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Abstract

Glendonite is generally accepted as a pseudomorph after ikaite (CaCO3-6H>0) and
is commonly preserved in spherical carbonate concretions known as glendonite
concretions in marine sedimentary rocks. Glendonites and glendonite concretions has
long been used as an indicator of low-temperature environments. Although they have
widely attracted attention as environmental indicators, the detailed geochemical process
underlying glendonite formation is not fully understood. This study shows the formation
process of glendonites and glendonite concretions by compiling information on
glendonites and conducting detailed macro- and microscopic observations, carbon and
oxygen isotopic (8!°C and §'30) analyses, chemical composition analyses, and elemental
mapping of glendonite concretions. Geological investigation and sample collection were
conducted on four Cenozoic marine sedimentary strata distributed in Japan: middle to late
Eocene Poronai Formation, Mikasa, Hokkaido; late Miocene Morai Formation, Ishikari,
Hokkaido; early Oligocene Asagai Formation, Iwaki, Fukushima Pref.; and early
Miocene Toyohama Formation, Minamichita, Aichi Pref.

Glendonites were found in at least 36 Cenozoic formations in Japan, and glendonite
concretions have been found in 19 of these formations. Within the glendonite distribution
in Japan, the glendonite concretion distribution is not restricted to a particular region or
geological age. This suggests that the formation of glendonite concretion is not an unusual
case to a particular region or geological age. The occurrence of glendonites and
concretions around dead organisms, such as bivalves, ghost shrimp, or soft-bodied
organisms forming ichnofossils, and negative §'*C values of glendonites and surrounding
concretions from —20%o to —10%o show that glendonite concretions were formed using

carbon derived from dead organisms. Highly concentrated phosphate in glendonites and



surrounding concretions of 2—16 times more than in surrounding matrixes support this
interpretation. The phosphorus distribution pattern in glendonite concretions indicates
that changes in phosphate concentrations during the decomposition of dead organisms
controlled the timing of ikaite growth termination and the beginning of concretion
formation. Bending laminae around concretions, undeformed ichnofossils in glendonite
concretions, Ca distributions in concretions interpreted by the reaction-front concretion
formation model, and §'%0 values of concretions also show that the concretion formation
around ikaite crystals was completed in a shallow part of sediments within months to
years. This work provides a new phosphate concentration-controlled growth model of
glendonite concretions involving organic decomposition to evaluate the chemical

conditions of porewater during early diagenesis.



Chapter 1. Background

1-1. Introduction

Spherical carbonate concretions are dense and hard spherical-shaped carbonate
aggregations observed in sedimentary rocks globally (Marshall and Pirrie, 2013).
Concretions typically contain well-preserved fossils inside (Baird et al., 1986; Martill,
1988; Maeda and Shigeta, 2005; Landman and Klofak, 2012; Plet et al., 2017; Clements
etal., 2019; Jauvion et al., 2020). Therefore, fossils in the concretions and information on
geochemical conditions during the concretion formation have long attracted many earth
scientists.

Calcium carbonate concretions form rapidly due to the reaction with calcium ions in
seawater and bicarbonate from dead organisms in the center of concretions during the
early diagenesis (Yoshida et al., 2015, 2018, 2020). Such rapid concretion formations
cause the consolidation around fossils before their deformation due to sediment
compaction and preserve delicate three-dimensional fossil morphology (e.g., Martill,
1988; Maeda and Shigeta, 2005; Jauvion et al., 2020). Moreover, concretions sometimes
preserve highly labile soft tissues and soft-bodied organisms (Baird et al., 1986; Martill,
1988; Clements et al., 2019; Jauvion et al., 2020). Some concretions containing well-
preserved fossils are known as famous fossil Lagerstétten, such as the concretions from
the Mazon Creek, Illinois, USA, and those from Ceard, Brazil, which have provided us
with a high opportunity to understand paleoorganisms (Baird et al., 1986; Martill, 1988).

Concretions prevent secondary alteration of fossils and clastics due to carbonate
cementation (Muramiya et al., 2020). Miocene Morozaki Group distributed in Japan
contains dolomite concretions in tuffaceous sandstone strata. Volcanic glasses observed

3



in the surrounding matrices of concretions altered and completely transformed to
heulandite, whereas those in concretions are unaltered. Volcanic glasses in concretion
have been protected from the alteration by cementation of dolomite in concretion, which
decreases the permeability of concretion and prevents elemental migration (Muramiya et
al., 2020).

Concretions also provide geochemical information on sedimentary environments
during concretion formation in early diagenesis. For example, the porewater’s redox
conditions and chemical compositions during concretion formation were recorded in the
forming minerals and chemical compositions (Matsumoto and lijima, 1981; Curtis et al.,
1986; Hendry et al., 2006). Carbon and oxygen isotopic (8'°C and §'*0) compositions of
carbonate minerals in concretions are widely applied as an indicator of the organic
decomposition process and temperature when concretions are formed (Irwin et al., 1977,
Coleman, 1993; Mozley and Burns, 1993; Dale et al., 2014; Muramiya et al., 2017, 2020).
Also, the recent discovery of rapid concretion formation (Yoshida et al., 2015, 2018,
2020) has enabled us to measure the age of concretion-bearing strata from strontium
isotopic compositions of concretions (Yoshida et al., 2019).

Although numerous studies on carbonate concretions have been conducted, little is
known about the formation process of glendonite concretions, which contain glendonite
in the center (Fig. 1). Glendonite is a pseudomorph after ikaite (CaCO3-6H>0O) with
bipyramidal or stellate crystal shapes (Shearman and Smith, 1985; Frank et al., 2008;
Vickers et al., 2018; Rogov et al., 2021), mainly composed of calcite (CaCO3). Glendonite
is observed in marine sediments and sedimentary rocks of the Paleozoic to Quaternary
ages globally (Teichert and Luppold, 2013; Wang et al., 2017; Popov et al., 2019; Vickers

et al., 2020; Mikhailova et al., 2021; Rogov et al., 2021). It often occurs in spherical
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calcium carbonate concretions known as glendonite concretions (Boggs Jr, 1972;
Morikiyo et al., 2018; Muramiya et al., 2022).

Ikaite crystals in marine sediments have been identified within a few meters of burial
depth (Kodina et al., 2003; Lu et al., 2012; Kakuwa et al., 2019; Hiruta and Matsumoto,
2022) under conditions of high phosphate concentrations (Kodina et al., 2003; Zhou et
al., 2015) and near-freezing temperatures (Suess et al., 1982; Kodina et al., 2003; Zhou
et al., 2015). In the natural environment, ikaite has only been found in environments with
water temperatures below 7 °C (Pauly, 1963; Suess et al., 1982, Buchardt et al., 2001;
Dieckmann et al., 2010). Under moderately warm temperatures, ikaite crystals instantly
release the water from the crystal to transform into an aggregation of granular calcite
(Suess et al., 1982; Jansen et al., 1987). Because of this temperature sensitivity of ikaite
stabilization, glendonites and glendonite concretions have been widely used as indicators
of cold temperature to reconstruct paleoenvironments (De Lurio and Frakes, 1999;
Grasby et al., 2017; Jones et al., 2006; Price, 1999; Rogov et al., 2017; Rogov and
Zakharov, 2010; Spielhagen and Tripati, 2009; Vickers et al., 2020). Even though many
scientists have focused on paleoenvironmental indicators, the detailed glendonite and
glendonite concretion formation processes are not fully understood, and the following
questions remain.

First, what are the carbon sources of ikaite and its surrounding concretions? The
supply and accumulation of a substantial amount of carbon are necessary to form ikaite
crystals and surrounding calcite concretions. Although previous studies have proposed
the contributions of bacterial organic decomposition and methane in the sediments to
glendonite concretion formation based on the §'3C and the biomarkers preserved within

them (Teichert and Luppold, 2013; Qu et al., 2017; Morikiyo et al., 2018), the concrete
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carbon source is still unclear.

Second, why is glendonite in the center part of glendonite concretions? Most
glendonite concretions observed globally contain glendonites observed in the center part.
This morphology indicates that the formation of glendonite concretion first requires the
ikaite crystal formation, then the subsequent calcite concretion formation around
glendonite (or preceding ikaite crystal). However, what factor controls such a sequential
process during glendonite concretion formation is unknown.

Third, why is there a variation in the relative size of concretions compared to
glendonites within a stratum? Some glendonites are completely enveloped by
concretions; however, termination of other glendonites in concretions thrust out
concretion surfaces. Moreover, some glendonites are not contained in concretions but are
directly buried in the host rock. Although such variation can be observed globally (Boggs
Jr, 1972; Teichert and Luppord, 2031; Vasileva et al., 2021), the reason is little explained.

This thesis addresses the above questions by showing the sequential formation
process of glendonites and glendonite concretions based on detailed geological
observations and geochemical analyses from several Cenozoic marine strata in Japan.
This study’s results revealed that dead organisms supplied carbon to form both ikaite and
the surrounding concretions and changes in the porewater’s phosphate concentrations
switched the ikaite precipitation to the surrounding calcite concretion formation. This
phosphate-controlled formation model explains the variations in the relative sizes of
concretions compared to glendonites. The glendonite concretion formation process
identified in this study indicates that the modes of glendonite occurrence can be applied

globally as an indicator of the geochemical conditions in early diagenesis.



1-2. Geological setting

This study investigated four successions of Cenozoic glendonite concretion-bearing
marine strata distributed in Japan: 1) Eocene Poronai Formation and 2) Miocene Morai
Formation in Hokkaido, northern Japan; 3) Oligocene Asagai Formation in Fukushima,
northeastern Japan; 4) Miocene Toyohama Formation in Aichi, central Japan (Figs. 2 and
3).

The Poronai Formation is distributed in the central part of Hokkaido, Japan, and
outcrops along the Ikushumbetsu and Mikasa—Horonai rivers in the Mikasa area. The
Poronai Formation comprises massive dark-gray mudstone with minor interbedded fine
sandstone, is more than 1600-m thick (Matsuno et al., 1964), and is divided into lower
and upper parts based on facies and fossil fauna. The lower part comprises unbedded
dark-gray mudstone, except the lowermost part containing conglomerate, fine sandstone,
and sandy siltstone. The upper part consists of bedded sandy siltstone. Foraminifera
assemblages show that the Poronai Formation was deposited in the middle to late Eocene
(Okada and Kaiho, 1992). The Poronai Formation yields abundant fossils of marine
organisms, such as bivalves, gastropods, crustaceans, and cephalopods. Molluscan
assemblages indicate that the Poronai Formation’s lower part, which frequently contains
glendonite concretions, was deposited on the lower sublittoral to the upper bathyal seabed
(Suzuki, 2000). Glendonite with and without concretions are observed in bioturbated
muddy facies. They are both abundantly found form several horizons, but they do not
occur together from the same horizon. Their horizontal distributions are uncertain because
it is difficult to trace a stratum horizontally due to unbedded facies. Spherical concretions
without glendonites are also abundantly found in bioturbated muddy facies and typically

contain fossils of articulated bivalves or crustaceans.



The Morai Formation is distributed in the central part of Hokkaido and primarily
consists of weakly bedded silicic mudstone, and it outcrops along the Japan Sea coast of
the Ishikari area. Diatom assemblages in the Morai Formation show a late Miocene
depositional age (The Kabato Collaborative Research Group, 1995). The Morai
Formation contains abundant fossils of marine organisms, including bivalves, gastropods,
scaphopods, crustaceans, and echinoids. The sedimentary facies and fossil assemblage
indicate that the Morai Formation was deposited in the bathyal zone at a water depth of
200-300 m (Takano et al., 1996; Tsushima et al., 1956). Glendonite concretions are
observed in one horizon of bioturbated muddy facies. Judging from the distribution of
glendonite concretions falls from the outcrop, their horizontal distribution extends for at
least 300 m. Spherical concretions without glendonites are found in several horizons of
bioturbated muddy facies, and most contain articulated bivalves, gastropods, scaphopods,
or aggregation of ichnofossils.

The Asagai Formation outcropped at Iwaki and distributed in the southern part of
Fukushima primarily comprises massive, blue-gray and dark-gray, fine to very-fine
sandstone (Suto et al., 2005). Fossil assemblages of mollusks, Dinophyceae, and benthic
foraminifera indicate that the Asagai Formation was deposited during the early Oligocene
(Suto et al., 2005). The Sr isotopic dating using the shell fossils shows ages of 37.8 Ma
and 37.9 Ma (Ogasawara et al., 2001), and the sedimentary facies indicate that the Asagai
Formation was deposited at the upper to lower shoreface and the inner shelf (Ueda et al.,
2003). Glendonite concretions, glendonites without concretions, and spherical
concretions without glendonites formed in the bioturbated massive gray siltstone, and
each is observed in different horizons. The horizontal distribution of the glendonite-

bearing horizon is uncertain because of poor and limited exposure of the outcrop.
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The Toyohama Formation in southern Aichi consists of alternating beds of tuffaceous
sandstone and mudstone (Muramiya et al., 2020) and outcrops along the coast of the
Minamichita area. The Toyohama Formation contains abundant fossils of bivalves,
gastropods, crustaceans, and echinoids (Muramiya et al., 2020). Diatom assemblages
indicate that the Toyohama Formation was deposited during the early Miocene (Ito et al.,
1999), and molluscan fossil assemblages suggest that the Toyohama Formation was
deposited on the seafloor at a depth of 100-300 m (Shikama and Kase, 1976). Glendonite
concretions and spherical concretions without glendonites are observed in bioturbated
tuffaceous mudstone, and the distribution of the layer with glendonite concretions extends

horizontally to at least 100 m.

Chapter 2: Methods

2-1. Literature review

The frequency of glendonite without concretion and glendonite concretion and
depositional environments of glendonite-bearing strata in Japan were evaluated by
searching glendonite records in the literature, including journal articles, university
bulletins, scientific books, and explanation papers with geological maps. Records of their
occurrence are compiled for each formation. For the glendonite-bearing strata, their

distributions, ages, lithofacies, and paleowater depth are also collected.

2-2. Field observations and sampling

Field observations and sampling for laboratory observations and analyses were
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conducted for the four formations: the Poronai Formation, which outcrops along the
Ikushumbetsu and Mikasa—Horonai rivers in the Mikasa area, Hokkaido, Japan; the Morai
Formation, which distributes along the Japan Sea coast of the Ishikari area, Hokkaido,
Japan; The Asagai Formation, which is artificially exposed because of the construction of
a wood storage yard at Iwaki, Fukushima Prefecture, Japan; and the Toyohama Formation,
which outcrops on the Ise Bay of the Pacific in Minamichita area, Aichi Prefecture, Japan.

Glendonite concretions, glendonites without concretions, spherical concretions
without glendonites, shell fossils, and the surrounding matrix were collected from each
formation. Glendonites with and without concretions were collected with the matrix.
Fragile samples were reinforced using instant glue that did not affect geochemical
analyses. Samples were selected from the outcrops’ freshest parts by removing weathered
surface rocks to reduce the effects of weathering; however, samples from the Asagai
Formation might have suffered a meteoric alteration of §'80 because of relatively

prolonged exposure to the outcrops.

2-3. Laboratory observations

The detailed structures in and around the glendonite with and without concretions
were observed using cross-section and thin-section samples. Samples were reinforced
using resin and cut perpendicular or parallel to the glendonite’s long axis. Cut samples
were polished with a fine abrasive compound, and some polished samples were left
outside to allow slight natural weathering for approximately two weeks with occasional
rains, to enhance visual observation of the surface. Samples were observed using

stereoscopic and polarizing microscopes.
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2-4. Dissolution experiment

Concretions around glendonites from the Poronai Formation were dissolved using
buffered acetic acid to obtain microfossils in concretions. The buffer solution for the
experiment was prepared using Koot’s (2003) method. Concretions around glendonites
were cut with a microcutter to produce cubic samples of approximately 1 cm?, and 26
samples from 15 concretions were dissolved. After dissolving overnight, the residue was
collected with a paper filter. This process was repeated three times to dissolve

approximately half of the sample volume.

2-5. Mineral composition

Samples were collected from the fresh parts of the cut samples using a microdrill and
microcutter, and the samples were powdered using an agate mortar. The powdered
samples were analyzed using X-ray diffraction (XRD) to determine mineral compositions.
Analyses were conducted with Cu-Ka radiation (operating voltage/current 40 kV/40 mA)

at a scan rate of 4°min”!

using an X-ray diffractometer (MultiFlex, Rigaku) from the
Nagoya University Museum, Japan. Bulk glendonites, concretions, surrounding matrixes,

and bivalve shell fossils were analyzed.

2-6. Chemical composition and elemental distribution

The major elements (SiO2, TiO2, Al203, Fe2O3, MnO, MgO, Ca0O, Na,O, K,0, and
P>0s) were measured using X-ray fluorescence (XRF) spectroscopy. The bulk glendonite,
concretion, and matrix samples collected with a microdrill or microcutter were powdered
using an agate mortar. The powdered samples were heated at 500 °C for 2 h and
subsequently at 1000 °C for 3 h to remove volatile components such as water in clay
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minerals and carbon dioxide in carbonate minerals. The ignited glendonite samples,
primarily comprising CaO, were diluted with a pure SiO> reagent to input the results
within the range of the calibration curve. The ignited samples were powdered again with
an agate mortar and mixed with precisely 10 times the sample weight of Li2B4O7 and two
drops of an aqueous solution Lil. The procedure from heating to mixing with reagents
was conducted as quickly as possible to minimize water adsorption on the samples.

The mixtures were fused to make glass beads That were analyzed using an XRF
spectrometer (ZSX Primus II, Rigaku) housed at the Graduate School of Environmental
Studies, Nagoya University, Japan. The calibration curves for measurements were made
using the rock reference material JLs-1 (limestone obtained from Hokkaido, Japan), JB-
la (basalt obtained from Nagasaki, Japan), and JR-2 (rhyolite obtained from Nagano,
Japan) provided by the Geological Survey of Japan. The estimated analytical uncertainties
were 1%—-2% for SiO; and Al,O3 and 5% for other elements. The loss on ignition (LOI),
which corresponds to the weight of volatile components such as water and carbon dioxide,
was calculated from the difference in weight between the original and ignited samples,

expressed using Equation (1) as

LOI = —W 100
- W, X ’ (1)

where W, (g) is the weight of the original sample, and W; (g) is the weight of the ignited
sample.

Elemental composition and distribution analyses of glendonites in 400 pm x 300 pm
were conducted using an electron probe microanalyzer (EPMA) on polished thin-sections

covered with a 30-nm-thick carbon coating before analyses. Analyses were performed
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using JXA-8200 of JEOL Ltd. housed at the Center for Advanced Marine Core Research,
Kochi University, Japan, under the following conditions: a 15-kV acceleration voltage, a
20-nA current beam, and 1-um beamwidth. The measured elements for point analyses
were Si, Al, Fe, Mn, Mg, Ca, K, P, and S. Analytical standards are well-characterized
natural minerals and synthetic substances provided by JEOL Ltd. (SiO2, Al,O3, Fe 03,
MnO, MgO, CaSiOs, KalSizO0g, KTiOPO4, and BaSO4). The analyzing crystals were
thallium acid phthalate for Si Ka, Al Ka, and Mg Ka, LIFH for Fe Ka, lithium fluoride
for Mn Ka, pentaerythritol for Ca Ka and K Ko, and PETH for P Ka and S Ka. The
measurement errors were estimated to be less than +3%, and the detection limits were
less than 100 ppm. Elemental distribution maps were generated for Fe, Mn, Mg, Ca, P,
and S.

The 2D semiquantitative elemental distribution on the surface of cut and polished
samples of glendonite concretions and glendonite without concretion was obtained using
a scanning X-ray analytical microscope (SXAM, XGT-5200S of HORIBA Ltd.) at
Nagoya University Museum. A high-intensity continuous X-ray beam (Rh anode 50 kV,
I mA), 100 um in diameter, was focused using a guide tube and irradiated the sample’s
surface perpendicularly. XRF from the sample surface was analyzed using a hp-Si
detector of an energy-dispersion spectrometer (Katsuta et al., 2003). Elemental

distribution maps were generated for Si, Ti, AL, Fe, Mn, Ca, K, S, and Sr.

2-7. Isotopic composition

813C and 8'8%0 of ikaite-derived granular calcite (Cal-1) in glendonites in concretions,
bulk glendonites, concretions, and shell fossils were measured on an IsoPrime isotope

ratio mass-spectrometer with an automated MultiPrep carbonate reaction system at the
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Center for Advanced Marine Core Research, Kochi University, Japan. The carbonates in
matrixes were measured on a stable isotope ratio mass-spectrometer (DELTA V Plus,
Thermo Fisher Scientific) equipped with a gas bench, available at Shoko Science Co.,
Ltd. Japan. Cal-1 samples of glendonite in concretions were carefully separated from the
polished samples by scraping them with a steel needle under a microscope. Concretions
and bulk glendonite samples were collected from the cut samples using a microdrill. For
the bulk glendonites, enough samples (~1 g) were collected to avoid glendonite
heterogeneity. For the Asagai Formation, concretions and glendonite partially formed in
bivalves and bivalve shells were analyzed. The §'%0 and §'°C data are expressed in delta
notation relative to the Vienna Pee Dee Belemnite (VPDB) standard, in per mill (Craig,
1957). The measurement errors for $'%0 and §'°C were less than £0.1%o for both

spectrometers.

Chapter 3: Results

3-1. Distributions of glendonites and glendonite concretions in Japan

Figure 4 shows the localities of glendonite observed in Japan, and Table 1
summarizes the distributions, ages, lithofacies, and paleowater depth of glendonite-
bearing strata, including data from field investigations and the literature. Although
previous studies indicate that their distribution is limited to the east of the Itoigawa—
Shizuoka Tectonic Line (Shibuya, 1977), the results showed that at least 36 formations in
Japan contain glendonites, and their distributions extend from Hokkaido to the Aichi Pref.
The ages of the glendonite-bearing strata range from Eocene to Pleistocene. Within these
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strata, massive fine sandstone to mudstone and alternating beds of sandstone and
mudstone are dominant, and in the latter case, most glendonites are contained in mudstone
(Fig. 3). All formations are deposited in marine environments, except the Soun Formation,
which was deposited in an estuary. Based on the fossil fauna and/or sedimentary facies,
most strata are estimated to have been deposited at depths greater than 200 m (For details,
see the citations in Table 1 of Muramiya and Yoshida, 2020).

Within the glendonite-bearing strata, glendonite concretions are recognized in 19
formations. Hokoseki, a glendonite concretion with a glendonite-shaped cavity formed
by the total dissolution of glendonite, has been found in at least two localities in Japan:
the Neogene strata in the Mogami district, Yamagata (Nogoshi, 1966; Takahashi, 1967)

and the Jurassic strata in the Rikuzen district, Miyagi (Nire, 1934).

3-2. Occurrence

Figure 1 shows two glendonite occurrences: glendonite observed in a spherical
calcite concretion and glendonite without surrounding concretion. In most cases, these
two types of glendonites are observed in different stratigraphic horizons in the same
stratum. Morphologically, a glendonite concretion has an isolated spherical to ellipsoidal
shape with a sharp concretion boundary. The boundary between a concretion and
surrounding matrix can easily be distinguished from hardness and color differences.
Glendonites and the surrounding concretions are harder than matrixes. The concretions
are gray to light gray on a fresh surface, whereas the matrix is a darker color.

Laminae observed in the surrounding sedimentary matrix bend around glendonite
concretions and glendonite without concretion, and there is no apparent deformation of

ichnofossils in concretions around glendonites. Most glendonites in the concretions have
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a bipyramidal shape in the central part of a spherical concretion, and a few glendonites
have stellate or X shapes formed in the center of the concretion (Fig. 1). In most cases,
glendonite terminations are thrust out of a concretion surface, whereas some glendonites
are entirely encapsulated in concretions (Fig. 1). Spherical concretions containing fossils
without glendonites are also identified; however, most are found at different stratigraphic
levels than glendonite concretions or glendonites without concretions in the same
formation.

The Asagai Formation yields glendonite concretions formed around an articulated
bivalve (Mya grewingki) fossil (Fig. 5a). Specifically, the bivalve’s ventral side is at the
center of the bipyramidal or stellate-shaped glendonite in the central part of the concretion.
Glendonite is also formed in the bivalve and fills the inner space near the ventral side. An
aggregation of small ichnofossils is observed in the concretions around glendonites.
Glendonites without concretions containing articulated M. grewingki at the central part
are also observed in the Asagai Formation (Fig. 5b). The bivalve’s ventral side is at the
center of the glendonite. Glendonite concretions observed in the Toyohama Formation
are associated with the ghost shrimp fossil (Callianopsis titaensis) in its center (Fig. 6e,
f). Although glendonite concretions in the Poronai and Morai formations do not contain
macroscopic shell fossils, aggregated small ichnofossils (Chondrites) are observed in the
concretion matrixes (Fig. 6a—d). These ichnofossils in glendonite concretions preserve

their circular cross section.

3-3. Petrology

The microscopic structure of glendonites in concretions is similar in all formations

studied. Glendonites in concretions comprise three generations of calcite: (1) granular
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calcite distributed uniformly throughout in glendonite (Cal-1), (2) radiaxial calcite grown
around Cal-1 (Cal-2), and (3) sparry calcite grown in the remaining pores (Cal-3). Cal-1
is brown with a zoned texture and rounded polygonal shape, approximately 100 um to
500 pum in diameter (Fig. 7a, b). The characteristics of Cal-1 are common in glendonites
globally, and Cal-1 is derived from ikaite (Frank et al., 2008; Huggett et al., 2005; Selleck
et al., 2007; Teichert and Luppold, 2013). Cal-1 and Cal-2 occupy more than 90% of the
glendonite volume in the concretions (Fig. 7a, b). However, most glendonites without
concretions comprise Cal-1 without Cal-2. Quartz and/or sparry calcite fill the pores in
glendonites without concretions (Fig. 7c, d). The boundary between a glendonite and a
concretion or matrix is sharp, even microscopically. The difference between the surface
texture of glendonites within and without concretions is that in concretions, the glendonite
surface is smooth, whereas glendonite without concretions has a rough surface texture
microscopically (Fig. 7a, b, e, f).

XRD analyses show that glendonites and the surrounding concretions from all four
formations primarily comprise calcite (Fig. 8), and some glendonites in concretions
contain a minor amount of dolomite or quartz. Glendonites without concretions primarily
comprise calcite with quartz. Concretions around glendonites from all four formations are
mainly composed of calcite with a mirror amount of quartz and feldspar (Fig. 8). However,
no carbonate minerals were detected in the surrounding sedimentary matrixes of all four
formations (Fig. 9). The matrixes of the Poronai, Morai, and Asagai formations primarily
contain quartz and feldspar, and the Toyohama Formation’s matrix comprises
clinoptilolite, quartz, and feldspar. Bivalve shells from the Poronai and Asagai formations

are preserved as aragonite (Fig. 10).
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3-4. Dissolution experiment

Within the residue of the dissolution experiment, some globular and needle-shaped
microfossils are obtained from concretions around glendonites from the Poronai
Formation (Fig. 11). The former could be shells of foraminifera, and the latter spicules of

sponge. Abundant small wood fragments are also obtained.

3-5. Chemical composition and elemental distribution

SXAM elemental mapping of glendonite concretions shows that Ca is concentrated
in glendonites and concretions. Ca in a concretion distributes near homogeneously and
steeply decreases at the concretion’s margin to the surrounding matrix—at a “reaction
front” (Yoshida et al., 2015; 2018; 2020) (Fig. 12). Si shows inverted distribution to Ca
and is contained in glendonite without concretion. Ca is hardly detected in the
surrounding sedimentary matrixes around glendonite concretions and glendonite without
concretion (Fig. 13).

XRF analyses show that Ca was highly concentrated in glendonites in concretions,
glendonites without concretion, and concretions around glendonites ranging from 17.6 to
41.4 wt%, 42.4 to 47.9 wt%, and 42.4 to 47.9 wt%, respectively. Phosphorus (P) was
concentrated from 0.2 to 1.6 wt% in glendonites in concretions and 0.2 to 1.2 wt% in
concretions, several times higher than the concentrations of the surrounding sedimentary
matrixes (Table 2).

Detailed chemical mapping of glendonites in concretions using EPMA revealed that

P was concentrated only within Cal-2 as calcium phosphate (Fig. 14, Table 3).
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3-6. Isotopic composition

Figure 15 and Table 4 summarize the isotopic composition of glendonites and related
samples. The §'°C values of glendonites in concretions and without concretions are
characterized by negative values from —19.4%o0 to —8.6%o0 and —31.8%o0 to —10.0%o,
respectively. Although concretions around glendonites have scattered §'°C values from
—18.0%o to 0.2%o, negative values around —18%o to —8%o are dominant. Fossil-bearing
concretions also have negative §'3C values of =30.7%o to —13.1%o, and Cal-1, which was
carefully separated from glendonites in the concretions from the Poronai Formation, has
negative 8'3C values of —21.8%o to —14.9%o. Carbonate microfossils in matrixes and
bivalve fossils have 8'°C values from —7.0%o to 9.9%o, different from the glendonite and
concretion values.

Although the 8'%0 values of the concretions around glendonites and fossils vary from
—14.3%o to 2.0%o, most are around 0%o. The 5'%0 values of glendonites in concretions and
glendonites without concretions were —4.9%o to 2.2%o0 and —1.4%o to 0.4%., respectively,
and Cal-1 of glendonites in concretions has homogeneous §'%0 values from —2.4%o to

—0.0%o. Carbonate in matrixes and bivalve shell fossils has 8'%0 values of —8.2%o to 2.5%o.

Chapter 4: Discussion

4-1. The formation environment of ikaite and occurrence of glendonites

The glendonites identified in Japan occur in fine-grained sedimentary rocks (Fig. 3,
Table 1), and most are observed in gray to black mudstone, which is presumably rich in
organic matter. This is not only the case in Japan, as most glendonites globally have been
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reported from gray to black muddy rocks (e.g. Selleck et al., 2007; Spielhagen and Tripati,
2009; Teichert and Luppold, 2013; Grasby et al., 2017), and no glendonites were observed
in coarse sandstone and conglomerate. Ikaite crystals found in recent marine sediments
are also in organic-rich, dark-colored muddy sediments (Suess et al., 1982; Stein and
Smith, 1986; Jansen et al., 1987; Lu et al., 2012; Kakuwa et al., 2019). Ikaite crystal
formation requires a supply of bicarbonate and high phosphate concentrations, preventing
the precipitation of calcite and aragonite (Bischoff et al., 1993; Kodina et al., 2003; Zhou
et al., 2015) because phosphate adsorb onto crystal surface of these minerals to decrease
precipitation rates (Burton, 1993). Most ikaite crystals in recent marine sediments have
8'3C values that indicate organic-derived carbonates (Suess et al., 1982; Jansen et al.,
1987; Greinert and Derkachev, 2004) and form in sediments with high phosphate
concentrations in porewater (Kodina et al., 2003; Zhou et al., 2015). In the organic-rich
dark-colored muddy sediments, the decomposition of organic matter in sediments and
soft tissue of dead organisms richly generate bicarbonate and phosphate (Hensen et al.,
2006; Jorgensen, 2006), providing a suitable environment for ikaite precipitation.
However, the porewater of coarse-grained quartz and feldspar-rich sediments should have
lower bicarbonate and phosphate concentrations than that of muddy sediments because
of poor organic matter. Therefore, glendonites occur in organic-rich dark muddy
sedimentary rocks, generating a suitable environment for ikaite precipitation.

Most glendonite-baring strata in Japan were deposited in a deep-sea environment
(Table 1), probably because of the low temperatures at the bottom of the deep sea.
However, the occurrence of glendonite from shallow marine deposits, such as the Yuchi
(Pleistocene: Sagayama, 2003), Omagari (late Eocene: Editorial Committee of Hokkaido,

Part 1 of Regional geology of Japan, 1990), and Momijiyama (early Oligocene: Kaiho,
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1984) formations and the estuarine Soun Formation (late Eocene to early Oligocene:
Editorial Committee of Hokkaido, Part 1 of Regional geology of Japan, 1990), shows that
low-temperature water existed in the shallow marine and estuary during the deposition of
these formations.

Glendonite concretions are found in 19 of 36 formations in Japan that contain
glendonites (Table 1), and glendonite concretions are observed in seven of eight
prefectures where glendonites are found. There is also no bias in the temporal distribution
of glendonite concretions within glendonite distributions. Therefore, the formation of
glendonite concretion is not a peculiar case to a particular region or geologic age within

which glendonites form (Muramiya and Yoshida, 2020).

4-2. The carbon source of glendonite concretion

In the Asagai Formation, glendonite concretions contain articulated bivalve fossils
(Mya grewingki), of which the ventral sides are in the centers of bipyramidal or stellate-
shaped glendonites (Fig. 5a). The glendonites without concretions also contain articulated
M. grewingki, with the ventral sides in the centers of the glendonites (Fig. 5b). These
occurrences indicate that ikaite crystals and their surrounding concretions grew from the
bivalve’s ventral side. Finding multiple M. grewingki in the centers of the glendonite
concretions and glendonites accidentally is highly unlikely because of the low frequency
of M. grewingki in the Asagai Formation.

The occurrence shows that the following formation processes occurred (Muramiya
et al., 2022). When the bivalves died and became buried in the sediments, the soft tissue
inside the shells remained because their shells were articulated and closed. Glendonites

fill most of the space inside the bivalves, showing that sediments hardly intrude the
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bivalves and that soft tissue inside the bivalves remains when they are buried. These
occurrences indicate that ikaite crystals and the surrounding concretions formed using
organic-derived carbon, which seeped from the gap of ventral sides between the bivalve
shells. The estimated pH in the shallow part of the marine sediments (pH 7—8, Shao et al.,
2016) indicates that most carbons from dead organisms diffused around as bicarbonate
(Drever, 1997). In addition to the glendonites with and without concretions in the Asagai
Formation, most glendonite concretions observed in the other sedimentary formations in
this study show evidence of organisms, such as ghost shrimp fossil (C. titaensis) obtained
from the Toyohama Formation (Fig. 6e, f) and ichnofossil Chondrites obtained from the
Poronai and Morai formations (Fig. 6a—d), formed via vermiform organisms such as
Polychaeta (Hertweck et al., 2007; Baucon et al., 2020). These occurrences show that
dead organisms supplied bicarbonate to form glendonite concretions and glendonite
without concretions.

Most samples of bulk glendonites in concretions, ikaite-derived calcite (Cal-1),
surrounding concretions, and bulk glendonites without concretions have negative §'°C
values from —20%o to —10%o (Fig. 15, Table 4). Recently, Rogov et al. (2021) showed that
most Phanerozoic glendonites and their surrounding concretions globally have the same
8'3C value ranges as shown here. Ikaite-derived calcite inherits §'°C values from ikaite
crystals even after its transformation, confirmed by isotopic analyses of ikaite crystals
found in marine sediments (Suess et al., 1982). This preservation potential of ikaite §'°C
and the negative §'°C values of glendonite concretions and glendonites without
concretion indicate that carbon in ikaite crystals and their surrounding concretions are
organic in origin because 5'°C values of soft bodies of marine organisms range around

—20%0 to —15%0 (Nakashima et al., 2007; Kodama et al., 2011; Ito et al., 2015) (Fig. 15,
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Table 4).

Although one highly negative value of glendonite without concretions (—31.8%o)
indicates a minor contribution of methane, which has highly negative §'*C values of
approximately —60%o (Whiticar, 1999), most carbons could have been supplied from the
dead organisms in the glendonite concretions and glendonites without concretions. Some
fossil-bearing concretions from the Poronai and Toyohama formations also have highly
negative §'°C values of approximately —30%o (Table 4); however, most values of fossil-
bearing concretions indicate that the carbon source is from dead organisms.

Glendonites in concretions and the surrounding concretions contain 0.2 wt% to 1.6
wt% P20s, 2—16 times higher than the concentration in the surrounding matrixes (Table
2). It supports our interpretation that dead organisms supplied carbon to form ikaite and
concretions because P is a primary biophilic element liberated from organisms as
phosphate during decomposition (Krom and Berner, 1981). Living individuals of
Bivalvia; Decapoda, which includes ghost shrimp; and Polychaeta, which is probably a
host organism of the ichnofossil Chondrites, contain 0.3—1.4 wt% phosphorus in their
dried bodies (Brey et al., 2010). The phosphorus concentration in organisms is much
higher than in the surrounding matrixes of the glendonite concretions (approximately 0.05
wt%: calculated from XRF data shown in Table 2) and in seawater [1.6 x 107 wt%:
calculated from the data shown in Nozaki (2001)]. Yoshida et al. (2015, 2018) showed
the P concentrations in spherical concretions formed around tusk shells and crustaceans,
indicating that dead organisms supplied bicarbonate for ikaite and concretions.

The carbon amount to form ikaite crystal and surrounding concretion has been
estimated to assess the contribution of other carbon sources than dead organisms to the

formation of glendonite concretion. When it is assumed that all CaO in the sample is
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derived from calcite, the carbon content in the sample can be calculated using Equation

(2)

3
Csample = 1400 XCa0 pV (2)

9

where Csample 1s the carbon content (g), xcao is the CaO content (wt%), p is the specific
gravity (g cm™), and V is the volume (cm?) of the sample.

When we apply the values listed in Table 5 to the equation above, the carbon content
in the glendonite concretion from the Asagai Formation (Fig. 5a) is approximately 37.5
g. The volume of the glendonite concretion was obtained from the concretion’s 3D
morphological data. The calculation assumes that the glendonite occupies half of the
concretion’s volume, and Cal-1—granular calcite derived from ikaite—occupies 31.4%
of the glendonite (Shearman and Smith, 1985), and they comprise pure calcite.
Glendonite concretions from the Asagai Formation do not contain carbonates other than
calcite (Fig. 8). CaO is also contained in the sediments in the concretion; therefore, this
estimation is the maximum amount.

The bivalve carbon content in the glendonite concretion can be estimated as 2.0 g,
assuming that the bivalve volume is 30 cm?, the bivalve contains 6.2 wt% carbon in their
wet soft tissue (Brey et al., 2010), and the specific gravity is 1.1 g cm™> [using human
body density (Durnin and Womersley, 1974)].

The carbon content of the glendonite concretion, which exceeds the expected amount
in dead organisms, indicates that organic matter in sediments and organic carbon

remaining as ichnofossils could have supplied bicarbonate to form glendonite concretions.
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However, organic matter in sediments, i.e., external carbon sources, alone cannot explain
the spherical shape of concretions because outward diffusion of bicarbonate from the
center of the concretions is required to form spherical concretions (Yoshida et al., 2015,
2018, 2020). The explanation that concretions grew by nucleating on ikaite crystals is
ruled out because the glendonite terminations are thrust out of the concretion surfaces
(Fig. 1). If concretions grew by nucleating ikaite crystals, the concretion should
completely encase the glendonites. Also, if the carbon sources for ikaite crystals and the
surrounding concretions were different, i.e., organic matter in sediments supplied
bicarbonate to form ikaite crystals and dead organisms provided for the surrounding
concretions, concretions would be very unlikely to form specifically around the ikaite
crystals. The dissolved inorganic carbon in seawater might also have contributed to
forming glendonite concretions; however, the negative 8'°C values of the glendonite
concretions indicate that the amount was small (Fig. 15, Table 4) because carbonates
derived from inorganic carbon in seawater have §'°C values of approximately 0%o
(Nelson and Smith, 1996). Therefore, glendonite concretions formed using bicarbonate
supplied from dead organisms with the aid of organic matter in the surrounding sediments.
Glendonite concretions formed in fossil-poor strata can be explained by the contribution
of soft-bodied organisms, which are rarely preserved as fossils. This interpretation is
supported by the fact that most glendonite concretions are found in bioturbated mudstone,
indicating the abundant existence of benthic organisms.

The occurrence, §'°C values, and P concentrations of glendonite concretions and
glendonites without concretions show that both ikaite and the surrounding concretions
formed from bicarbonate, generated by the decomposition of dead organisms’ soft tissue

and organic matter in sediments. Microorganisms perform organic decomposition in

25



sediments through several reaction pathways (Froelich et al., 1979). The blue-gray of the
fresh part of the host mudstone and concretions indicate the reduced sediment
environments. Sulfate reduction is a primary organic decomposition process in a reduced
environment; however, it decreases porewater pH due to H" generation and is inefficient
for carbonate precipitation unless sulfide is precipitated (Soetaert et al., 2007; Meister,
2013). Also, the small amount of pyrite in the concretions indicates that the organic
decomposition by sulfate reduction was not the primary process during glendonite
concretion formation. Anoxic oxidation of methane (AOM) induces carbonate
precipitation (Peckmann and Thiel, 2004); however, its characteristic highly reduces the
813C values [e.g., —56%o to —35%o (Stakes et al., 1999)] and are not recognized in the
glendonite concretions of this study. Manganese and iron reduction increases pH by
consuming H' (Soetaert et al., 2007), and the reactions are intensified in highly
bioturbated sediments (Burdige, 1993; Canfield et al., 1993; Quintana et al., 2015).
Although lacking a direct index, considering the highly bioturbated facies of the
glendonite concretion-bearing strata, these organic decomposition pathways played a
significant role in forming the glendonite concretions. During the decomposition,
bicarbonate from decaying organisms reacted with Ca ions in the porewater, forming an

ikaite crystal and a concretion around an ikaite crystal.

4-3. The growth rate and formation environment of glendonite concretion

Ca distribution in and around the glendonite concretion (Fig. 12) shows sharp margin
characterized as the “reaction front”, typically observed in rapidly formed calcite
concretions (Yoshida et al., 2015, 2018, 2019, 2020). The near homogeneous Ca
distribution and concentration decreasing at the concretion margin result from reactions
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with bicarbonate diffusing out from the concretion’s central part, with Ca ions in the
porewater of surrounding sediments (Yoshida et al., 2015, 2018, 2020).

When we adopt this growth model, the concretion growth rate formed by this
outward diffusion process can be estimated from the reaction-front width and the
“diffusion-growth rate cross plot” (Yoshida et al., 2015, 2018, 2020). Several measured
concretions around glendonite with a 3—10 cm diameter have 2—8-mm reaction-front
widths (Fig. 12). The width applied in the diffusion-growth rate cross plot indicates that
the concretion around glendonite was formed over several months to years. Bending
laminae in the matrixes around glendonite concretions (Fig. 1h) and undeformed
ichnofossils in concretions also show that the concretion formation was completed early
in the deposition before the sediment compaction. This is also consistent with the
estimated formation depth of modern ikaite crystals, i.e. <10 m (Lu et al., 2012; Kakuwa
et al., 2019; Hiruta and Matsumoto, 2022).

The §'%0 values of concretions around glendonites indicate that concretions formed
in a shallow part of the sediments, and the average 5'%0 value is approximately 0%o (Fig.
15), except for concretions from the Asagai Formation, which likely underwent meteoric
alteration on the outcrop. Most §'*0 values of concretions are similar to those of bivalve
shells (Fig. 15 and Table 4). In most cases, such biogenic carbonates precipitated in
isotopic equilibrium with seawater (Bickert, 2006), indicating that concretions around
ikaite crystals formed from porewater with 'O values similar to seawater, which could
exist in sediments near the seafloor.

Bulk glendonites in concretions comprise three phases of carbonates, but Cal-1 and
Cal-2 occupy more than 90% of the volume (Fig. 7). The similarities in the §'%0 values

of Cal-1, bulk glendonites in concretions from the Morai and Toyohama formations, and
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shell fossils (Fig. 15) indicate that the ikaite transformation and Cal-2 cementation also
occurred near the sediment surfaces.

Ikaite is formed in various environments, such as organic-rich marine sediments and
submarine or terrestrial springs (e.g., Pauly, 1963; Suess et al., 1982; Ito, 1996). The
factors controlling ikaite formation must consider each environment’s physicochemical
characteristics. It has been experimentally shown that high phosphate concentrations
promote ikaite precipitation at pH 9.0 (Hu et al., 2015), stabilize ikaite, and increase the
time to the conversion of ikaite to vaterite and calcite (Bischoff et al., 1993). This could
be because phosphate inhibits the precipitation of more stable phases of calcium
carbonate, such as calcite and aragonite (Bischoff et al., 1993). Several studies have
reported high phosphate concentrations greater than 100 uM (its concentration in normal
seawater is approximately 2 uM; Nozaki, 2001) in the porewater of marine sediments at
several localities where ikaite crystals are formed (Kodina et al., 2003; Zhou et al., 2015).

Mg?" concentrations as high as those in seawater also favor ikaite precipitation
around pH 10 or higher, typical of alkaline spring environments (Stockmann et al., 2018;
Tollefsen et al., 2018). Kakuwa et al. (2019) showed that Mg?* concentrations in the
porewater of marine sediments are similar in marine sediments with and without ikaite
crystals, indicating that Mg®" concentrations alone are not a controlling factor in ikaite
formation in marine sediments. Fe** and Mn?" also inhibit calcite growth (Meyer, 1984),
and their concentrations in the porewater increase during organic decomposition,
accompanied by reductions in Fe and Mn oxides (Jorgensen and Kasten, 2006). If Mg?*,
Fe?*, and/or Mn?" in the porewater are the only factors controlling ikaite crystal formation
in marine sediments, it is difficult to explain the limited findings of ikaite crystals in

marine sediments.

28



XRF analyses of the glendonites and the surrounding concretions show high P
concentrations of approximately 1 wt%, 2—16 times higher than that of the matrixes
(Table 2). Conversely, the Mg, Fe, and Mn concentrations in the glendonites and
concretions are at the same level as those in the matrixes (Table 2) and average shales
globally (Gromet et al., 1984). Although the Mg**, Fe**, and Mn?" contributions could
not be completely ruled out, the high P concentrations in glendonite concretions imply
that the high phosphate environment generated by the decomposition of dead organisms
plays a vital role during glendonite concretion formation.

EPMA analyses show the selective P distribution in glendonite concretions (Fig. 14).
P concentrates in the concretions around glendonites and Cal-2 as calcium phosphate
inclusions (Table 3); however, almost no P is detected in Cal-1 (ikaite-derived calcite).
This selective P distribution is also shown in glendonites from Sakhalin Island and the
Barents Shelf of Russia (Mikhailova et al., 2021; Vasileva et al., 2021). Considering that
high phosphate concentrations favor the ikaite formation, this P distribution indicates that
phosphate generated from decomposing dead organisms was dissolved during ikaite
formation to favor ikaite precipitation. After ikaite formation, it precipitated as calcium
phosphate inclusions to be incorporated into Cal-2 and concretions. Because ikaite
incorporates no phosphate during precipitation (Hu and Wang, 2020), the absence of P in
Cal-1 is not contradicted a high phosphate environment during ikaite formation. When
the phosphate concentration in the porewater falls below the ikaite stabilization threshold
due to calcium phosphate precipitation, fine calcite crystals begin to precipitate by
consuming the remaining bicarbonate around an ikaite crystal, forming spherical calcite
concretions (Muramiya et al., 2022).

Phosphate adsorption/desorption on/from ferric iron minerals and the formation of
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authigenic phosphate minerals change the phosphate concentrations in porewater. The
phosphate concentration occurring as calcium phosphate inclusions in glendonite
concretions (Fig. 14, Table 3) indicates that the precipitation of authigenic phosphate
minerals changes the phosphate concentration during glendonite concretion formation.
Because pH significantly affects phosphate solubility (Macha et al., 2015), the phosphate
concentration could be controlled by porewater pH, determined by the balance between
the organic acid generation during organic decomposition and the buffering effect of
seawater. Assuming that the porewater pH trend of ancient marine sediments is the same
as that of modern marine sediments (7-8) (Shao et al., 2016), glendonite concretions were
presumably formed under these pH conditions. Kodina et al. (2003) supported this
assumption, reporting that the porewater pH of marine sediments containing ikaite

crystals was 7-8.

4-4. The formation process of glendonite concretion

Previously, concretions enclosing glendonites were thought to have formed after
ikaite transformation to calcite (Qu et al., 2017; Vickers et al., 2020; Vasileva et al., 2021).
However, observations of the glendonite surface structures in this study show that
concretion had been formed before the ikaite transformation. When ikaite crystals
transform into aggregations of granular calcite, the aggregation surface becomes rough
(Jansen et al., 1987; Tollefsen et al., 2020). The rough surfaces of glendonites without
concretions (Fig. 7e, f) show that the transformation of ikaite crystals in unconsolidated
sediments caused the surrounding sediments to intrude into the pores distributed on the
granular calcite aggregation. In contrast, the smooth surfaces of glendonites in

concretions (Fig. 7a, b) show that concretions formed to consolidate around ikaite crystals
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before the transformation, preventing the physical disturbance of the surrounding
sediments. The bend laminae around the concretions also indicate the formation of
concretions in unconsolidated sediments (Fig. 1h).

Figure 16 summarizes the sequential process from ikaite crystallization to concretion
formation and the related geochemical changes due to decomposing dead organisms. This
formation scenario for glendonite concretions can account for variations in the relative
glendonite sizes to the surrounding concretions (Fig. 1). The timing of changes in
phosphate concentrations in porewater determines the carbon proportion in the dead
organisms used to form ikaite. For example, when the phosphate concentration was
maintained at a high level until the late phase of decomposition, most carbon in the dead
organisms will have been used for ikaite crystal growth; therefore, glendonite would be
moderately large to concretion (Fig. 1g). If the phosphate concentration was maintained
high throughout the decomposition process, all carbon would have been consumed to
form ikaite crystals (the case of glendonites without concretions: Fig. 1j—I). In contrast,
when the phosphate concentration decreased in an early phase of decomposition, only a
tiny amount of carbon will have been used for ikaite crystal growth, and glendonite would
be small to concretion (Fig. 1i). If the phosphate concentration in porewater was
maintained at a low level throughout the decomposition process, all the carbon in the dead
organisms would have been consumed to precipitate calcite that forms concretions. Also,
if the temperature was too high for ikaite to stabilize, all the carbon in the dead organisms
would have been consumed to form concretions. This formation process shows that
glendonite concretions indicate changes in the phosphate concentration, presumably

controlled by porewater pH during early diagenesis (Fig. 16) (Muramiya et al., 2022).
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4-5. Implications of glendonite concretion for understanding early diagenesis

Early diagenesis is crucial for recording much information on the paleoenvironment
in sedimentary rocks as chemical and isotopic compositions of authigenic minerals. The
early diagenesis process has been studied for many years, and details are becoming clearer,
especially from studies on carbonate concretions (e.g., Irwin et al., 1977; Matsumoto and
Iijima, 1981; Carpenter et al., 1988; Coleman, 1993; Nelson and Smith, 1996; Hudson et
al., 2001; Hendry et al., 2006; Alessandretti et al., 2015).

Although porewater pH is a significant parameter that controls the solubility and
speciation of various substances (Chuan et al., 1996; Grasby and Schulz, 1999; Liu and
Millero, 2002; Macha et al., 2015), affecting the elemental cycle and mineral formation
in early diagenesis, it has been difficult to determine. This study revealed the detailed
formation process of glendonite concretions and showed for the first time that the relative
size of glendonites to surrounding concretions indicates porewater pH changes during
early diagenesis. Therefore, glendonite concretions can provide us with essential
information for understanding the geochemical process of early diagenesis.

The formation conditions of glendonites have been investigated from glendonites in
sedimentary rocks and natural or synthetic crystals of ikaite (e.g., Suess et al., 1982;
Teichert and Luppold, 2013; Zhou et al., 2015; Vickers et al., 2018; Tollefsen et al., 2020).
This study’s results show the importance of porewater pH on glendonite concretion
formation; however, the effects of other factors, such as Mg?" concentrations, are still
under consideration. A detailed understanding of their formation conditions will further

clarify the usefulness of glendonites and glendonite concretions as geochemical indicators.
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Chapter 5. Conclusions

A literature survey, geological investigation and observations, and geochemical
analyses revealed the formation process and environments of glendonite concretions. For
the geological investigation, four sedimentary strata in Japan were chosen: middle to late
Eocene Poronai Formation, Mikasa, Hokkaido; late Miocene Morai Formation, Ishikari,
Hokkaido; early Oligocene Asagai Formation, Iwaki, Fukushima; and early Miocene
Toyohama Formation, Minamichita, Aichi.

The compiled information on glendonites in Japan shows that at least 36 formations
yield glendonites. Most formations comprised gray to black muddy rocks and were
deposited on the seafloor at depths of several hundred meters, indicating that ikaite
crystals tend to form in organic-rich marine sediments under low temperatures.
Glendonite concretions were recognized in 19 formations within all glendonite identified
formations, and their temporal and spatial distributions are similar within their
distribution. Therefore, glendonite concretion formation is not a peculiar case to a specific
region or geologic age.

Glendonite concretions from the Asagai Formation contain articulated bivalves at
the center, and those from the other formations contain fossils such as crustaceans and
ichnofossils. Glendonites and the surrounding concretions have negative §'*C values and
high phosphate concentrations. The occurrence and geochemistry of glendonite
concretions show that they were formed from organic carbon in dead organisms and
organic matter in sediments. The phosphate distribution in glendonite in concretions
indicates that changes in phosphate concentrations, controlled by porewater pH,

determined the timing of the growth termination of ikaite crystals and the start of the
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formation of surrounding concretion. Bending laminae around concretions, undeformed
ichnofossils, Ca distributions, and 8'%0 values show that concretion formation was
completed in a shallow part of sediments within months to years. This formation process
could be applied to determine the change in porewater pH during early diagenesis.
Porewater pH is a significant parameter controlling the mineral formation in early
diagenesis; therefore, this study provides essential information for understanding early

diagenesis.
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Figure 1. Various occurrences of glendonites and glendonite concretions. (a, b)
Glendonite concretions with surrounding mudstone. Bipyramidal-shaped glendonites are
contained in the center of concretions. The glendonite terminations thrust out a surface of
concretions. (c) Glendonite concretion contains stellate-shaped glendonite in the center.
The glendonite terminations thrust out a surface of concretions. (d) Vertical section of
glendonite concretion. The concretion entirely envelops the glendonite. (e) Vertical
section of glendonite concretion. The glendonite terminations thrust out a surface of
concretions. (f) Glendonite concretion contains X-shaped glendonite. (g—i) Cross-
sections of glendonite concretions. The relative size of the glendonites to the surrounding
concretions varies from specimen to specimen. Laminae of the surrounding matrix bend
around the concretion (h). (j) Bipyramidal-shaped glendonite without concretion. (k, 1)
Stellate-shaped glendonites without concretions. Specimen (h) is from the Toyohama
Formation. Specimen (c), (k), and (1) are from the Asagai Formation. The other specimens

are from the Poronai Formation. (After Muramiya and Yoshida (submitted)).
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Figure 2. The exact localities of the studied glendonites. Red stars indicate the outcrop
yielding glendonites. (a) Mikasa area where the Poronai Formation is distributed. (b)
Ishikari area where the Morai Formation is distributed. (c) Iwaki area where the Asagai
Formation is distributed. (d) Minamichita area where the Toyohama Formation is

distributed. (After Muramiya et al., 2022)
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Figure 3. The glendonite-bearing strata and occurrences of glendonites. (a, b) The Poronai
Formation crops out along the Ikushumbetsu River in Mikasa. Glendonites without
concretions are contained in bioturbated dark-gray mudstone. (c, d) The Morai Formation
crops out along the coast of the Japan Sea. Glendonite concretions contained weakly
bedded light-gray mudstone. (e, f) The Asagai Formation crops out at the timber yard at
Iwaki. Glendonite concretions are contained in bioturbated gray siltstone. (g, h) The
Toyohama Formation crops out along the coast of Ise Bay. Glendonite concretions are

contained in bioturbated dark-gray mudstone. (After Muramiya et al., 2022)
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Figure 4. The localities of glendonites and Hokoseki in Japan. Numbers 1 to 35 (filled
circles) indicate the localities of glendonites, and 36 and 37 (open circles) indicate the
localities of Hokoseki. Table 1 shows the detail of each locality (After Muramiya and

Yoshida (submitted)).
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Figure 5. Glendonite (a) with and (b) without concretion formed around the ventral side
of the articulated bivalve (Mya grewingki). Specimens are obtained from the Asagai

Formation. (Modified from Muramiya and Yoshida (submitted))
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'Crustacean fossil

Glendonite

Figure 6. (a—d) Glendonite concretions containing an aggregation of small ichnofossils,
and (e, f) glendonite concretion containing crustacean fossils. (f) The red shaded areas
indicate crustacean fossils. Specimens (a) and (d) are obtained from the Morai Formation,

and specimen (e) is from the Toyohama Formation.
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Figure 7. Thin-section microphotographs of glendonites from the Poronai Formations. (a,

b) Photomicrographs of glendonite concretion. Glendonite in concretion comprises three
types of calcites: elliptical or polygonal-shaped granular calcite derived from ikaite (Cal-
1), radiaxial calcite formed around cal-1 (Cal-2), and sparitic calcite filling remaining
pores (Cal-3). The surface of glendonite is smooth. (c—f) Photomicrographs of glendonite
without concretion, comprising granular calcite (Cal-1) and pore-filling quartz (Qtz). The
surface of glendonite is rough.
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Figure 8. Mineral compositions of glendonites and surrounding concretions determined
using XRD analyses. Concretions around glendonites comprise calcite (cal) and minor
amounts of quartz (qtz) and plagioclase (pl). Glendonites in concretions comprise calcite
and a minor amount of dolomite (dol). Glendonite without concretion is composed of

calcite and quartz.
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Figure 9. Mineral compositions of surrounding matrixes determined using XRD analyses.
Matrixes of the Poronai, Morai, and Asagai formations comprise quarts (qtz) and
plagioclase (pl). The matrix of the Toyohama Formation contains clinoptilolite (cpt),

quartz, and plagioclase.
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Figure 10. Mineral compositions of bivalve shells from the Poronai and Asagai

formations determined using XRD analyses. Bivalve shells comprise aragonite (arg).
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Figure 11. Small shelly fossils extracted from concretions around glendonites of the

Poronai Formations. (a—c) Needle-shaped fossils—sclerites of sponges. (d) Disk-shaped

fossils—shells of foraminifera.
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(a) Glendonite concretion with matrix (Poronai Fm.)
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Figure 12. Elemental distributions in and around glendonite concretions. (a) Glendonite
concretion with surrounding mudstone from the Poronai Formation. (b) Glendonite

concretion containing bivalve from the Asagai Formation. Ca distributes homogeneously
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in concretion and decreases steeply at a concretion margin (reaction front). Ca is hardly
detected in surrounding mudstone. Si shows an inverse distribution to Ca. (After

Muramiya et al., 2022)
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Figure 13. Elemental distributions in and around glendonite. Ca and Si are concentrated
in glendonite, and Ca is hardly detected in surrounding mudstone. The sample for analysis

was obtained from the Poronai Formation.
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Phosphorus distribution in glendonite
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Figure 14. Phosphorus distribution in glendonite. (a) Backscattered electron image. (b)
Phosphorus distribution. Phosphorus concentrates in Cal-2. (After Muramiya and Yoshida

(submitted))
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Figure 15. Stable oxygen and carbon isotopic compositions (8'*0 and §'°C). Data is

shown in Table 4.
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Figure 16. The schematic formation process of glendonite concretion and related

geochemical conditions. In a phosphate-rich environment, ikaite crystals form using

bicarbonate derived from organic decomposition. When phosphate concentrations fall

below the ikaite stability threshold, the growth of

ikaite crystals ceases, and calcite

concretions begin to form. The concretion growth continues until all carbon is consumed.

The phosphorus concentration is presumably controlled by porewater pH, determined by

the balance between organic acid generation by organic decomposition and buffering by

seawater. (Modified from Muramiya et al., 2022)

71



pH

Formation process of glendonite
and related geochemical conditions

PO, HCO,"
generation

A

Organ <

Organic acid — HCO,"

high

PO,

P
-

-—-— -

lkaite stable condition

Calcite stable condition

low

Decomposition of dead organism

Ikaite formation

caco,6H,0 — caco, +6H.0 | || | I E NI

100 yr

il
l I l Ca” +CO,” + 6H,0 — CaCO,*6H,0
Ikaite transformation

104-108 yr?

11 compacton J ]

Decomposition

Ikaite formation

— ¥ —_— N
OO
ol =

HCO HCO," \ Phosphate-rich environment 3

3 PO"' 3 \\‘~——\

———————

co— ._a'l

>

Figure 17. The schematic formation process of glendonite and related geochemical

conditions. In a phosphate-rich environment, ikaite crystals form using bicarbonate

derived from organic decomposition. When phosphate concentration is kept higher than

the threshold of ikaite stabilization throughout the decomposition, all bicarbonate derived

from a dead organism is used for ikaite crystal growth.
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stabilization and/or temperature is too high for ikaite precipitation, all bicarbonate derived

from a dead organism is used for calcite concretion formation.
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in Muramiya and Yoshida (2020). (Modified from Muramiya and Yoshida, 2020)

Table 1. The distributions, ages, facies, and paleobathymetric depths of glendonite-bearing formations in Japan. The references are shown

Glendonite Glendonite
Name of formations  Distributions Depositional age Facies Paleobathymetric depth without concretion
concretion
1 Yuchi Fm. Northern Pliocene Unbedded sandy siltstone. Sublittoral ([ J [ J
Hokkaido
2 Sankebetsu Fm. Northern Late Eocene Silty fine sandstone. Outer shelf, inner to outer [ ]
Hokkaido Abundant fossils of marine mollusks and concretions containing shell fossils sublittral
or glendonites.
3 Tappu Fm. Northern Late Eocene Massive dark-gray mudstone. Upper bathyal [ J
Hokkaido Concretions containing shell fossils, crustacean fossils, or glendonites.
4 Mashike Fm. Central Late Miocene Dark-gray to gray mudstone. [ J
Hokkaido
5 Toppu Fm. Central Late Miocene Soft and gray mudstone. Sublittoral to bathyal o
Hokkaido Concretions containing glendonites.
6 Morai Fm. Central Late Miocene Bedded silicic mudstone. 200-300 m [ J
Hokkaido
7 Ichinosawa Fm. Central Miocene Dark-gray mudstone with intercalations of thin tuffaceous sandstone. [ J
(Misumai Shale Mem.) Hokkaido Concretions.
8 Poronai Fm. Central Late Eocene Massive dark-gray mudstone. Lower sublittoral to upper o [ J
Hokkaido Concretions containing shell fossils, crustacean fossils, or glendonites. bathyal
9 Momijiyama Chukan  Central Eearly Oligocene Dark-gray mudstone. Outer sublittoral to littoral [ J
Fm. Hokkaido Concretions containing shell fossils or glendonites.
10 Omagari Fm. Eastern Late Eocene Blue-gray fine sandstone. Sublittoral
Hokkaido Fossils of shell and brittle star.
11 Charo Fm. Eastern Eearly Oligocene Dark-gray to black mudstone.Concretions containing shell fossils or Upper bathyal [
Hokkaido glendonites.
12 Shitakara Fm. Eastern Late Eocene Light yellowish gray sandy mudstone to muddy fine sandstone. Sublittoral ([ J [ J
Hokkaido Abundant fossils of marine organisms.
13 Soun Fm. Eastern Late Eocene to early Light-gray to dark-gray mudstone. Estuarine ([ J [ J
Hokkaido Oligocene*
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Table 1. (continued)

Glendonite Glendonite
Name of formations  Distributions Depositional age Facies Paleobathymetric depth without concretion
concretion

14 Wakimoto Fm. northern Middle Pleistocene Sandy mudstone, muddy sandostone, and sandostone. Several hundreds meters (]
Akita Concretions cantaining glendonites

15 Shirasaka Fm. Southern Early Oligocene Massive blue-gray mudstone. Upper shoreface to inner shelf [ J ([ J
Fukushima

16 Asagai Fm. Southern Early Oligocene Gray to greenish-gray sandstone. Outer shelf to upper slope shelf [ J ([ J
Fukushima Glendonites are contained in muddy part.

17 Teradomari Fm. Central Middle to late Miocene  Alternating beds of greenish-gray mudstone and grayish-white sandstone. Bathyal to abyssal [ J
Niigata Glendonites are contained in muddy part.

18 Araya Fm. Central Late Miocene Massove dark-gray to blackish-gray mudstone. ([ J
Niigata Concretions.

19 Ogaya Fm. Central Middle to late Miocene  Weakly bedded bluish-graymudstone with intercalations of thin tuff. 10002000 m
Niigata

20 Tamugigawa Fm. Central Pliocene Alternating beds of sandstone and mudstone with thick sandstone, sandy 150-250 m
Niigata siltsone, and mudstone.

21 Shobu Fm. Central Pliocene Massive dark-gray mudstone. 150-250 m
Niigata

22 Noya Fm. Southern Late Miocene Alternating beds of sandstone and mudstone, massive dark-gray mudstone. ~ 1000-2000 m

(Yokohata Mem.) Niigata Glendonites are contained in mudstone or shale.

23 Nambayama Fm. Southern Middle to late Miocene  Alternating beds of sandstone and mudstone. 2000 m [ J
Niigata Glendonites are contained in mudstone.

24 Hiuchiyama Fm. Southern Middle to late Miocene  Bedded hard black shale.
Niigata

25 Nechi Fm. Southern Late Miocene to early Bioturbated massive gray sandy mudstone and muddy sandstone. Lower sublittoral to upper
Niigata Pliocene Concretions. bathyal

26 Tanogashira Fm. Northern Early Pliocene Almost massive mudstone and sandy mudstone with intercalation of [ J
Nagano alternating beds of sandstone and mudstone.
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Table 1. (continued)

Glendonite

Name of formations  Distributions Depositional age Facies Paleobathymetric depth without Soir;?gt?gs
concretion
27 Kinasa Fm. Northen Late Miocene to Pliocene Massive dark-gray to black mudstone with intercalation of sandstone,
(Rihei Conglomerate- Nagano conglomerate, and tuff.
Mudstone Mem.)
28 Asagawa Mudstone  Northen Middle Miocene Light-gray to dark-gray mudstone. [ J
Fm. Nagano
29 Machi Sandy Northen Late Miocene to Pliocene Dark-black to dark-gray mudstone with intercalation of alternation beds of
Mudstone Fm. Nagano sandostone and mudstone.
Glendonites are contained in muddy part.
30 Ronchi Mudstone Fm. Northen Miocene Gray to dark-gray fine to midium sandstone.
Nagano
32 Bessho Fm. Central Middle Miocene Blackish-gray mudstone. Littoral to upper bathyal [ ]
Nagano
31 Iseyama Fm. Central Middle Miocene Bedded black shale.
Nagano
33 Kosho Alternatiom Western Middle Miocene Alternation beds of massive blackish-gray mudstone and calcareous fine >200 m [ J ([ J
Mem. Tokyo sandstone.
Glendonites are contained in both facies.
34 Towata Fm. Western Early Miocene Massive dark-gray siltstone. [ J [ ]
Shizuoka
35 Toyohama Fm. Southern Early Miocene Alternation beds of dark-gray mudstone and gray tuff. Batyal ([ J
Aichi Glendonites are contained in mudstone.

Concretions containing crustacean fossils and glendonites.

76



Table 2. Quantitative elemental composition data determined using XRF analyses.

Phosphorus concentrates in glendonites in concretions and the surrounding concretions

compared with matrixes. (After Muramiya et al., 2022)

Formation ~ Sample name Sample type Si0, TiO, Al,0;3 Fe,03 MnO MgO CaO Na,0 KO P,0s LOI Total
Poronai Pb01 Concretion around glendonite 135 02 32 18 01 13 414 04 04 16 343 982
Poronai Pc01 Concretion around glendonite 50 02 37 19 01 19 398 05 05 08 339 982
Poronai Pc04 Concretion around glendonite 298 01 27 15 00 15 288 02 02 06 349 1004
Poronai Pc06 Concretion around glendonite 136 02 33 17 01 23 413 04 03 09 353 9.1
Poronai Pc12 Concretion around glendonite 235 01 24 14 00 19 327 03 02 07 361 995
Poronai Pc17 Concretion around glendonite 265 02 34 18 00 18 314 04 04 07 333 997
Poronai Pb01 Glendonite in concretion (bulk) 23 00 06 08 00 17 514 01 00 12 431 1013
Poronai Pc01 Glendonite in concretion (bulk) 22 00 01 08 00 16 515 01 00 10 431 1005
Poronai Pc04 Glendonite in concretion (bulk) 14 00 03 09 00 19 532 01 00 11 428 1017
Poronai Pc06 Glendonite in concretion (bulk) 11 01 03 11 00 16 540 01 00 10 429 1021
Poronai Pc12 Glendonite in concretion (bulk) 17 00 02 09 00 18 513 01 00 10 444 1015
Poronai Pcl7 Glendonite in concretion (bulk) 14 01 03 11 00 18 531 01 00 11 430 1019
Poronai Pa01 Glendonite without concretion (bulk) 167 00 02 31 00 09 434 01 00 01 342 988
Poronai Pc02 Glendonite without concretion (bulk) 113 01 05 15 01 05 479 02 01 01 395 1017
Poronai Pa03 Glendonite without concretion (bulk) 129 01 03 14 01 05 479 01 00 01 387 1021
Poronai Pa04 Glendonite without concretion (bulk) 66 00 02 29 01 25 424 01 00 01 349 998
Poronai Pa05 Glendonite without concretion (bulk) 137 01 06 29 01 06 455 01 01 01 361 997
Poronai Po-mtrx01 Matrix 672 07 146 56 00 21 09 18 27 01 51 1007
Poronai Po-mtrx02 Matrix 650 07 138 59 00 21 13 17 25 01 6.0 989
Poronai Po-mtrx03 Matrix 651 06 134 49 00 1.7 16 21 24 01 54 975
Poronai Po-mtrx04 Matrix 65.3 0.7 135 52 0.0 1.9 14 1.7 2.4 0.1 55 97.7
Poronai Po-mtrx05 Matrix 632 07 148 54 00 20 10 19 26 01 53 971
Morai Ko01 Concretion around glendonite 162 02 36 18 01 38 374 05 05 08 339 989
Morai Ko05 Concretion around glendonite 153 02 35 17 01 44 368 05 05 06 352 988
Morai Ko06 Concretion around glendonite 174 02 38 19 01 40 354 06 05 0.7 340 986
Morai Ko01 Glendonite in concretion (bulk) 22 00 02 07 00 27 507 01 00 09 437 1011
Morai Ko05 Glendonite in concretion (bulk) 15 00 01 12 00 30 517 01 00 08 435 1022
Morai Ko06 Glendonite in concretion (bulk) 16 00 01 09 00 28 517 01 00 08 441 1023
Morai Ko-mtrx01 Matrix 629 06 123 50 00 25 09 19 22 01 95 0978
Morai Ko-mtrx02 Matrix 642 06 130 48 00 26 12 19 22 01 93 99
Morai Ko-mtrx03 Matrix 63.8 06 127 4.7 0.0 2.7 1.2 1.8 2.2 0.1 9.7 995
Asagai Iw01lg Concretion around glendonite 463 04 108 32 02 10 176 18 17 06 165 1001
Asagai w029 Concretion around glendonite 424 04 96 28 02 09 214 16 15 04 191 1003
Asagai Iw03g Concretion around glendonite 247 03 66 23 09 07 335 10 09 05 277 991
Asagai w01g Concretion around glendonite (in bivalve) 37.3 03 82 28 02 07 250 14 13 04 220 996
Asagai w029 Concretion around glendonite (in bivalve) 294 03 64 18 02 06 319 11 10 05 265 995
Asagai Iw03g Concretion around glendonite (in bivalve) 246 02 56 20 02 07 342 10 09 08 281 982
Asagai Iw01lg Glendonite in concretion (bulk) 52 01 06 09 02 04 529 02 01 02 418 1025
Asagai Iw02g Glendonite in concretion (bulk) 49 01 08 10 02 04 526 02 01 02 418 1024
Asagai Iw03g Glendonite in concretion (bulk) 46 01 05 11 02 04 529 01 00 02 421 1023
Asagai Iw01g Glendonite in concretion (in bivalve, bulk) 21 01 02 08 02 05 547 01 00 02 435 1023
Asagai w029 Glendonite in concretion (in bivalve, bulk) 29 01 03 09 02 04 541 01 00 02 434 1025
Asagai Iw03g Glendonite in concretion (in bivalve,bulk) 25 01 02 11 02 04 545 01 00 02 434 1028
Asagai Iw-mtrx01 Matrix 648 06 151 32 00 13 25 24 24 01 65 989
Asagai Iw-mtrx02 Matrix 654 06 158 33 00 12 25 26 23 01 6.1 1000
Asagai Iw-mtrx03 Matrix 633 05 159 37 00 14 24 23 22 01 81 1000
Toyohama Mo0lg Concretion around glendonite 237 03 57 27 02 28 318 12 08 09 291 990
Toyohama Mo02g Concretion around glendonite 282 03 63 28 03 20 281 15 10 09 274 988
Toyohama Mo03g Concretion around glendonite 215 03 51 26 03 20 328 10 07 09 310 983
Toyohama  Mo04g Concretion around glendonite 64 03 43 26 03 23 366 07 05 11 331 982
Toyohama Mo01 Glendonite in concretion (bulk) 27 01 05 09 01 27 507 02 00 10 429 1019
Toyohama  Mo02g Glendonite in concretion (bulk) 43 00 03 08 00 25 472 01 00 11 424 988
Toyohama Mo03g Glendonite in concretion (bulk) 18 01 02 10 00 31 516 01 00 11 431 1021
Toyohama  Mo04g Glendonite in concretion (bulk) 18 01 01 12 00 27 521 01 00 11 431 1024
Toyohama Mo-mtrx01 ~ Matrix 552 08 135 53 00 1.7 22 27 25 01 138 979
Toyohama Mo-mtrx02  Matrix 567 0.6 125 46 00 15 16 30 25 01 154 985
Toyohama Mo-mtrx03  Matrix 566 07 130 48 00 15 21 27 26 01 137 979
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Table 3. Elemental compositions in high phosphorus concentration area in glendonite.

Data are expressed as cation ratio in %. (After Muramiya et al., 2022)

No. Mg P K Al S Ca Si Fe Mn  Total
1 0.659 27.772 0.000 0.051 0.062 71418 0.000 0.038 0.000 100
2 0.684 30.104 0.001 0.103 0.000 69.000 0.000 0.108 0.000 100
3 0.967 19.500 0.000 0.022 0.048 79434 0.000 0.030 0.000 100
4 0.388 22.103 0.000 0.000 0.079 77.384 0.000 0.032 0.013 100

Table 3. 8'°C and §'80 values of glendonite concretions and related samples. Data in

Fig. 15 are shown here. (After Muramiya et al., 2022)

Sample type
Concretion around glendonite Glendonite in concretion (bulk) Cal-1
Formation Sample name 3°°C (%VPDB) 50 (%,VPDB) 5%C (%oVPDB) 50 (%VPDB)  5°°C (%oVPDB) 50 (%,VPDB)
Poronai PcO1 -10.8 -0.2 -11.9 -3.1 -19.4 0.0
Poronai Pc04 -8.6 0.1 -8.6 -2.9 -20.7 -0.7
Poronai Pc06 -12.7 0.1 -12.3 -2.8 -21.8 -2.4
Poronai Pc07 -11.9 -0.3 -10.3 -3.2 -16.8 -0.7
Poronai Pc09 -13.6 -0.2 -13.2 -4.2 -19.3 -0.2
Poronai Pc10 -3.6 -1.1 -9.1 -2.8 -14.9 -0.6
Poronai Pc12 -13.2 0.1 -14.1 -2.3 -21.0 -0.6
Poronai Pc13 -9.3 -0.3 -8.9 -4.7 -16.5 -0.9
Poronai Pc17 -11.6 0.0 -12.4 -2.3 -16.7 -0.8
Poronai Pc20 -13.4 -0.3 -11.9 -4.5 -18.1 -0.8
Poronai Pc22 -10.3 -0.2 -8.9 -4.8 -17.8 -1.0
Poronai Pc23 -1.7 -0.4 -11.9 -4.9 -19.0 -1.2
Poronai Pc24 -14.1 -0.1 -13.7 -2.0 -18.6 -0.4
Morai Ko01 -10.6 17 -15.1 2.2
Morai Ko02 0.2 1.6 -15.2 2.2
Morai Ko03 -2.9 2.0 -17.0 2.2
Asagai w01l -18.0 -12.2 -19.1 -4.8
Asagai Iw01(in bivalve) -16.9 -12.2 -19.2 -3.5
Asagai w02 -12.6 -10.0 -19.2 -4.0
Asagai Iw02(in bivalve) -13.8 -10.3 -19.4 -4.4
Asagai w03 -1.8 -14.3 -18.4 -4.4
Asagai Iw03(in bivalve) -10.6 -7.0 -18.7 -4.2
Toyohama Mo02 -8.6 -0.8 -14.8 -1.2
Toyohama Mo03 -10.7 0.0 -15.5 0.3
Toyohama Mo04 -11.3 0.3 -17.7 11
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Table 4. (continued)

Glendonite without concretion (bulk)

Formation Sample name 5°C (% VPDB) 50 (%0 VPDB)
Poronai Pa03 -20.0 -14
Poronai Pa04 -15.2 0.3
Poronai Pa05 -31.8 0.2
Poronai Pa06 -14.9 -1.0
Poronai Pa07 -10.0 0.4
Concretion around fossil
Poronai Pd15 (Crustacea) -17.9 -1.5
Poronai Pd16 (Crustacea) -22.0 -0.9
Poronai Pd17 (Crustacea) -22.8 -1.2
Poronai Pd18 (Crustacea) -20.0 -1.4
Poronai Pd19 (Crustacea) -18.9 -1.5
Poronai Pd20 (Crustacea) -24.4 -0.6
Poronai Pd21 (Crustacea) -23.5 -0.7
Poronai Pc32 (bivalve) -26.6 -1.0
Poronai Pc33 (bivalve) -30.7 -0.1
Poronai Pc34 (bivalve) -23.5 -0.4
Poronai Pc35 (bivalve) -26.0 0.0
Poronai Pc36 (bivalve) -28.2 0.1
Poronai Pc37 (bivalve) -26.9 -0.1
Poronai Pc38 (bivalve) -23.0 -0.2
Toyohama Mo05 (Crustacea) -13.1 0.7
Toyohama Mo06 (Crustacea) -13.1 0.2
Toyohama Mo07 (Crustacea) -13.8 0.7
Bivalve shell fossil
Poronai 18051401-1 2.1 1.6
Poronai 18051401-2 2.8 1.6
Poronai 18051401-3 2.7 15
Poronai 18051506-1 2.0 1.3
Poronai 18051506-2 2.3 1.7
Poronai 18051506-3 1.8 1.3
Poronai 18051502-1 3.5 13
Poronai 18051704-1 -7.0 -1.6
Poronai 18051704-2 -1.1 -2.6
Poronai 18051508-1 2.4 1.6
Poronai 18051508-2 2.6 1.6
Poronai 18051508-3 2.8 1.8
Asagai Iw01shell 1.1 1.9
Asagai Iw02shell 1.8 2.1
Asagai Iw03shell 3.3 2.5
Carbonates in matrix
Poronai Pc-mtrx01 1.0 -7.2
Poronai Pc-mtrx02 -1.5 -1.7
Poronai Pc-mtrx03 -0.1 -8.2
Morai Ko-mtrx-01 7.7 -3.8
Morai Ko-mtrx-02 9.1 -1.9
Morai Ko-mtrx-03 9.9 -2.2
Toyohama Mo-mtrx01 2.3 -6.5
Toyohama Mo-mtrx02 -0.2 -2.3
Toyohama Mo-mtrx03 1.2 -2.3
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Table 5. Values for calculating the carbon content in the glendonite concretion. (After
Muramiya et al., 2022)

Concretion Cal-1
Xeqg (%0) 17.64 X0 (%0) 54.00
p (g cm’3) 2.2 p (g cm'3) 2.7
V (cm’) 207 V (cm) 65.1
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