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Abstract: The oxygen isotope (δ18O) analysis of carbonate fossils is widely applied for palaeoceanographic 
analysis, whereas that of siliceous fossils is only limited partly due to technical constraints and uncertain 
fractionation factors. Here we used a secondary ion mass spectrometer (SIMS) for δ18O of radiolarian silica, 
precipitated inside radiolarian molds in Mesozoic radiolarites from Japan, Italy, Switzerland and Romania 
in order to examine its potential for palaeoceanographic proxy. 507 measurements of the isotopic oxygen 
signature relative to the Vienna Standard Mean Ocean Water (δ18OVSMOW) of 53 chert samples range between 
19.8 to 35.3 ‰ overlapping with that of modern and Cenozoic radiolarian tests in the equatorial Pacific. 
Relatively large intra-chert variability supports that δ18O of the Mesozoic radiolarian tests are not perfectly 
homogenized within a chert bed during the diagenetic segregation. The temporal changes in the δ18O values 
of radiolarians (δ18Oradiolarians) show an Early-Middle Triassic slight positive excursion, a Late Triassic high 
plateau, an Early Jurassic negative excursion with up to 8 ‰ , a Middle Jurassic slight positive excursion, 
and a few light  values for the Cretaceous despite of their low resolution. A comparison of δ18O between 
radiolarian molds, conodont apatite, and the low magnesium calcium shells show overall similar secular 
variations during the Triassic, but different trends was observed during the Early Jurassic. Because our data 
is low-resolution, further cross check of δ18Oradiolarians is necessary to use as a proxy for paleoceanography.
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1.  Introduction

One of the most widely used palaeoceanographic 
techniques is the oxygen isotope (δ18O) analysis of 
carbonate shells which reflects past environmental 
changes, such as temperature, ice sheet volume, and 
precipitation/evaporation ratio (e.g., Emiliani, 1955; 
Shackleton and Kennett, 1975). However, a significant 
caveat in the paleoceanographic analyses using carbonate 
shells is their scarcity or complete absence in some 
sediments for large sections of the globe and deep past, 
due to dissolution below carbonate compensation depth 
(CCD) and/or carbonate organism evolution in pelagic 
ocean after the Late Triassic. The most easily available 
archive of seawater δ18O for such sediments is biogenic 
silica (BSi), such as diatoms, sponges, and radiolarians 
(e.g. Jaffrés et al., 2007). At least, δ18O values of opal 

have been recognized as a potential proxy of past seawater 
temperature and isotopic composition as referred for 
diatoms (Labeyrie, 1974; Mikkelsen et al., 1978; Juillet-
Leclerc and Labeyrie, 1987; Shemesh et al., 1992, 2001; 
Schmidt et al., 1997; Swann et al., 2008; Swann and Leng, 
2009; Maier et al., 2013), even if this is still debated. 
In Southern Ocean cores, δ18O values of diatoms and 
radiolarians show similar patterns with similar values 
from 43 ‰ to 45 ‰ for at least last 30 ky (cf. Abelmann et 
al., 2015). Therefore, δ18Oradiolarians might also be a potential 
proxy for paleoceanography.

Radiolarians dominated as BSi producers in Paleozoic 
and Mesozoic open ocean (Hein and Parrish, 1987), whereas 
siliceous sponges were and are today largely restricted 
to marginal settings, and diatoms became quantitatively 
important in the Cenozoic (Racki and Cordey, 2000; 
Kidder and Erwin, 2001). Radiolarites were deposited in 
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a broad low-latitude belt, and radiolarian-bearing siliceous 
mudstones also dominated in mid-latitudes (Baumgartner, 
2013). Therefore, radiolarian δ18O provides potentially 
important information for paleoceanography of the 
Paleozoic and Mesozoic.

Some evidence supports that radiolarian δ18O may 
reflect environmental change (Knauth and Epstein, 
1976; Wu et al., 1997; Abelmann et al., 2015). Although 
diagenetic isotopic fractionation of radiolarian test is 
still debated, even for Cenozoic (e.g. Fontorbe et al., 
2016), that for early Mesozoic bedded chert might be 
more simple system due to diagenetic segregation; This 
segregation results from the migration of silica from layers 
with low-Si content to layers with high-Si content during 
the transformation from opal-A to opal-CT (Isaacs, 1981; 
Tada, 1991). Thus, the cm-scale alternations of chert 
and shale might have limited migration of BSi within 
a chert-shale couplet. Contrary to this advantage, such 
diagenetic processes make extraction and picking of 
radiolarian molds without strong chemical procedures 
quite hard. To solve this disadvantage, secondary ion mass 
spectrometer (SIMS) is a powerful technique to measure 
the Mesozoic radiolarian molds on ~10 µm scale. Here we 
used SIMS for the Mesozoic radiolarian δ18O to examine 
their paleoceanographic and diagenetic imprints.

2.  Materials

We collected 55 chert samples from Mesozoic radiolarites 
in Japan, Italy, Switzerland and Romania (Fig. 1). Only 
fresh cherts were sampled to avoid alteration. The 

Triassic to Early Jurassic Panthalassan bedded cherts are 
distributed in the Inuyama Area from Japan (Kiso River 
sections; Nakaseko and Nishimura, 1979; Yao et al., 1980; 
Mizutani and Koike, 1982; Hori, 1988; Sugiyama, 1997; 
Yao and Kuwahara, 1997; Carter and Hori, 2005; Ikeda 
and Tada, 2014). These bedded cherts consist of several 
tectonic imbricates outcropping along the Kiso River 
which were formed during the Jurassic accretion (Kimura 
and Hori, 1993). The Cretaceous Panthalassan radiolarites 
come from the Goshikikahama section (Okamura and Uto, 
1982; Kodama et al., 1983). We sampled Middle Jurassic 
Tethyan radiolarites from the Sogno section (Gaetani and 
Poliani, 1978; Baumgartner et al., 1980; Kocher, 1981; 
Baumgartner, 1984; Baumgartner et al., 1995; Ikeda et 
al., 2016). Additional material (Pi01, Pe01, Ro01 and 
Ca01) are a Middle Jurassic radiolarite sample from the 
southern part of Switzerland (45°54′12″N, 8°59′55″E), a 
Late Permian radiolarian chert from Neo section, Japan 
(35°41′39″N, 136°39′25″E), a Middle Jurassic radiolarian 
chert from the Rarau synclinal of the Carpathian Mountain 
along a road going to Lagu Rosu, Romania (46°47′29″N, 
25°47′32″E; Dumitrica, 1995) and a Berriasian diagenetic 
chert nodule from the Capriolo section in the Lombardian 
basin, Italy (45°38′40″N, 9°57′32″E; Weissert et al., 1979; 
Channell et al., 1987; Lini et al., 1992; Föllmi et al., 
2012), respectively.

Bedded chert is composed of silica-rich chert layers 
interbedded with silica-poorer shale partings (Davis, 
1918; Tada, 1991; Hori et al., 1993). In radiolarian cherts, 
radiolarian silica can be easily distinguished from a stained 
matrix enclosing radiolarian molds often filled with nearly 

Fig. 1 Location of the studied sections (A) and 
their paleogeography during the Middle 
Jurassic (B). The Paleomap is from the 
Stampfli model developed at the University 
of Lausanne (Stampfli and Borel, 2002).
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pure microquartz and/or chalcedony (Bôle et al., 2020). 
Most of these microquartz are early diagenetic products 
from opal-A precipitating in the pore space produced by 
radiolarian skeletons which are the target of this study. 

3.  Methods

Secondary ion mass spectrometer (SIMS) can achieve 
accurate in situ analyses of very small sample amount.  
The aim of in situ analyses in the infills radiolarian molds 
by SIMS is to measure the oxygen derived from their 
microquartz without contamination from clays or aeolian/
detrital minerals present in the matrix. Microquartz infills 
in radiolarian molds, which are likely an early silica 
precipitation derived from biosilica, were analysed with 
a CAMECA IMS 1280HR at the University of Lausanne 
(e.g. Seitz et al., 2016).

About 10 subsamples were mounted in each 1-inch 
micron-polished epoxy sample holder (Epofit resin) 
around an internal standard. An amorphous glass standard 
from the National Institute of Standard and Technology 
(NIST-610) was used for the initial three mounts with 
samples Ki08C, Pi01, and Ca01, to control instrumental 
drift in absence of a proper quartz standard. The quartz 
internal standard UNIL-Q1 (Seitz et al., 2016) have 
been used for all mounts, including initial three samples 
reanalysed, to correct instrumental drift and mass 
fractionation. As instrumental mass fractionation on 
SIMS depend on minerals species (Marin et al., 2010), 
data from chert samples are calibrated with UNIL-Q1. 
Before SIMS measurements, radiolarian molds and their 
microcrystalline quartz infill was carefully examined on 
each subsample on mount by optical and/or scanning 
electrons microscopy (SEM).

The δ18O from 532 points of radiolarian molds was 
measured with a primary Cs+ ion beam intensity of ~2 
nA, resulting in a beam diameter of ~10 µm. Electrical 
charges were compensated using an electron flood gun, 

with normal incidence and the conductivity of the sample 
surface was assured by a gold coating connected to 
electrical ground. 16O and 18O secondary ions, accelerated 
at 10 kV, were analyzed at a mass resolving power of 3000 
and collected on Faraday cups (FC) multi-collection mode. 
The resistances of the L’2 and H’2 FC were set to 1010 Ω 
and 1011 Ω for the detection of 16O and 18O, respectively. 
FC 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.

Each analysis took less than 4 minutes and consists of 
20 cycles of 5 seconds starting with a presputtering time 
of 30 seconds to remove gold, stabilized the secondary 
ion emission allowing automatic centring of the secondary 
ion beam. This setting allowed an average reproducibility 
better than 0.3 ‰ (2 standard deviation, 2SD) on UNIL-Q1 
(Seitz et al., 2016; Table 1) at the beginning each session, 
and analytical standard deviation for each analysis lower 
than 0.3 ‰ (2SD). The analytical standard deviation 
expressed here is the standard deviation of each data 
from different analytical cycles. A minimum set of 4 
analyses of UNIL-Q1 quartz standard (9.18 ± 0.14 ‰ 
(VSMOW); Seitz et al., 2016), inserted in each mount, 
has been measured every 6-10 analyses for monitoring 
the instrument stability, and for accurately correcting the 
instrumental mass fractionation, as it can slightly differ 
from mount to mount. The data have been obtained in 10 
different sessions for δ18O measurements, over 11 months. 
The variation of the UNIL-Q1 quartz standard over the 
entire sessions is < 0.3‰ (2SD after the drift correction 
(Table 1).

The target locations were controlled by optical methods 
and SEM for each measurement to check that radiolarian 
molds were effectively hit. Analytical yield and standard 
deviation of each measurement were also used to check the 
validation. The analytical yield is the quantity of elements 
measured relative to the intensity of primary ion beam (cps/
nA), and here we used relative analytical yield normalized 

Session

LSmean LSstd LSmean LSstd LSmean LSstd
Prim123 48 6.5 0.3 6.5 0.3 9.8 0.3

Br2 47 4.4 0.5 4.4 0.5 9.8 0.5
Br3 31 4.5 0.4 4.4 0.4 9.8 0.3
Br4 52 3.8 0.3 3.8 0.3 9.8 0.3
Br6 28 3.7 0.3 3.7 0.3 9.8 0.3
Br7 63 3.9 0.3 3.9 0.3 9.8 0.3

All UNIL-Q1
measurements

269 9.8 0.3

Number of
measurements

Raw  δ18OVSMOW

(‰)

Drift corrected
δ18OVSMOW (‰)

Calibrated
δ18OVSMOW (‰)

Table 1  Raw, drift corrected, calibrated for our δ18OVSMOW least square mean and standard deviations on the UNIL-Q1 standard (in ‰; 
2SD). The identic raw and drift corrected δ18OVSMOW suggests that there was no major instrumental drift during our sessions. 
Overall, the reproductivity of the UNIL-Q1 on the 269 measurements after calibration is 0.3 ‰ (2SD). The raw δ18OVSMOW of the 
PRIM123 session for Ki08C, Pi01 and Ca01 is in average 2.5 ‰ higher than the other session due to instrumental fractionation 
differences.
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by that of internal standard UNIL-Q1. Different analytical 
yields result from the nature of the analysed material 
(mineral species and matrix effect) and from the topography 
of the analysed surface, which modifies the incident angle 
of the primary ion beams and thus the energy per surface 
of the primary ion beam. Therefore, the planarity of our 
sample mounts after polishing up to 0.25 µm was checked 
using white light profilometer (Brucker: Countour GT; 
Fig. 2) to have elevation differences of less than 1.5 µm 
between the standard and the samples. High analytical 
standard deviation depends on isotopic heterogeneities 
in the analysed minerals, but also on modifications of the 
instrumental mass fractionation which could be triggered 
by changes of the analytical conditions (topography, beam 
and analyser stability) or by the analyses of a mixture of 
silica, clay minerals and oxides. Overall, analytical yield 

Fig.2  Topography of the sample mount BR3 after polishing. (A) Between the lower part of the rim and the centre of the sample 
mount, there is a difference of about 7.5 µm in depth. This difference was due to an internal tension triggered by a screw 
which initially hold the sample holder during the polishing. (B) After a second polishing without the screw, the topography 
of the rim is better and the difference between the rim and the center is reduced to 0.25 µm. The profiles on the right part 
are represented by white lines on the surface of the sample mount.

similar to the one of our UNIL-Q1 standard (~ 7.9 cps/nA, 
but depends on sessions) and analytical standard deviation 
lower than 0.35 ‰ (2SD) are objective criterions to decide 
if a measurement should be accepted.

The drift correction was realized using a least square 
regression line weighted for incertitude (σi

2). For the 
calibration, the weighted δ18O-mean (x・) and standard 
deviation (σ̇i) for the internal standard was calculated also 
using the incertitude (Equation 1 and 2) to keep consistent 
data processing with the least square drift correction. 
The calibrated δ18O for samples (δ18OVSMOW Spl), depend 
on each sample measurement (δ18O Splmeasured) and are 
proportional to the measured least square δ18O-mean 
and the true δ18OVSMOW from the internal standard (δ18O 
Stdmeasured and δ18OVSMOW Std, respectively) (Equation 3). 
The errors on the calibrated δ18O (σ (δ18OVSMOW Spl)) were 
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obtained by error propagation (Equation 4). The weighted 
means and standard deviations (Table 2 and Appendix 
Table A1) were then calculated for each sample following 
equation 1 and 2. Conversion from VSMOW to VPDB 
was realized using the Equation 5 (Kim et al., 2015). For 
comparison, δ18O values relative to the Vienna Pee Dee 
Belemnite standard for low magnesium calcium shells 
(δ18OVPDB LMC) from Grossman (2012) were digitalized 
using PlotDigitizer (2.6.8). 

Equation 1

Equation 2

Equation 3

Equation 4

Equation 5

4.  Results

Here we present some raw data from the SIMS 
to illustrate the measurements of single radiolarian 
molds and their validation. Raw results from repetitive 
measurements on some samples are also described to 
highlight reproducibility of our analyses. Finally, we 
present the δ18OVSMOW trends from our measurements 
through the Mesozoic.

4. 1 Quality 234 check of SIMS analyses
We validate the quality of the SIMS measurement by 

post-checking of analysed spots by optical and/or SEM, 
and relative analytical yield. Illustrating the necessity of 
the pre- and post-checking, some spherical zones on the 

Late Triassic Inuyama chert sample Ki48 (Fig. 3A and 
B) are difficult to be identified as radiolarian molds or 
epoxy, and have been measured with very low analytical 
yield (~3 % of the UNIL-Q1 yield) and very light δ18ORAW 
(uncalibrated δ18O) (<-30 ‰) (Appendix Table A2). The 
normal analytical yield and δ18ORAW of this sample (e.g. 
Fig. 3C) are ~97.8 % and ~25 ‰, respectively, with 
calibrated δ18OVSMOW of ~31.3 ‰.

The measurements of mixings of epoxy and radiolarian 
molds for some analytical spots have low analytical 
yields and light δ18ORAW-values. Such value can be found 
in an Early Triassic siliceous mudstone sample Ki12s 
from Inuyama (e.g. Fig. 3E). The detection of potential 
analytical sites in this sample is particularly difficult 
due to scarcity of radiolarian molds. Alternatively, we 
also commonly observed quartz patches, which could be 
the result from radiolarian silica precipitation, aleatory 
distributed that we tried to analyse (Fig. 3D). The post 
checking of these patches was nearly impossible due 
to their small size (smaller or equal to the 10 μm beam 
size) and we exclude them because they have usually low 
analytical yield (<90 %). The measurement of one of these 
patches has however a relatively good yield (94.9 %) but 
an uncommon light δ18ORAW (2.8 ‰), corresponding to a 
calibrated δ18OVSMOW of 8.7 ‰ (Fig. 3D).

High analytical δ18O-yields were measured in the 
Middle Jurassic Sogno sample So29 (~130.2 %). SEM-
EDX analyses demonstrate that the molds in this sample 
were filled with carbonates, and that the matrix is more 
siliceous (Fig. 4). This observation contrasts with the 
radiolarian molds being commonly more siliceous than 
the matrix, which contains clays (Fig. 5 and Fig. 6).

4. 2  Reproducibility of SIMS measurements for 
radiolarian δ18O

Three chert samples (Pi01, Ki08C, Ca01) have been 
initially measured in detail relative to the NIST-610 
standard, and then together relative to UNIL-Q1 standard 
(Table 3). NIST-610 was used to correct instrumental 
drift, but not to calibrate δ18O measurements because the 
instrument fractionation depends on matrix and structure 
of the material analysed, mainly chert in this study. 
Overall, reproducibility on the UNIL-Q1 standard was 
0.3 ‰ for δ18O over all SIMS sessions (Table 1).

In detail, δ18O-measurements on Pi01 (a Middle Jurassic 
radiolarite sample in the southern Switzerland) with 
NIST-610 were done during two sessions. Uncalibrated 
δ18O-results for Pi01 after drift correction for the first and 
second sequences are 28.2 ± 1.5 ‰ (10 points, 2SD) 
and 28.4 ± 5.1 ‰ (27 points, 2SD) with NIST-610 
values at 10.4 ± 0.2 ‰ (5 points, 2SD) and 10.8 ± 0.4 
‰ (16 points, 2SD), respectively. δ18O-measurements on 
Ki08C (a Middle Triassic chert in Inuyama) and Ca01 
(a diagenetic chert lacking radiolarian molds in the 
Cretaceous Maiolica Formation of the Lombardian basin) 
were measured relative to NIST-610 during single session. 
Uncalibrated δ18O-results for Ki08C after drift correction 

Equation 2 

𝜎𝜎'̇ 	= 	SK L
1
𝜎𝜎"#

	× 	(	𝑥𝑥" 	− 	 �̇�𝑥	)#O	/	K L
1
𝜎𝜎"#
O	×

𝑁𝑁
𝑁𝑁	 − 	1

Equation 3 

𝛿𝛿()𝑂𝑂ABCDE	𝑆𝑆𝑆𝑆𝑆𝑆	 = 𝑥𝑥"

= 		VLL1	 +	
𝛿𝛿()𝑂𝑂	𝑆𝑆𝑆𝑆𝑆𝑆89:;<=9>

1000 O
(1	 +	𝛿𝛿()𝑂𝑂	𝑆𝑆𝑆𝑆𝑆𝑆89:;<=9>	/	1000)
(1	 +	𝛿𝛿()𝑂𝑂ABCDE	𝑆𝑆𝑆𝑆𝑆𝑆	/	1000)

Y O

− 1Z	× 1000	 

Equation 4 

𝜎𝜎G𝛿𝛿()𝑂𝑂ABCDE	𝑆𝑆𝑆𝑆𝑆𝑆I

= 	[(
𝜕𝜕𝜕𝜕
𝜕𝜕𝑉𝑉(

	× 	𝑆𝑆𝑉𝑉()# 	+	 (
𝜕𝜕𝜕𝜕
𝜕𝜕𝑉𝑉#

	× 	𝑆𝑆𝑉𝑉#)# 	+	 (
𝜕𝜕𝜕𝜕
𝜕𝜕𝑉𝑉_

	× 	𝑆𝑆𝑉𝑉_)# 

With 𝜕𝜕 = 	𝛿𝛿()𝑂𝑂ABCDE	𝑆𝑆𝑆𝑆𝑆𝑆, 𝑉𝑉( 	= 	 𝛿𝛿()𝑂𝑂	𝑆𝑆𝑆𝑆𝑆𝑆89:;<=9> , 𝑉𝑉# =

𝛿𝛿()𝑂𝑂	𝑆𝑆𝑆𝑆𝑆𝑆89:;<=9> and 𝑉𝑉_ 	= 	 𝛿𝛿()𝑂𝑂ABCDE	𝑆𝑆𝑆𝑆𝑆𝑆 

Equation 5 

𝛿𝛿()𝑂𝑂ABCDE = 1.0392	 × 	𝛿𝛿()𝑂𝑂Adef + 30.92	‰ 



−360−

Bulletin of the Geological Survey of Japan, vol. 71 (4), 2020

Table 2   List of samples with their age, the number of measurements, their δ18O least square mean (LS-mean) and their δ18O least square 
standard deviation (LS std; 1SD). The δ18O was average with a 10 Ma windows moving average (5 Ma step) and compared 
with δ18O from low magnesium carbonate shells for tropical and temperate regions (Grossman, 2012).

Panthalassa Tethys Tropical Temperate

Pe01 253.15 10 24.0 0.2 27.21 -3.0
Ki09 250.30 9 29.3 0.4 28.15
Ki01 248.00 10 30.9 1.4 28.57
Ki02 247.80 6 30.8 1.0 28.60
Ki03s 247.20 4 20.9 2.3 28.69
Ki03s 247.20 5 23.9 1.1 28.69
Ki03 247.20 10 30.4 0.7 28.69
Ki04 246.60 9 31.3 0.9 28.79
Ki06 245.25 6 31.9 1.2 29.00 -4.0
Ki07 245.00 6 29.3 1.8 29.04 -4.1
Ki08 244.90 10 30.6 1.0 29.06 -4.1
Ki08 244.90 86 30.8 0.6 29.06 -4.1

Ki58C 243.48 6 31.2 0.7 29.24 -4.3
Ki57 241.00 9 26.8 1.8 29.56 -3.8
Ki15 228.00 10 31.5 0.7 31.49 -2.5
Ki51 219.00 6 31.9 0.3 31.35 -2.1
Ki48 217.09 3 30.6 0.9 31.52 -2.1
Ki46 210.27 10 32.6 1.6 32.55 -1.8
Ki44 204.82 9 31.6 0.4 31.48 -1.7
Ki43s 204.82 6 31.3 0.4 31.48 -1.7
Ki39 201.50 9 31.4 0.5 31.48
Ki40 201.50 10 31.7 0.6 31.48
Ki41 201.50 10 31.4 0.8 31.48
Ki42 201.50 10 31.4 0.5 31.48
Ki35 185.62 9 30.0 0.4 28.92 -0.8
Ki34s 184.37 1 30.8 0.0 28.66 -1.0
Ki34s 184.37 8 25.8 1.4 28.66 -1.0
Ki32 184.20 10 30.2 0.9 28.62 -1.1
Ki24 182.00 6 30.8 0.7 28.22 -1.9
Ki25 180.66 8 25.2 2.5 27.97 -2.4

Ki22c1 178.00 9 27.0 1.2 26.90 -2.7
Ki22c2 178.00 6 26.1 1.5 26.90 -2.7

Ki21 178.00 10 27.2 1.1 26.90 -2.7
Ki20 174.00 5 21.9 1.9 24.76 -2.3
So07 169.50 6 32.5 0.8 33.53 0.3
So08 169.50 7 34.0 0.4 33.53 0.3
So09 169.30 6 34.3 0.4 33.54 0.3
So12 168.27 6 35.0 0.5 33.63 0.3
So13 168.13 9 34.3 0.4 33.64 0.3
So15 167.54 6 34.7 0.5 33.69 0.4
So17 166.89 9 32.7 2.6 33.75 0.5
So21 166.09 6 32.3 1.0 33.81 0.5
Ro01 166.00 6 30.9 0.8 33.82 0.5
So23 165.10 6 34.0 0.6 33.90 0.4
So25 164.31 9 35.3 0.3 34.06 0.3
Pi01 163.00 32 34.6 0.4 34.35 -0.1
So26 162.65 6 35.1 0.3 34.43 -0.2
So28 161.14 8 34.7 0.7 34.76 -0.4
So31 159.97 9 35.2 0.3 35.02 -0.5
Ca01 139.00 10 34.3 0.2 34.36 -0.3
Go68 131.70 6 26.5 0.6 26.49 -0.3
Go73 97.95 9 28.5 1.0 24.09 -2.6
Go74 97.59 10 19.8 0.7 24.09 -2.8
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Fig. 3 Examples of analytical measurements with the yield 
percent, the δ18ORAW- and δ18OVSMOW - measurements. 
Bad measurements are illustrated on images A, B, 
D and E. Good measurements are illustrated on 
images F and G.
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are 25.4 ± 1.8 ‰ (27 points, 2SD) for radiolarians, 23.6 
± 1.2 ‰ (3 points, 2SD) for the matrix and 10.5± 0.4 ‰ 
(16 points, 2SD) for NIST-610. Uncalibrated δ18O-results 
for Ca01 after drift correction are 29.0 ± 1.6 ‰ (11 points, 
2SD) for sample and 10.6 ± 0.2 ‰ (8 points, 2SD) for 
NIST-610.

The samples Pi01, Ca01 and Ki08C were then measured 
together during a single session relative to UNIL-Q1 
(PRIM123) to calibrate oxygen isotopes correcting 
instrumental mass fractionation due to the mineralogy 
of samples (chemical composition and crystal structure). 
Uncalibrated δ18O-results after drift correction for this 
UNIL-Q1 session are 6.5 ± 0.3 ‰ (48 points, 2SD) for 
UNIL-Q1, 31.2 ± 0.7 ‰ (32 points, 2SD) for Pi01, 27.4 
± 1.2 ‰ (86 points, 2SD) for Ki08C, and 30.9 ± 0.4 ‰ 
(10 points, 2SD) for Ca01, respectively. Measurements of 
the base, middle and top of samples Ki08C are 27.3 ± 0.6 
‰ (4 points, 2SD), 27.9 ± 1 ‰ (28 points, 2SD) and 27.0 
± 1 ‰ (15 points, 2SD), respectively, with the average 
value of 27.4 ± 1.2 ‰ (86 points, 1SD).

Between the NIST-610 and the UNIL-Q1 sessions, 
we observed an δ18O-offset of ~2.4 ± 1.2 ‰ for the 
uncalibrated δ18O of the samples Pi01, Ki08C and Ca01. 

However, the δ18O-results for Ki08C are systematically 
lighter of about 3.3 ± 0.9 ‰ (2SD) than the two other 
samples (Pi01 and Ca01). Moreover, it is interesting to 
note that UNIL-Q1 has an uncalibrated δ18O of 6.5 ± 0.3 
‰ during the PRIM123 session whereas UNIL-Q1 has an 
average value of 4.0 ± 0.7 ‰ during the other session, 
and that correspond relatively well with the ~2.4 ± 1.2 
‰ offset detected (Table 2).

4. 3  Mesozoic δ18Oradiolarians trends and fluctuations
Here, we present the δ18OVSMOW trends after having 

checked and calibrated our results (Fig. 7 and Fig. 8). The 
Early Triassic to Early Jurassic Panthalassan samples from 
the Inuyama area have least square means (LS-means) 
δ18OVSMOW range from 20.9 ‰ to 32.6 ‰. The Early to 
Middle Triassic LS-means δ18OVSMOW range from 20.9 
‰ to 31.9 ‰ with a slightly increasing trend. The Late 
Triassic LS-means δ18OVSMOW range has relatively low 
variation between 30.6 ‰ to 32.6 ‰. The Early Jurassic 
LS-means δ18OVSMOW range from 21.9 ‰ to 30.8 ‰ with 
a decreasing trend.

In the Middle Jurassic Lombardian basin of the Tethys, 
the LS-means δ18OVSMOW values are relatively high from 

Fig. 4  EDX analyses of sample So29 with SEM. The EDX spectrums prove that the molds were filled with calcites in this sample (B, C 
and D) during diagenesis. The δ18O- and δ30Si-yields were respectively about 130.2 % and 11 % of the UNIL-Q1 quartz standard 
yield. The matrix is more siliceous but also included some carbonates (A, E, F). BSE image is show in (G).



− 363 −

Oxygen isotope analysis of Mesozoic radiolarites using SIMS (BÔLE et al.)

32.3 ‰ to 35.3 ‰. Our Middle Jurassic radiolarite sample 
from southern Switzerland (Pi01) has a LS-mean of 34.6 
‰, which is coherent with the other δ18O range from the 
Sogno section in north Italy. A Berriasian diagenetic chert 
(Ca01) from the Lombardian basin has similar LS-means 
of 34.3 ‰. However, our Middle Jurassic Romanian 
sample (Ro01) has lighter δ18OVSMOW (30.9 ‰).

For the Cretaceous, the δ18OVSMOW values of the 
Goshikigahama samples are relatively light. A Hauterivian 
sample has a LS-mean 26.5 ‰, and two other Cenomanian 
samples have LS-means of 28.5 ‰ and 19.8 ‰. 

5.  Discussion

5. 1 Quality of the SIMS analysis
To evaluate quality of SIMS results, we examined 

analytical yields relative to UNIL-Q1 yield, in addition 
to optical check. We rejected analytical spots with 
low yield values, generally <90 %, potentially the 
measurement of a mixing with epoxy or other minerals. 
Even if the spot analysed of the Early Triassic Inuyama 
shale sample Ki12s on Fig. 3D was discarded after 
optical control, it is interesting to note that it has one of 

the best analytical yield (94.9 %) of the spots measured 
in Ki12s. In this sample, radiolarian molds are scarce, 
but quartz patches are common. The quartz patches are 
potentially precipitated radiolarian silica, but could be 
a diagenetic product. Its δ18ORAW is very light (2.8 ‰), 
corresponding to a calibrated δ18OVSMOW of 8.7 ‰. Such 
light value is common for igneous quartz (e.g. Seitz et 
al., 2016), metamorphic quartz or eventually diagenetic 
quartz (cf. Bindeman, 2008), but not for radiolarian molds 
(e.g. Viswanathan and Mahabaleswar, 2014). We thus 
discarded this measurement.

The chemical composition of some excluded molds was 
also checked by SEM-EDX. SEM-EDX shows calcium 
as the first major element of the radiolarian molds in 
chert sample So29 from Sogno section (Fig. 4), and too 
high analytical δ18O-yields (~130.2 %) were measured 
in this sample. Therefore, the chemical composition of 
these radiolarian molds is necessary to be checked before 
interpretation of isotopic data. In total, 53 samples and 
507 measurements passed our checking from the initial 
55 samples and 532 measurements.

Calibration of our measurements requires to know 
the nature of our samples (mineralogy and chemical 

Fig. 5 Comparison between δ18OVSMOW and the chemical composition estimated by SEM-EDX spectrum in sample So26.
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composition), because it affects the instrumental 
fractionation. If we correct the offset of 2.4 ± 1.2 ‰ 
between the NIST-610 glass standard and the UNIL-Q1 
quartz standard using the initial chert samples (Pi01, 
Ki08C, and Ca01) as references, values of the UNIL-Q1 
standards should be about 6.4 ‰ lighter than the NIST 
standard. This difference is in contradiction with absolute 
value of UNIL-Q1 standard (9.81 ± 0.14 ‰, VSMOW, 
2SD) and of NIST-610 standard (10.79 ‰, VSMOW 
following GEOREM database from Jochum et al., 
2005), and might be explained by different instrumental 
fractionations between quartz and silica glass (amorphous 
material). Similar instrumental fractionations having 
already been inferred between microquartz, filling 
radiolarian molds, and quartz (Marin et al., 2010), it is 
likely that the instrumental fractionation is different with 
silica glass. Higher uncalibrated δ18O values for radiolarian 
molds (25.4 ± 1.8 ‰, 2SD) than for the matrix (23.6 ± 
1.2 ‰, 2SD) in sample Ki08C might also be the result of 
a different instrumental fractionation between pure quartz 
in radiolarian molds and the mineral mixture in the matrix 
(matrix effect). 

The δ18O-values relative to VSMOW calibrated 

by UNIL-Q1 are 34.55 ± 0.4 ‰ (32 points, 1SD) for 
Pi01, 30.75 ± 0.61 ‰ (86 points, 1SD) for Ki08C and 
34.33 ± 0.23 ‰ (10 points, 1SD) for Ca01. These intra-
sample and inter-sample δ18O-variability in radiolarite 
molds are larger than instrumental resolution (<0.3 ‰, 
2SD), indicating that our measurements represent some 
signatures in addition to instrumental uncertainties.

Our δ18OVSMOW ranges from LS-means (19.8 ‰ to 35.3 
‰; Fig. 8) is also consistent with the 18 ‰ to 38 ‰ of 
bulk δ18OVSMOW of Phanerozoic cherts by Knauth (1973). 
This further supports the validity of our SIMS δ18O 
measurements and our calibration routine.

5. 2  SIMS δ18O from radiolarian molds and diagenetic 
effects

We here discuss some of the factors influencing the 
δ18Oradiolarians based on our data and comparison with other 
dataset. Numbers of factors could have influenced on 
δ18Oradiolarians in Mesozoic cherts, including such as: 1) 
temperature and δ18O of seawater for oxygen in original 
radiolarian opal-A as referred for diatoms (e.g. Juillet-
Leclerc and Labeyrie, 1987; Brandriss et al., 1998), 2) 
Vital effects (Swann et al. 2007), 3) Dissolution and 

Fig. 6   Comparison between δ18OVSMOW and the chemical composition estimated by SEM-EDX spectrum in sample So23.
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Mean Std
Yield %

relative to
NIST-610

LS-Mean LS-Std LS-Mean LS-Std LS-Mean LS-Std

NIST-610 5 9.37E+08 4.55E+06 10.5 0.2 10.4 0.2

Pi01 10 9.65E+08 6.18E+06 102.9% 28.2 1.5 28.2 1.5

NIST 16 9.28E+08 3.43E+07 10.8 0.4 10.8 0.4

Pi01 27 9.49E+08 3.29E+07 102.2% 28.4 5.1 28.4 5.1

NIST-610 16 9.04E+08 7.96E+06 10.5 0.4 10.5 0.4

Ki08C 27 9.17E+08 1.65E+07 101.5% 25.4 1.8 25.4 1.8

Matrix 3 8.96E+08 1.49E+07 99.1% 23.6 1.2 23.6 1.2

NIST-610 8 9.41E+08 1.65E+07 10.6 0.2 10.6 0.1

Ca01 11 9.52E+08 6.01E+06 101.1% 29.0 1.6 29.0 1.6

UNIL-Q1 48 6.5 0.3 6.5 0.3 9.8 0.3

Ki08C base 4 27.3 0.6 27.3 0.6 30.7 0.6

Ki08C med 28 27.9 1.0 27.9 1.0 31.2 1.0

Ki08C top 15 27.0 1.0 27.0 1.0 30.4 1.0

Total Ki08C 86 27.4 1.2 27.4 1.2 30.8 1.2

Pi01 32 31.2 0.7 31.2 0.7 34.6 0.8

Ca01 10 30.9 0.4 30.9 0.4 34.3 0.5
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Table 3   Comparison of our SIMS δ18O least square means and standard deviations (in ‰; 2SD) for the samples Pi01, Ki08C and Ca01 
between their NIST-610 and UNIL-Q1 sessions. Raw δ18OVSMOW of our samples are slightly shifted between the NIST-610 
and UNIL-Q1 sessions due to changes of the analytical parameters but they conserve a similar pattern (~2.5 ‰). Least square 
standard deviations do not change between raw and drift corrected δ18OVSMOW indicating that there were no major instrumental 
drifts during our sessions.

Fig. 7 δ18O-measurements in function of sample mounts on left and boxplot for each sample on the right. For the measurements, each 
color corresponds to a sample mount showing that samples of similar age tend to converge toward similar δ18O. Cross makers 
correspond to analyses with lower analytical yields, uncommon internal analytical errors or which did not pass the microscopic 
checking. Based on these parameters, these values are not considered as valid and excluded for the boxplot diagrams and the 
average values of samples. Br2 to 7 and PRIM123 are the session names.
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dehydroxylation during settling and early diagenesis 
preferentially releasing light 16O as for diatom frustules 
(see Schmidt et al. 2001; Moschen et al., 2006; Swann 
and Leng, 2009), 4) Diagenetic temperature and isotopic 
composition of sediment pore water (e.g. Matheney 
and Knauth, 1993). In addition to these factors, we can 
not exclude that δ18O is also influenced by 5) degree of 
diagenetic migration of opal-A during the phase transitions 

from opal-A to quartz via opal-CT, which is mainly 
controlled by the solubilities of the different phases (e.g. 
Gunnarsson et al., 2000) and 6) partially by kinetic isotopic 
fractionation associated with silica tetrahedrons, which 
at least occur for δ30Si during silica precipitation under 
200 °C (see He and Liu, 2015; Pollington et al., 2016). 
Factors influencing the kinetic of the phase transitions 
from opal-A to quartz via opal-CT, such as temperature 

Fig. 8  Comparison between δ18O from radiolarian silica (δ18O Rad; this study) and digitalized curves for δ18O from low 
magnesium calcite shells (δ18O LMC; Veizer et al., 1999 and Grossman, 2012), expressed either relative to the Vienna 
Standard Mean Ocean Water (δ18OVSMOW) or to the Vienna Pee Dee Belemnite standard (δ18OVPDB). The minimum values 
of δ18O measured in radiolarian silica correspond to light values in the LMC curves during the Early Triassic, the 
Toarcian and eventually during the Early Cretaceous. In addition, the Middle Jurassic acme is also recorded with heavier 
δ18O in the radiolarites. The geological timescale (GTS 2015) used for this figure is the timescale of the international 
commission of stratigraphy in 2015 based on 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 averages 
for radiolarian silica are realized separately for Panthalassa and Tethys using both a 10 Ma windows and 5 Ma steps. 
The δ18O error bars correspond to the least square standard deviation of samples presented in Table 2.
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(Ernst and Calvert, 1969; Dralus et al., 2011) and pH 
of pore water associated with the presence of accessory 
minerals (c.f. Kastner et al., 1977; Isaacs, 1981; Hinman, 
1998) might thus also have some influences.

In the Cenozoic unconsolidated sediments, δ18Oradiolarians 
ranges from 21 ‰ to 35 ‰ in equatorial Pacific (Wu et 
al., 1997) and from 42 ‰ to 45 ‰ in Southern Ocean 
(e.g. Abelmann et al., 2015), possibly related with 
different oceanographic setting. The former δ18Oradiolarians 

from equatorial Pacific are within the range of our 
measurements on low latitude Mesozoic deep-sea bedded 
cherts (19.8 ‰ to 35.3 ‰). Contrary to ~6 ‰ changes 
in Cenozoic δ18Obenthic foraminifera (Zachos et al., 2008), 
different dwelling depth of radiolarians might be attributed 
to ~7 ‰ (Katz et al., 2010; Xu et al., 2012; Völpel et 
al., 2017). Other factor is partial silica dissolution and 
isotopic enrichment of up to 6.8 ‰ for diatom (Moschen 
et al., 2006). Because dissolution rate mainly depends 
on Si undersaturation and pH, fluctuation of δ18O values 
amplified the temperature effect. Although contamination 
of siliciclastics with light δ18O values, ranging from 10 
to 20 ‰ (Eiler, 2001), cannot be rejected, similar ~10 ‰ 
large fluctuations in pelagic equatorial (paleo-) Pacific 
δ18Oradiolarians during the Cenozoic and Mesozoic might 
imply that diagenetic δ18O shift is insignificant relative 
to unconsolidated biosiliceous sediments, and that δ18O 
from radiolarian molds still preserve an environmental 
signature after diagenesis.

The cause of spatial variations of δ18Oradiolarians needs to 
be examined. Our equatorial paleo-Pacific δ18Oradiolarians 

from Triassic-Early Jurassic Inuyama and Cretaceous 
Goshikigahama sections (~20 to 32 ‰) is slightly lighter 
than the low-middle latitude δ18Oradiolarians from the Middle 
Jurassic Tethys regions (~30 to 35 ‰), although our data 
cannot reject the possibility of age difference (Fig. 8). In 
the Tethys region, oppositely, a higher latitude δ18Oradiolarians 
from Romania is slightly lighter than other data from Italy 
(Fig. 8). Further spatio-temporal comparison will be 
needed to understand the nature of δ18Oradiolarians in the past.

The intra-chert variability of δ18O (0.16 to 2.49 ‰) 
larger than analytical errors could be related with 
different degree of diagenesis and/or original variations. 
Such δ18O microvariations in cherts have also described 
from Precambrian chert (Marin et al., 2010). During the 
transformation from opal-A to opal-CT, the diagenetic 
migration of opal-A from layers with low-Si content to 
layers with high-Si content could have homogenized δ18O 
within a chert (Isaacs, 1981; Tada, 1991). Subsequent 
transformation from opal-CT to quartz could have also 
homogenized through similar mechanism. Nevertheless, 
significant δ18O-variability in each chert suggests that 
such diagenetic segregation could not have perfectly 
homogenized δ18O within each chert bed, and original 
variability might be larger.

If original, the intra-sample variations within cherts 
(0.16 to 2.49 ‰) corresponds to temperature differences 
of 2.3 to 40.9 °C, using equation from Brandriss et 

al. (1998) with an initial seawater δ18O of about 0 ‰. 
A temperature difference of 40.9 °C is certainly too 
high to reflect original δ18O from radiolarian skeletons, 
suggesting possible changes in degree of diagenesis 
and/or paleoceanographic condition, such as global ice 
volume, precipitation/evaporation, and/or upwelling of 
deep-water. Because most of the Mesozoic is ice-free 
in polar region (e.g. Frakes et al., 1992) and because 
Triassic-Jurassic Inuyama samples were deposited under 
equatorial pelagic Panthalassa, changes in upwelling of 
deep-water, dwelling depth of radiolarians, partial silica 
dissolution, and diagenesis might be likely cause of the 
intra-sample variations. The sedimentary rhythms of 
bedded chert are hypothesized to be linked with periodic 
changes in upwelling intensity and associated radiolarian 
productivity based on the systematic changes in cosmic 
spherule content between chert and mudstone (e.g. Hori 
et al., 1993). The average duration of a chert-shale 
couplet is ~20 kyr based on radiolarian and conodont 
biostratigraphic age model in the early Mesozoic bedded 
chert sequence in the Inuyama area, Japan, which is 
consistent with a dominant periodicity of a precession 
cycle (Hori et al., 1993; Ikeda et al., 2010; Ikeda and Tada, 
2014). Therefore, <20 kyr-scale oscillation in radiolarian 
δ18O might be preserved in bedded chert to some extent 
after diagenesis. Further detailed works are necessary to 
understand this issue.

5. 3  Mesozoic δ18O trends of radiolarian silica and 
other proxies

δ18O of low magnesium carbonate shells (LMC shells) 
are widely used for paleo-δ18O of seawater during the 
Paleozoic and Mesozoic because of their less diagenetic 
overprint (e.g. Veizer et al. 1999; Grossman, 2012). The 
Mesozoic δ18O of LMC shells from Tethys ocean shows a 
~2 ‰ positive excursion during the Early-Middle Triassic, 
a relatively stable plateau during the Late Triassic, a 
large variation with <10-Myr variations during the Early 
Jurassic, a slight positive excursion during the Middle 
Jurassic (Fig. 8; Veizer et al. 1999; Grossman, 2012).

Although our SIMS measurement of δ18Oradiolarians is 
low-resolution, our LS-mean data also shows a positive 
excursion during the Early-Middle Triassic, and relatively 
stable plateau during the Late Triassic, but up to ~8 ‰ 
negative excursion is not present in δ18O curves of LMC 
shells (Fig. 8). Subsequent ~2 ‰ positive excursion 
during the Middle Jurassic seems to be also similar (Fig. 
8). Although <10 Myr scale variability in our data is also 
large, similar repetitive measurements on sample Pi01 
(uncalibrated LS-means of 28.2 ± 1.5 ‰ and 28.4 ± 5.1 
‰ from 10 and 27 measurements, respectively (2SD)) 
and Ki08C (27.3 ± 0.6 ‰, 27.9 ± 1.0 ‰, and 27.0 ± 
1.0 ‰ from 4, 28, and 15 measurements (2SD)) imply 
that heterogeneities are well distributed in each chert and 
that chert could be relatively homogenous at bigger scale. 
Similar δ18O trends of LMC shells and radiolarians might 
imply similar factors controlling these δ18O records during 
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the Triassic and the Middle Jurassic (Fig. 8).
The cause of the ~8 ‰ negative excursion of radiolarian 

δ18O during the Early Jurassic is unclear. Because our 
data is radiolarian silica of equatorial Panthalassa, 
various factors can be related, such as differences in 
paleoceanographic setting, temperature and pH of water 
column and sediment pore water for early dissolution, 
diagenetic processes. Considering large scattering of LMC 
shells records (e.g. Veizer et al. 1999; Grossman, 2012), 
further high-resolution and multi-proxy works are needed 
to examine this issue.

The δ18O of conodont apatite (δ18Oconodont) is recently used 
for paleoceanographic analysis, and also shows similar 
positive excursion during the Early-Middle Triassic, and 
relatively stable plateau during the Late Triassic (e.g. 
Trotter et al., 2015). Unfortunately, δ18Oconodont cannot be 
applied for post-Triassic successions due to the complete 
extinction of conodont at the end-Triassic extinction (e.g. 
Clark, 1983). The δ18Oconodont could be useful to compare 
with δ18Oradiolarians with high-resolution because conodonts 
co-occur with radiolarians in chert and other siliceous 
sediments. Further crosscheck with other δ18O-signatures, 
such as conodont, have to be done to validate radiolarian 
silica as a paleoceanographic proxy.

6.  Concluding remarks

Here we report the in situ δ18OVPDB -values from 
Mesozoic radiolarian molds show range between 19.8 
to 35.8 ‰, which is consistent with that of modern and 
Cenozoic radiolarian tests from deep-sea core of equatorial 
Pacific (Wu et al., 1997). Relatively large variability of 
δ18O in intra-chert bed could support δ18O of the Mesozoic 
radiolarian tests are not perfectly homogenized in a chert 
bed during the diagenetic segregation and through time.

The temporal changes in the δ18OVSMOW values from 
Mesozoic radiolarian molds show an Early-Middle 
Triassic slight positive excursion, a Late Triassic high 
plateau, an Early Jurassic negative excursion with up to 
8 ‰, a Middle Jurassic slight positive excursion, and few 
light values for the Cretaceous. Although the Early Jurassic 
negative excursion is not consistent with the δ18O trend of 
less-diagenetic low-Mg calcite shells in shallow marine 
Tethys, similar δ18O trends among radiolarians, LMC 
shells, and conodonts during the Triassic and the Middle 
Jurassic imply potential preservation of an environmental 
component even after diagenesis of biogenic silica. Further 
crosscheck with other δ18O-signatures have to be done to 
validate radiolarian silica as a paleoceanographic proxy.
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Appendix 
Table A1  Least square drift corrected and calibrated δ18O measurements for each sample and for each accepted analyses.  All δ18O are 

relative to VPDB and all standard deviations are given as 2SD.Appendix Table A1

Pe01 Ki09 Ki12s Ki01 Ki02 Ki03s Ki03s Ki03 Ki04 Ki06 Ki07

253.15 250.30 249.9 248 247.80 247.20 247.20 247.20 246.60 245.25 245.00

23.99 ± 0.33 29.27 ± 0.88 30.93 ± 2.81 30.83 ± 2.01 20.92 ± 4.61 23.92 ± 2.29 30.44 ± 1.38 31.27 ± 1.8 31.88 ± 2.32 29.25 ± 3.55

10 9 6 10 6 4 5 10 9 6 6

10 9 0 10 6 4 5 10 9 6 6

6

1 24.04 ± 0.18 29.2 ± 0.31 28.91 ± 0.2 29.59 ± 0.21 22.31 ± 0.32 24.55 ± 0.25 30.24 ± 0.2 30.04 ± 0.12 31.42 ± 0.13 30.39 ± 0.25

2 23.86 ± 0.22 29.45 ± 0.19 30.53 ± 0.18 32.13 ± 0.19 22.9 ± 0.22 22.92 ± 0.19 30.87 ± 0.19 30.19 ± 0.19 30.81 ± 0.19 31.03 ± 0.24

3 23.97 ± 0.2 29.48 ± 0.16 30.59 ± 0.13 30.58 ± 0.16 21.15 ± 0.2 22.9 ± 0.22 30.5 ± 0.13 30.5 ± 0.27 31.49 ± 0.23 27.39 ± 0.25

4 23.99 ± 0.22 29.35 ± 0.18 31.29 ± 0.13 30.18 ± 0.15 17.87 ± 0.14 23.75 ± 0.24 31.37 ± 0.2 31.36 ± 0.17 33.2 ± 0.19 29.99 ± 0.24

5 23.67 ± 0.25 29.54 ± 0.19 31.38 ± 0.26 30.57 ± 0.2 25.55 ± 0.21 30.09 ± 0.33 32.5 ± 0.21 30.93 ± 0.17 26.73 ± 0.21

6 24.15 ± 0.19 29.68 ± 0.18 30.97 ± 0.25 32.02 ± 0.22 30.31 ± 0.18 31.15 ± 0.18 33.48 ± 0.17 30.08 ± 0.23

7 23.79 ± 0.21 29.47 ± 0.19 34.3 ± 0.17 31.4 ± 0.26 31.6 ± 0.25

8 24.15 ± 0.24 28.21 ± 0.2 30.45 ± 0.23 29.7 ± 0.23 31.8 ± 0.18

9 24.07 ± 0.21 29.05 ± 0.17 29.96 ± 0.2 30.78 ± 0.17 32.36 ± 0.16

10 24.18 ± 0.23 30.72 ± 0.2 29.26 ± 0.13

11

12

13

14

15

16

17

18

19

20

Br7 Br2 Br6 Br7 Br3 Br2 Br2 Br7 Br2 Br3 Br3

8 6 7 11 8 1 2 5 8 6 3

Ki08 Ki58C Ki57 Ki15 Ki51 Ki48

244.9 243.48 241.00 228.00 219.00 217.09

30.58 ± 2.05 31.16 ± 1.32 26.76 ± 3.62 31.49 ± 1.43 31.91 ± 0.68 30.61 ± 1.83

10 6 10 10 6 6

10 6 9 10 6 3

1 3

1 30.05 ± 0.23 30.9 ± 0.2 32.43 ± 0.17 30.12 ± 0.1 30.81 ± 0.18 30.34 ± 0.12 31.78 ± 0.2 24.27 ± 0.25 31.74 ± 0.18 31.76 ± 0.22 29.55 ± 0.21

2 30.58 ± 0.18 30.64 ± 0.18 31.25 ± 0.23 29.77 ± 0.17 30.4 ± 0.16 30.01 ± 0.12 31.22 ± 0.24 26.78 ± 0.24 31.47 ± 0.2 32.23 ± 0.25 31.33 ± 0.19

3 32.72 ± 0.22 30.89 ± 0.15 30.79 ± 0.22 30.11 ± 0.2 30.78 ± 0.1 30 ± 0.17 30 ± 0.24 27.45 ± 0.18 30.25 ± 0.2 31.49 ± 0.16 30.9 ± 0.18

4 29.25 ± 0.23 30.25 ± 0.17 30.68 ± 0.17 30.3 ± 0.15 30.91 ± 0.11 30.9 ± 0.21 31.84 ± 0.22 26.13 ± 0.22 32.13 ± 0.26 32.2 ± 0.24

5 30.92 ± 0.31 31.73 ± 0.14 30.68 ± 0.16 30.09 ± 0.27 30.36 ± 0.12 30.54 ± 0.14 31.13 ± 0.17 29.56 ± 0.18 31.92 ± 0.16 31.63 ± 0.2

6 29.3 ± 0.2 31.02 ± 0.14 31.04 ± 0.16 30.35 ± 0.17 30.94 ± 0.15 30.26 ± 0.16 30.95 ± 0.21 28.09 ± 0.19 31.69 ± 0.25 32.25 ± 0.17

7 30.7 ± 0.19 30.31 ± 0.16 30.91 ± 0.2 29.84 ± 0.17 30.63 ± 0.14 24.64 ± 0.23 32.07 ± 0.25

8 31.35 ± 0.21 31.01 ± 0.2 30.95 ± 0.18 30.25 ± 0.1 30.08 ± 0.17 28.36 ± 0.26 31.88 ± 0.2

9 30.9 ± 0.21 30.96 ± 0.19 31.24 ± 0.12 30.49 ± 0.1 30.15 ± 0.12 25.16 ± 0.19 30.09 ± 0.26

10 30.08 ± 0.26 31.3 ± 0.22 30.52 ± 0.18 31.19 ± 0.18 30.23 ± 0.16 31.61 ± 0.24

11 31.22 ± 0.21 30.66 ± 0.17 30.64 ± 0.2 31 ± 0.18

12 31.16 ± 0.16 32.22 ± 0.14 30.32 ± 0.15 30.64 ± 0.14

13 30.83 ± 0.14 30.51 ± 0.17 30.54 ± 0.21 30.8 ± 0.14

14 31.48 ± 0.11 31.11 ± 0.23 30.34 ± 0.15 28.77 ± 0.16

15 31.25 ± 0.14 31.44 ± 0.19 29.51 ± 0.13 30.61 ± 0.16

16 31.31 ± 0.16 31.17 ± 0.14 31.93 ± 0.15 30.64 ± 0.14

17 31.74 ± 0.19 30.4 ± 0.18 30.88 ± 0.2 31 ± 0.12

18 31.7 ± 0.18 29.8 ± 0.17 31.79 ± 0.19 30.63 ± 0.17

19 31.81 ± 0.21 30.9 ± 0.18 30.42 ± 0.18 31.22 ± 0.16

20 31.77 ± 0.15 30.24 ± 0.16 30.58 ± 0.19 30.76 ± 0.15

Br7 Br3 Br7 Br2 Br3 Br6

3 7 6 7 4 2

Accepted measurements

Rejected measurements

Number of measurements

Least square drift corrected and calibrated δ18O measurements for each sample and for each accepted analyses. All δ18O are
relative to VPDB and all standard deviations are given as 2σ.

LS-mean (δ18OVSMOW) and
LS-Standard deviation (2SD) (‰)

Sample

age

Sample Ki08

age 244.9
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LS-mean (δ18OVSMOW) and
LS-Standard deviation (2SD) (‰)
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Number of measurements 86
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Appendix Table A1

Ki46 Ki43s Ki44 Ki39 Ki40 Ki41 Ki42 Ki35 Ki34s Ki34s Ki32

210.27 204.82 204.82 201.50 201.50 201.50 201.5 185.62 184.37 184.37 184.20

32.59 ± 3.13 31.3 ± 0.89 31.65 ± 0.86 31.41 ± 1.05 31.72 ± 1.17 31.38 ± 1.57 31.42 ± 0.94 29.98 ± 0.81 25.82 ± 2.74 30.79 ± 0.3 30.21 ± 1.83

10 6 9 9 10 10 10 9 9 1 10

10 6 9 9 10 10 10 9 8 1 10

1

1 31.63 ± 0.22 31.47 ± 0.25 31.44 ± 0.19 30.79 ± 0.15 31.88 ± 0.17 31.46 ± 0.25 32.2 ± 0.19 29.95 ± 0.25 23.83 ± 0.12 30.79 ± 0.3 29.98 ± 0.17

2 30.32 ± 0.19 31.57 ± 0.14 31.95 ± 0.2 31.51 ± 0.12 31.46 ± 0.24 32.49 ± 0.16 31.2 ± 0.18 30.47 ± 0.28 27.29 ± 0.21 30.43 ± 0.22

3 32.43 ± 0.21 31.25 ± 0.22 32 ± 0.22 32.08 ± 0.24 32.28 ± 0.16 31.33 ± 0.18 30.66 ± 0.25 29.88 ± 0.17 25.5 ± 0.28 29.41 ± 0.16

4 32.51 ± 0.15 31.52 ± 0.22 32.06 ± 0.24 32.16 ± 0.19 31.79 ± 0.23 31.84 ± 0.15 30.94 ± 0.18 29.72 ± 0.2 26 ± 0.21 30.55 ± 0.2

5 34.75 ± 0.22 30.46 ± 0.18 30.69 ± 0.22 30.52 ± 0.17 32.12 ± 0.21 29.91 ± 0.19 30.88 ± 0.2 29.59 ± 0.26 27.94 ± 0.29 28.69 ± 0.25

6 32.41 ± 0.14 31.56 ± 0.19 31.91 ± 0.19 31.39 ± 0.14 31.71 ± 0.26 30.34 ± 0.18 31.85 ± 0.19 29.65 ± 0.14 24.35 ± 0.26 29.96 ± 0.18

7 32.47 ± 0.18 31.83 ± 0.19 31.69 ± 0.28 31.79 ± 0.2 31.28 ± 0.2 31.51 ± 0.19 29.92 ± 0.22 26.31 ± 0.19 30.44 ± 0.24

8 31.2 ± 0.24 31.57 ± 0.19 31.35 ± 0.15 31.94 ± 0.14 31.9 ± 0.19 31.57 ± 0.15 29.9 ± 0.18 25.9 ± 0.2 32.3 ± 0.21

9 32.38 ± 0.2 31.4 ± 0.18 31.55 ± 0.14 30.06 ± 0.24 31.14 ± 0.2 31.73 ± 0.22 30.89 ± 0.29 29.92 ± 0.21

10 35.7 ± 0.18 31.76 ± 0.16 31.96 ± 0.19 31.56 ± 0.16 30.45 ± 0.24

11

12

13

14

15

16

17

18

19

20

Br7 Br6 Br2 Br4 Br4 Br4 Br7 Br2 Br7 Br7 Br7

10 4 9 3 6 8 4 11 2 2 9

Ki24 Ki25 Ki22c2 Ki22c1 Ki21 Ki20 So07 So08 So09 So12 So13

182.00 180.66 178.00 178.00 178.00 174.00 169.50 169.50 169.30 168.27 168.13

30.76 ± 1.45 25.19 ± 4.92 26.07 ± 3.07 26.97 ± 2.44 27.16 ± 2.11 21.92 ± 3.73 32.47 ± 1.52 33.99 ± 0.82 34.35 ± 0.83 34.96 ± 0.9 34.31 ± 0.83

6 9 6 9 10 6 6 7 6 6 9

6 8 6 9 10 5 6 7 6 6 9

1 1

1 31.9 ± 0.23 23.04 ± 0.28 24.03 ± 0.25 26.42 ± 0.22 26.33 ± 0.21 19.52 ± 0.21 32.8 ± 0.29 34.01 ± 0.14 34.21 ± 0.22 34.93 ± 0.16 33.99 ± 0.26

2 30.88 ± 0.22 25.56 ± 0.18 26.76 ± 0.31 27.1 ± 0.22 28.02 ± 0.19 21.61 ± 0.26 32.34 ± 0.14 34.74 ± 0.16 33.99 ± 0.15 35.19 ± 0.22 34.36 ± 0.19

3 30.36 ± 0.2 25.96 ± 0.24 24.21 ± 0.22 28.86 ± 0.25 27.14 ± 0.14 21.79 ± 0.28 33.81 ± 0.22 33.89 ± 0.21 34.68 ± 0.31 34.01 ± 0.28 33.74 ± 0.24

4 30.03 ± 0.26 26.56 ± 0.17 26.93 ± 0.2 26.33 ± 0.2 26.64 ± 0.2 22.14 ± 0.24 32.52 ± 0.18 33.95 ± 0.18 34.38 ± 0.14 35.05 ± 0.15 34.83 ± 0.18

5 30.11 ± 0.17 20.26 ± 0.3 27.4 ± 0.26 24.53 ± 0.19 27.95 ± 0.19 24.53 ± 0.21 31.62 ± 0.18 34.15 ± 0.18 33.96 ± 0.14 35.44 ± 0.15 34.04 ± 0.13

6 31.25 ± 0.19 29.06 ± 0.28 27.12 ± 0.21 27.36 ± 0.19 27.04 ± 0.22 31.89 ± 0.21 33.4 ± 0.17 35.02 ± 0.2 34.9 ± 0.19 34.13 ± 0.27

7 25.07 ± 0.17 28.21 ± 0.24 28.88 ± 0.2 33.76 ± 0.22 33.96 ± 0.2

8 25.51 ± 0.13 26.91 ± 0.26 25.91 ± 0.17 34.9 ± 0.12

9 27.22 ± 0.13 28.12 ± 0.21 34.53 ± 0.21

10 25.67 ± 0.2

11

12

13

14

15

16

17

18

19

20

Br3 Br2 Br2 Br2 Br2 Br6 Br3 Br3 Br3 Br6 Br4

5 10 4 3 5 5 2 1 10 9 4

Accepted measurements

Number of measurements

Continued.
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age
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LS-Standard deviation (2SD) (‰)
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Appendix Table A1

So15 So17 So21 Ro01 So23 So25 So26 So28 So29

167.54 166.89 166.09 166.00 165.10 164.31 162.65 161.14 161.06

34.68 ± 1.05 32.69 ± 5.18 32.27 ± 2.04 30.92 ± 1.54 34.02 ± 1.18 35.3 ± 0.65 35.12 ± 0.55 34.71 ± 1.37

6 9 11 6 6 9 6 9 6

6 9 6 6 6 9 6 8 0

5 1 6

1 34.58 ± 0.18 33.73 ± 0.15 31.96 ± 0.25 31.2 ± 0.16 34.61 ± 0.2 35.74 ± 0.21 34.74 ± 0.15 34.69 ± 0.17 35.03 ± 0.2 35.38 ± 0.22

2 34.99 ± 0.19 33.93 ± 0.28 31.49 ± 0.17 30.85 ± 0.13 34.06 ± 0.16 35.5 ± 0.25 33.54 ± 0.15 34.92 ± 0.1 34.85 ± 0.18 34.52 ± 0.2

3 35.18 ± 0.2 33.44 ± 0.23 33.75 ± 0.16 29.38 ± 0.21 32.85 ± 0.2 35.23 ± 0.2 33.53 ± 0.2 34.56 ± 0.18 34.89 ± 0.2 34.81 ± 0.24

4 33.92 ± 0.26 25.99 ± 0.21 31.39 ± 0.26 31.29 ± 0.22 34.32 ± 0.17 34.88 ± 0.19 34.73 ± 0.1 33.75 ± 0.14 35.62 ± 0.22 35.15 ± 0.17

5 34.12 ± 0.21 31.42 ± 0.2 31.62 ± 0.2 31.42 ± 0.24 34.15 ± 0.16 34.91 ± 0.27 34.75 ± 0.16 34.55 ± 0.17 35.15 ± 0.22 34.75 ± 0.17

6 35.15 ± 0.22 33.59 ± 0.13 33.15 ± 0.24 31.39 ± 0.21 34.07 ± 0.17 35.45 ± 0.17 34.59 ± 0.14 34.74 ± 0.1 35.22 ± 0.18 34.33 ± 0.19

7 34.01 ± 0.17 34.89 ± 0.18 34.66 ± 0.12 34.48 ± 0.1 33.49 ± 0.13

8 34.26 ± 0.24 35.5 ± 0.18 34.88 ± 0.13 35 ± 0.17 35.56 ± 0.2

9 33.62 ± 0.17 35.55 ± 0.2 34.71 ± 0.2 34.33 ± 0.14

10 34.77 ± 0.15 34.62 ± 0.17

11 35.09 ± 0.22 34.84 ± 0.2

12 34.92 ± 0.15 34.73 ± 0.11

13 34.47 ± 0.16

14 34.62 ± 0.1

15 33.87 ± 0.13

16 33.89 ± 0.2

17 34.68 ± 0.13

18 34.72 ± 0.17

19 34.8 ± 0.16

20 34.43 ± 0.16

Br6 Br4 Br4 Br3 Br6 Br4 Br6 Br4 Br6

1 2 10 9 3 7 8 1 6

So31 Ca01 Go68 Go73 Go74

159.97 139.00 131.70 97.95 97.59

35.25 ± 0.57 34.33 ± 0.45 26.53 ± 1.16 28.52 ± 1.99 19.76 ± 1.4

9 6 9 10

9 6 9 10

1 35.42 ± 0.22 34.27 ± 0.14 27.06 ± 0.26 29.68 ± 0.2 18.12 ± 0.29

2 35.09 ± 0.19 34.3 ± 0.12 25.89 ± 0.19 26.95 ± 0.18 19.61 ± 0.22

3 35.76 ± 0.15 34.89 ± 0.17 26.39 ± 0.17 28.71 ± 0.14 20.49 ± 0.23

4 34.87 ± 0.22 34.18 ± 0.17 26.47 ± 0.26 28.2 ± 0.15 19.36 ± 0.13

5 34.9 ± 0.24 34.1 ± 0.13 26.06 ± 0.18 28.96 ± 0.18 19.16 ± 0.15

6 35.1 ± 0.19 34.13 ± 0.13 27.36 ± 0.17 26.96 ± 0.17 20.03 ± 0.14

7 35.19 ± 0.18 34.36 ± 0.19 29.33 ± 0.19 20.45 ± 0.19

8 35.42 ± 0.16 34.28 ± 0.17 29 ± 0.22 19.89 ± 0.11

9 35.32 ± 0.24 34.51 ± 0.2 29.19 ± 0.23 20.65 ± 0.22

10 34.4 ± 0.19 19.7 ± 0.17

11

12

13

14

15

16

17

18

19

20

Br4 PRIM123 Br6 Br4 Br7

9 3 10 5 1

Continued.
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Rejected measurements

Accepted measurements

34.55 ± 0.8

Number of measurements 32
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Table A1  Continued.
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Oxygen isotope analysis of Mesozoic radiolarites using SIMS (BÔLE et al.)

SIMS を用いた中生代放散虫岩の酸素同位体分析

Maximilien BÔLE・池田　昌之・Peter O. BAUMGARTNER・堀　利栄・
Anne-Sophie BOUVIER・Duje KUKO

要   旨

化石殻の炭酸カルシウムの酸素同位体比（δ18O）を用いた古海洋研究が広く用いられているが，珪質化石殻について
は分析の制約や同位体分別の不確定性等のため，古海洋研究への適用例は限られている．本論では，二次イオン質量分
析計（SIMS）によって測定した日本，イタリア，スイス，ルーマニアの中生代チャートに含まれる放散虫化石 δ18O変
動の古海洋指標としての有用性について報告する．53試料 507点の測定の結果，放散虫殻 δ18Oは 19.8～ 35.3 ‰で，現
世及び新生代の放散虫殻の値と調和的であり，標準試料 UNIL-Q1の繰り返し測定誤差 0.3 ‰以上に 1チャート試料中の
δ18O変化がみられる．このことから，続成作用（セグリゲーション）の影響による均一化は完全ではなく，初生的な値
が保存されている可能性を支持する．さらに，予察的な放散虫化石の δ18O記録は低解像度にもかかわらず，1,000 万年
スケールではコノドントのアパタイトや低Mg炭酸塩殻に確認される前期−中期三畳紀の正のシフトや後期三畳紀の安
定した高い値と調和的であるが，前期ジュラ紀のパンサラッサ海遠洋域における放散虫化石 δ18Oの約 8 ‰の負のシフト
はテチス海沿岸域の低Mg炭酸塩殻には確認されない．さらに高解像度で他指標と比較することで，放散虫化石の δ18O
記録の古海洋学的意義をより深く理解できると期待される．




