated on this image.
D) SEM imaging of the aluminium distribution in the sample Ki08c (EDX map). Radiolarian molds are aluminium-free on this

image.

Equation 2

1 1 N
= (;x(x.-—w)/z (;)XN_l

Equation 3

5305iNBs—28 Spl
— 1 + 63051. Splmeasured
1000

(1 + 8%°Si Stdmeasurea / 1000)) “1 )% 1000

(1 + 8°°Siyps_zg Std / 1000)

Equation 4

0(6305iNB$—Z8 Spl)

= andV2+andV2+andV2
= |Gy X AW+ G X dIR) + G x dVs)

With F = 53OSiNBS—28 Spl,Vy = 830si SPlmeasurea> V2 =

83%Si Stdmeqsurea and Vs = 83°Siyps_og Std

For the SIMS analyses, it is common to use 2SD, which
make sense considering the high accuracy of the method
or when measuring very homogenous samples. 2SD was
thus also used to discuss the UNIL-Q1 6*°Si. We used 1SD
for the LS-mean of samples and for their moving average,
following usage in palacoceanography, such as 8'*C and
8'80 in low magnesium calcium shells through time (e.g.
Veizer et al., 1999).

We also use scanning electron microscopy-energy
dispersive X-ray spectrometry (SEM-EDS) in Lausanne
University to map the elemental distribution in chert (Fig.
3).

4. Results

All the analytical dataset of our samples and a standard
is presented in Appendix Tables, and is summarised in
Tables 1 and 2. The means and standard deviations (2SD)
of the raw 8°'Si from UNIL-Q1 range from -41.77 %o to
-45.6 %o and from 0.33 %o to 0.69 %o, respectively (Table
1). The drift correction only slightly reduced the standard
deviations (0.29 %o to 0.68 %o; 2SD). Calibrating data
using the LS-means of standard, the arithmetic means
and standard deviation (2SD) of the 8*°Sings-2s values
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Raw, drift corrected and calibrated 3°°Si means and standard deviations (2 SD) for the UNIL-QI standard (in %o) between our different sessions. Instrumental fractionation is

Table 1

calculated based on the least square mean and standard deviation of the drift corrected 8*°Si. The 8*°Sinss-2s mean and standard deviation (2 SD) of calibrated data are given for all

standard measured through a session and for the average 6*°Sinss.2s of the different standard clusters. Reproducibility of the §*°Sinss-2s based on the average 6*°Sinss2s of the different

standard clusters is much better than on all standard measured (< 0.37 %o, 2SD vs < 0.71 %o).
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from our standards vary from -0.09 %o to -0.15 %o and
from 0.30 %o to 0.71 %o, respectively. The average of
the arithmetic 6*Sings.s means obtained during different
sessions is thus -0.13 = 0.04 %0 (2SD) which is relatively
similar to the bulk UNIL-Q1 &*°Sinss-2s (-0.13 == 0.02 %o;
2SD) and bellow the reproducibility of all 5*°Sinss-2s from
standard during a single session. We removed 6 on 189
measurements of samples which had yield deviating more
than 10 % from the yield of the quartz standard or their
analytical deviation (2SD) exceeding 0.37 %o.

LS-mean &*°Si of measured radiolarian molds ranges
from -0.3 %o to 2 %o (Table 2). 5*°Si-means have an inter-
sample range of up to 2.3 %o, which is higher than their
standard deviation (Table 2). The intra-sample standard
deviations (1SD) of the 6°°Si-means varies between 0.1
%0 and 0.75 %o. The 6°*°Si-means from our samples range
from -0.3 %o to 0.8 %o during the Early Triassic, from -0.3
%o to 1 %o during the Middle Triassic, from -0.3 %o to 1.5
%o during the Late Triassic, and from 0.5 %o to 2 %o during
the Early Jurassic (Fig. 4). The low 8*Si-values from
10-Myr moving windows average are overall associated
with high BSi burial rates (Ikeda et al., 2017). A mapping
of the aluminium content by SEM-EDS shows that clay
minerals are concentrated in the matrix (Fig. 3).

5. Discussion

5.1 &°%Si of radiolarian molds and diagenesis

SIMS-measured 8*°Si for Mesozoic radiolarian molds
ranges from -0.3 %o to 2 %o (Fig. 4), which overlap with
the range of Cenozoic radiolarian tests (e.g. Fontorbe et
al.,2016; Fig. 5), potentially supporting that the Mesozoic
radiolarian molds preserve the original values to some
extent.

Radiolarian skeletons are originally composed of
biogenic opal (opal-A), which is the most soluble silica
phase (Walther and Helgeson 1977; Fournier and Rowe,
1977; Gunnarsson and Arnérsson, 2000). During the
phase transitions from opal-A to opal-CT and quartz,
silicon isotope of radiolarian molds might have changed
by contamination of pore water DSi. However, migration
of Si from the layers with low Si content (shale bed)
to layers with high Si content (chert bed) allows us to
ignore interbed migration of Si (Tada, 1991). The lower
solubility of quartz (<1000 ppm) than opal-A (<2000
ppm) and opal-CT (<1500 ppm) (e.g. Gunnarsson and
Arnérsson, 2000) further implicates the negligible effect
of aeolian/detrital quartz dissolution on DSi of pore
water. Additionally, clay mineral diagenesis occurs at
higher temperature (80 °C; Chamley, 1989; Fagel 2007)
than opal-CT transition (65 °C; Matheney and Knauth,
1993), which segregated biosiliceous sediments (Tada,
1991). Considering mass balance in the chert-dominant
bedded chert succession with minor-clay component in
the Inuyama area (Sugiyama, 1997), we can thus assume
that the bulk 6*°Si of radiolarian molds in cherts would be
equal to that of former opal-A.
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Table 2 List of samples with their age, their *°Sinss2s Least square mean (LS-mean) and their 3*°Si least square standard deviation
(LS-std; 1SD). The 8*°Sinss-2s was averaged with a 10 Ma windows moving average (5 Ma step) and compared with BSi.

i Results Curves
iC:’ B 30, 300 Biosilica burial rate
Sample Age | 8 g 8" Sinps2g (%0) 8" Sings-2g (%0) (& em Kyr)
o) |5 2 _ _ gom Ky
z g This study This study Ikeda et al., 2017
LS-mean | LS-std (1SD) 10 Ma moving average 10 Ma smooth

Ki20 174.00 5 2.0 0.7 1.42

Ki22c1 178.00 8 1.1 0.1 1.24

Ki22¢c2 178.00 3 0.8 0.2 1.24

Ki21 178.00 9 1.2 0.3 1.24

Ki27 180.99 6 0.5 0.6 1.26 0.26
Ki24 182.00 6 1.9 0.2 1.31 0.26
Ki32 184.20 10 2.0 0.4 1.43 0.26
Ki34 184.37 10 1.0 0.3 1.43 0.26
Ki35 185.62 9 2.0 0.2 1.45 0.25
Ki38 193.31 10 0.8 0.4 0.96 0.19
Ki40 201.50 5 0.8 0.5 1.22 0.23
Ki39 201.50 5 1.4 0.3 1.22 0.23
Ki41l 201.50 1 1.1 1.22 0.23
Ki42 201.50 10 1.4 0.3 1.22 0.23
Ki44 204.82 9 1.4 0.1 1.22 0.25
ki43 204.82 6 1.2 0.3 1.22 0.25
Ki46 210.27 10 -0.3 0.6 -0.09 0.27
Ki54 214.40 6 0.0 0.5 0.40 0.26
ki48 217.09 4 1.0 0.4 0.71 0.25
Ki51 219.00 6 1.1 0.3 0.94 0.25
Kil5 228.00 10 1.1 0.3 1.10 0.21
Ki57 241.00 9 1.0 0.4 0.52 0.36
Ki58 243.48 6 0.6 0.5 0.39 0.36
Ki08 244.90 10 -0.2 0.3 0.32 0.35
Ki07 245.00 6 0.9 0.2 0.32 0.35
Ki06 245.25 6 0.0 0.3 0.31 0.35
Ki06s 245.25 14 -0.1 0.4 0.31 0.35
Ki05 246.20 6 -0.3 0.2 0.30 0.33
Ki04 246.60 9 0.7 0.3 0.30 0.33
Ki03 247.20 10 0.2 0.6 0.29 0.32
Ki02 247.80 7 0.4 0.4 0.28 0.31
Ki01 248.00 10 0.3 0.5 0.28 0.31
Kil0 250.20 6 -0.2 0.3 0.25

Ki09 250.30 9 0.7 0.3 0.25
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Fig. 4 Evolution of 8*Sines2s through time from
radiolarian silica in the Inuyama Area (this
study). Our results are compared with estimations
of the BSi burial rate (Ikeda et al., 2017). The
trend and variation of 3*°Si can be correlated
(R= -0.73) with the trend and/or variations
observed in the BSi burial rate. The geological
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the timescale of the international commission
of stratigraphy (Cohen et al. 2013). The color
filling inside markers corresponds to the color of
the geological stage. The boundaries of curves,
when plotted, are equivalent to 1SD. The moving
average for radiolarian silica is realized using a
10 Ma windows and 5 Ma steps. The 8*°Sinss-s

260 250 240 230 220 210 200 190 180 170 160

Age in Ma (GTS 2015)

The relatively large internal §*°Si-scattering up to 0.8
%o (1SD) for each sample suggests that kyr-scale 6°°Si
heterogeneity within each chert sample still exist after
the diagenesis. Micrometric isotopic variations have been
previously observed even in Precambrian cherts, supporting
that the 3°°Si is not homogenised through time in cherts
(Marin-Carbonne et al., 2011, 2012). Even fragments of
cherts included as enclave in tonalitic intrusions (>700 °C)
or metamorphosed in amphibolite facies seem to preserve
their 8°°Si (André et al., 2006). Therefore, it is reasonable
to assess 8°°Si records of radiolarian molds in Mesozoic
bedded chert as those in Mesozoic radiolarian tests, despite
of diagenetic homogenization to some extent.

5.2 Evolution of radiolarian §*Si

The increasing trend of radiolarian 8°°Si through
the Triassic might be interpreted as an increase of the
radiolarian productivity resulting in a higher biogenic
fractionation (e.g. De La Rocha et al. 1998), despite of
large scattering and complex fractionation of 5*°Si (Fig. 4).
However, this conventional interpretation contradicts with
low 6*Si mainly associated with higher BSi burial rates
(Ikeda et al.,2017) (Fig. 5). Upwelling of isotopically-light
DSimight have affected the observed negative correlation
between 8°°Si and BSi flux in equatorial Panthalassa.
Regarding the radiolarian BSi as major sink of DSi in
the Mesozoic ocean before the post-Cretaceous rise of
diatoms (Ikeda et al., 2017), however, radiolarian 3*°Si
could have reflected 6*°Si of oceanic DSi on timescale
longer than residence time of oceanic DSi (~100 kyr:
Ritterbush et al., 2015).

3%Si of oceanic DSi is controlled by changes in §*Si

error bars correspond to the least square standard
deviation of samples presented in Table 2.

values of sources and sinks (e.g. Frings et al., 2016).
Major source of oceanic DSi is river input, which 3*’Si
currently varies from 0 %o to 4 %o, mainly depending on
diatom uptake and rock types of provenance (e.g. Frings
etal.,2016). However, before the rise of diatom, biogenic
uptake in continent can be negligible. Small difference
exists between continental felsic rocks (8%Si = -0.5 to
0.5 %o) and mantle-origin mafic rocks (5*°Si =-1 to 0 %o)
(Opfergelt and Delmelle, 2012). Up to 1 %o amplitudes
of 10-Myr scale 8*°Si data can be explained by changes
in felsic/mafic ratios, although our 6°°Si data is too low-
resolution to discuss its <10-Myr scale dynamics.

On another hand, 3*°Si of siliceous sponges varies
from -6 %o to -1 %o (Frings et al., 2016), whereas that
of radiolarias and diatoms varies from -1.1 %o to 1.7%o
(Abelmann et al., 2015; Fontorbe et al., 2016) and from -1
%o to 3 %o (e.g. Frings et al., 2016), respectively. Changes
in the relative contribution of sponge BSi deposition might
be a candidate to explain 6*°Si variations, despite of lack
of evidence of massive sponge deposition, except for
some biotic events after Carnian Pluvial Event, Norian
Manicouagan impact, and the end-Triassic extinction
(Thibodeau et al., 2016; Onoue et al., 2016; Shi et al.,
2017). However, there are no significant 5*°Si variations
across the end-Triassic extinction, implying negligible
effect of sponge deposition on Si cycle at this event (Fig.
4).

On the other hand, 10-Myr scale BSi burial flux also
correlates with calculated global silicate weathering rate,
which potentially linked with changes in weathering of
highly-weatherable volcanic rocks with lighter silicon
isotope (Ikeda et al., 2017). This idea is consistent with
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Fig. 5 6Sinssas-distribution in rivers, oceans, diatoms, sponges
and sedimentary biogenic silica from Frings et al. (2016)
compared with §°°Sinss2s-distribution for Cenozoic
radiolarians (Fontorbe et al., 2016) and for the Triassic to
Jurassic radiolarites from the Inuyama Area (this study).
The relative similar range between Cenozoic radiolarians
and Mesozoic radiolarites supports that the Mesozoic
radiolarian molds preserve the original values.

the overall negative correlation between radiolarian 3*°Si
and the BSi burial flux in the Inuyama area, despite of
large scattering and low-resolution 8*’Si records (Fig. 4).
Further high-resolution works are necessary to improve
our understanding of 3*Si cycle of radiolarian molds
and unravelling some radiolarian crisis through geologic
events, in response to bolide impact, massive volcanism,
oceanic acidification, and oceanic anoxic events.

6. Conclusion and perspective

We measured 3*°Si of the Mesozoic radiolarian molds
in Inuyama chert by SIMS. Range of 6*Si between -0.3
and 2 %o is consistent with that of modern and Cenozoic
radiolarian tests. Relatively large 5*°Si up to 0.8 %o (1SD)
in intra-chert bed supports that 6*°Si of the Mesozoic
radiolarian molds is not perfectly homogenized in a chert

bed during the diagenesis, and potentially record of kyr-
scale changes in radiolarian 8°°Si . 10-Myr scale trend of
&%Si of the Mesozoic radiolarian molds from 250 Ma to
180 Ma is overall out-of-phase relation with BSi burial
flux. This relation contradicts with interpretation of 6*Si
as a productivity proxy, despite of low-resolution and
scattered 8°°Si records. Further high-resolution analysis
will allow a better understanding of the past silica cycle,
opening the possibility of accurate estimations of the past
oceanic silica cycle and the contribution of past radiolarian
productivity.
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Appendix

Table A1 Least square drift corrected and calibrated 3°°Si measurements (%o) for each sample. The LS-mean and standard deviation for
each sample is indicated in bold font. All $*Si are relative to NBS-28 and all standard deviations are given as 2c. Analytical
standard deviation is sometime higher than 0.37 (2SD) due the use of error propagation during calibration.

Sample Ki20 Ki22¢2 Ki22cl Ki21 Ki27 Ki24 Ki32 Ki34 Ki35 Ki38 Ki4l Ki39
age 174.00 178.00 178.00 178.00 180.99 182.00 184.20 184.37 185.62 193.31 201.50 201.50
LS-mean (5" Sins 25) 2014147 | 0.82+037 | 1.10£0.29 | 1.18+0.54 | 0.51£1.10 | 1.87£0.47 | 1.96£0.79 | 1.04£0.56 | 1.95£0.42 | 0.75£0.72 | 1.09£020 | 1.40+0.53
and LS-SD (2 SD) (%»)

Number of measurements 5 6 9 9 6 6 10 10 9 10 2 5
Accepted measurements 5 5 8 9 6 6 10 10 9 10 1 4
Rejected measurements 0 1 1 0 0 0 0 0 0 0 1 1

o 1 3.00 £0.31 0.79 £0.28 0.92 +0.28 1.17£0.29 0.37 £0.25 2.02 +£0.26 1.37 £0.20 0.58 £0.29 1.96 £0.26 1.39+£0.19 1.09 £0.20 1.68 £0.27

% 2 2.13£0.26 0.66 +0.27 0.93 £0.39 1.08 £0.21 1.16 £0.24 1.75+0.20 1.92£0.28 1.25+0.21 2.22+023 0.73£0.33 1.31+0.22

4 2 3 2.52+0.27 1.03 £0.33 1.08 £0.21 0.67£0.28 0.96 +0.21 1.87+£0.27 1.74 £0.16 1.30 £0.25 2.06 £0.30 0.84 £0.34 1.62+0.15

z ?9/ 4 1.16 £0.17 1.11+0.28 1.52+£0.29 0.19£0.19 2.16 £0.21 2.02+£0.24 0.85+0.28 1.53£0.19 1.14 £0.30 1.03+0.17

—‘§ E 5 1.56 £0.19 1.18 £0.34 1.15£0.24 -0.39 +£0.33 1.92 +£0.18 1.82£0.19 1,18 £0.22 2.06 £0.24 0.64 +£0.31 1.41+£0.24

% g 6 0.97 £0.34 1.06 £0.27 0.56 +0.48 1.49 £0.22 2.19+0.33 0.99 +0.28 2.08£0.26 0.64+£0.17

Z ~3

; 9) b 7 1.31£0.25 1.44 £0.29 2.25+0.24 1.19+£0.23 1.93 £0.30 0.74 £0.25

:>\ ) ,E 8 1.24+0.24 1.03£0.20 2.84+0.24 1.36 £0.22 1.81+0.29 0.49 £0.22

g ‘3 9 1.53£0.26 1.73£0.22 0.60 +0.25 2.03+£0.30 0.05+£0.37

K § 10 1.86+0.22 | 0.99+0.29 0.63 +0.36

5 11

z B 12

g 13

14
Session Br6 B2 Br2 Br2 Brl B3 Br7 Br7 Br2 Br5 Brév2 Br4
Sample order
duringplhc session 5 3 2 4 3 3 7 o o 2 3 3
Sample Ki40 Ki42 Ki43 Ki44 Kid6 Ki54 Ki48 Ki51 Kil5 Ki57 Ki58 Ki08
age 201.50 201.50 204.82 204.82 210.27 214.4 217.09 219.00 228.00 241.00 243.48 244.90

LS-mean (5"Sixns.s) 0.80£1.06 | 140052 | 1.21£0.52 | 1.43£022 | 0.27+1.10 | 0.03£0.97 | 1.02£0.78 | 1.09£0.69 | 1.10£0.52 | 0.97+0.78 | 0.61£0.93 | -0.20 0.64
and LS-SD (2 SD) (%)

Number of measurements 5 10 6 9 10 6 5 6 10 10 6 10
Accepted measurements 5 10 6 9 10 6 4 6 10 9 6 10
Rejected measurements 0 0 0 0 0 0 1 0 0 1 0 0

a 1 -0.11+0.18 1.47£0.28 0.82+0.24 1.44£0.24 -0.57 £0.21 -0.12£0.23 1.54£0.22 0.51£0.20 1.31£0.35 0.65+0.19 0.85+0.23 0.27£0.23
'% = 2 0.88 £0.21 1.59+£0.29 1.03 £0.17 1.41 £0.31 0.83 £0.25 0.15+0.33 0.63+£0.15 1.20£0.19 1.31+0.31 1.46 £0.26 0.91 £0.28 0.15+0.20
2 2 3 1.21 £0.20 1.38 £0.24 1.17 £0.26 1.30 £0.29 -1.06 £0.22 [ -0.67 =0.24 1.08 £0.32 1.36 £0.29 0.98 +0.29 1.23+£0.24 0.92 £0.24 -0.03£0.23
g :'Z 4 1.09 £0.17 1.37£0.19 1.51+0.23 1.26 £0.25 -0.62 +0.27 0.75£0.21 0.91£0.16 0.93 +£0.25 1.14£0.28 0.66 +£0.25 0.90 +£0.23 0.00 £0.20
§ E 5 0.97£0.18 0.76 £0.20 1.32+0.27 1.43£0.19 -0.01 £0.27 0.25+0.27 1.45+0.18 0.88 £0.24 1.54 £0.21 0.15+0.26 -0.69 £0.18
§ g 6 1.38 £0.25 1.40 £0.20 1.45+£0.22 -0.24+0.19 [ -0.16 =0.17 1.09 +0.24 1.04 £0.24 1.04 £0.23 -0.15+0.27 | -0.17 +0.27
Z ~3
g 9} S 7 1.56 £0.25 1.63£0.18 -0.02 +£0.20 1.55+0.20 0.45+0.27 -0.34+0.28
:% Q _S 8 1.56 £0.35 1.41 £0.26 0.05+£0.25 0.99 £0.18 0.67+£0.23 -0.21+£0.32
g "é 9 1.67 £0.21 1.52+0.21 -0.01 +£0.26 1.25+0.22 0.98 +0.29 -0.29 £0.26
g g 10 1.36 £0.23 -0.90 +0.20 0.67 £0.22 -0.64 £0.20
S 11
2 = 12
S 13
o
14
Session Br4 Br7 Br6 Br2 Br7 Brl Br6 Br3 Br2 Br7 Br3 Br7
Sample order
duringpthe session ! 3 4 8 5 5 2 4 5 ! 7 4
Sample Ki07 Ki06 Ki06s Ki05 Kio4 Ki3s Ki03 Ki02 Ki01 Kil0 Ki09
age 245.00 245.25 245.25 246.20 246.60 247.20 247.20 247.80 248.00 250.2 250.30
LS-mean (3*"Sixps.25)
0.88 £0.42 0.03 £0.53 0.15£0.78 -0.26 = 0.40 0.65 £ 0.67 0.21 £1.11 0.41 £0.85 0.33 £0.94 -0.24 £ 0.57 0.68 £ 0.65 Total
and LS-SD (2 SD) (%)

Number of measurements 6 6 14 6 9 8 10 7 10 6 9 266
Accepted measurements 6 6 14 6 9 0 10 7 10 6 9 252
Rejected measurements 0 0 0 0 0 8 0 0 0 0 0 14

o 1 1.11+£0.24 0.43 +£0.19 -0.03 £0.39 -0.09 +0.49 0.75 £0.29 0.31+£0.26 0.86 +0.23 0.63 £0.27 -0.38 +£0.26 0.33 £0.26
'% 2 0.96 £0.31 0.16 £0.28 0.02 +0.32 -0.37+0.30 0.83 £0.19 0.17£0.28 -0.16 +0.30 0.79+0.13 -0.42 +£0.25 0.80 £0.29
> 2 3 0.79 £0.16 0.07 £0.20 0.16 £0.22 -0.46 £0.25 1.14£0.23 0.73 £0.27 0.77 £0.22 0.71£0.19 -0.02 +£0.25 0.97 £0.37
E E 4 1.14£0.29 -0.10 £0.32 -0.19+£0.20 0.01+£0.25 0.59 +£0.23 0.84 £0.33 0.52+£0.29 0.44 £0.21 -0.52+0.28 0.26 +£0.31
;z é 5 0.70 £0.25 -0.23 +£0.18 0.11 £0.25 -0.39+£0.23 0.26 £0.24 0.08 £0.17 0.72 £0.25 -0.27 £0.30 0.34 +£0.42 1.03 £0.26
% 5 6 0.64 +£0.26 -0.23 £0.36 0.24 £0.24 -0.14£0.33 0.19£0.16 -0.23+0.18 0.23£0.19 0.77 £0.21 -0.20 £0.30 0.35+0.26
E}, é\ b 7 -0.24 £0.40 0.39+£0.28 0.73 £0.27 -0.16 £0.23 0.51+0.19 0.72+0.18
E _S 8 0.22 £0.47 0.83£0.25 0.46 £0.34 -0.48£0.16 0.52+0.28
E ‘3 9 -0.23 £0.43 1.02 £0.34 0.43£0.18 0.12£0.18 1.15£0.27
= g 10 0.14£0.37 -1.00 £0.21 0.14+0.31
‘% % 11 0.65 +0.20
2 5 12 -1.06 +0.20
2 13 -0.09 +0.23
o
14 -0.03 £0.29
Session Br3 Br3 Br5 Brl Br2 Br2 Br7 Br3 Br7 Brl Br2
Sample order

duringpthc session 3 6 8 2 7 ! 2 8 é ! 6

— 342 —



SIMS analysis of Si isotope for radiolarian test in Mesozoic bedded chert, Inuyama, central Japan (BOLE et al.)
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