
1. Introduction
The oxygen isotope composition (δ 18O) of marine carbonates is a well-established proxy for the Cenozoic climate 
(Lisiecki & Raymo, 2005; Zachos et al., 2001). With small corrections for diagenesis and changes in the δ 18O 
of seawater, the δ 18O of marine carbonates are used to quantitatively estimate ocean temperatures across the last 
65 Ma with a sensitivity of about 1°C and high temporal accuracy (e.g., Raymo et al., 2018). The principle of 
isotope thermometry is based on the temperature-dependent fractionation of oxygen isotopes between co-existing 
marine carbonates and seawater (Epstein et  al.,  1951). Consequently, oxygen isotope thermometry bears a 

Abstract Cherts are used to reconstruct the evolution of seawater δ 18O and temperature over geological 
time. However, given the influence of marine diagenesis, reconstructing seawater from the isotope composition 
of cherts is not straightforward, resulting in ambiguity of interpretation. Here, we present a detailed isotope 
and petrographic investigation of deep-sea drilled 135–40 Ma cherts with focus on the effects of marine 
diagenesis. We combined triple O-isotope data with in-situ δ′ 18O- 16OH/ 16O measurements using secondary ion 
mass spectrometry (SIMS). We also provide electron microprobe maps, traditional δ′ 18O measurements from 
petrographically diverse domains, and δD and H2O wt.% values. The bulk δ′ 18O values range between 29‰ and 
38‰ in our collection, while SIMS δ′ 18O data reveal significant intra-sample heterogeneities up to 6‰ related 
to distinct petrographic features (e.g., filled radiolarian tests) and to micrometer-scale variations in silica forms. 
Further, the δ′ 18O—Δ′ 17O values of these seafloor-drilled cherts plot near and under equilibrium curve. Both 
triple-O and SIMS δ′ 18O results reflect diagenesis in presence of marine pore waters at temperatures higher 
than ambient seawater, which is especially appreciable in cherts deposited on young oceanic crust. Despite the 
relatively constant δ 18O seawater values over last 135 Ma, the marine silica spanning between 0 and 135 Ma 
occupies a wide compositional space in the δ′ 18O—Δ′ 17O rather than an equilibrium curve. The δ′ 18O values of 
cherts from modern-seafloor positively correlate with the oceanic crustal age at the time of deposition, hinting 
at the importance of the heat flux in the diagenetic recrystallization of marine silica.

Plain Language Summary Chemical sediments extracted from seafloor represent an archive of 
ocean temperatures and solutes. Chemical resilience of siliceous sediments with composition of >90 wt.% 
SiO2 presents a promising avenue to constrain temperature of ancient oceans from distant geological epochs. 
However, such rocks termed cherts undergo complex recrystallization during compaction and lithification 
below the seafloor, preventing direct measurements of ocean temperatures. To isolate the effect of diagenesis, 
we carefully investigated several Mesozoic and Cenozoic seafloor-drilled cherts. We used oxygen isotope 
ratios as a common proxy for temperature to test for the effects of recrystallization of these cherts that were 
buried at depths between 80 and 960 m. We combined two state-of-the-art types of isotope measurements: (a) 
non-destructive in-situ measurements from microscopic domains and (b) bulk high-precision triple O-isotope 
ratios. We observe complex mineralogical and isotope compositions on the scale of 10–100 μm. The triple 
O-isotope ratios depict the combined effects of original precipitation from seawater column and the thermal 
regime of recrystallization in subseafloor conditions. The compiled O-isotope ratios of silica extracted from 
seafloor correlates with the age of oceanic crust. Since the age of oceanic crust and the heat flux are related, 
these observations hint at the importance of the sediment geothermal evolution during diagenesis.
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potential to reveal the state of climate during the early geological history, that is, the Archean eon (>2,500 Ma) for 
which surface temperatures remain poorly constrained and are most controversial (see Catling & Zahnle, 2020). 
However, considering the δ 18O values of marine precipitates across the entire geological time scale, carbonates 
are unlikely to represent a trustworthy archive of seawater temperatures owing to their proneness to recrystalli-
zation, dissolution and precipitation in crustal conditions (e.g., Bernoulli & Weissert, 2021; Veizer et al., 1989).

Compared to carbonates, marine cherts are less soluble and are less prone to recrystallization once they experi-
enced post-depositional burial diagenesis (Kolodny & Epstein, 1976). Initially, cherts originate due to precipi-
tation of fully amorphous silica (opal-A) from water or within sediment, and subsequent maturation to opal-CT 
and to microcrystalline quartz. Cherts are >90 vol.% microcrystalline quartz (hereinafter, microquartz). Common 
impurities include carbonates, clays, volcanic ash and detrital material. In modern-day oceans and lakes, precip-
itation of amorphous silica is biologically mediated via growth of silicious sponges, diatom frustules and radi-
olarian skeletons, while final diagenetic crystallization of microquartz occurs below the seafloor. The δ 18O of 
amorphous silica is a calibrated paleoclimate proxy, used in marine (e.g., Shemesh et al., 1992) and lacustrine 
settings (e.g., Leng & Barker, 2006), largely for the last <3 Ma. A typical δ 18O value of marine biogenic silica 
is about 42‰–44‰ higher than co-existing seawater, corresponding to a water temperature of about 0°C ± 2°C 
(e.g., Shemesh et al., 1992).

In contrast, older cherts represent products of post-depositional burial marine diagenesis composed of micro-
quartz that recrystallizes on the timescales of ∼10  Ma after original deposition (Kolodny & Epstein,  1976). 
Consequently, cherts may only indirectly constrain the ancient ocean temperatures because their δ 18O values are 
affected by seafloor diagenesis. Multiple studies documented that even recent marine siliceous sediments under-
went complex post-depositional recrystallization associated with a transition of amorphous silica to opal-CT 
to microquartz under the influence of marine pore water fluids and elevated temperature within the sediment 
column (Behl et al., 1994; Knauth & Epstein, 1975; Kolodny & Epstein, 1976; Murata et al., 1977; Yanchilina 
et al., 2020). Studies of cherts sampled from modern seafloor and terrestrial outcrops show that the δ 18O values 
are lower by over 10‰ compared to the initial values due to the transition of opaline silica to microcrystalline 
quartz (Behl & Smith,  1992; Behl et  al.,  1994; Ibarra et  al.,  2022; Kolodny & Epstein,  1976; Matheney & 
Knauth, 1993; Murata et al., 1977; Yanchilina et al., 2020). These diagenetic changes in δ 18O during chert matu-
ration obscure the original δ 18O, hindering our understanding of seawater (temperature and O-isotope composi-
tion) evolution in the distant past.

The δ 18O of older cherts, for example, from the Archean, are on average 10‰–15‰ lower than those of the 
Phanerozoic cherts (e.g., Knauth & Epstein, 1976; Perry & Tan, 1972). Despite the strong influence of metamor-
phism and diagenesis, face-to-face comparison of Archean and Phanerozoic cherts is frequently used to imply 
that Archean seawater temperatures were close to 70°C–100°C (e.g., Knauth & Lowe,  1978). Alternatively, 
Archean seawater itself was 10‰–15‰ lower compared to modern seawater entailing an evolution of tectonic 
mechanisms that control the seawater O-isotope budget (see Jaffrés et al., 2007; Kasting et al., 2006). The recent 
triple O-isotope data of Sengupta and Pack (2018) and Sengupta et al. (2020) suggested that Archean oceans were 
neither hot nor was the Archean seawater δ 18O much lower than today. Meanwhile, Herwartz et al. (2021) demon-
strated that enhanced carbonatization and silicification may have shifted Archean seawater by about ∼5‰ toward 
lower δ 18O values, while not changing the Δ′ 17O toward much higher values, such as suggested by Sengupta and 
Pack (2018). A recent interpretation of the chert record highlights the effect of secular cooling of the Earth that in 
turn controls the temperature of diagenesis within the sediment column. Consequently, the observed shift in δ 1⁸O 
values across the Archean could be in part explained by the thermal evolution of the planet (Tatzel et al., 2022). 
In the same vein, present paper investigates the thermal conditions of the seafloor sediment.

Each of these interpretations are not mutually exclusive and clearly have great implications for the climate and 
the overall evolution of Earth's hydrosphere. Consequently, the ancient chert record has been at the center of a 
long-standing, unresolved debate concerning seawater temperatures and δ 18O values (Galili et al., 2019; Guo 
et al., 2022; Jaffrés et al., 2007; Kanzaki & Bindeman, 2022; Kasting et al., 2006; McGunnigle et al., 2022; 
Muehlenbachs, 1998).

In this paper, we revise the understanding of marine diagenesis and its bearing on the O isotope composi-
tion of cherts. We utilize recent analytical developments in studies of cherts including the high-precision 
triple O-isotope analyses (Levin et al., 2014; Pack & Herwartz, 2014) and secondary ion mass spectrometry 
(SIMS; e.g., Heck et al., 2011; Marin et al., 2010; Marin-Carbonne et al., 2013; Robert & Chaussidon, 2006). 
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These methods provide a means to unravel the post-depositional alteration of the isotope compositions (e.g., 
Zakharov, Marin-Carbonne, et al., 2021). While triple O-isotope measurements require 1–2 mg of bulk sample 
for high precision δ 17O and δ 18O values (2SD < 0.1‰), the SIMS measurements is in-situ from 10 to 20 μm 
diameter spots with a precision on the order of 0.1‰–0.3‰ for δ 18O and 0.5‰–1‰ for δ 17O. While bulk 
δ′ 18O and Δ′ 17O measurements are precise, the SIMS measurements allow to demonstrate microscale varia-
tions in δ 18O. The triple O-approach has recently been applied to a plethora of Precambrian and Phanerozoic 
formations (Hayles et  al.,  2019; Ibarra et  al.,  2022; Liljestrand et  al.,  2020; Lowe et  al.,  2020; Sengupta 
et  al.,  2020; Wostbrock & Sharp,  2021; Zakharov, Marin-Carbonne, et  al.,  2021) with the goal to recon-
struct the δ 18O evolution of seawater. The SIMS δ 18O measurements were also widely used to investigate 
Precambrian cherts and their diagenetic history (Cammack et al., 2018; Heck et al., 2011; Marin et al., 2010; 
Marin-Carbonne et  al.,  2013; Robert & Chaussidon,  2006; Stefurak et  al.,  2015). These studies revealed 
that microscale and triple O-isotope variability of cherts reflect the combined effect of original precipita-
tion, diagenesis, metamorphism and mixed silica sources in the Precambrian oceans, that cannot be avoided 
in reconstructions of ancient seawater (e.g., Marin-Carbonne et al., 2013; Sengupta et al., 2020; Zakharov, 
Marin-Carbonne, et al., 2021).

This study specifically focuses on recent (Cretaceous to late Eocene; 135–40 Ma) cherts that underwent diagen-
esis in a deep-sea marine environment but were never subaerially exposed, that is, drilled from the seafloor. 
We combine the triple O-isotope and in situ δ 18O SIMS measurements on the same samples to resolve the 
environmental influence recorded by seafloor cherts. These cherts were (partially or completely) transformed to 
microquartz in subseafloor environments and were drilled during the expeditions of the Ocean Drilling Program 
(see Table 1). In addition, we present the same set of measurements on a chert sampled from the subaerial late 
Cretaceous Mishash Formation in Israel. Cherts of the Mishash formation are found within the sequence of 
chalks, phosphorites and organic matter-rich rocks that likely formed in a series of shallow semi-closed basins 
(Kolodny, 1969). The sample studied here originally comes from the collection of Yehoshoua Kolodny and more 
information about these cherts can be found in previous publications (Kolodny, 1969; Kolodny et  al.,  1980). 
The O-isotope ratios of these samples were originally presented by Kolodny and Epstein  (1976), where they 
were measured by a conventional bulk fluorination technique (Taylor & Epstein,  1962). We apply detailed 
O-isotope  measurements of these cherts at the scale of several μm to mm. Further, since chert contains water 
in form of hydrated opal (SiO2·H2O) as well as silanol groups (Si-O-H) in quartz, we adopt a novel strategy to 
document isotope variations between different variety of silica by (a) measuring the  16OH/ 16O ratios concurrently 
with the δ 1⁸O by SIMS (b) electron microprobe mapping of analyzed domains. Such an approach is warranted 
because there is a limited number of in situ SIMS studies that address the analytical protocols for measuring 
hydrous silica species.

2. Sample Collection
The samples (see Figure 1) were drilled by the Ocean Drilling Program, thus, the core stratigraphy and lithol-
ogy can be found in the scientific reports using the sample number provided (http://www-odp.tamu.edu/publi-
cations/). These cores (see detailed description in Table 1) contain cherts ranging in age from 135 to 40 Ma. 
Previous isotope characterization of these samples can be found in Kolodny and Epstein (1976) and Kolodny 
and Chaussidon (2004). These samples contain various petrographic varieties of silica, namely, microcrystalline 
quartz (commonly referred to as microquartz), chalcedony and opal. Most samples are composed of >90 wt.% 
microcrystalline quartz with minor opal, carbonates, and clays present. Porcellanite is used to describe an early 
diagenetic variety of highly opaline and porous silicious rock with dull luster (e.g., Kolodny, 1969). In one drill 
core sample, porcellanite notably occurs as a rim around red-brown chert (Figure 1). In addition, we provide 
measurements of one sample of subaerially exposed chert KF304 from the Mishash Formation, Israel (Kolodny 
et al., 1980, 2005). It is used here to exemplify the differences between the subaerially exposed cherts, and the 
seafloor drilled samples.

Finally, we include a hydrous sample of opal-CT. It is represented by the tridymite-dominated variety of opal with 
∼5 wt.% H2O (see X-ray diffraction, Raman spectroscopy and electron microprobe determinations in Figures 
S1–S4 in Supporting Information S1) to calibrate the SIMS measurements for the potential analytical artifacts. 
The opal-CT sample comes from the collection of Cantonal Geological Museum (Musée cantonal de géologie, 
Lausanne), originally sampled at the locality Pont-du-Château in France and is termed “MGL opal-CT” here.
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3. Methods
The combination of analytical approaches is detailed in this section in the order they were applied to the samples:

1.  Bulk 1–2 mg sample δ 18O laser fluorination measurements from multiple petrographically different domains 
(see Figure 1) and subsequent triple O-isotope measurements

2.  Chert samples and MGL opal-CT were measured for δD and H2O content. These measurements allow to 
gauge the relationship between the  16OH/ 16O ratio measured by SIMS and the actual H2O concentration.

3.  Microscale in situ δ 18O and  16OH/ 16O measurements by SIMS from chosen domains using a 10–15 μm ion 
beam

4.  Electron microprobe characterization of the analyzed domains

The following definitions are used to report the O-isotope results:

�′18O = 103 ⋅ ln
(

�18O∕1000 + 1
)

and �′17O = 103 ⋅ ln
(

�17O∕1000 + 1
)

, 

Table 1 
Description of Seafloor-Drilled Cherts and One Subaerially Exposed Chert Used in This Study

Chert Age, Ma
Depth, meters below 

seafloor Location (decimal °) Core lithology Sample description

195-20-4cc a , c 135 275 32.7733°N, 146.9783°E 
Abyssal floor east of 
Izu-Bonin Trench, 
Pacific Ocean

Chert and limestone Red brown chert 
(microquartz) 
fragments with rims of 
porcellanite. Preserved 
Radiolaria

167-73-2-90-92 b , d 130 960 7.068333°N, 176.825°E 
Magellan Rise, 
Central Pacific 
Ocean

Limestone and chert Pink chert 
(microquartz + opal) 
with carbonate lenses. 
Abundant well-
preserved Radiolaria

KF304 Mishash 
Formation e

84–72; Late Campanian NA subaerially exposed 30.2°N, 35.0°E Arabah 
valley, Israel

Brown chert and 
porcellanite

Massive, banded chert 
(microquartz)

52-6-10cc a , f 72–66; Early Cretaceous 67 27.7717°N, 147.1300°E 
Abyssal floor east of 
Japan, Pacific Ocean

Dark brown silty clay 
with volcanic ash and 
radiolarian remnants

Yellowish porcellanite

13A-3-1 a , g 48–41; Lutetian, Middle 
Eocene

180 6.0400°N, 18.2285°W 
North Atlantic Ocean

Radiolarian oozes with 
chert member

Gray-white porcellanite

167-17-33-147-149 b , d 43 605 7.068333°N, 176.825°E 
Magellan Rise, 
Central Pacific 
Ocean

Chert, nannofossil chalk 
and limestone

Pinkish gray chert 
(microquartz-
dominated), rich 
in carbonate. Rare 
carbonate remnants of 
foraminifera.

167-17-33-127-129 b , d 42.5 605 7.068333°N, 176.825°E 
Magellan Rise, 
Central Pacific 
Ocean

Chert, nannofossil chalk 
and limestone

Gray translucent chert 
(microquartz + opal) 
fragments with 
porcellanite rims. 
Silicified foraminifera 
present

466-9-1-64-65 h ∼40 Ma; Late Eocene 80 33.191°N, 179.2557°E 
Hess Rise, North 
Pacific

Cherty nannofossil ooze Waxy gray chert (abundant 
opal + microquartz). 
Heavily recrystallized 
microfossils

Note. References for previous δ 18O determinations.
 aKolodny and Epstein (1976).  bKolodny and Chaussidon (2004). References for the lithological context and drilling site information:  chttps://doi.org/10.2973/dsdp.
proc.20.103.1973.  dhttps://doi.org/10.2973/dsdp.proc.17.105.1973.  eKolodny et  al.  (1980).  fhttps://doi.org/10.2973/dsdp.proc.6.110.1971.  ghttps://doi.org/10.2973/
dsdp.proc.3.103.1970.  hhttps://doi.org/10.2973/dsdp.proc.62.105.1981.
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where δ 17O and δ 18O are the conventionally expressed δ-notations on the VSMOW scale. The triple O-isotope 
composition is expressed through the relationship:

Δ
′17
O = 𝛿𝛿

′17
O–0.528 ⋅ 𝛿𝛿

′18
O. 

3.1. Bulk Laser Fluorination for Determination of δ′ 18O and Δ′ 17O Values

The triple O-isotope values of bulk chert samples were determined by laser-assisted fluorination mass spectrom-
etry at the Institute of Earth Surface Dynamics, University of Lausanne and at the Georg-August University of 
Göttingen. The laboratory at the University of Lausanne was used exclusively for high-throughput δ 18O meas-
urements in petrographically diverse fragments within each sample (see Figure 1), while a subset of fragments 
was measured at the Georg-August University of Göttingen for high-precision triple-O isotope measurements. 
Each chert fragment was cut with a wire saw and hand-picked under a binocular microscope. We used weak 
HCl to remove calcite from carbonate-rich fragments present in sample 167-73-2-90-92 prior to measurements. 

Figure 1. The collection of cherts used in this study for detailed investigation by laser fluorination δ′ 18O, Δ′ 17O and in situ 
secondary ion mass spectrometry measurements. The seafloor samples are titled with the drilling program core numbers 
(Kolodny & Epstein, 1976), while the chert KF304 is from the Cretaceous Mishash formation (Kolodny et al., 2005). 
Previous δ′ 18O determinations are from (Kolodny & Epstein, 1976) and (Kolodny & Chaussidon, 2004) labeled KE76 and 
KC04, respectively. Each sample was cut with a wire saw and measured by bulk laser fluorination. The wire saw cuts are 
shown with dashed lines, where not apparent. The corresponding δ′ 18O values are printed next to the measured fragment.

 15252027, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010741 by B

cu L
ausanne, W

iley O
nline L

ibrary on [27/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

ZAKHAROV ET AL.

10.1029/2022GC010741

6 of 26

Samples were loaded in a platinum sample holder as whole rock fragments, ranging in quantities between 1 and 
2 mg. At the University of Lausanne, each sample was heated in an oven to 110°C before loading the platinum 
tray in the sample chamber and subsequent evacuation to a high vacuum. After maintaining the samples for 
several hours at high vacuum (P ≈ 10 −6 mbar), each sample was pre-fluorinated in presence of ∼50 mbar F2 gas 
overnight (12–14 hr) to get rid of excess moisture and hydration water. Overnight pre-fluorination also consumes 
highly reactive clays and hydroxyl-bounded water in opaline silica present in cherts (Dodd & Sharp, 2010). A 
subset of measurements was conducted to eliminate the effect of hydration water in opaline silica by increasing 
the time of exposure to F2. Extraction of O2 gas was mediated via heating with CO2 laser in presence of F2 gas 
(P ≈ 100 mbar). The extracted O2 gas was transferred through a series of cryogenic traps and collected on molec-
ular sieve 5A. The collected oxygen was introduced into the dual inlet of a MAT 253 mass spectrometer, where 
every measurement consisted of 8 cycles of comparisons between the reference and analyte O2. For monitoring 
the accuracy of measurements and for day-to-day corrections, the University of Lausanne in-house quartz stand-
ard LS1 (δ′ 18O = 17.9‰ VSMOW) was routinely loaded into the same chamber with the samples and measured 
within the session. Typical reproducibility of LS1 standard was 0.2‰.

The triple-O isotope measurements at Georg August University of Göttingen is described in detail previously 
(Pack et al., 2016). The procedure is overall similar to the laser fluorination measurement described above. 
We used BrF5 as a reagent to extract O2. The resulted O2 sample was purified by a series of cryogenic traps 
and subsequently trapped onto molecular sieve. Released from the molecular sieve, the sample O2 gas was 
transported through a gas chromatograph via a 10 mL min −1 He carrier gas for further purification from NF3 
and other gases (e.g., N2). The gas was introduced to a MAT253 mass spectrometer via dual inlet mode. The 
uncertainty (obtained from the 1 S.D. external reproducibility of the olivine and garnet standards) is ±0.3‰ 
or better for δ′ 18O and ±0.005‰ for Δ′ 17O. There is no silicate reference material available with certified 
δ 17O (relative to VSMOW). Therefore, we use an average Δ′ 17O of studies by Pack et  al.  (2016), Sharp 
et al. (2016), and Wostbrock et al. (2020) of −0.051‰ for San Carlos olivine as calibration anchor point (see 
also Miller et al., 2020).

3.2. Measurements of Hydrogen Isotope Composition (δD) and H2O Content

The chert samples the MGL opal-CT were measured for hydrogen isotopes (δD) and H2O wt.% using a high 
temperature thermal conversion elemental analyzer (TC/EA) connected to the MAT 253, where gases from 
samples and standards are transported with He carrier gas from EA to the inlet of the mass spectrometer (see 
Bauer & Vennemann, 2014). Samples and standards were wrapped in silver foil capsules and dried in an oven at 
110°C and in a vacuum desiccator overnight. The capsules were then loaded directly into a zero-blank autosam-
pler, where they were purged with He carrier gas. In the TC/EA's furnace lined with a glassy carbon column, 
samples underwent pyrolysis at 1450°C, and all of the H2O in the minerals was pyrolyzed to H2 and CO gas. 
Extracted gas was carried by He into a gas chromatograph and further introduced into the mass spectrometer via 
a CONFLO III. Mica standards, USGS57 and USGS58 (δD = −91‰ and −28‰, respectively; Qi et al., 2017) 
were included in each analytical session to monitor the accuracy of analysis and to normalize data to VSMOW 
scale. Peak areas of the H2 in the mass spectrometer for standards and samples were used for determining the H2O 
wt.%. The mass of samples ranged between 2 and 7 mg.

3.3. In Situ δ 18O and  16OH/ 16O Measurements by SIMS

The δ 18O values of cherts were determined in situ using the Cameca IMS 1270 secondary ion mass spectrometer 
equipped with a cesium ion source installed at the CRPG-CNRS in Nancy, France. A subset of measurements 
on the same samples was measured using the Cameca IMS 1280 HR at the SwissSIMS, University of Lausanne.

The chert fragments were mounted in indium together with quartz standards UNILQ1 (δ′ 18O = 9.8‰ VSMOW) 
and LS1. Fragments of MGL opal-CT were also mounted to quantify the matrix effects potentially encountered 
in measuring cherts. Indium was used as the mounting medium to minimize outgassing in the sample chamber. 
Prior to mounting in indium, the standard grains were mounted in epoxy and polished. Fragments of cherts 
were mounted together with the standards. The chert fragments were first used to make thin sections. Resulted 
thin sections were studied in transmitted light first, then sliced into smaller fragments (20–30 mm 2) using wire 
saw. Prior to analyses, the indium mounts were carefully washed, dried in an oven (60°C), outgassed under 
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vacuum and coated with a 35-nm thick layer of gold. During the analyses, 
the liquid nitrogen trap was used to obtain the best possible vacuum. The 
analyses employed a 10  kV Cs + primary ion beam with a ∼2  nA current 
focused on a ∼10 μm diameter spot. Pre-sputtering of targeted areas during 
45 s was applied with a 10 μm raster before each measurement. The second-
ary ions were extracted using negative 10 kV potential applied to the sample 
holder. The  18O/ 16O ratios were measured using the mass resolving power of 
∼2,400 in a multi-collection mode using two off-axis L'2 and H1 Faraday 
cup (FC) detectors. The obtained ion intensities of  16O and  18O were around 
1.2–1.9 × 10 9 and 2.1–4.2 × 10 6 counts per second, respectively. We also 
monitored the presence of water-containing domains (e.g., opaline silica) in 
the samples using the  16OH/ 16O ratio. Concurrently with the  18O/ 16O ratio, 
the  16OH − ion was measured on the axial FC2 detector using the mass resolv-
ing power of 5,000 to separate the interference from  17O −. Each measurement 
consisted of 30 cycles with counting time of 5 s per cycle. Several measure-
ments of the UNILQ1 standards were made in the beginning and the end of 
the session to monitor stability and accuracy of the analyses. Blocks of 4–5 
unknowns were bracketed by 2–3 measurements of the UNILQ1 standard. 
We also made several measurements of LS1 quartz grains to monitor the 
linearity of instrumental mass fractionation (IMF).

The instrumental uncertainty of δ 18O measurements is typically around 
0.2‰ (2 standard errors). The IMF is expressed as δ′ 18Omeasured—δ′ 18OVSMOW, 
where δ′ 18O is the linearized delta notation, that is, 1000·ln(1 + δ 18O/1000). 

The IMF was assessed using the UNILQ1 standard grains. The IMF value systematically varied several ‰ during 
each analytical session, which is related to analytical tuning of SIMS. The analytical error of  16OH/ 16O signals is 
typically around 0.2%–3% relative to the mean.

3.4. Electron Microprobe Mapping of Analyzed Domains

Thin section fragments of cherts with SIMS spots were investigated with a reflected and transmitted polarized 
light microscope and photographed. Further, selected areas were analyzed using the JEOL JXA-8530F electron 
microprobe at the University of Lausanne. The fine-grained samples were scanned to create elemental maps 
using grid analysis and the following operating conditions: beam current 15 nA, 15 kV operating voltage, beam 
diameter 1 μm and 0.1 s count time for each element per pixel. Spot analyses of selected minerals were performed 
under same conditions, except the beam diameter was 3 μm and the count time was 60 s per element. The SiO2 
measurements were compared with pure quartz, since cherts were mounted together with the SIMS standard 
grains of UNILQ1 quartz.

4. Results
4.1. Laser Fluorination Measurements: Traditional δ′ 18O and Triple O-Isotope (δ′ 18O—Δ′ 17O) Values

The δ′ 18O values range between 29‰ and 38‰ for the collection of cherts used in this study. The δ′ 18O of multi-
ple individual fragments of the six samples were measured as shown in Figure 1. Variability across petrographic 
varieties of fragments within each sample does not exceed 1.3‰. These values agree well with the original 
determinations in Kolodny and Epstein  (1976) within 0.1‰–1.3‰. The δ′ 18O values determined during the 
triple O-isotope analyses at University of Göttingen vary <1‰ compared to the traditional δ′ 18O measurements 
conducted at the University of Lausanne. The δ′ 18O—Δ′ 17O values of 8 cherts are shown in Figure 2 and are 
listed in Table 2.

The MGL opal-CT sample returned mean δ′ 18O value of 28.0‰. To appreciate the effect of hydration water, 
MGL opal-CT was subjected to various pre-fluorination conditions. Overnight pre-fluorination at room temper-
ature caused almost complete consumption of MGL opal-CT by reaction with F2. Step-wise pre-fluorination 
with several aliquots of 100 mbar F2 recommended for hydrous diatom frustule analyses (Dodd & Sharp, 2010) 
did not give systematically different δ′ 18O values from those measured in absence of pre-fluorination. However, 

Figure 2. (a) Triple O-isotope values of cherts measured in our collection. 
Each chert is labeled, and duplicates of the same samples are color-coded with 
the same color. The inset shows the same samples enlarged. The solid black 
line is silica-seawater equilibrium fractionation (Wostbrock & Sharp, 2021). 
(b) The inset shows an enlarged version of the same diagram with temperature 
of silica-seawater equilibrium labeled from 0°C to 40°C.
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after about 8–10 doses of pre-fluorination (800–1,000 mbar F2 cumulatively), the values are less scattered and 
higher on average. The total range of values is between 26.8‰ and 29.5‰ yielding the mean and standard 
deviation of 28.0‰ ± 0.9‰ (n = 10), while samples exposed to >800 mbar F2 (n = 3) yield values between 
28.8‰ and 29.5‰. While methodology of pre-fluorination is not the focus of the paper, it seems that low doses 
of pre-fluorination (100–500 mbar F2) of the MGL opal-CT with ∼5 wt.% H2O result in a less pronounced effect 
compared to pre-fluorination of diatom frustules that contain up to 15 wt.%.

4.2. SIMS δ′ 18O and  16OH/ 16O Measurements

The anhydrous grains of quartz (UNILQ1 and LS1) are used to calculate the difference between measured and 
true VSMOW value (i.e., the IMF) and to calibrate the unknowns to the δ′ 18O VSMOW scale (see Figure S5 
in Supporting Information  S1). The IMF systematically ranged across the analytical sessions between −9‰ 
and −6‰. The typical reproducibility of UNILQ1 quartz within each session (May 2021, September 2021, 
and November 2021) was 0.3‰–0.6‰ (2SD; n = 229). The net difference between LS1 and UNILQ1 δ 18O 
values remained the same within the analytical uncertainty (Figure S6 in Supporting Information S1). The MGL 
opal-CT with δ′ 18O = 28.0‰ VSMOW determined by fluorination has raw δ 18O SIMS values of 26.5‰ ± 2.0‰ 
(mean ± 2SD; n = 90), resulting in IMF close to −2‰. Meanwhile, cherts display IMF values consistent the IMF 
measurements of the quartz standards. In other words, the UNILQ1-based correction applied to cherts results 
in their δ′ 18O values being in agreement with the VSMOW-calibrated laser fluorination values. The difference 
between the IMF of MGL opal-CT and the IMF of the rest of the analytes (quartz standards and chert samples) 
is puzzling. It could be explained by the presence of high amounts of hydration water or/and structural differ-
ences that compose the MGL opal-CT. The range, median, mean and standard deviation for each chert sample on 
VSMOW scale are summarized in Table 3. The analytical parameters and raw δ′ 18O values are reported in Data 
Set S1. The summery of bulk and SIMS measurements of MGL opal-CT is reported in the separate Table 4. The 
SIMS δ′ 18O values are provided in raw form and relative to UNILQ1 (i.e., not calibrated to VSMOW).

The  16OH/ 16O from all analytical sessions show consistently near-zero ratios for anhydrous standard grains 
(see Figure S5 in Supporting Information S1). All samples of cherts exhibit elevated  16OH/ 16O values between 
0.001 and 0.015. The raw δ′ 18O plotted against  16OH/ 16O (Figure 3) does not show a systematic relationship 
when all samples considered. However, porcellanite areas of chert (195-20-4cc) as well as MGL opal-CT have 

Table 2 
The Results of Triple O-Isotope Laser Fluorination and Thermal Conversion Elemental Analyzer (TC/EA) Measurements of Cherts

Chert
δ 18O in multiple fragments (Figure 1) ‰ 

VSMOW (range; n)
δ 17O ‰ 

VSMOW
δ 18O ‰ 

VSMOW
δʹ 17O ‰ 
VSMOW

δʹ 18O ‰ 
VSMOW

Δ′ 17O ‰ 
VSMOW, 
0.528 ref. 

line

δD by 
TC/

EA ‰ 
VSMOW

H2O 
by 

TC/
EA 
(wt. 
%)

195-20-4cc 33.4–34.9; n = 4 17.584 33.812 17.431 33.253 −0.126 −85.0 1.5

195-20-4cc-replicate1 17.606 33.850 17.453 33.290 −0.124

195-20-4cc-replicate2 17.578 33.751 17.425 33.194 −0.101

167-73-2-90-92 32.4–32.9; n = 5 16.798 32.255 16.658 31.746 −0.103 −81.8 1.2

KF304 Subaerial Mishash Formation 29.7–30.5; n = 4 15.669 30.098 15.548 29.654 −0.110 −86.6 1.0

52-6-10cc – 19.763 38.041 19.570 37.335 −0.143

13A-3-1 – 17.190 33.056 17.044 32.521 −0.127 −92.0 a 1.5 a

167-17-33-147-149 34.4–34.6; n = 3 18.239 35.114 18.075 34.512 −0.147 −92.4 a 1.0 a

167-17-33-127-129 34.5 and 35.4; n = 2 18.199 35.050 18.035 34.450 −0.154 −92.4 1.3

167-17-33-127-129-replicate1 18.467 35.573 18.299 34.955 −0.158

167-17-33-127-129-replicate2 18.599 35.863 18.428 35.235 −0.176

466-9-1-64-65 33.9–34.8; n = 6 17.770 34.179 17.614 33.608 −0.131 −96.9 1.2

 aThe δD and H2O values are from Kolodny and Epstein (1976) (Table 1; samples 167-33-1(113–115) and 13A-1-1(75)A).

 15252027, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010741 by B

cu L
ausanne, W

iley O
nline L

ibrary on [27/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

ZAKHAROV ET AL.

10.1029/2022GC010741

9 of 26

high  16OH/ 16O that correlate negatively with raw δ′ 18O (Figure 3). The δ′ 18O values of these analytes do not 
agree with the laser fluorination measurements. These observations suggest that these samples contain a high 
fraction of hydration water which normally is removed by pre-fluorination and contributes its low δ′ 18O value to 
the SIMS analyses. The negative correlation between δ′ 18O and  16OH/ 16O identifies the low δ 18O hydration water 
commonly present in various amounts in opaline silica (Matheney & Knauth, 1993). The correlation between 
δ′ 18O and  16OH/ 16O appears to be insignificant at  16OH/ 16O values below 0.003 (or 1000· 16OH/ 16O  <  3‰). 
Consequently, we exclude analyzed domains with  16OH/ 16O  >  3‰ from consideration as they represent a 
mixed signal between structural oxygen and oxygen derived from hydration water (Figure 3b). While  16OH/ 16O 
ratio determined by SIMS is not a calibrated measurement, it is a direct indicator of H2O content. Using the 
TC/EA-determined values, our data set gives us a rough calibration for  16OH/ 16O versus H2O concentration in 
cherts (Figure 3c). The  16OH/ 16O ratios positively correlate (R 2 = 0.8) with the H2O content if we include meas-
urements of nominally anhydrous quartz standards and the MGL opal-CT (H2O = 5.2 wt.%).

In our data set, the analyses with  16OH/ 16O below ∼3‰ and with SiO2 above ∼96 wt.% are unlikely to be subject 
to different IMF. We interpret that these samples are composed of microcrystalline mixtures of microquartz, chal-
cedony and low-H2O opal. Similar to previous studies (Marin-Carbonne et al., 2014; Oster et al., 2017), we find 
that most low-water cherts and quartz have the same IMF. Consequently, only VSMOW-normalized δ′ 18O values 
are considered in Table 3. We show the distribution of δ′ 18O values by SIMS in form of histograms (Figure 4a), 
with each distribution plotted against its value determined by bulk fluorination (Figure 4b). Across the range 
of values between 29‰ and 36‰ VSMOW, the SIMS mean and median δ′ 18O values plot on 1:1 line, while 
individual samples have a range within 2.1‰–6.2‰ of their means (Figure 4b). While the mean SIMS δ′ 18O 
measurements are in agreement with the bulk laser fluorination results, the SIMS δ′ 18O measurements indicate 
that all cherts in our collection are more variable at a micrometer-scale than perceived by the bulk methods. The 
final propagated uncertainty of each individual δ′ 18O measurement varies between 0.3‰ and 0.6‰ (2SD), and 
most of our samples have a variability beyond that (see Table 3).

4.3. δD and Water Content Measurements

The δD and H2O concentrations measured in cherts are reported in Table 2, including the values previously 
reported in Kolodny and Epstein (1976). The δD values range in a narrow interval between −97‰ and −81‰, 
while the H2O values are within 1.0–1.5 wt.%. The MGL opal-CT has δD = −80.0‰ and H2O concentration 
of 5.2 wt.%. The reproducibility of δD and H2O results is within 2‰ and 0.1 wt.%, respectively. The δD values 
plotted against the triple O-isotope values are shown in Figure S7 in Supporting Information S1.

4.4. Electron Microprobe Analyses

Electron microprobe maps were used to create qualitative images of Si, Al, K, Ca, and Fe concentrations. The 
main variations are seen in Si and Al, and rarely in Ca, if carbonates are present. The Si and Al elemental maps are 
given in Figures 5–9. Point analyses within the mapped areas are shown within the mapped areas. See Data Set S2 

Table 3 
The Summary of Bulk and Secondary Ion Mass Spectrometry (SIMS) δ′ 18O and  16OH/ 16O Measurements of Cherts

Sample

δ′ 18O by laser 
fluorination 

(mean ± 2SD; in ‰ 
VSMOW)

No. 
points 

by SIMS

SIMS δ′ 18O 
mean ± 2D 

(‰, VSMOW)

SIMS δ′ 18O 
median, (‰, 

VSMOW)

SIMS δ′ 18O 
range, (‰, 
VSMOW)

SIMS 
1,000 ×  16OH/ 16O 

mean (‰)

SIMS 
1,000 ×  16OH/ 16O 

median (‰)

SIMS 
1,000 ×  16OH/ 16O 

range (‰)

195-20-4cc a 32.56 ± 1.51 133 34.1 ± 1.2 34.0 3.3 2.4 1.9 13.2

167-73-2-90-92 31.56 ± 0.48 103 32.4 ± 1.9 32.5 6.2 1.4 1.2 3.2

167-17-33-147-149 33.49 ± 0.54 85 34.8 ± 0.9 34.7 2.1 1.3 1.3 0.8

167-17-33-127-129 34.23 ± 1.59 98 35.2 ± 1.2 35.2 3.4 1.4 1.4 2.8

466-9-1-64-65 33.40 ± 0.72 120 33.9 ± 3.1 33.8 6.1 1.0 1.0 1.5

KF304 29.22 ± 0.63 42 29.9 ± 1.4 29.9 2.5 1.4 1.4 0.9

 aThe δ′ 18O values are based on measurements of  16OH/ 16O < 3‰ domains in the sample 195-20-4cc.
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for locations and representative electron microprobe point analyses along with the mapped areas 
combined with the microscope images of the SIMS points. Since the samples are extremely fine 
grained (<1 μm grain size), it is not always possible to determine exact mineralogical forms of 
silica. The electron microprobe analyses of cherts yield SiO2 concentrations of 88–99 wt.% SiO2. 
Since other measured impurities (Al2O3, K2O, CaO, and FeO) constitute <1 wt.% in the meas-
ured areas, we consider that samples with <99 wt.% SiO2 contain the complementary amount of 
H2O that cannot be determined by electron microprobe directly. Thus, the electron microprobe 
measurements can identify hydrous opals, quartz and their mixtures. However, this is compli-
cated by presence of 0–2 wt.% in chalcedony (Graetsch et al., 1985), which is a common constit-
uent of cherts. Measurements of pure quartz grains included in the same sample holders yield 
99.9 to 100.1 wt.% SiO2. The MGL opal-CT returned 95.5 wt.% SiO2, roughly consistent with 
the H2O content of ∼5 wt.% (see Data Set S2).

5. Discussion
5.1. The mm-Scale Homogeneity of δ′ 18O Values

The chert δ′ 18O bulk values have a range between 32‰ and 38‰ in seafloor-drilled samples 
that have ages between 135 and 40 Ma, whereas the subaerial late Campanian (∼84 to 72 Ma) 
Mishash formation chert has δ′ 18O of 30‰. These values are consistent with previous measure-
ment by conventional fluorination of the same samples (Kolodny & Epstein, 1976). The majority 
of microcrystalline cherts (excluding the porcellanite rinds; see Figure 1) measured as multiple 
1–2 mg fragments by bulk laser fluorination have limited variability within individual sample, 
mostly within 1‰. Given that the analytical reproducibility of about 0.2‰ for the bulk laser 
fluorination, these variations can be ascribed to small differences in δ′ 18O of the cherts (<1‰) 
at the scale of several mm. These variations could also reflect different amount of impurities 
present in cherts as can be noted by the variation in color (Figure 1). The fragment of porcel-
lanite from the rind of the chert sample 195-20-4cc has a δ′ 18O 1.3‰ higher than the cherty 
part of the same sample (Figure 1). A similar result for this exact sample was found by Kolodny 
and Epstein  (1976). Similarly, a porcellanite rind of the sample 167-17-33-127-129 is ∼1‰ 
higher in δ′ 18O than the cherty part. These differences were originally interpreted as the differ-
ence in the formation temperatures of opal-CT and microquartz during diagenesis (Kolodny 
& Epstein, 1976). This is now also documented in the downhole δ 18O measurements of silica 
varieties separated from sediments that undergo diagenesis (Yanchilina et  al.,  2020). Having 
these samples extensively measured by bulk laser fluorination provides a well-calibrated target 
to explore the variability at the micrometer scale by SIMS.

5.2. The μm-Scale Heterogeneity of δ′ 18O Values

The detailed microscale SIMS measurements show that the same samples display significant 
micrometer-scale δ 18O heterogeneities exceeding the range of 1‰ measured by the bulk laser 
fluorination. Particularly, the three samples (195-20-4cc, 167-73-2-90-92 ad 466-9-1-65-65) 
exhibit δ 18O variability ranging up to 6‰ (Figure 4). This range is best interpreted as variations 
in the petrographic variety as identified by their water content with the simultaneous  16OH/ 16O 
measurements (see Figure 5). In sample 195-20-4cc the high- 16OH/ 16O domains correspond to 
low δ′ 18O values, extending by about ∼4‰ below the mean value determined by laser fluor-
ination. The high- 16OH/ 16O domains only occur in the fragments of chert that include zones 
of porcellanite (see Figure  5) and are likely subjected to the effects of hydration water (see 
Figure 3). The mapped Si- and Al-concentrations are distinctly higher in these hydrous domains 
compared to the low- 16OH/ 16O domains (Figure 5). Such areas have SiO2 <96 wt.% (as low 
as 88 wt.%) corresponding to several wt.% H2O and, thus, are interpreted as areas of opaline 
silica. The Al-concentrations range between 0 and 1 wt.% and display faint patterns of radi-
olarian molds and clay particles as seen in the mapped Al-concentrations (Figure 5). Given that 
common clays (e.g., illite) contain close to 20 wt.% Al2O3, the low SiO2 (and hence high H2O) is 
likely due to presence of hydrous opal, while clays are a common impurity (up to 5 wt.% based Ta
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on formula of illite). The SIMS-determined  16OH/ 16O ratios reach up to 14‰ in these areas, while the δ′ 18O 
values range between 29‰ and 35‰. However, as discussed earlier (see Section 4) the areas with low δ′ 18O are 
likely subjected to the effects of hydration water as indicated by the  16OH/ 16O ratios above 3‰. Meanwhile, the 
microquartz and chalcedony aggregates are dispersed within porcellanite and compose the majority of the red 
cherty part of the sample (see Figure 1). They frequently compose radiolarian molds. Such aggregates have δ′ 18O 
ranging between 33‰ and 36‰ and low  16OH/ 16O values below 3‰ (see Figure 5). In addition, the microprobe 
measurements yield SiO2 concentrations above 96 wt.% in these areas, while the bulk TC/EA measurement of the 
red cherty part of the sample yields 1.5 wt.% H2O. It is likely that the microquartz contain some Si-OH groups 
and/or minor opal and clay particles giving it moderate  16OH/ 16O values and less variable δ′ 18O. Unlike the 
porcellanite fragments, these quartz-dominated parts of chert have mean SIMS δ′ 18O values that are in agreement 
with the δ′ 18O values measured by bulk laser fluorination.

The sample 167-73-2-90-92 has domains with δ′ 18O values about 4‰–5‰ lower than the mean value (Figure 6). 
These areas correspond to the rare occurrences of silica fillings inside of the radiolarian tests that have δ′ 18O of 

Figure 3. (a) Raw δ′ 18O values plotted against 1000 ×  16OH/ 16O measured in the MGL opal-CT and chert samples. A 
prominent negative correlation between the 1000 ×  16OH/ 16O and δ′ 18O is observed in MGL opal-CT and hydrous domains of 
sample 195-20-4cc. This correlation is however absent in chert samples with 1000 ×  16OH/ 16O below ∼3. (b) Inset showing 
the measurements with  16OH/ 16O below 3‰. This value is used as a cut-off for reducing the chert raw data to VSMOW scale 
using the anhydrous quartz standards. The  16OH/ 16O and δ′ 18O values in sample 466-9-1-64-65 are positively corelated, 
which is interpreted as a two-component mixing between different varieties of silica (see Section 5). (c) The H2O wt.% 
determined by bulk TC/EA plotted against the  16OH/ 16O measurements by secondary ion mass spectrometry. The equation 
and R 2 value of the linear regression are shown. The uncertainties one the regression terms are given in the parenthesis.
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Figure 4. (a) Secondary ion mass spectrometry (SIMS)-determined values δ′ 18O plotted as histograms for each sample. The histograms are plotted with the kernel 
density function (black curves), while vertical blue dashed lines indicate the range of δ′ 18O values measured by bulk laser fluorination. The mean ± 2SD are shown for 
each sample. (b) The SIMS δ′ 18O values are plotted as violine plots against the average bulk values determined by laser fluorination isotope ratio mass spectrometry 
(LF IRMS).
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about 27.5‰. One such area is depicted in Figure 6. However, outside of these rare areas, this sample has less 
variability in δ′ 18O with values between 30‰ and 34‰, even though the petrographic varieties of silica include 
microquartz, chalcedony and opal (Figure 6). We suggest the rare occurrence of low-δ′ 18O fillings in the radi-
olarian tests depict precipitation of late-stage silica at high temperature and/or from  18O-depleted marine pore 
water fluids, which could be negative in δ′ 18O (e.g., Lawrence et al., 1975). The radiolarian tests are clearly 
identified in a polarized microscope as they are composed of isotropic opal and are filled with radiating chal-
cedony, showing systematically lower Si concentrations (Figure 6). The microcrystalline matrix of this sample is 
extremely fine grained. Two distinct silica forms are visible in the grayscale brightness of the BSE images. The 
matrix is thus likely composed of microquartz and opal (or chalcedony) with SiO2 content between 90 and 96 
wt.%. Nonetheless, the δ′ 18O values measured by SIMS are indistinguishable between the matrix and the skel-
etal silica. The  16OH/ 16O are on average higher in the opal and chalcedony of the radiolarian tests, up to 2.0‰, 
while the microcrystalline matrix has  16OH/ 16O ratios of around 1‰. We do not observe any correlation between 
the  16OH/ 16O and δ′ 18O ratios, assuming that there is no effect of hydration water in the opaline silica and micro-
quartz matrix in this particular sample.

The sample 466-9-1-64-65 has 2SD of 3.1‰, with δ′ 18O values ranging between 30‰ and 37‰. Petrograph-
ically, the sample is microcrystalline, with numerous ghostly recrystallized fossils that are recognizable by the 
slight petrographic difference in the crystallinity of silica (Figure 7). We find no relation between the δ′ 18O values 
and petrographic appearance of the analyzed area. We however note that this sample has a positive correlation 
between δ′ 18O and  16OH/ 16O (Figure 3). Other samples have a similar range of  16OH/ 16O ratios, between 0‰ and 
1.5‰, but without a correlation with δ′ 18O. Further, the bulk TC/EA measurements of the sample yield 1.2 wt.% 
H2O, which is within the range of the rest of the samples (between 1.0 and 1.5 wt.%). We thus interpret that this 
sample is composed of low- and high- 16OH/ 16O domains of silica that have respectively lower and higher δ′ 18O 

Figure 5. The δ′ 18O values measured by secondary ion mass spectrometry (SIMS) in different parts of sample 195-20-4cc. The first row of images (a through d) shows 
the red cherty part analyzed by bulk laser fluorination (outlined in panel a). Panel (b) shows a back-scattered electron (BSE) image of a representative area of the chert. 
Panels (c and d) show color-coded electron microprobe Si- and Al-concentration maps with SIMS measurements shown with white ellipses. Labeled points show δ′ 18O 
(‰ VSMOW) values and 1000· 16OH/ 16O values as represented in the legend. The ellipses filled with transparent white color correspond to the 1000· 16OH/ 16O below 
3 (see legend). The dots show point analyses by electron microprobe with wt.% of SiO2 and Al2O3. The second row (e through g) of panels features the fragment of 
sample adjacent to the porcellanite rind. The sample contains many hydrous high- 16OH/ 16O domains correlating with low δ′ 18O values (see Figures 3 and 4).
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Figure 6.
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values. It is difficult to document the distinction between the endmembers, since the back-scattered electron 
images shows microscopic size of two silica phases (Figure 7), comparable in size to that of the SIMS points. 
However, it is likely that the microscopic hydrous phase is opal-CT and/or chalcedony finely mixed with micro-
quartz. Moreover, the mean SIMS δ′ 18O value agrees well with the values measured by bulk laser fluorination, 
highlighting the microscopic scale of isotope variability. The aggregate has a low H2O content since it has some 
of the lowest  16OH/ 16O in our data set, and the microprobe point analyses yield SiO2 >97 wt.% (see Data Set S2). 
Consequently, we identify these δ′ 18O SIMS variations between 30‰ and 37‰ as a range of values of silica in 
the sample.

5.3. Samples With δ′ 18O Heterogenies Below 2‰

The samples from cores 167-17-33-147-149, 167-17-33-127-129 as well as the subaerially sampled Mishash 
formation chert (KF304) all have smaller δ′ 18O variability. The SIMS δ′ 18O values in these samples vary within 

Figure 6. Two representative areas of sample 167-73-2-90-92 featuring radiolarian tests and matrix measured for δ′ 18O- 16OH/ 16O by secondary ion mass spectrometry 
(SIMS). The first area is depicted in panels (a) through (d) in: (a) plane (PPL) and cross (XPL) polarized light with area of interest outlined with a dashed rectangle, (b) 
back-scattered electron (BSE) image, (c and d) electron microprobe Si- and Al-concentration maps. These images show a rare occurrence of silica with δ′ 18O = 27.5‰ 
found within the radiolaria test. Due to high Si-content, low  16OH/ 16O such area are likely aggregates of microquartz. The second area is shown in panels E through H 
in same order. The interior of radiolarian tests in these images (e through h) contain highly hydrous form of opal with SiO2 content of 91 wt.%. It is also visible that the 
matrix of the chert is heterogeneous and is made from two forms of silica that have different gray scale brightness in the BSE images.

Figure 7. A representative area in sample 466-9-1-64-65 measured for δ′ 18O- 16OH/ 16O by secondary ion mass spectrometry 
(SIMS). The area is shown in panels (a–d): (a) plane (PPL) and cross (XPL) polarized light with the area of interest outlined, 
(b) back-scattered electron (BSE) image of the analyzed area. Panels (c and d) show Si- and Al-concentration electron 
microprobe maps, respectively. Note that the sample is represented by a fine mixture of silica species visible as the patchy 
texture in the BSE image. The bright white spots in the BSE image are the SIMS spots showing remnants of gold coating.
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the total range of about 2‰ and with the mean values closely matching the bulk laser fluorination measurements 
(Figure 4). The seafloor-drilled cherts (167-17-33-147-149, 167-17-33-127-129) have an average value δ′ 18O of 
35‰. They contain considerable amount of carbonate in form of foraminifera test that are filled with fibrous and 
opaline silica with δ′ 18O values similar (within 1‰) to those of the microcrystalline matrix, despite the clear 
petrographic difference (Figure 8). Demonstrably, chert 167-17-3-147-149 displays carbonate tests filled with a 
characteristic spherulitic aggregate of opal-CT (Figure 8) with δ′ 18O values around 35‰–36‰, while the matrix 
around the test has comparable values around 35‰. The limited variability of δ′ 18O values in these samples is 
perplexing, since we notice that other cherts (e.g., 195-20-4cc, 167-13-2-90-92) also contain various petrographic 
forms of silica (e.g., high- 16OH/ 16O opal and radiolarian test fillings), however, their δ′ 18O values are a lot more 
variable at microscale.

The chert from Mishash formation contains microquartz (Figure 9) that petrographically appears to be free of 
opaline silica. No fossils are observed in the sample, and the chemical composition and petrographic texture of 
microquartz are homogenous. The sample exhibits SiO2 content between 97 and 98 wt.% and  16OH/ 16O ratios 

Figure 8. A representative area in sample 167-17-33-147-149 measured for δ′ 18O- 16OH/ 16O by secondary ion mass 
spectrometry (SIMS) depicted in plane and cross polarized light, back-scattered electron images and microprobe elemental 
maps. The area is shown in panels (a–d): (a) plane (PPL) and cross (XPL) polarized light with the area of interest outlined, 
(b) back-scattered electron (BSE) image of the analyzed area. Panels (c and d) show Si- and Al-concentration electron 
microprobe maps, respectively. Note that the sample is represented by a fine mixture of silica species visible as the patchy 
texture in the BSE image. The bright white spots in the BSE image are the SIMS spots showing remnants of gold coating. 
The area contains a recrystallized carbonate foraminifera test (labeled calcite in panel (b)), which is filled with a variety of 
hydrous opal with SiO2 content of ∼96 wt.%. The surrounding aggregate likely consists of microquartz and chalcedony.
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around 1.0‰–1.5‰, similar to the microquartz from the seafloor-drilled cherts. The δ′ 18O of this sample is 
tightly constrained to 30‰ ± 1‰ and does not correlate with the  16OH/ 16O ratio. The variability within these 
samples is narrow and bell-shaped in δ′ 18O, and comparable to that of the bulk laser fluorination measurements 
(see Figure 4). Previous research (Kolodny et al., 1980) reports a large range of bulk chert δ′ 18O values from 
the Mishash formation between 21‰ and 35‰. The high δ′ 18O values within the range are found in homoge-
nous cherts, while more diverse and low δ′ 18O values are measured in the matrix of brecciated cherts (Kolodny 
et al., 1980). The interpretation of the basin and the oxygen isotope data suggests that cherts initially precipitated 
from evaporated ocean water and then were later silicified during a shallow (<1,000 m) burial diagenesis in 
presence of fresh meteoric-derived fluids. Our sample corresponds to the homogeneous cherts from the Mishash 
formation. The relatively homogeneous O-isotope composition of the chert at the microscale indicates that inter-
action with the second-stage later meteoric-derived fluids have not affected the cherts outside of the areas of 
brecciation, where recrystallization is evident.

In summary, some seafloor-drilled cherts are heterogeneous with up to 6‰ variation in δ′ 18O value, while 
others exhibit variability below 1‰. The δ′ 18O variability and its relationship to the petrographic features are 
sample-dependent. This is in contrast with the relatively narrow range of about 1‰ measured by bulk extraction 
techniques for several fragments of the same samples. The difference in the δ′ 18O variability is likely due to the 
difference in diagenetic history of the samples. In addition, some difference in diagenetic scheme is expected 
due to the different contents of carbonates and clays in the lithological context (see Table 1). Presence of other 

Figure 9. Representative images of δ′ 18O— 16OH/ 16O secondary ion mass spectrometry (SIMS) measurements in the 
subaerially sampled Mishash formation chert (KF304). The area is shown in panels (a–d): (a) plane (PPL) and cross (XPL) 
polarized light with the area of interest outlined, (b) back-scattered electron (BSE) image of the analyzed area. Panels (c 
and d) show Si- and Al-concentration electron microprobe maps, respectively. The bright white spots in the BSE image are 
remnants of gold coating and rare impurities of iron oxides (see Data Set S2).
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substances like carbonates or clays within the sediment affects the diagenetic solubility of opal-A, opal-CT and 
quartz during chert diagenesis (Williams et al., 1985). The abundance of carbonates in the cherts with limited 
δ′ 18O variability (<1.5‰) hints at the role of carbonates in the rate of silica transformations (e.g., Lancelot, 1973). 
Samples with limited variability (167-17-33-147-149, 167-17-33-127-129) contain abundant carbonate in form 
of recrystallized foraminifera tests that are evident in thin sections and the Ca-concentration maps. Other cherts 
contain microscopic clays, which are reflected in the elevated mapped Al- and K-concentrations (see Data Set S2 
for K-concentration maps) in cherts 195-20-4cc and 167-73-2-90-92. In addition, we document rare detectible 
variations in Fe-concentrations in some samples (195-20-4cc and KF304; see Data Set S2), likely corresponding 
to iron-oxide films, which in turn give the samples their reddish color (Figure 1). The cherts with impurities of 
clay tend to exhibit heterogeneities in δ′ 18O and presence of diverse forms of silica (opaline radiolarian tests and 
microquartz). These observations concur to the previous studies that found that clay impurities slow down the 
rates of mineralogical transformations from biogenic silica (opal-A) to opal-CT, potentially promoting forma-
tion of silica species with different δ′ 18O at different depths and temperatures (e.g., Hinman, 1998; Williams 
et al., 1985; Yanchilina et al., 2021). A prolonged formation of silica in subseafloor conditions would result in 
heterogeneous δ′ 18O values measured in-situ by SIMS. However, to confirm the origin of the heterogeneities 
due to the lithological control, more δ′ 18O measurements by SIMS are needed, ideally targeting drilled down-
hole profiles in parts of oceans dominated by different sediments. Thus, using electron microprobe mapping of 
common constituents such as Si and Al combined with quantitative point analyses, provides an additional tool to 
understand the mineralogical control on diagenesis and consequent evolution of δ′ 18O values.

Our measurements present the first δ′ 18O results obtained by SIMS for the modern-day seafloor-drilled cherts, 
showing that the microscale heterogeneities between 2‰ and 6‰ originate already in the subseafloor envi-
ronment. This is relevant because microscale δ′ 18O heterogeneities are also found in Precambrian cherts (e.g., 
Cammack et al., 2018; Marin-Carbonne et al., 2014) that precipitated abiotically, presumably from silica gels 
(Stefurak et al., 2015). These heterogeneities are frequently interpreted as products of post-depositional recrystal-
lization and metamorphism well after their subseafloor diagenesis, obscuring the secular O-isotope evolution of 
the hydrosphere and seawater temperature.

5.4. The δ′ 18O—Δ′ 17O Systematics of Deep-Sea Cherts

Similar to previous measurements of cherts (Hayles et  al.,  2019; Liljestrand et  al.,  2020; Lowe et  al.,  2020; 
Sengupta et al., 2020; Zakharov, Marin-Carbonne, et al., 2021), our data partially overlap with the equilibrium 
quartz fractionation curve assuming ice-free seawater composition of equilibrium fluid, that is, δ′ 18O = −1‰ 
(see Figure 2). However, as for most of the chert data across geological time, our cherts plot under the curve, 
that is, with Δ′ 17O and δ′ 18O lower than predicted by the equilibrium fractionation curve (Figure 10). Our data 
spanning between 135 and 40 Ma fill the gap between the older cherts, extending back to Archean, and the more 
recent/modern diatoms and siliceous sediments (see compilation of data in Figure 10a). The data is also distinct 
from the older Phanerozoic and Precambrian cherts in that it plots close to the low-temperature range of the equi-
librium fractionation, near the apparent equilibrium temperatures around 25°C–40°C. Some of our 135–130 Ma 
cherts plot on the equilibrium line, while younger cherts have lower Δ′ 17O values and consequently plot below 
the line (Figure 10). Compared to the Precambrian and older Phanerozoic cherts that plot under the 100°C–175°C 
region of the equilibrium curve, the Δ′ 17O of studied here cherts are similarly shifted downwards. The subaerially 
exposed Cretaceous chert KF304 plots similarly close and under the silica-seawater equilibrium curve despite 
being potentially exposed to meteoric water fluids.

This departure from the equilibrium fractionation toward low Δ′ 17O can be explained by recrystallization of silica 
in sedimentary conditions. The temperature during diagenesis is higher compared to the ambient seawater and 
is controlled by the depth of burial and heat flux through the oceanic plate. Increasing the temperature during 
diagenesis and subsequent recrystallization in presence of buried seawater would decrease δ′ 18O and increase 
Δ′ 17O in accord with the seawater-silica fractionation line (Sharp et al., 2016). Further, due to the reactivity of 
buried seawater within the oceanic crust and precipitation of minerals with high δ′ 18O (Savin & Epstein, 1970), 
marine pore water fluids often exhibit negative δ′ 18O gradients, mostly between −15 and −2‰/km, indicative 
of the low-temperature nature of reactions below or within sediment (Gieskes, 1981; Gieskes & Lawrence, 1981; 
Lawrence et al., 1975; Lawrence & Gieskes, 1981). Diagenetic recrystallization in the presence of reacted pore 
water fluids would result even in more notable departure of cherts from the original seawater-silica equilibrium 
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Figure 10.
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line. Such pore water fluids have negative δ′ 18O values and likely slightly positive or near-zero Δ′ 17O values 
(McGunnigle et al., 2022; Zakharov, Tanaka, et al., 2021) due to precipitation of low-Δ′ 17O clays (Sengupta & 
Pack, 2018). While oceanic geothermal gradients and pore water fluids are variable, depending on the age of the 
plate (i.e., distance from the axis) and nature of sediments, we show the possible compositions of recrystallized 
cherts that originally precipitated from seawater with δ′ 18O of—1‰ (Figure 10b). Mixing between the initial 
silica that precipitated at 0–4°C (i.e., diatoms) and recrystallized silica at depth covers a compositional field in the 
δ′ 18O—Δ′ 17O coordinates compatible with the existing chert data for seafloor, including the recently published 
measurements from the Sea of Japan (Ibarra et al., 2022). This mixing is calculated from a simple mass balance 
approach, assuming that the measured chert is a mixture of compositions: δ′ 18O and Δ′ 17O from the original 
precipitation (primary silica e.g., diatoms) and a new δ′ 18O and Δ′ 17O composition that formed under subseafloor 
conditions. The final composition can be calculated using the fraction (f) of primary seawater-derived isotope 
composition:

𝛿𝛿
17∕18

Ochert = 𝑓𝑓 ⋅ 𝛿𝛿
17∕18

Oprimary + (1 − 𝑓𝑓 ) ⋅ 𝛿𝛿
17∕18

Odiagenetic, (1)

Equation 1 can rewritten in terms of equilibrium fractionation:

𝛿𝛿
17∕18

Ochert = 𝑓𝑓 ⋅

(

𝛿𝛿
17∕18

Oseawater + 1000ln
18∕17

𝛼𝛼H2O−silica

)

+ (1 − 𝑓𝑓 ) ⋅
(

𝛿𝛿
17∕18

Oporewater + 1000ln
18∕17

𝛼𝛼H2O−silica

)

, (2)

where 1000 ln 18/17αH2O-silica are the calibrated temperature-dependent fractionation factors for triple O-isotope 
equilibrium (Sharp et al., 2016). Using these expressions, we show the two possible generalized compositions 
of diagenetically recrystallized cherts for geothermal profiles of old and young oceanic plates assuming the 
geothermal gradients of 25 and 60°C/km. These are coupled, respectively, with the pore water gradients of −7 to 
−2‰/km that are typical for sedimentary pore water in the global ocean (Lawrence et al., 1975). These calculated 
compositions are highlighted by the seafloor-drilled deep-sea cherts from this study and the silica varieties that 
were diagenetically recrystallized in young and hot oceanic crust (Ibarra et al., 2022).

While temperature and marine pore water fluids control the δ′ 18O—Δ′ 17O values of final diagenetic silica, the 
values of primary silica (e.g., diatoms or radiolaria) play an important role in the final chert value (Figure 10). 
Currently, a limited number of studies addresses the biogenically mediated silica-water triple O-isotope fraction-
ation (see Liljestrand et al., 2021). The observed Δ′ 17O fractionation yields values very close to the empirical 
calibration at low temperatures (Sharp et al., 2016; Wostbrock et al., 2018). However, the effect of post-mortem 
exchange in diatom frustules, which could be significant (e.g., >7‰ for δ 18O in Dodd et al., 2012), has not been 
resolved in the triple O-isotope coordinates. Yet, it has a potential to influence the isotope composition of diage-
netically mature chert.

Further, we expand the possible field of diagenetic solutions to a wider range of diagenetic conditions (Figure 11). 
These compositions cover ca. 90% of the Phanerozoic data younger than 135 Ma, when the seawater δ′ 18O—Δ′ 17O 
were unlikely to have varied significantly from the realm of ice-free conditions, that is, δ′ 18O = −1‰ and near-
zero Δ′ 17O. Given the previous studies of silica diagenetic transition, the triple O-isotope composition of cherts is 
in accord with the last final diagenetic isotope compositions at temperatures ranging between ∼30°C and ∼165°C 
(Behl et al., 1994; Williams & Crerar, 1985; Williams et al., 1985; Yanchilina et al., 2020). Further, in the general-
ized diagram we show a range of marine pore water fluids that could have assisted recrystallization. The diagram 
shows cases, where marine pore water fluids reach δ′ 18O values as low as −10‰ evolving toward slightly posi-

Figure 10. (a) Triple O-isotope compilation of chert and silica measurements across the geological time scale (Hayles et al., 2019; Ibarra et al., 2022; Levin 
et al., 2014; Liljestrand et al., 2020; Lowe et al., 2020; Sengupta et al., 2020; Sharp et al., 2016; Zakharov, Marin-Carbonne, et al., 2021). The points are color-coded 
according to their age. Samples from the present seafloor setting are outlined with black circles and color-coded in bright green due to their young age. Cherts from 
this study are shown with larger symbols with vertical error bars (2SE). The solid black curve indicates silica-seawater equilibrium fractionation with temperatures 
labeled between 0°C and 175°C (fractionation from Wostbrock and Sharp (2021)). (b) The panel depicts possible recrystallization trajectories of siliceous sediments at 
different geothermal and pore water gradients. Diagenetic silica fully in equilibrium with pore water fluids between 0 and 1,000 m below seafloor are shown at 200-m 
intervals color-corded by different geothermal and pore water profiles. Equilibrium compositions are shown for a combination of profiles shown in gray (132°C km −1, 
−13.5‰ km −1), pink (60°C km −1, −7‰ km −1), and blue (25°C km −1, −2‰ km −1). These gradients represent a range of diagenetic conditions present in areas of young 
oceanic crust (e.g., the Sea of Japan with steep 132°C km −1 geothermal and −13.5‰ km −1 pore water gradients) and older oceanic crust that has lower heat fluxes 
resulting in more gentle gradients (e.g., 25°C km −1). While these combinations of temperature and pore water gradients are not unique, they are illustrative of possible 
recrystallization trajectories during diagenesis of cherts. The gray, pink, and blue dashed lines represent mixing between the original silica (e.g., post-mortem diatoms) 
and the diagenetic silica that is calculated from the respective geothermal and pore water profiles. The data points color-coded by age represent seafloor-drilled cherts 
from (Ibarra et al., 2022) and this study.
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tive Δ′ 17O values (+0.03), thus corresponding to burial depths of 1–5 km, depending on  the downward O-isotope 
gradients. We admit that the Δ′ 17O of marine pore water fluids are underconstrained since the direct measure-
ments of marine pore water fluids have not been extensively explored (however, see Galy, 2020). In addition, 
hydrothermal solutions may also contribute to chert-forming fluids. The subseafloor seawater-basalt reactions at 
∼350°C produce fluids with positive δ′ 18O and negative Δ′ 17O. The range of such fluids is set by the water/rock 
ratios and basaltic equilibrium, where the most evolved compositions have δ′ 18O of +4‰ and Δ′ 17O = −0.04‰ 

Figure 11. (a) Generalized model for marine diagenesis in recent cherts (0–135 Ma). Silica-seawater equilibrium is shown 
as the solid black curve, while the pink curves represent silica crystalized from marine pore waters with δ′ 18O between 
−10‰ and −1‰. Possible recrystallized end-members are shown here with straight red lines emerging from red circles 
labeled—30°C and 165°C, corresponding to the temperatures of phase transitions from opal-A to chert (see Yanchilina 
et al., 2020 and refs. therein). Four possible mixing trajectories between the diatoms and secondary endmembers are 
shown in blue and green. Hypothetical diagenetic silica includes equilibrium with pore water fluids (−3‰ and −8‰) at 
temperatures of 30°C and 165°C. The amount of diagenetic silica is shown with fractions between 0 and 1 (labeled as f). The 
marine pore water fluids occupy the negative δ′ 18O space and likely have positive Δ′ 17O. The shown here range extends to 
extreme −10‰ covering a wide range of pore water δ′ 18O gradients. Possible hydrothermal fluids with positive δ′ 18O values 
are shown with a green segment. Such fluids may be present in case of high-temperature (>250°C) alteration of seafloor 
basalts. The silica δ′ 18O—Δ′ 17O are compiled from diatoms, seafloor-drilled cherts, subaerial Monterey, Fisco and Mishash 
formations as well as the Stevns Klint chert (Hayles et al., 2019; Ibarra et al., 2022; Sengupta et al., 2020; Sharp et al., 2016; 
Zakharov, Marin-Carbonne, et al., 2021) and this study. (b) The same diagram with enlarged scales in the range of our 
samples measured by secondary ion mass spectrometry (SIMS). The box plot margins are constructed from the 25th and 75th 
percentiles (marked Q1 and Q3, respectively) of the interquartile range of SIMS δ′ 18O values. The median is shown as the 
vertical solid line within the box. The lengths of the whiskers are 1.5 of the interquartile range. The black dots are outliers. 
Two especially low δ′ 18O outliers are shown with a dashed arrow in the sample 167-73-2-90-92. The bulk δ′ 18O-Δ′ 17O of 
these samples are also plotted and color-coded by age (same as in panel (a)).
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(see Zakharov, Tanaka, et al., 2021), although the range of values is more limited compared to the marine pore 
water fluids (see Figure 11). The calculated compositional field covers published triple O-isotope data (includ-
ing the data here) measured in cherts from the last 300 Ma (Hayles et al., 2019; Ibarra et al., 2022; Sengupta 
et al., 2020; Sharp et al., 2016; Zakharov, Marin-Carbonne, et al., 2021). Consequently, marine diagenesis could 
be the main reason for the observed scatter in the triple O-isotope diagram. Further, such compositional field is 
also in agreement with the majority of SIMS δ′ 18O values plotted against the Δ′ 17O measured in the same samples 
(Figure 11b). We however do not see any specific relationship between the range of δ′ 18O SIMS values and the 
Δ′ 17O of the cherts. Based on the triple O-isotope recrystallization path taken by silica, it is possible to assess 
the conditions of diagenesis, as silica recrystallized at high temperatures (100°C and higher) would exhibit δ′ 18O 
and Δ′ 17O values significantly lower than those cherts that were diagenetically recrystallized in cold conditions 
(30°C). Evidently, the heat flux through the oceanic crust during diagenesis must be one of the key parameters 
that defines the O-isotope composition of chert.

5.5. Tectonic Control of Marine Diagenesis

The age of the oceanic plate in such cases serves as the main factor determining the temperature of the last diagenetic 
transition. Other factors such as pore water fluids, sedimentation rates and chemical composition of sediment also play 
an important role in diagenesis determining the recrystallization timing and O-isotope of equilibrium fluids (Murata 
et al., 1977; Yanchilina et al., 2021). The cherts presented in this manuscript were accumulated on oceanic crust that 
was between 5 and 100 Ma at the time of original silica precipitation. The age of oceanic crust at the time of deposi-
tion can be derived from the age of cherts based on the biostratigraphy and accumulation rates (provided in the IODP 
reports; see http://www-odp.tamu.edu/publications/) and the age of the seafloor today (Müller et al., 2008). Given the 
difference in the ages of oceanic crust at the time of deposition, the cherts of this study were exposed to very different 
geothermal profiles ranging from 15 to 70°C/km, assuming an oceanic plate half space cooling model (e.g., Stein & 
Stein, 1992). To further explore the tectonic control on the oxygen isotope compositions of cherts we compiled the liter-
ature data from the seafloor-drilled 5–155 Ma cherts (Knauth & Epstein, 1975; Kolodny & Epstein, 1976; Yanchilina 
et al., 2021), and the ages of the underlying oceanic crust at the time of deposition. Based on depth of recovery, these 
deep-sea cherts largely depict moderate accumulation rates between 2 and 10 m/Ma.

The compiled data (Figure 12) shows a trend with increasing δ′ 18O values of cherts that were accumulated on old 
oceanic plates. From the observed relationship it appears that deposition on old oceanic crust and low accumula-
tion rates slow down the recrystallization of silica to crystalline cherts, which has been noticed before (Kolodny & 
Epstein, 1976). Cherts with δ′ 18O > 35‰ occur in sediments that accumulated at the rates below 10 m/Ma and were 
deposited on oceanic crust that is at least 45 Ma. Contrasting to these cherts are microquartz and other silica varieties 
deposited on a young and hot oceanic crust the Sea of Japan with an average age of 0–10 Ma and high accumulation 
rates of about 50 m/Ma (Ibarra et al., 2022; Yanchilina et al., 2020). In the latter case, recrystallization occurred at an 
early stage of marine diagenesis and was accompanied by high geothermal gradient, where recrystallized microcrystal-
line quartz has δ′ 18O as low as 18‰ (Yanchilina et al., 2020). In summary, we find that the age of oceanic crust onto 
which chert is deposited plays a critical role in the oxygen isotope evolution of cherts during diagenesis.

These observations confirm our interpretations of marine diagenesis and its bearings on the triple O- and in-situ 
isotope compositions of cherts. Given the uncertainty of the seawater O-isotope composition and its tempera-
ture in the early geological periods (Jaffrés et al., 2007; Kasting et al., 2006; Robert & Chaussidon, 2006), the 
temperature of final microquartz recrystallization within the sediment column has to be considered. Such consid-
erations have been recently presented by Tatzel et al. (2022) in a kinetically controlled model of chert diagenesis 
with incorporated changes in the heat flow through the geological history. Along with possible changes in δ′ 18O 
of seawater, the δ′ 18O trend recorded by Precambrian cherts may reflect the evolution of subseafloor diagen-
esis conditions, including the changes in geothermal gradients through the oceanic crust. Further, constraints 
are needed on the diagenetic transformations of silica that precipitated abiotically before the advent of the 
silica-secreting organisms at the end of Proterozoic eon.

6. Conclusions
In this study, we combined detailed mineralogical and isotope studies of seafloor-drilled cherts that have not 
been exposed subaerially. In addition, one sample from a subaerially exposed Cretaceous Mishash formation 
was studied. The bulk δ′ 18O and triple O-isotope analyses, in situ δ′ 18O and  16OH/ 16O SIMS measurements as 
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well as the microprobe elemental mapping depict the isotope effects of marine diagenesis. The main findings are 
summarized below:

1.  The investigated cherts have a range in δ′ 18O between 29‰ and 38‰. The 1–2 mg bulk analyses yield limited 
heterogeneity of samples, mostly within 1‰. The detailed SIMS δ′ 18O measurements show that most samples 
have a variability >1‰ at the micrometer-scale, with a subset of samples having up to 6‰ of heterogeny. 
In some samples, these δ′ 18O heterogeneities correlate with petrographic observations, such as presence of 
filled radiolarian tests, and in others they are best explained by sub-10µ (less than analytical spot) mineral-
ogical silica varieties with different δ′ 18O values. These heterogeneities point out to the effects of increased 

Figure 12. (a) The age of the oceanic crust at the time of deposition plotted against the δ′ 18O values of silica extracted 
from modern seafloor, including cherts, opals and diatoms. The age of the crust at the time of deposition is calculated 
by subtracting the age of the cherts from today's age of oceanic crust (ageoceanic crust − agechert). The secondary ion mass 
spectrometry-results are shown at respective ages with violin diagrams. The data is color-coded by accumulation rates (depth 
of sediment divided by its age). (b) The accumulation rate is plotted against the δ′ 18O value of the same silica samples. 
The linear regression between these two parameters and the δ′ 18O highlights the dependence between heat flux through 
the sediment and the temperature regime during diagenesis. The equation and R 2 value of the linear regression are shown. 
The uncertainties on the age of cherts vary on the scale of 1–20 Ma and are defined by the age models determined from 
microfossil chronostratigraphy originally detailed in the Ocean Drilling Program expedition reports.
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temperature during diagenesis and/or involvement pore water fluids with δ′ 18O value lower than that of seawa-
ter that precipitate silica as low as 27.5‰ within the radiolarian tests.

2.  We suggest that SIMS δ′ 18O measurements of recent cherts should be combined with the simultaneous meas-
urements of  16OH/ 16O ratio. The  16OH/ 16O ratio serves as an indication of analytical bias and/or hydration 
water associated with analyses of hydrous opaline silica that yields high  16OH/ 16O and low δ′ 18O values. In 
our collection, this is relevant to one chert sample that contains aggregates of porcellanite, and to a museum 
species of MGL opal-CT used to test for analytical biases in hydrous silica with 5 wt.% H2O.

3.  The δ′ 18O—Δ′ 17O values of the marine seafloor-drilled cherts plot near or under the silica-seawater equilib-
rium fractionation curve at temperatures between 25°C and 40°C. Since the changes in seawater O isotope 
composition are limited for the last 135 Myr, the systematics of the <135 Ma δ′ 18O—Δ′ 17O chert values is 
best explained by sub-seafloor recrystallization at elevated temperatures and negative δ′ 18O pore water fluids. 
Consequently, mixing between secondary and primary silica explains samples that do not plot on the equilib-
rium curve.

4.  These considerations suggest that subseafloor temperatures are one of the main drivers for the final 
δ′ 18O—Δ′ 17O values of the cherts. The age of the oceanic crust and hence overlying chert deposit at the time 
of deposition correlates with the δ′ 18O of cherts. Together with high sedimentation rates, the high heat flux 
of young oceanic crust tends to promote crystallization of low δ′ 18O cherts, while silica and cherts deposited 
on old oceanic crust with lower sedimentation rates have values close to the values of initial sediments (e.g., 
radiolaria and diatoms). Decreasing heat flux through the oceanic crust can potentially explain some of the 
observed long-term increase in cherts through geological time.

Data Availability Statement
Data associated with this article is available via Zenodo repository https://doi.org/10.5281/zenodo.7577323.
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