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OPEN Development of a quartz-based

geothermometer for biogenic chert

Haruka Tanaka?, Sharav Davaanyam?, Bayart Nadmid* & Kazuhiro Tsukada3"*

In the accretionary complexes of areas where erosion is inactive, only biogenic chert is sometimes
exposed and estimating diagenetic/metamorphic temperature in such areas is nearly impossible. We
investigated the correlation of quartz crystallinity (Cl), grain size (GS), and diagenetic/metamorphic
temperature (PT) of biogenic chert and developed a quartz-based geothermometer to contribute to
the advancement of tectonics in such regions. Sediments of microbial remains comprising amorphous
silica can transform into biogenic chert/metachert during diagenesis/metamorphism through an
increase in Cl and GS. However, the relationship between Cl, GS, and PT remains underexplored. By
examining Paleozoic—Mesozoic biogenic chert/metachert from four regions of East Asia, we identified
a systematic relationship between Cl, GS, and PT. In cryptocrystalline chert (GS <1.94 pm), Cl and GS
exhibit a strong logarithmic relationship, whereas in crystalline chert, Cl approaches its upper limit and
GS widely varies. These relationships are consistent across four studied regions, irrespective of their
geological age and location. Cl and GS increase with increasing PT, with a positive linear relationship
between Cl and PT and a logarithmic relationship between GS and PT. Cl and GS strongly correlate
with PT (R>0.929), making them reliable geothermometers for estimating diagenetic/metamorphic
temperature.

A geothermometer is used for measuring paleotemperature (PT) experienced by rocks. Some geothermometer
approaches rely on the relationship between PT and phase equilibrium or mineral reaction rates and others
use the correlation between PT and mineral crystallinity. Minerals in pelitic rocks are generally used as
geothermometers for sedimentary rocks. However, in regions such as within a continent, where erosion is
inactive and alluvial sediments predominantly cover the rocks. Therefore, in such regions, it is challenging to
estimate the PT of the geologic units and understand the detailed tectonic history, especially in accretionary
complexes formed by the subduction of an earlier oceanic plate. Biogenic chert, primarily composed of quartz,
often forms exposed ridges due to its resistance to weathering, even in regions where pelitic rocks are absent
(Fig. 1). Therefore, if the PT of biogenic chert is estimated, tectonics research in such regions may be greatly
advanced.

Sediments composed of siliceous microbial remains, such as those of radiolarians, transform into biogenic
chert and metachert through diagenesis and metamorphism, respectively, wherein amorphous silica is converted
into quartz, often through the opal-CT phase!>%. Quartz crystallinity (CI)* and grain size (GS) are believed to
increase with increasing PT*-%. Numerous studies on the transformation of amorphous silica into quartz have
been conducted*. It has been confirmed that higher temperatures lead to a higher conversion rate of amorphous
silica into quartz, and the activation energy for this reaction has been calculated’~!!. These results have been used
to understand the mechanisms in the early stage of the diagenesis of silica deposits”!!~1°.

However, the relationship between quartz CI and GS after the early stage of diagenesis as well as their
correlation with PT remain unclear. For the radiolarian chert obtained from the Jurassic accretionary complex
of the Tanba belt, Japan, it has been suggested that quartz CI and GS show a logarithmic relationship—CI and
GS increasing as PT rises—based on the color index of co-existing conodont fossils'®. Although the cited study
provides an overview of the relationship between CI, GS, and PT, its accuracy seems insufficient. Moreover,
the CI of radiolarian chert and metachert obtained from the Khangai-Daur belt, a Carboniferous accretionary
complex in Mongolia, was reported to increase sharply with increasing GS. Even after CI has almost reached its
maximum (8-10), GS continues to increase!”. However, the detailed relationship between CI and GS as well as
PT conditions experienced by the rocks remain unspecified. Clarifying the correlation between CI, GS, and PT
can provide valuable insights into the tectonics of orogenic belts, especially in regions where other rock types
are scarce.

This study investigated the relationship between the CI, GS, and PT of biogenic chert and metachert obtained
from East Asia, specifically from accretionary complexes in Japan (Chubu province and Ashimidani area)'s,
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Fig. 1. Ridge-forming Silurian-Devonian biogenic chert in the Carboniferous accretionary complex of the
Khangai-Daur belt, Mongolia.

Russia (Anyui area)'®?, and Mongolia (Ulaanbaatar area)??? (Figs. 1 and 2). In addition, the relationship
between the CI or GS and PT of cryptocrystalline chert was discussed compared with the PT for mudstone,
which conformably overlies the cryptocrystalline chert, to develop a new geothermometer. CI, GS, and PT were
determined using X-ray diffraction (XRD), scanning electron microscopy (SEM)/optical microscopy, and a
Raman spectra of carbonaceous material (RSCM) geothermometer, respectively®!?4, The results from the CI,
GS, and PT measurements of each sample were analyzed using linear regression analysis with the least squares
method to determine the relationships between the variables.

Samples analyzed

Samples of biogenic chert and metachert

A total of 112 samples from four regions were analyzed (Fig. 2; Table 1): 64 samples from Japan (Mino and Ryoke
belts in Chubu province and the Tanba belt in the Ashimidani area)'$, 14 from Russia (Samarka terrane and the
Anyui metamorphic complex in the Anyui area)'®?, and 34 from Mongolia (Ulaanbaatar terrane at Ulaanbaatar
area)?1"?2. These samples were selected based on their composition, and only those without significant secondary
alteration or microquartz veins were analyzed.

Microfossils from the Middle Triassic to Middle Jurassic, including those of radiolarians and conodonts were
recovered from chert in the Mino belt of the Jurassic accretionary complex of the study area?>~2. The Ryoke belt
is generally considered the metamorphosed facies of the Mino belt'®. Microfossils of Permian radiolarians and
conodonts have been found in chert of the Tanba belt, Ashimidani area, Japan®. The Samarka terrane and Anyui
metamorphic complex, located ~250 km northeast of Khabarovsk, are the Jurassic-Cretaceous accretionary
complex and its metamorphosed form, respectively?®. Middle Triassic to Middle Jurassic radiolarians and
conodonts were recovered from chert obtained from the Samarka terrane?. The Carboniferous accretionary
complex of the Ulaanbaatar terrane, lying within the Eurasian continent, contains radiolarian chert from the
Upper Silurian to the Upper Devonian?2.

Samples from the Ryoke belt and Anyui metamorphic complex underwent contact metamorphism owing to
Cretaceous igneous activity'®?’. Some samples obtained from the Samarka and Ulaanbaatar terranes were also
metamorphosed!”:2!.

All samples—composed mostly of quartz—were obtained from well-bedded chert or metachert outcrops
(Fig. 3a). In the outcrops, chert or metachert layers with a thickness of several centimeters alternated with thin
muddy films with a thickness of <5 mm (Fig. 3a). Only the central part of the chert layer was examined as the
part in contact with the thin muddy films may have undergone alteration®. As per microscopy results, the chert
samples from the Mino and Tanba belts and the Samarka and Ulaanbaatar terranes were composed mainly
of cryptocrystalline quartz. Individual crystals were difficult to identify at 40 x magnification and contained
well-preserved or poorly preserved radiolarian tests (Fig. 3b; Table 1). Chert samples whose biogenic origin
could not be verified, such as those lacking fossil remains, were not used in this study. The metachert samples
from the Ryoke belt, the Samarka and Ulaanbaatar terranes, and the Anyui metamorphic complex comprised
crystalline quartz (Fig. 3c and d; Table 1). Although no distinct fossil remains were visible in the metachert
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Fig. 2. Index map of the study areas. Modified from Umeda et al. (2022)?. Sb: Siberian craton, NC: North
China block, T-Qd: Tarim-Qaidam block, SM: South Mongolian block, B: Bureya block.

samples, a biogenic origin could be inferred as the origin field closely resembled that of radiolarian chert—well-
bedded field with several-centimeter-thick layers and thin muddy interbeds. Approximately 54% of the analyzed
samples consisted of cryptocrystalline quartz containing numerous radiolarian tests and 46% comprised
crystalline quartz. Microscopic observations of thin sections in different directions of each sample confirmed
that the quartz grains of all samples showed no particular anisotropy. Crystallinity index (CI) was determined
based on XRD and GS was measured using SEM or optical microscopy.

Samples of the mudstone

Nine samples were collected from mudstone layers present near the chert exposed in the Mino and Tanba
belts, Japan, for PT measurement using an RSCM geothermometer?!. The mudstone outcrops were located
approximately 5-800 m from the chert outcrops and stratigraphically present above them, following oceanic
plate stratigraphy (Fig. 3 e and £)**-33, The mudstone samples were black to dark gray, mostly undeformed, well
laminated, or alternating with sandstone (Fig. 3f). Microscopic examination of the samples showed no signs
of shearing. The RSCM geothermometer was used to estimate the PT of the mudstone samples, which were
obtained from nearby outcrops, to compare it with that of the chert samples.

Analytical methods

Cl of the biogenic chert and metachert samples

The CI of all samples was measured using XRD (MultiFlex, Rigaku Corporation), installed at the Nagoya
University Museum by following the method reported by Murata and Norman®. The samples were crushed
and sieved to 75 um. Then, SEM observation confirmed that most particles were in the range of 1-20 pm. The
powdered samples were mounted in a glass holder for the measurement. Device background settings of XRD
were as follows: X-ray: Ni-filtered copper radiation, scanning range: 20 =65°-70°, scanning speed: 1°/minute,
voltage: 40 kV, current: 4 mA, and divergence slit: 1°.

The CI of the samples was calculated from the intensity of the (212) peak at 20 =67.74° of the samples using
the following equation®:

CI=10Fa/b.

The values “a” and “b” are shown in Fig. 4. Herein, euhedral quartz obtained from the Minas Gerais, Brazil was
used as the standard sample to calculate the F value. The values of “a” and “b” determined from the analysis of the
standard quartz sample were substituted into the above formula and found the F value as CI=10>. The analysis
process of this research was divided into 15 sessions, and the F value was calculated each time (1.33-1.57).
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Area Geologic unit | Sample No | Latitude Longitude CI |GS Classification | PT
Chubu, Japan | Ryoke 2 35°16'33.76"N | 137°4'52.70"E | 7.84 | 46.1 | Cst
Ryoke 4 35°21'5.41"N | 137°8’15.29"E | 9.84 | 7.46 | Cst
Ryoke 5 35°23’3.02"N | 137°9'20.47'E | 9.44 | 18.4 | Cst
Ryoke 6 35°23’3.02"N | 137°9'20.47"E | 9.05 | 14.8 | Cst
Mino 7 35°24'25.58"N | 137°7'32.78"E | 5.10 | 0.900 | Cpt
Mino 8 35°24'40.43"N | 137°0'6.07"E 3.17 | 0.499 | Cpt
Mino 10 35°24'4.66'N | 136°57'40.32"E | 2.58 | 0.451 | Cpt 214
Mino 11 35°24'4.66'N | 136°57'40.32"E | 3.94 | 0.370 | Cpt
Mino 12 35°24'4.66'N | 136°57'40.32"E | 2.53 | 0.341 | Cpt
Mino-Ryoke 16 35°20'50.45"N | 137°0'53.77'E | 7.94 | 1.94 | Cpt
Mino-Ryoke 20 35°18'27.49"N | 137°6'21.23"E | 7.45 | 2.55 | Cpt
Ryoke 21 35°16'37.44"N | 137°7'21.36'E | 8.62 | 46.2 | Cst
Ryoke 23 35°18’55.04"N | 137°4'39.53"E | 9.20 | 5.88 | Cst
Mino-Ryoke 25 35°19'10.60"N | 137°5'19.22"E | 9.12 | 1.82 | Cpt 320
Ryoke 28 35°19'9.26'N | 137°0'7.44'E 8.68 | 69.6 | Cst
Ryoke 31 35°20'54.68"'N | 137°1'14.27"E | 8.13 | 8.22 | Cst
Ryoke 32 35°15'54.98"N | 137°3'16.76'E | 8.76 | 47.8 | Cst
Ryoke 38 35°28'28.52"N | 137°11'35.04'E | 9.61 | 22.7 | Cst
Mino 40 35°30'12.66"N | 137°0'51.49"E | 3.35 | 0.341 | Cpt
Mino 43 35°40'43.35"N | 137° 1'4.29"E 2.93 10.397 | Cpt
Mino 44 35°34'47.17"N | 137° 0'8.44"E 2.23 10.306 | Cpt 202
Mino 47 35°32'25.16"N | 137°3'26.46'E | 1.99 | 0.486 | Cpt
Mino 48 35°33’17.82"N | 137°3’12.98"E | 1.98 | 0.339 | Cpt
Mino 49 35°33’57.04"N | 137° 4'8.09'E 3.67 | 0.455 | Cpt
Mino 50 35°35'23.00"N | 137° 6'46.37"E | 6.60 | 0.668 | Cpt
Ryoke 54 35°7'35.32"N | 137°34'48.13"E | 9.80 | 506 Cst
Ryoke 56 35°62.93'N 137°33'37.44'E | 9.93 | 577 Cst
Ryoke 62 34°55'52.19"N | 137°16'37.44'E | 8.54 | 202 Cst
Ryoke 65 34°55'24.41"N | 137°20'42.84'E | 9.53 | 218 Cst
Ryoke 67 34°56'9.72"N | 137°21'32.80"E | 8.89 | 58.5 | Cst
Ryoke 68 34°55'42.01"N | 137°20'53.94'E | 8.80 | 125 Cst
Ryoke 75 34°51'10.14"N | 137° 8’38.81"E | 8.78 | 333 Cst
Ryoke 76 34°51'13.01"N | 137° 8'44.32"E | 7.00 | 397 Cst
Ryoke 78 34°48'40.40"N | 137° 6'47.24'E | 8.40 | 201 Cst
Ryoke 79 35°48'32.36"N | 138°0'24.34"'E | 7.25 | 137 Cst
Ryoke 84 35°41'57.22"N | 137°59'31.73"E | 8.62 | 367 Cst
Ryoke 87 35°59'23.73"N | 137°59'23.10"E | 7.85 | 14.2 | Cst
Mino 93 35°55'19.10"N | 137°46'11.83"E | 6.77 | 1.62 | Cpt 296
Mino-Ryoke 94 35°57'18.63"N | 137°48'33.22"E | 8.30 | 7.37 | Cst
Mino-Ryoke 95 35°57'18.63"N | 137°48'33.22"E | 8.79 | 2.86 | Cst
Mino 96 35°58'45.71"N | 137°49'8.83"E | 6.23 | 1.10 | Cpt 290
Mino 97 35°58'45.71"N | 137°49'8.83"E | 7.73 | 1.15 | Cpt
Mino 105 35°50'26.71"N | 137°39'22.01"E | 6.60 | 1.99 | Cpt
Mino 106 35°52/39.91"N | 137°41'52.43"E | 4.72 | 0.689 | Cpt 255
Mino 108 35°56'4.19"N | 137°36'39.43"E | 4.53 | 0.587 | Cpt
Mino 109 35°56'22.10"N | 137°35'10.67"E | 2.03 | 0.439 | Cpt
Mino 110 35°58'7.25"N | 137°33'6.50"E | 2.65 | 0.371 | Cpt
Mino-Ryoke 112 36°7'25.24"N | 137°50'40.80"E | 8.06 | 4.71 | Cst
Mino-Ryoke 113 36°15'8.23"N | 137°50'44.20"E | 8.49 | 2.63 | Cpt
Mino 114 36°14'52.12"N | 137°48'55.67"E | 7.40 | 1.95 | Cpt
Mino 116 36°11'45.09"N | 137°49'29.06'E | 7.74 | 1.37 | Cpt
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Area Geologic unit | Sample No | Latitude Longitude CI |GS Classification | PT
Mino 120 35°24'51.53"N | 137°8'2.36"E 7.34 | 144 | Cpt
Mino 124 35°31'47.83"N | 137°7'15.15"E | 3.72 | 0.532 | Cpt 238
Mino 125 35°23’1.19'N | 137°7'19.96"'E | 3.82 | 0.535 | Cpt
Mino 127 35°21'39.62"N | 137°5'36.44'E | 4.42 | 0.427 | Cpt
Area Geologic unit | Sample No | Latitude Longitude CI GS Classification | PT
Ashimidani, Japan Tanba 130 35°6'59.79"N | 135°37'38.24"E | 4.33 | 0.571 | Cpt
Tanba 131 35°6'36.35"N | 135°37'56.52"E | 4.03 | 0.408 | Cpt
Tanba 133 35°1'45.21"N | 135°38'11.17"E | 9.37 |2.37 | Cpt
Tanba 135 35°4'55.85"N | 35°37'41.71"E | 6.96 1.76 | Cpt
Tanba 138 35°5'21.27"N | 135°35'43.21"E | 7.99 1.67 | Cpt
Tanba 157 35°7'17.56"N | 135°37'24.98"E | 5.76 | 0.532 | Cpt
Tanba 159 35°6'13.62"N | 135°37'50.54"E | 5.11 0.604 | Cpt
Tanba 160 35°6'2.12"N 135°37'50.24"E | 5.64 | 0.744 | Cpt 275
Tanba 162 35°6'35.08"N | 135°37'55.67"E | 3.98 | 0.499 | Cpt 273
Ulaanbaatar, Mongolia | Ulaanbaatar 140 47°44'45.12"N | 106°42'13.87"E | 7.89 | 1.38 | Cpt
Ulaanbaatar 142 47°44'22.41"N | 106°48'55.90"E | 8.59 1.15 | Cpt
Ulaanbaatar 143 47°26'19.56"N | 107°15'11.46'E | 8.31 |25.3 | Cst
Ulaanbaatar 145 47°35'15.52"N | 107°7'18.55"E | 8.92 |1.64 |Cpt
Ulaanbaatar 146 47°24'40.36"N | 106°43'40.88'E | 7.86 | 1.86 | Cpt
Ulaanbaatar 147 47°23'42.22"N | 106°42'3.20"E | 9.14 1.15 | Cpt
Ulaanbaatar 148 47°20'9.61'N | 106°40'41.69"E | 8.42 |2.67 | Cst
Ulaanbaatar 149 47°17'33.64'N | 106°39'35.98'E | 7.79 | 4.33 | Cst
Ulaanbaatar 152 47°47'14.20"N | 107°21'44.60"E | 6.08 | 0.781 | Cpt
Ulaanbaatar 153 47°47'11.40'N | 107°21'16.70"E | 5.01 | 0.492 | Cpt
Ulaanbaatar 154 47°35'39.60"N | 107°18'47.60"E | 7.63 |3.15 | Cpt
Ulaanbaatar 155 47°37'54.20"N | 106°59'39.60"E | 8.87 1.17 | Cpt
Ulaanbaatar 156 47°34'23.00'N | 106°52'26.90"E | 2.84 | 0.447 | Cpt

Ulaanbaatar Shrvl6
Ulaanbaatar Shrv21

7.50 |2.00 |Cst
8.00 |[2.50 |Cst
7.50 |2.60 |Cst
8.00 |[2.60 |Cst
8.50 |[2.80 |Cst
9.00 |2.80 |Cst
9.10 [3.01 |Cst
7.90 |3.02 |Cst
9.80 |3.10 |Cst
7.80 |3.20 |Cst
9.20 [3.20 |Cst
9.30 [3.20 |Cst
7.90 |3.70 | Cst
8.00 |[3.80 |Cst
830 |[3.80 |Cst
8.50 |[5.00 |Cst
9.90 |[5.05 |Cst
10.00 | 5.30 | Cst
9.90 |590 |Cst
10.00 | 6.05 | Cst
9.50 |[6.10 | Cst

Ulaanbaatar Shrv17
Ulaanbaatar Shrv20
Ulaanbaatar Shrvi8
Ulaanbaatar Shrv19

Ulaanbaatar Shrvl5
Ulaanbaatar Shrv13

Ulaanbaatar Shrv14

Ulaanbaatar Shrv9
Ulaanbaatar Shrv10

Ulaanbaatar Shrvll

Ulaanbaatar Shrv12

Ulaanbaatar Shrv8

Ulaanbaatar Shrv7

Ulaanbaatar Shrvé

Ulaanbaatar Shrvl
Ulaanbaatar Shrv3

Ulaanbaatar Shrv2

Ulaanbaatar Shrv4
Ulaanbaatar Shrv5
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Anyui, Russia Samarka RI1* 2.30 | 0.427 | Cpt
Samarka R2* 8.10 |1.81 |Cpt
Samarka R3 9.10 | 190 |Cst
Samarka R4 9.50 | 100 | Cst
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Area Geologic unit | Sample No | Latitude Longitude CI GS Classification | PT
Samarka R5 i E3 9.80 |170 | Cst
Samarka R6 ¥ ¥ 9.40 |70.0 |Cst
Anyui R7 k3 k3 9.40 80.0 Cst
Anyui R8 k3 ¥ 10.10 | 350 Cst
Anyui R9 ¥ ¥ 8.40 |[30.0 |Cst

Continued
Anyui R10 ¥ ¥ 9.10 |30.0 |Cst
Samarka RI11* ¥ ¥ 840 |1.87 |Cpt
Samarka R12* ¥ ¥ 850 |1.86 |Cpt
Samarka R13* ¥ ¥ 3.70 |0.551 | Cpt
Samarka R14* k3 k4 7.50 |0.916 | Cpt

Table 1. Quartz crystallinity index (CI) and grain size (GS) of biogenic chert in the accretionary complexes.
Data are shown as three significant digits. Data for Russia, except GS data for the samples with an asterisk,
are from Kojima et al. (2008)!“. Classification: microscopic classification, Crt.: crystalline chert, Cpt.:
cryptocrystalline chert, PT: paleotemperature of the mudstone nearby the chert (error: £30°C), t: samples
were from the bedded meta-chert of the Gorkhi and Dov formations of the Ulaanbaatar terrane?” but detail
localties are unknown, #: see Kojima et al. (2008)'* for the localities.

The analytical error in the CI measurements of six samples (Sample Nos. 2, 8, 11, 79, 87, and 152) was
examined (Fig. 5a). Three powder mounts were prepared for the same sample. The analysis was then repeated
five times for each powder mount. As a result, the standard deviation (1o error) of the CI values for each sample
was 0.32-0.52 (average: 0.45) in a total of 15 analyses/sample (Fig. 5a).

GS of the biogenic chert and metachert samples

The measurement of quartz GS was carried out by following the method reported by Mikami et al. (2002)°.
Apparent GS measured from the thin section or slab surfaces of the biogenic chert or metachert samples is
defined as GS herein'®. The samples were cut in multiple directions and each thin section was observed using an
optical microscope. Results revealed that the quartz grains in all samples had not undergone shear deformation.
Photomicrographs (taken in cross-polarized light) were used for the GS measurement of crystalline chert
(Fig. 3d). For cryptocrystalline chert, the samples were cut into 1-cm square slabs and mirror polished using
a diamond paste. The polished surface was etched with 15% hydrofluoric acid for 5 min, and then gold or
carbon coating was performed. Subsequently, the gold- or carbon-coated etched surface was observed via
SEM (Hitachi High-Tech Corporation, S-3400N and Miniscope TM-1000) installed at the Nagoya University
Museum (Fig. 3¢).

Further, 10-20 parallel lines were drawn on the obtained SEM image and the distance between each of
the point that the lines and grain boundaries intersect was measured. Nearly 300 such measurements were
performed for each sample. Histograms and cumulative frequency curves were then plotted, and the GS of the
sample was determined as the GS corresponding to a cumulative relative frequency of 0.5°.

We investigated the analytical errors in GS measurements for each of the six samples (Sample Nos. 2, 8, 11,
79, 87, and 152). A total of six to seven analyses were performed for each sample by three authors. The relative
standard deviation of the 1o error (RSD) of the GS for each sample was 8.46%-11.9% (average: 10.4%) (Fig. 5b).

PT of mudstone present nearby the biogenic chert and metachert samples

Nine mudstone samples exposed in close proximity to the chert samples were collected, and their PT values were
measured using the RSCM geothermometer®*. Then, the PT values of these mudstone samples were considered
to be the same as those of the chert samples, because no fault relationship existed between the chert and
mudstone layers. Diamond-polished thin sections were prepared for each mudstone sample and the RSCM were
acquired using a spectrometer (Nicolet Almega XR, Thermo Fisher Scientific), installed at the Rock and Mineral
Laboratory of Nagoya University. The Raman spectra were obtained in the wavenumber range of 655-1748 cm™,
and ~ 30 carbonaceous grains were detected in each sample. The spectra were decomposed into three to five peaks
using PeakFit 4.12 (SeaSolve Software Inc.). Peak fitting was performed for each spectrum and mean values and
standard deviations of FWHM-D1 were determined for each sample. The value “FWHM-D1” is the full width at
half maximum of the peak named D1 occurring at ~ 1350 cm™! in the spectra. Data deviating more than 20 from
the mean were omitted, and final means were determined using only remaining data. Then, temperatures were
calculated using the following eqation ?%. The analytical error in the temperature measurement was + 30 °C?%.

T (°C) = —2.15(FWHM — D1) + 478

Results

Relationship between Cl and GS

The data used in this study are provided in Table 1, and Fig. 6a shows a plot of the relationship between CI and
GS. Data obtained from Japan, Russia, and Mongolia showed similar trends (Fig. 6a). Specifically, CI and GS
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Fig. 3. (a) Field occurrence of the Upper Triassic bedded biogenic chert in the Mino belt in Chubu province,
Japan (sample No. 10). Refer to Fig. 3e and Table 1 for locality details. (b) Optical photomicrograph (obtained
in plane polarized light) of the Upper Triassic biogenic chert including numerous radiolarian tests (white spots
in the picture). Plane polarized light. (c) Backscattered scanning electron image of a bedded metachert sample
obtained from the Ryoke belt in Chubu province, Japan. (d) Optical photomicrograph (obtained in cross-
polarized light) of a bedded metachert sample composed of crystalline quartz obtained from the Ryoke belt

in Chubu province, Japan. (e) Satellite image of the locality around sample No. 10. The image was taken from
Google Earth Pro (https://www.google.com/permissions/geoguidelines/?hl=ja). Following the oceanic plate
stratigraphy, the chert layers are overlain by siliceous shale and clastic rocks. Ch.: bedded radiolarian chert,
Ssh.: siliceous shale, CL.: clastic rocks, Loc.: locality, Rv: river. (f) Field observation of the alternating layers of
sandstone and mudstone beds overlying the radiolarian chert beds. The locality is shown in Fig. 3e.

showed in a logarithmic relationship when GS was low (roughly cryptocrystalline). Further, CI was stabilized at
almost 8.0-10 and GS increased (roughly crystalline).

Next, we discuss the range where a logarithmic relationship was observed between CI and GS holds. This
study examined the group of datapoints showing the highest logarithmic correlation coeflicient (R value)
between CI and GS by adding datapoints in the ascending order of GS, starting with the smallest GS (0.306 pm
for the sample No. 44) (Fig. 6b; Table 2). The R value increased with increasing number of datapoints, reaching
the maximum for the group of datapoints with GS <1.94 pum. Thereafter, the R value gradually decreased as the
number of datapoints increased. For the group with GS<1.94 pum, the approximation relation between CI and
GS was as follows (Fig. 6):

CI =3.571In (GS) +6.46 (R = 0.915). 1)

The correlation coefficient of this equation is not low; therefore, this group can be regarded as the one that shows
a logarithmic relationship between CI and GS (Fig. 6b).

Relationship between GS or Cl and PT

This section discusses the relationship between CI or GS and PT for the group of datapoints for which Eq. 1
holds (the group with GS<1.94 um) for the samples obtained from Japan. The investigated mudstone and chert
samples have a conformable relationship and the PT experienced by both the rock types over geologic time was
assumed to be nearly identical (Fig. 3a, e, and f). Therefore, the PT of the mudstone outcrops present near the
chert outcrops, as measured using the RSCM geothermometer, was considered to be the PT of the chert samples.
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Fig. 4. Quartz (212) peak at 20 =67.74° of the standard sample obtained from the Minas Gerais, Brazil. The

values “a” and “b” determined by Murata and Norman (1976)* are shown.

Furthermore, CI and GS were found to increase regularly with increasing PT, with a positive linear relationship
observed between CI and PT (Fig. 7a) and a logarithmic relationship observed between GS and PT (Major Points)
(Fig. 7b). Based on the actual measurements of CI for the chert samples and PT for the adjacent mudstone
samples, the following equation between CI and PT was established (Fig. 7a):

CI = 0.0546Tcr — 9.28 (R = 0.942), (2)
where T, is a PT value (in °C) corresponding to a CI value.
From Eq. 2, PT (T,) was expressed as follows:

Ter = 18.3 CI+ 170. (3)

For the relationship between GS and PT, based on actual observations, the following equation was derived
(Fig. 7b):

GS = 0.0182 exp (0.0141T5s) (R = 0.929), (4)

where T is a PT value (in °C) corresponding to a GS value.
Then, Eq. 4 was modified as follows:

Tas = 71.0 In GS + 285. (5)

Discussion

Spatiotemporal commonality of the Cl versus GS relationship

In the circum-Pacific orogenic belt, the chert samples obtained from the Chubu province and Ashimidani area
were assigned to the Triassic-Jurassic and Permian, respectively??’. The chert samples obtained from the Anyui
area, located ~ 1500 km north of the study areas in Japan, dated back to the Triassic-Jurassic period?’. In the
Central Asian orogenic belt of the Mongolia, the chert samples obtained from the Ulaanbaatar area contained
microfossils from the Silurian and Devonian periods?. Samples obtained from the investigated regions of Japan,
Russia, and Mongolia showed varying ages and places of origin (Fig. 2).

Some geological units analyzed in this study underwent various degrees of metamorphism and alteration and
were intruded by dikes and mineral veins. Furthermore, chert exposed near basaltic rocks might have been of
submarine hydrothermal origin. This study focused on the relationship between the CI, GS, and PT of biogenic
chert through the diagenesis and metamorphism process, and factors that may affect the CI and GS data other than
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Fig. 5. (a) Results of the repeated CI measurements of quartz in the biogenic chert and metachert samples.
The standard deviations of the five analyses for each powder mount are shown with error bars. (b) Results of
repeated GS measurements of quartz in the biogenic chert and metachert samples. The standard deviations of
six and seven analyses by three authors for each sample are shown with error bars. The left Y-axis is for sample
Nos. 11, 8, and 152, and the right Y-axis is for sample Nos. 8, 7, and 79. Relative standard deviations for each
sample are also shown with three significant digits. No.: number.

temperature were excluded as much as possible. For example, samples that may have undergone hydrothermal
alteration (e.g., those located near the thin muddy films intercalated with chert layers, those near large veins,
and those containing many quartz microveins) were excluded in this study. Samples, exposed near the basaltic
rocks, without any fossil remains were avoided, considering the possibility of them being hydrothermal chert.
It is widely known that the dynamic recrystallization of quartz can lead to GS reduction®. Consequently, all
examined chert samples were confirmed to be undeformed. All data obtained from Japan, Russia, and Mongolia
showed the same trend each other, i.e., CI and GS showed in a logarithmic relationship when GS was low, and
CI were stabilized at almost 8.0-10 when GS was high. Therefore, the relationship between CI and GS discussed
herein is probably a general principle for biogenic chert, regardless of rock age and place of origin (Figs. 2 and
6a).
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Fig. 6. (a) Relationship between the quartz crystallinity index (CI) and grain size (GS) of the biogenic chert
and metachert samples. The dotted line is the approximate line of CI vs. GS (for the group of datapoints with
GS<1.94 um). Paleotemperatures of the mudstone samples present nearby the chert samples are also shown.
Cpt: cryptocrystalline chert, Cst: crystalline chert, M: Middle, U: Upper, Sil.: Silurian, Dev.: Devonian, Trias.:
Triassic, Jura.: Jurassic. (b) Relationship between the correlation coefficient (R value) of CI and GS and the
maximum crystal size (um) in the group of datapoints. Refer to Table 2 for the data. GS: grain size, n: number
of the data.

Spatial consistency verification of the derived equations

The derived equations were obtained empirically from independent observations of the CI-GS, CI-PT, and
GS-PT relationships. The relationship between CI or GS and PT was derived from data obtained from Japan,
and can be applied to the Jurassic accretionary complex in Japan. However, it still remains questionable whether
the relationship between CI or GS and PT is also generally applicable. If these relationships are applicable to the
other regions, it should be in concordant with the relationship between CI and GS which is a general principle
of the biogenic chert regardless of age and place. Here, to assess the spatial consistency of these relationships,
Egs. 1, 3, and 5 were used to examine whether the correlation between CI and GS and that between CI or
GS and PT aligned with each other. The relationship between T, corresponding to any GS value (T,,") and
T, corresponding to a CI value calculated by substituting any GS value into Eq. 1 (T,") is shown in Table
3. If Eq. 1—derived from data obtained from Japan, Russia, and Mongolia—and Egs. 3 and 5—derived from
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Sample No. of maximum GS (A) in the group | CI of (A) | GS of (A) | Rvalue | Data No
106 4.72 0.689 0.6799 |27
160 5.64 0.744 0.7160 |28
152 6.08 0.781 0.7529 |29
7 5.10 0.900 0.7471 | 30
R14* 7.50 0.916 0.7915 | 31
96 6.23 1.10 0.8038 |32
147 9.14 1.15 0.8407 |33
142 8.59 1.15 0.8647 |34
97 7.73 1.15 0.8782 |35
155 8.87 1.17 0.8915 | 36
116 7.74 1.37 0.8967 | 37
140 7.89 1.38 0.9025 |38
120 7.34 1.44 0.9020 | 39
93 6.77 1.62 0.8910 |40
145 8.92 1.64 0.9009 |41
138 7.99 1.67 0.9040 | 42
135 6.96 1.76 0.8965 |43
R2* 8.10 1.81 0.9000 |44
25 9.12 1.82 0.9070 |45
R12* 8.50 1.86 09110 |46
146 7.86 1.86 09115 |47
R11* 8.40 1.87 09145 |48
16 7.94 1.94 0.9150 |49
114 7.40 1.95 09122 |50
105 6.60 1.99 0.9031 |51
Shrvlé 7.50 2.00 0.9019 |52
133 9.37 2.37 0.9070 |53
Shrv21 8.00 2.50 0.9056 | 54
20 7.45 2.55 0.9004 |55
Shrvl7 7.50 2.60 0.8961 | 56
Shrv20 8.00 2.60 0.8957 |57
113 8.49 2.63 0.8976 | 58
Sample No. of maximum GS (A) in the group | CI of (A) | GS of (A) | Rvalue | Data No
148 8.42 2.67 0.8991 |59
Shrv18 8.50 2.80 0.9006 | 60
Shrvl9 9.00 2.80 0.9035 |61
95 8.79 2.86 0.9056 |62
Shrvl5 9.10 3.01 0.9082 | 63
Shrv13 7.90 3.02 0.9060 |64
Shrv14 9.80 3.10 0.9094 |65
154 7.63 3.15 0.9054 | 66
Shrv9 7.80 3.20 0.9026 |67
Shrv10 9.20 3.20 0.9050 |68
Shrvl1 9.30 3.20 0.9074 | 69
Shrv12 7.90 3.70 0.9037 | 70
Shrv7 8.30 3.80 0.9006 |71
Shrv8 8.00 3.80 0.8993 | 72
149 7.79 4.33 0.8940 |73
112 8.06 4.71 0.8898 | 74
Shrvé 8.50 5.00 0.8879 |75
Shrvl 9.90 5.05 0.8912 | 76
Shrv3 10.00 5.30 0.8945 | 77
23 9.20 5.88 0.8947 |78
Shrv2 9.90 5.90 0.8972 |79
Shrv4 10.00 6.05 0.8998 | 80
Shrv5 9.50 6.10 0.9008 | 81
Continued
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Sample No. of maximum GS (A) in the group | CI of (A) | GS of (A) | Rvalue | Data No
94 8.30 7.37 0.8945 | 82
4 9.84 7.46 0.8960 |83
31 8.13 8.22 0.8883 | 84
87 7.85 14.2 0.8702 |85
6 9.05 14.8 0.8638 | 86
5 9.44 18.4 0.8588 | 87
38 9.61 22.7 0.8540 | 88
143 8.31 253 0.8384 | 89
R9 8.40 30.0 0.8235 | 90
R10 9.10 30.0 0.8169 |91

Table 2. The data for the Fig. 6b. Thick border: plotted data for Fig. 3b. R value: correlation coefficient, Data
No.: number of the data for log approximation.

data obtained from only Japan—are inconsistent, T,," # T, is expected. Further, if the Eqs. 1, 3, and 5 match,
T, =T should apply

Therefore, —0 920 T +26.0 was obtalned as the correlation equation for T and Tcs , with a slight
deviation from the ideal equatlon (T, T) (Fig. 8a). This deviation might be attrlbuted to CI and GS
measurement errors, as discussed later To assess the similarity between these two equations, cosine similarity
can be used, which evaluates the parallelism of two vectors. Cosine similarity is defined as the cosine value
of the angle between two vectors; for example, a cosine similarity of 1 indicates that the vectors are parallel
(the angle between the two vectors is 0°), and a cosine similarity of 0 indicates that they are orthogonal (the
angle between the two vectors is 90°). As the extent of parallelism between the two vectors increases the cosine
similarity Value approaches 1. The cosine similarity between the equations T,"=0.920 T, +26.0 and the ideal
equation (T =Tgs ) was almost 1 (0.999). Therefore, it was concluded that the slopes of the two equations for
T, and T ;" were nearly identical. Moreover, the difference between T ;" and T’ within the range investigated
in this study (GS: 0.4-1.9 um) was small: 8.4°C for T"=220°C and 0.42°C for T,.s'=331°C (Fig. 8a). Thus,
the relationship between CI, GS, and PT proposed 1n this study apparently hold well within the range of
220°C-330°C.

Figure 8b shows the T, vs. T ;s plots of the biogenic chert and metachert samples obtained from actual CI and
GS values for Japan, Russia, and Mongolia using Eqgs. 3 and 5. The data scattered along the ideal line (TC1: TGS),
with the standard deviation of the difference between T, and T ;¢ being 17.9°C (1 0) and 35.9°C (2 0). Although
this seems to be the error limit in the current investigation, the study clearly outlines the relationship between
quartz CI, GS, and PT in the cryptocrystalline region. Furthermore, using the method presented in this study,
the reliability of the results can be assessed by comparing T, and T .

Limitations of this study and future aspects

The previous section confirms the spatial consistency of the CI-GS, CI-PT, and GS-PT relationships; however,
the present data still show regional bias. This study was based on the data obtained from four regions in East
Asia. Further collection of data for biogenic chert in other regions will refine the correlations among CI, GS, and
PT. Notably, the mutual relationship between CI, GS, and PT proposed herein is only applicable for the group
of datapoints with GS<1.94 um. CI early reaches its maximum at GS=1.94 pum, and for the group of datapoints
with GS>1.94 um, CI and GS show a linear relationship (Fig. 6b). Therefore, the equations proposed in this
study are applicable only to unmetamorphosed and weakly metamorphosed chert and cannot be applied to chert
in the “metamorphic belt” To estimate PT from quartz GS (in the range of 2.9-67 pum), the equation T (°C) =39.7
In (quartz GS)+204 has been proposed in a study on low-grade metamorphic rocks in the Sambagawa belt,
southwest Japan®. This equation, in combination with the equations derived in the present study, can form a
powerful tool for clarifying the tectonothermal histories of metamorphic belts. However, this may not be always
an easy and inexpensive method because it involves electron backscatter diffraction analysis etc. To clarify the
tectonothermal histories of broader regions on Earth, the development of a simple method for estimating PT
from the GS of crystalline chert using an optical microscope, as demonstrated in this study, might be important
as well.

In the method proposed herein, the smaller GS values lead to larger differences between T," and T
(Fig. 8a). This might be attributed to CI and GS measurement errors. The standard deviation of the CI values
in this study was 0.32-0.52 (1o error), which might not be strictly small (Fig. 5a). Moreover, the microscopic
examination of GS is a subject to observer bias; consequently, the RSD of GS in this study was 8.46%-11.9%
and the average was 10.4% (Fig. 5b). In the low-temperature range, especially, these measurement errors of CI
and GS may have a remarkable impact on PT estimation. In the future, by developing a method for accurately
measuring a GS of < 1 um or through some correction formula, the determination of more accurate values of T,
and T, will be possible in the low-temperature range.

The results of this study were empirically derived and are not supported by theoretical background. It has
been reported that when the spatial distribution of garnet in metamorphic rocks is uniform and sufficient time
has elapsed for equilibrium to be reached, the GS distribution of garnet is consistent with the Lifshitz-Slyozov-
Wagner distribution of Ostwald ripening®. Further, it has been revealed that higher temperatures lead to higher
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Fig. 7. (a) Relationship between the quartz crystallinity index (CI) of chert vs. paleotemperature of mudstone
present nearby the chert outcrops. Error bars for quartz crystallinity and paleotemperature denote +0.45
and £ 30 °C respectively. (b) Relationship between the quartz grain size (GS) of chert vs. paleotemperature of
mudstone present nearby the chert outcrops. Error bars for GS and paleotemperature denote £ 10% of the data
and +30 °C respectively. CI: quartz crystallinity index, GS: quartz grain size.

conversion rates of amorphous silica into quartz’~!!. In future investigations, consideration of concepts such as
Ostwald ripening, silica phase transformations, crystal growth under stress, can provide important insights into
the theoretical understanding of the relationship between quartz CI, GS, and PT.

The XRD intensity of quartz powder is known to be the highest when the particle size is 1-10 pm; the
intensity decreases when the particle size is<1 pm or>10 um®. Herein, we determined the chert CI using
powder samples with a mean particle size of 1-20 pum; however, we acknowledge that some larger/smaller
particles contaminated the samples. For increased sufficient X-ray intensity, paying close attention to the particle
size of the sample powder is necessary.

Herein, PT of the mudstone sample obtained from the mudstone outcrop overlying the chert outcrop was
that of the chert sample and the correlation between CI and GS vs. PT was investigated. Therefore, highly
positive correlations (R>0.93) were observed between CI and PT and between GS and PT (Fig. 7). However, a
sample (No. 162) appears to lie outside the approximate lines of CI or GS vs. PT, toward the high-temperature
side (Fig. 7). The mudstone sample for which PT was estimated was located only 100 m away from the chert
outcrop of the sample No. 162. No fault rocks were recognized between them, and these chert and mudstone
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Any GS (um) | CI* | T, ' (C") | T, (C") | Difference between Ti" and T,
0.4 3.19 | 219.94 228.36 8.41
0.5 3.99 | 235.79 24293 7.15
0.6 4.64 | 248.73 254.85 6.11
0.7 5.19 | 259.68 264.92 5.24
0.8 5.66 | 269.16 273.64 4.48
0.9 6.08 | 277.52 281.33 3.82
1.0 6.46 | 285.00 288.22 3.22
1.1 6.80 | 291.77 294.44 2.68
1.2 7.11 | 297.94 300.13 2.18
1.3 7.40 | 303.63 305.36 1.73
1.4 7.66 | 308.89 310.20 1.31
1.5 791 | 313.79 314.71 0.92
1.6 8.14 | 318.37 318.92 0.55
1.7 8.35 | 322.67 322.88 0.21
1.8 8.56 | 326.73 326.62 0.11
1.9 8.75 | 330.57 330.15 0.42

Table 3. Consistency of T.;" and T,,". CI*: CI calculated by assigning any GS into Eq. 1. T": T, calculated
by assigning any GS into Eq. 5. T,": T, calculated by assigning CI* into Eq. 3.

outcrops seemed to be in a conformable relationship. Further, the estimated reason for high PT of sample No.
162 was investigated.

A major thrust fault dividing the geological units existed just 200 m to the north of the chert and mudstone
outcrops?. In general, the temperature around a fault rises owing to frictional heat and hot fluids entering the
cracks created by fault activity, thereby causing hydrothermal alteration of the surrounding rocks. A previous
study revealed that the fault gouge around the Nankai Trough was heated to > 300 °C using a vitrinite reflectance
geothermometer®”. Therefore, the mudstone sample might have been affected a local thermal event owing to
the thrust fault activity. This might be the reason for the deviation from the approximate line. The deviation
of the sample No. 162 from the approximate line is likely owing to higher sensitivity of carbonaceous material
crystallinity to PT than quartz CI or GS. As the regression equations of CI or GS vs. PT were mostly the same
even when including or excluding the mudstone sample data, this study presented them as well (Fig. 7). However,
in future, when applying the method proposed in this study, paying attention to the surrounding geological
structure, especially the fault distribution around the sampling locations to avoid the thermal influence of fault
activities on analysis outcomes, is necessary.

According to a study of chert obtained from the Jurassic accretionary complex in Japan (Ashimidani area), a
logarithmic relationship between CI and GS has been suggested for GS < 10 pm using the conodont color index,
further suggesting an increase in CI and GS with increasing PT'°. The results of this study are supported by these
observations. Mikami’s results lacked the precision necessary for reliable PT estimation; however, this study
provides high-precision empirical equations that offer a robust tool for estimating the PT of biogenic chert in
the cryptocrystalline region.

In geosciences, mineral geothermometers, such as garnet-biotite thermometers, chlorite thermometers,
and illite/carbonaceous material crystallinity thermometers, have been widely applied as powerful tools for
understanding Earth’s history?**#-41. Minerals in pelitic rocks are commonly used as geothermometers for
sedimentary rocks (including metamorphic rocks). For example, the PT estimation of rocks in accretionary
complexes has helped clarify subduction and accretionary systems?2.. However, in regions where erosion is
inactive and alluvial sediments mostly cover the rocks, no pelitic rocks are exposed; only relatively hard erosion-
resistant biogenic chert and metachert rocks are present (Fig. 1). The method proposed herein has significant
implications for geothermometers in regions with limited pelitic-rock exposure. In future, the methodology
developed in this study can become an essential tool for geologists working in regions where pelitic rocks are
inaccessible, improving our understanding of tectonic processes in underexplored geological settings. For
example, Northeast Eurasia is considered to have formed by the collision of the Siberian and South Mongolian
continents. Further, the boundary between the two continents is defined as the Mid-Mongolian Tectonic Line
(MMTL)?+*. The southern part of Siberia (Carboniferous accretionary complex; Khangai-Daur belt) appears
to show an increase in the metamorphic grade toward the MMTL, and its metamorphism is indispensable for
understanding the tectonics of Northeast Eurasia’’. However, the Khangai-Daur belt hardly exposes pelitic
rocks, leaving its metamorphism poorly understood. The application of the method proposed herein as well as
future geothermometers developed based on crystalline quartz to biogenic chert in the Khangai-Daur belt will
probably promote greatly the study of the tectonics of Northeast Eurasia. Furthermore, a noteworthy aspect of
this study is that it enables the reliable and easy estimation of PT using inexpensive equipment such as optical
microscopes, SEM devices, and XRD devices. The proposed method is expected to significantly contribute to
study of geology around the world for elucidating Earth’s history.

While the study provides a reliable method for estimating PT in the range of 220 °C-330 °C, its applicability
at higher temperatures or other geological environments requires further investigation. Future research should
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Fig. 8. (a) Comparison between the result of this study (TCIJr =0.920 TGST +26.0) and the ideal correlation
equation (T, =T). (b) Actual plots of T, vs. T, obtained in this study.

focus on expanding the temperature range for quartz geothermometers, incorporating samples from different
geological settings, and refining the CI-GS correlation in cryptocrystalline chert for broader applications.

Glossary of technical terms
Pelitic rocks: Sedimentary rocks composed of clay- or mud-size particles and their metamorphosed forms.

Alluvial sediments: The latest sediments carried by streams and deposited where the stream slows down.

Chert: Fine-grained sedimentary rock composed of microcrystalline or cryptocrystalline quartz.

Metachert: Metamorphosed chert.

Radiolarians: A single-celled marine planktonic eukaryotic organism with a diameter of <1 mm and a
skeleton composed of silica.

Diagenesis: A process by which sediments solidify to form sedimentary rocks.

Accretionary complex: A geological unit formed when sediments and other materials on an oceanic plate are
accreted to the continental side after oceanic plate subduction.

Cryptocrystalline: A rock texture composed of very small crystals. Even under an optical microscope, the
crystal shape is hardly recognized.

Crystalline: A rock texture composed of crystals that can be recognized under an optical microscope.
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Microfossils: Fossils, which have a size of typically less than a few millimeters, that require a microscope to
be observed.
Conodonts: “Tooth-like” microfossils of marine jawless vertebrates.
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