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ABSTRACT

High-resolution stable carbon isotope stratigraphy of terrestrial organic matter was

established for the upper Maastrichtian Senpohshi Formation of the Nemuro Group in

eastern Hokkaido, northern Japan. The Senpohshi Formation, approximately 1,300 m

thick, is dominated by hemipelagic mudstone deposited along an active margin in the

North Pacific region. Microscopic observations of extracted kerogen samples from the

formation revealed the presence of sedimentary organic matter (SOM), predominantly

phytoclasts and a minor amount of non-fluorescent amorphous organic matter, indicating

material of a terrestrial higher plant origin. The atomic hydrogen/carbon ratios of the

kerogen samples indicated a coalification rank at the anthracite stage or below. Therefore,

the stable carbon isotope values of the bulk SOM obtained for the Senpohshi Formation

represent the unmodified, original values of terrestrial organic matter. The stable carbon

isotope profile reconstructed for the Formation provides the first high-resolution

terrestrial record of the Mid-Maastrichtian Event (MME), which is comparable to high-

resolution marine carbon isotope data from other sections. The carbon isotopic signatures

defined by the marine records are recognized in the terrestrial data from the Formation,

especially in middle to upper part of the event. However, the terrestrial record showed a

discrepancy from the marine data in the lower part of the MME, suggesting local variation
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of the hinterland environment in the North Pacific region. This study provides new insight

into environmental changes during the late Maastrichtian by establishing a detailed

carbon isotope record of terrestrial materials.

Keywords: Carbon isotope stratigraphy; terrestrial organic matter; Mid-Maastrichtian

Event; hinterland environment; Nemuro Group; North Pacific region
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1. Introduction

The Maastrichtian Age is a time marked by extensive environmental changes. Third-

order cycle, high-amplitude falls in sea level are recognized in the Maastrichtian, which

can be superimposed over the long-term sea-level drop from the latest Cretaceous through

the Paleogene (Haqg et al., 1987; Crampton et al., 2006; Simmons et al., 2007; Kominz et

al., 2008). The Maastrichtian is also characterized by short-term climatic cooling and

warming events accompanied by the long-term climatic cooling in the latest Cretaceous

(Barrera and Huber, 1990; Barrera and Savin, 1999; Frank and Arthur, 1999; Li and

Keller, 1999; Huber et al., 2002; Frank et al., 2005; MacLeod et al., 2005; Isaza-Londofio

et al., 2006; Friedrich et al., 2009; Thibault and Gardin, 2010). Furthermore, changes in

thermohaline circulation during the Maastrichtian have been suggested, although the

mechanism and characteristics remain controversial (MacLeod and Huber, 1996; Barrera

et al., 1997; Barrera and Savin, 1999; Frank and Arthur, 1999; MacLeod et al., 2000;

Frank et al., 2005; Pucéat et al., 2005; Donnadieu et al., 2006; Hunter et al., 2008;

MacLeod et al., 2011; Murphy and Thomas, 2012; Robinson and Vance, 2012; Robinson

etal., 2012; Jung et al., 2013; Voigt et al., 2013; Moiroud et al., 2016; Farnsworth et al.,

2019; Haynes et al., 2020; Ladant et al., 2020).
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Environmental changes during the Maastrichtian likely resulted in significant biotic

events. For example, evidence from this stage suggests widespread inoceramid bivalve

extinction in the mid-Maastrichtian (Ward et al., 1991; MacLeod et al., 1996), rudist reef

collapse in tropical regions (Johnson and Kauffman, 1990, 1996; Johnson et al., 1996),

and an increase in provinciality in plankton microfossil assemblages (Shafik, 1990; Huber,

1992; Huber and Watkins, 1992; Burnett, 1998; Lees, 2002; Thibault et al., 20123, b).

Moreover, there is evidence of latitudinal migration of calcareous plankton (e.g., the

calcareous nannofossils Nephrolithus frequens and Micula murus and the planktonic

foraminifer Abathomphalus mayaroensis) during the Maastrichtian (Pospichal and Wise,

1990; Huber, 1992; Huber and Watkins, 1992; Nifuku et al., 2009; Thibault et al., 2010;

Voigt et al., 2012). The present consensus is that sea-level fall, climatic cooling, and

changes in thermohaline circulation played important roles in these biotic events

(MacLeod and Huber, 1996; Barrera et al., 1997; Barrera and Savin, 1999; Frank and

Arthur, 1999; MacLeod et al., 2000; Frank et al., 2005; Pucéat et al., 2005; Donnadieu et

al., 2006; Hunter et al., 2008; MacLeod et al., 2011; Murphy and Thomas, 2012; Robinson

and Vance, 2012; Robinson et al., 2012; Jung et al., 2013; Voigt et al., 2013; Moiroud et

al., 2016; Farnsworth et a., 2019; Haynes et al., 2020; Ladant et al., 2020).
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Records of stratigraphic trends in stable carbon isotopes are useful tools for

investigating paleoenvironments. A variety of marine and terrestrial-origin materials has

been measured for this purpose (e.g., bulk carbonate rock, calcareous fossil, bulk

sedimentary organic matter (SOM), and fossil wood fragments). Global

paleoenvironmental events are recorded in carbon isotope profiles, where measured

values are representative of the isotopic composition of ocean-atmosphere reservoirs.

Perturbation of global carbon isotope composition may be caused by the environmental

events, such as extensive organic carbon burial (Scholle and Arthur, 1980; Jenkyns, 1988),

CO2 emission by massive volcanic events (Hesselbo et al., 2002), or large-scale

dissociation of methane hydrate (Dickens et al., 1995). The local environment can also

control the stable carbon isotope profile. For instance, carbon isotope values of marine

carbonate may be influenced by the local factors such as fluvial runoff, primary

productivity, or bottom water circulation (Immenhauser et al., 2008; Wendler, 2013).

Hinterland climate can affect the isotopic composition in terrestrial organic matter

(Farquhar et al., 1980; Ramesh et al., 1986; Kdrner et al., 1988; Leavitt, 1993; Feng and

Epstein, 1995; Lipp et al., 1996; Pendall et al., 1999; Schleser et al., 1999; Edwards et al.,

2000). Therefore, stable carbon isotope composition can record global to local scale

changes of the paleoenvironment.



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

Stable carbon isotope stratigraphy has been widely established in the Maastrichtian

sections (e.g. Li ad Keller, 1998a, b; Barrera and Savin, 1999; Hasegawa et al., 2003;

Nordt et al., 2003: Friedrich et al., 2009; Voigt et al., 2010; Batenburg et al., 2012;

Thibault et al., 2012a, b; Voigt et al., 2012; Jung et al., 2012; Falzoni et al., 2016; Salazar-

Jaramillo et al. 2016; Dameron et al., 2017; Batenburg et al., 2018). Several prominent

carbon isotope events have been recognized in previous research. The Campanian—

Maastrichtian Boundary Event (CMBE) is characterized by a relatively prolonged

negative excursion from the latest Campanian to the early Maastrichtian (Barrera and

Savin, 1999). The Mid-Maastrichtian Event (MME) is characterized by two positive

peaks interrupted by a negative trough with multiple short-term negative excursions

(Voigt et al., 2012). Carbon isotope values dropped abruptly at the end of the Cretaceous,

which is marked by the Cretaceous—Paleogene Boundary Event (KPgE) (Hsu et al., 1982;

Perch-Nielsen et al., 1982; Zachos and Arthur, 1986; Keller and Lindinger, 1989). These

events are global phenomena indicated by carbon isotope events simultaneously recorded

in diverse materials from various regions (Hasegawa et al., 2003; Wendler, 2013; Salazar-

Jaramillo et al., 2016). In addition to these events, recent high-resolution carbon isotope

stratigraphy reveals the presence of further carbon isotope events in the Maastrichtian,
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which are correlated globally (Jung et al., 2012; Thibault et al., 2012a, b; Voigt et al.,

2012; Wendler, 2013; Batenburg et al., 2018).

Most of the carbon isotope profiles from the Maastrichtian sections are derived from

marine materials, which are bulk carbonate rocks (Zachos et al., 1985; Corfield et al.,

1991; Stoll and Schrag, 2000; Voigt et al., 2010; Wendler et al., 2011; Jung et al., 2012;

Thibault et al., 2012a, b; Voigt et al., 2012; Batenburg et al., 2018) and single-species of

calcareous microfossils (Zachos et al., 1985, 1989; Barrera and Huber, 1990; D’Hondt

and Lindinger, 1994; Corfield and Norris, 1996; Li and Keller, 1998a, b; Barrera and

Savin, 1999; MacLeod and Huber, 2001; Friedrich et al., 2009).

In contrast, the carbon isotope profile is rarely obtained from terrestrial materials.

Hasegawa et al. (2003) established stable carbon isotope stratigraphy from terrestrial

organic matter for the upper Cenomanian through upper Maastrichtian (up to polarity

chron C30n) from Naiba section in Sakhalin Island, Russia. Salazar-Jaramillo et al.

(2016) presented the profile for terrestrial organic matter in the lower Cantwell Formation,

Alaska, which covered the carbon isotope events CMBE and MME. Nordt et al. (2003)

obtained stable carbon isotope stratigraphy from pedogenic carbonate in Tornillo Basin,

Texas, which ranged from the upper Campanian through the Danian. However, the

temporal resolution of the isotope stratigraphies obtained from terrestrial material is much
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lower than that of the recently established high-resolution carbon isotope stratigraphy

from marine carbonates (Batenburg et al., 2012; Jung et al., 2012; Thibault et al., 2012a,

b; Voigt et al., 2012; Batenburg et al., 2018). Moreover, limitation of the age control in

the lower Cantwell Formation and Tornillo Basin makes it difficult to correlate the

terrestrial carbon isotope profiles to the high-resolution marine records. Therefore,

acquisition of a high-resolution carbon isotope data from terrestrial material would

provide a comprehensive view on isotopic composition of ocean-atmosphere reservoirs

during the Maastrichtian. In addition, a detailed terrestrial carbon isotope record would

give an insight into terrestrial environment during the stage, which is rarely investigated

compared with the paleoenvironment in marine realm. The terrestrial data should be

obtained from the sections where sufficient age control has been established because it

enables accurate stratigraphic correlation between the terrestrial and marine records.

Here, we established a Maastrichtian carbon isotope stratigraphy of terrestrial

material at a higher resolution than the previous study on terrestrial materials (Hasegawa

et al., 2003; Nordt et al., 2003; Salazar-Jaramillo et al., 2016). We researched the upper

Maastrichtian Senpohshi Formation in eastern Hokkaido, northern Japan (Figs. 1 and 2).

The rapid sedimentation rate of the formation enabled us to establish a high-resolution

carbon isotope stratigraphy of terrestrial-origin  SOM. Furthermore, the
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magnetostratigraphy established in the section provides reliable stratigraphic markers for

global correlations (Nifuku et al., 2009). In this paper, we discuss the carbon isotope

stratigraphy derived from the Senpohshi Formation and its comparison with the carbon

isotope profiles from other sections.

-160° -120° -90° -60° -30° 0 30" 60° 90" 120" 150" 180" -150°

-150° -120° -90° -60° -30° 0 30° 60° 90" 1200 150" 180" -150"

Fig. 1. Paleogeographic map of the late Maastrichtian (68 Ma; modified after Hay et al., 1999,

https://www.odsn.de/odsn/services/paleomap/adv_map.html) showing the location of the sections

used in this study. SN: Senphoshi Formation of the Nemuro Group, northern Japan; NB: Naiba section,

Sakhalin, eastern Russia; GB: Bottaccione Gorge and the Contessa Highway sections at Gubbio, Italy;

ZM: Zumaia section, Basque country, Northern Spain; TR: Aguja, Javelina, and Black Peaks

Formations in the Tornillo Basin, Texas, US; CT: lower Cantwell Formation, Alaska, US. Numbers

indicate DSDP, ODP, and IODP sites (DSDP Site 525A, South Atlantic Ocean; ODP Site 762C, Indian

Ocean; ODP Site 1210B, equatorial Pacific Ocean; IODP Site U1403, Newfoundland Margin).
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Fig. 2. Index maps showing (A) the location of Hokkaido and (B) the distribution of the Nemuro

Group, and (C) location of the studied section.

2. Geological setting and chronology

2.1. Geological setting

The Senpohshi Formation is a part of the Cretaceous—Paleogene Nemuro Group,

which is exposed in eastern Hokkaido, northern Japan (Fig. 2). The Nemuro Group is

mainly composed of hemipelagic mudstones and sediment gravity flow deposits, such as

turbidites and submarine slumps deposits (Kiminami, 1978; Naruse, 2003). The Group is

interpreted to represent deposits of the forearc basin located adjacent to the Paleo-Kuril
11
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arc (Kiminami, 1983; Kimura, 1994). Plate tectonic reconstruction suggested the basin

located in the North Pacific region, though the paleolatitude during the Late Cretaceous

is still controversial (Kimura, 1994; Bazhenov and Burtman, 1994; Fujiwara et al., 1995;

Bazhenov et al., 2001; Nifuku et al., 2009; Katagiri et al., 2020).

The Senpohshi Formation is widely exposed along the western coast of Akkeshi Bay,

eastern Hokkaido (Fig. 2C). It conformably overlies the Oborogawa Formation and is

unconformably overlain by the Shiomi Formation (Asano, 1962; Okada et al., 1987).

Bedding within the formation is homoclinal, dipping 10°-20° to the south. The thickness

of the formation exceeds 1,270 m (the upper boundary is not exposed). No large-scale

faults or tectonic folding are recognized. The formation mainly consists of weakly

bioturbated, dark grey mudstone layers occasionally intercalated with sandstone laminae

or thin beds of sandstones (~1.0 cm), which are interpreted as sediment gravity flow

deposits (Fig. 3). Thin slump deposits occur locally. These sedimentary features suggest

that the formation was deposited at the base of a submarine slope (Naruse, 2003).

12
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188  Fig. 3. Lithology and magnetostratigraphy (after Nifuku et al., 2009) of the Senpohshi Formation.

189  Correlation with the astronomically calibrated magnetostratigraphic time scale (Option 2 of Husson et

190 al., 2011) is shown. Stratigraphic position of the sampling sites is also indicated in the figure.

191

192  2.2. Chronology

193 The Senpohshi Formation is assigned to the Maastrichtian based on biostratigraphy

194  and magnetostratigraphy. Maastrichtian index fossils have been found in this formation.

195  Naruse et al. (2000) and Nifuku et al. (2009) reported the ammonite Pachydiscus

196  flexuosus from the lower part of the formation. This species is commonly found in
13
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Maastrichtian successions in southern Sakhalin and Hokkaido (Maeda and Shigeta, 2005;

Maeda et al., 2005). Shigeta et al. (2015) reported an ammonite fossil assemblage from

the same section including Gaudryceras makarovense, Gaudryceras cf. seymouriense,

Anagaudryceras matsumotoi, and Diplomoceras cf. notabile fossils, which are indicative

of the mid to upper Maastrichtian. Moreover, Nifuku et al. (2009) reported the occurrence

of “Inoceramus” awajiensis, a known Maastrichtian index fossil of the northwest Pacific

(Toshimitsu et al., 1995), in the middle part of the formation. Okada et al. (1987) reported

the occurrence of the calcareous nannofossil Nephrolithus frequens, a known global index

fossil of the upper Maastrichtian (Burnett, 1998), in the upper part of the formation.

Moreover, the planktonic foraminifera Globotruncanella petaloidea, also an index fossil

of the Maastrichtian (Caron, 1985), has been reported from the upper part of the formation

(Yamada, 1984).

Nifuku et al. (2009) established the magnetostratigraphy of the formation, identifying

four magnetozones. Considering the relationship between the biostratigraphy and

magnetostratigraphy of the formation, the magnetozones were correlated with polarity

chrons C31r-C30n, corresponding to the upper part of the lower Maastrichtian to the

upper Maastrichtian (Fig. 3, Table 1).
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Table 1. Stratigraphic positions of polarity chron boundaries in the Senpohshi Formation (Nifuku et

al., 2009).

Polarity Chron Boundary  Stratigraphic height (m)

C30n/C30r 1118
C30r/C31n 841
C31n/C31r 190

3. Materials and methods

Samples were collected from 72 horizons within the Senpohshi Formation at

stratigraphic intervals of 2-104 m (average 18 m), depending on exposure (Fig. 3). All

samples were taken from hemipelagic mudstone. Turbidites and slump deposits were

excluded from sampling and analysis.

To investigate the content of the sedimentary organic matter (SOM) and to evaluate

the degree of thermal maturation, kerogen samples were extracted from eight mudstone

samples. First, moderately crushed samples were immersed repeatedly in HCI and HF

and then treated with a surfactant. Processed samples were then centrifuged using ZnCl2

solution (specific gravity, 2.00) to extract the kerogen. To obtain estimates of the SOM

content, the extracted kerogen samples were observed under transmitted and fluorescent

(blue UV) light following a modified version of the classification scheme for organic

particles proposed by Tyson (1995); in our study, amorphous organic matter was divided

15
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into nonfluorescent amorphous organic matter (NFA), weakly fluorescent amorphous
organic matter (WFA), and fluorescent amorphous organic matter (FA), based on
fluorescence properties. The relative abundance of each type was determined by counting
500 points at intervals of 100 um under transmitted and fluorescent light. To evaluate the
degree of thermal diagenesis, we determined the atomic hydrogen/carbon ratio (H/C ratio)
of the bulk extracted kerogen samples using a Finnigan FlashEA 1112 elemental analyzer.
Stable carbon isotopic ratios of the bulk SOM and the total organic carbon (TOC)
content were analyzed from the mudstone samples. Powdered mudstone samples were
treated with HCI to remove carbonate minerals before analysis. The stable carbon isotope
ratios and TOC contents of the treated bulk mudstone samples were measured using a
mass spectrometer coupled with an elemental analyzer (Finnigan FlashEA 1112,
ConFlolll, and DELTA Plus Advantage). Stable carbon isotopic ratios were expressed in
d-notation relative to the PDB standard:
813C (%o0) = (Rsample/Rstandard — 1) x 1000 Q)
where R = 18C/*2C. L-Histidine (SHOKO Science Co., Ltd.) was used as an internal
laboratory standard and the stable carbon isotopic composition was —10.19%o.. Repeated

analysis of the laboratory standard indicated an overall uncertainty within £0.25%o (10).
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4. Results

4.1. Constituents and H/C ratio of SOM

Microscopic observations revealed that the SOM within the Senpohshi Formation is

dominated by phytoclasts with a minor amount of amorphous organic matter (Figs. 4 and

5, Table 2). These two elements made up more than 99% of the SOM in each sample.

Phytoclasts constituted 78.4%-98.6% of the SOM and were classified predominantly as

translucent phytoclasts without a definitive biostructure (44.4%-62.4%) and opaque

phytoclasts (31.2%-54.2%). Translucent phytoclasts with a definitive biostructure are

rare, and they are dominantly represented by cuticles. Amorphous organic matter

constituted 1.4%-21.4% of the SOM. The NFA was the dominant type of amorphous

organic matter, whereas there were very small amounts of WFA and FA. Palynomorphs

were rare in the SOM and accounted for less than 0.6% of the SOM.

The average atomic H/C value of the extracted kerogen samples was 0.64 and ranged

from 0.47 to 0.81 (Table 3).

17



265

266  Fig. 4. Photomicrographs of kerogen extracted from selected samples: (A) CS21, (B) CS52, and (C)

267  CS59. tp: translucent phytoclasts; op: opaque phytoclasts; nfa: non-fluorescent amorphous organic

268  matter. Note that these three components dominate the SOM in each sample.
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270  Fig. 5. Relative abundance (%) of various constituents of SOM extracted from eight selected samples.
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271

272  Table 2. Relative abundance (%) of various constituents of SOM extracted from eight selected

273  samples.
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275  Table 3. Elemental compositions of kerogen extracted from eight selected samples.

Stratigraphic TOC H/C (atomic
Sample ) TH (Wt%) i

height (m) (Wt%) ratio)
CS70 1195 73.26 3.74 0.61
CS5h9 1098 72.80 3.93 0.65
CS52 903 72.67 3.81 0.63
CS48 854 72.69 3.79 0.63
CS43 769 71.94 2.80 0.47
CS31 630 65.58 3.93 0.72
CS21 382 63.51 3.02 0.57
CS11 234 71.45 4.84 0.81

276

277  4.2. TOC content and stable carbon isotope ratios

278 The average TOC content was 0.52 wt% and ranged from 0.43 to 0.67 wt% (Table

279  4). Stratigraphic variations in the TOC content were relatively minor, and most values

280  were 0.5-0.6 wt% for the Senpohshi Formation (Fig. 6).
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281  Table 4. TOC content and 5'*Corg values obtained for the Senpohshi Formation.

Stratigraphic ~ Age Stratigraphic ~ Age

Sample gt (1) (M) TOC (Wt%) 8"Corq (%0) ~ Sample beignt (1) (M) TOC (W1%) §"Ciyrg (%0)
CSo01 11 69.467  0.60 -25.6 CS37 679 68544 057 -25.5
CS02 47 69.417  0.55 -25.7 CS38 705 68508  0.59 -25.4
CS03 88 69.360  0.58 -25.6 CS39 716 68493  0.61 -24.4
CS04 9% 69.349  0.53 -25.6 CS40 733 68469  0.64 -25.6
CS05 107 69.334 055 -25.7 cs41 748 68448 055 -25.2
CS06 129  69.304  0.59 -25.8 CS42 759 68433 053 -25.3
CS07 141 69.287  0.57 -255 CS43 769 68419 056 -25.5
Cs08 171 69.246  0.58 -25.9 CS44 795  68.384 059 -25.4
CS09 189  69.221  0.50 -25.7 CS45 809  68.364 059 -25.3
CS10 208 69.194  0.60 -25.9 CS46 826 68341 053 -24.8
csi11 234 69.159  0.61 -25.9 Cs47 837  68.326 055 -24.4
CS12 249 69138  0.58 -26.1 CS48 854  68.314 043 -24.4
Cs13 274 69.103  0.45 -25.8 CS49 872 68307 052 -24.6
CS14 286 69.087  0.51 -25.9 CS50 883  68.302 053 -24.6
Cs15 305  69.060  0.53 -25.9 Cs51 893 68297 050 -24.7
CS16 307  69.058  0.60 -25.7 CS52 903 68293  0.55 -24.4
Cs17 318 69.042  0.52 -25.8 CS53 910 68290  0.62 -24.6
Cs18 328 69.029  0.57 -25.8 CS54 943 68276  0.56 -25.2
CS19 338 69.015  0.56 -25.7 CS55 958  68.269  0.50 -24.8
CS20 361 68983  0.48 -25.7 CS56 1062  68.224 054 -25.2
cs21 382 68954  0.67 -25.7 CS57 1073 68219 061 -25.2
CS22 405 68922 061 -25.9 CS58 1087 68213 059 -25.3
Cs23 438 68.877 057 -25.5 CS59 1098  68.208  0.58 -25.2
CS24 458 68.849  0.63 -26.3 CS60 1114 68202 059 -25.3
CS25 471 68831 056 -25.7 Ccsel 1122 68198 057 -25.3
CS26 486  68.810 059 -25.5 CS62 1129 68195 052 -25.4
cs27 499 68792 050 -25.6 CS63 1143  68.189  0.60 -25.3
CS28 512  68.774  0.58 -255 CS64 1146  68.188  0.64 -25.7
CS29 530  68.750  0.53 -25.7 CS65 1153  68.185  0.55 -25.3
CS30 549  68.723 054 -25.3 CsS66 1167 68179 058 -255
Cs31 630 68611  0.47 -25.3 CS67 1177 68174 058 -25.5
CS32 643 68594 055 -25.4 CsS68 1182 68172  0.61 -25.1
CS33 649 68585  0.54 -25.5 CS69 1188  68.169 057 -25.4
CS34 658 68573  0.60 -25.1 CS70 1195  68.166  0.62 -25.4
CS35 665  68.563  0.57 -25.5 CS71 1251 68142 056 -25.6
282 CS36 671 68555  0.55 -25.5 CS72 1275 68132  0.56 -25.4
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284 Fig. 6. Stratigraphic variation of stable carbon isotope values of bulk SOM (5'*Corg) and TOC content
285  within the Senpohshi Formation. Error bar shows an overall uncertainty (£0.25%o: 16) indicated by
286  repeated analysis of the laboratory standard.

287

288 The average stable carbon isotope value of the bulk SOM obtained from the
289  Senpohshi Formation was —25.4%o0 and ranged from —26.3 to —24.4%o (Table 4). The
290  stratigraphic profile compiled for the measured §**Corg is shown in Fig. 6. From the top
291  of C31r to the uppermost part of C31n, **Corg values are almost constant (~25.5%o). A
292  small negative trough appeared at the bottom of C31n (~0.5%0 in amplitude), but the
293  amplitude of this feature was within measurement uncertainty. There is an apparent
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negative excursion in the middle of C31n (~0.8%o in amplitude), which is represented by
a single measurement point. Following this interval of approximately constant values, the
513Corg profile showed a distinct positive excursion at the C30r/C31n boundary (from ~—
25.5 to ~—24.5%¢). The stable carbon isotope values declined across C30r before

recovering to background values (~—25.5%o) at the bottom of C30n.

5. Discussion
5.1. Origin and diagenesis of SOM

The SOM within the Senpohshi Formation is dominated by phytoclasts with a minor
amount of NFA, which together account for more than 99% of the SOM (Fig. 5, Table 2).
Previous studies have proposed that phytoclasts originated from terrestrial higher plants
(Tyson, 1995), as did NFA (Sawada and Akiyama, 1994; Watanabe and Akiyama, 1998;
Omura and Hoyanagi, 2004). Sawada and Akiyama (1994) reached this conclusion based
on an analysis of a high NFA content sample from the Toarcian Shale, Yorkshire, England.
The authors reported that the §*3C value of the sample was equivalent to the 5'3C values
of terrestrial higher plants, and the density of the SOM was similar to that of vitrinite.
Watanabe and Akiyama (1998) and Omura and Hoyanagi (2004) reached the same
conclusions based on analyses of carbon isotope values of high NFA content samples
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from the Niigata sedimentary basin, central Japan. The authors showed that *3C values
of the SOM were equivalent to those of terrestrial higher plants, and they suggested that
the NFA originated from terrestrial higher plants. In the case of the Senpohshi Formation,
irrespective of the NFA content, stable carbon isotope values of the bulk SOM range from
—26.3 to —24.4%o (Table 4), which coincides with the 5!3C values of terrestrial higher C3
plants (Deines, 1980; Jasper and Gagosian, 1990; Whelan and Thompson-Rizer, 1993).
These results indicate that the SOM from the Senpohshi Formation originated from
terrestrial higher plants.

The atomic H/C ratios obtained from the extracted kerogen samples from the
Senpohshi Formation were used to estimate the degree of thermal diagenesis. The §'3C
composition of woody material is modified from its original value via an isotopic
exchange reaction with carbonate during the graphitization stage of metamorphism
(>400 °C) (Dunn and Valley, 1992). In contrast, the 53C composition of woody material
is not significantly altered by hydrocarbon generation that occurs before metamorphism
(Deines, 1980; Teerman and Hwang, 1991; Whiticar, 1996). The atomic H/C ratios of the
kerogen samples from the Senpohshi Formation, which range from 0.47 to 0.81, indicate
that the coalification rank of the kerogen is largely below the anthracite stage, although
some kerogen samples could be classified to be of early anthracite stage (Table 3)
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(Teichmuller and Teichmdiller, 1979). Five of the eight extracted kerogen samples yielded
small numbers of pollen/spore grains, supporting our interpretation that the thermal
diagenesis of the kerogen resulted in the material below the anthracite stage (Table 2).
These observations indicate that the thermal diagenesis of the Senpohshi Formation was
less than that corresponding to the graphitization stage of metamorphism. Therefore, it is
suggested that the 5'C values the SOM were not modified by thermal diagenesis.

To summarize, our analysis indicates that the §'3Corg values obtained for the
Senpohshi Formation represent the original values of the carbon isotope composition of

terrestrial higher plants.

5.2. Comparison of the carbon isotope stratigraphy with other sections

The carbon isotope stratigraphy of the middle of the Maastrichtian is characterized
by the MME, which consists of two positive peaks separated by a negative trough with
short-term negative excursions (Batenburg et al., 2018; Jung et al., 2012; Voigt et al.,
2012). The three segments of the event are labelled MME1 to MMES3 in ascending order
in this study, after the zonation by Voigt et al., (2012).

Previous research suggested two possibilities for age correlation of the MME (Fig.
7). Batenburg et al. (2018) correlated the event based on the cyclostratigraphy of the
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Zumaia section in northern Spain and the IODP Site U1403 in the Newfoundland Margin.

They identified the event in the Maastrichtian 405 kyr cycles from the upper Ma4os9 to

lower Maasos5, corresponding to 69.38 Ma through 67.87 Ma (~1,510 kyr in duration).

Another interpretation was proposed by Voigt et al. (2012) from the magnetostratigraphy

of the Gubbio section, Italy. They distinguished the event in the lower part of the polarity

chron C31n. It is correlated to 69.21 Ma through 68.63 Ma (~580 kyr in duration)

according to the astronomically calibrated Maastrichtian magnetostratigraphy by Husson

et al. (2011) (Option 2). Thibault et al. (2012b) suggested a similar view based on the

magnetostratigraphy and cyclostratigraphy of the ODP Site 762C in Indian Ocean. They

implied the event in the lower C31n (upper Maaos8 through upper Maaos7); however, it

was not confirmed by carbon isotope data because they interpreted the event within a

missing section.
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Fig. 7. Comparison of the age model for the MME after Thibault et al. (2012b), Voigt et al. (2012),
and Batenburg et al. (2018). Ages were adjusted to the astronomically calibrated Maastrichtian time

scale by Husson et al. (2011) (Option 2).

Comparing the two hypothesis described above, the age model by Batenburg et al.
(2018) provides better agreement among the carbon isotope profiles from multiple
sections. Reliable stratigraphic correlation has been established between the Zumaia
section and Site U1403 based on cyclostratigraphy, and the carbon isotope profiles during
the MME are consistent each other. Moreover, the positive peaks recognized in the
Mauos6 at the Site 762C can be correlated to the upper positive peak of the event in the
Zumaia section and Site U1403, although Thibault et al. (2012b) originally placed the

peaks above the MME. Batenburg et al. (2018) implied uncertainty in the
28
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magnetostratigraphy of the Gubbio section, and they made a stratigraphic correlation by

using tie-points in the carbon isotope curve. The results showed a good agreement of the

carbon isotope profile from the Gubbio section with the other sections. The above

observations suggest the age correlation by the Batenburg et al. (2018) is more

appropriate because of better consistency of carbon isotope curves among multiple

sections.

Therefore, this study follows the age model for the MME proposed by Batenburg et

al. (2018). It is indicated that the carbon isotope stratigraphy of the Senpohshi Formation

covers the stratigraphic level right below the MME through the uppermost part of the

event (Figs. 6 and 7). Based on this age model, the carbon isotope profile from the

Senpohshi Formation was correlated to other sections (Fig. 1). Six sections representing

marine carbon isotope records were selected, namely the Gubbio section in Italy (Voigt

et al., 2012), the Zumaia section in northern Spain (Batenburg et al., 2012), Equatorial

Pacific ODP Site 1210B (Jung et al., 2012), Indian Ocean ODP Site 762C (Thibault et al.,

2012b), South Atlantic DSDP Site 525A (Li and Keller, 1998), and Newfoundland

Margin IODP Site U1403 (Batenburg et al., 2018). Bulk carbonate samples were analyzed

at these sections except for Site 525A, where they examined single species foraminifera

samples. The terrestrial carbon isotope records had been obtained from the Naiba section,
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Sakhalin, Eastern Russia (Hasegawa et al., 2003), the lower Cantwell Formation, Alaska,

US (Salazar-Jaramillo et al., 2016), and the Aguja, Javelina, and Black Peaks Formations

in the Tornillo Basin, Texas, US (Nordt et al., 2003). The carbon isotope profiles were

derived from terrestrial organic matter in the Naiba section and Cantwell Formation.

Pedogenic carbonate was investigated in the Tornillo Basin. Ages of all the selected

sections were adjusted to the astronomically calibrated Maastrichtian time scale by

Husson et al. (2011) (Option 2). Stratigraphic correlations were made after

cyclostratigraphy (Zumaia, Site U1403, and Site 762C), magnetostratigraphy (Senpohshi

Formation, Site 525A, and Naiba) (Table 5), or tie-points in the carbon isotope profile

(Gubbio, Site 1210B, Cantwell Formation, and Tornillo Basin). The tie-points were after

Voigt et al. (2012) and Batenburg et al. (2018) (Table 6), and the carbon isotope curves

from the four sections were correlated to the Zumaia section. The results of the

comparison of the carbon isotope stratigraphy of the Senpohshi Formation with other

sections are shown in Fig. 8.

Table 5. Ages of the K-Pg boundary and the Maastrichtian polarity chron boundaries after Option 2

proposed by Husson et al. (2011).

Event Age (Ma)
K/PgB 66 + 0.07
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409

410

411

412

C29r/C30n
C30n/C30r
C30r/C31n
C31n/C31r

66.3 +0.08
68.2 +0.08
68.32 + 0.07
69.22 + 0.07

C31r/C32n1ln 71.4+0.08

Table 6. Tie-points for correlation of stable carbon isotope profiles, which are defined by Voigt et al.

(2012) and Batenburg et al. (2018).

Tie-point

Description

Reference

V2

V3a

V4

B3

V5

V6

813C minimum a short distance below

the C29r/C30n boundary

513C maximum within C30n, transition
towards long-term d13C decline

Upper 8°C max of the mid-
Maastrichtian *3C plateau

the 913C minimum within a broad

plateau of high 613C values in the mid-

Maastrichtian, within C31n

Inflection towards the lower 813C
maximum of the mid-Maastrichtian
S13C plateau, a short distance above the

C31n/C31r boundary

Inflection towards the long-term
Maastrichtian 8*3C rise in C31r, top of

the CMBE, top occurrence of

Tranolithus orionatus

Voigt et al. (2012)

Voigt et al. (2012)

Voigt et al. (2012)

Batenburg et al. (2018)

Voigt et al. (2012)

Voigt et al. (2012)
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Fig. 8. Correlation of stable carbon isotope stratigraphy of the Senposhi Formation with other sections.

(A) Correlation with carbon isotope profiles obtained from marine materials. (1) Senpohshi Formation

of the Nemuro Group, northern Japan (this study); (2) Zumaia section, Basque country, Northern Spain
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(Batenburg et al., 2012); (3) Bottaccione Gorge and the Contessa Highway sections at Gubbio, Italy

(Voigt et al., 2012); (4) ODP Site 1210B, Equatorial Pacific (Jung et al., 2012); (5) IODP Site U1403,

Newfoundland Margin (Batenburg et al., 2018); (6) ODP Site 762C, Indian Ocean (Thibault et al.,

2012b); (7) DSDP Site 525A, South Atlantic (Li and Keller, 1998). Bulk carbonate was analyzed at

these sites except for the DSDP Site 525A, where they measured single-species planktonic

(Rugoglobigerina rugosa) and benthic foraminifera (Anomalinoides acufa). (B) Correlation with

carbon isotope profiles obtained from terrestrial materials. (8) Naiba section, Sakhalin, eastern Russia

(Hasegawa et al., 2003). Bulk sedimentary organic matter was analyzed. (9) lower Cantwell Formation,

Alaska, US (Salazar-Jaramillo et al., 2016). Stable carbon isotope compositions were obtained from

bulk sedimentary organic matter and fossil wood. (10) Aguja, Javelina, and Black Peaks Formations

in the Tornillo Basin, Texas, US (Nordt et al., 2003). They measured pedogenic carbonate.

Astronomically calibrated magnetostratigraphy and the 405 kyr eccentricity cycles are after Option 2

of Husson et al. (2011). The light and dark gray shaded intervals correspond to the MME and its

constituting segments after Voigt et al. (2012).

The MME is widely recognized in the marine carbon isotope records (Fig. 8A) (e.g.,

Voigt et al., 2010; Thibault et al., 2012a; Voigt et al., 2012; Jung et al., 2012; Wendler et

al., 2011; Wendler, 2013; Batenburg et al., 2018). Recently acquired high-resolution data
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from Zumaia, Gubbio, Site 1210B, and Site U1403 provided detailed features of the

carbon isotope profile during the event (Batenburg et al., 2012; Jung et al., 2012; Voigt

etal., 2012; Batenburg et al., 2018). All the sections conformably show the three segments

of the event, which consist of two positive peaks intercalated by a negative trough with

short-term negative excursions.

In contrast, there remains uncertainty in identification of the MME and its

constituting segment in the terrestrial records, because of the limitation of data resolution

and age control. The presence of the MME was suggested by the terrestrial records from

the lower Cantwell Formation and Tornillo Basin (Fig. 8B) (Nordt et al., 2003; Salazar-

Jaramillo et al., 2016). The identification of the event largely relied on the features of the

carbon isotope curves. Positive peaks in the two sections showed an apparent similarity

to the positive peaks in the segments MME1 and MMES3 recognized in the marine records.

However, their presence is less confident because each peak is represented by a single

measurement point. Moreover, the two sections lack sufficient age control to correlate the

carbon isotope profiles to the MME. A bentonite U-Pb zircon age of 69.5 £ 0.69 Ma was

indicated near the second positive peak in the lower Cantwell Formation (Salazar-

Jaramillo et al., 2016). However, the measured age is not fully consistent with the age of

the segment MME3 (68.45 Ma — 67.86 Ma) after the age model by Batenburg et al. (2018).
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There is no stratigraphic marker in the Maastrichtian interval in the Tornillo Bain, even

though the KPg boundary had been indicated by a weak iridium anomaly in the studied

section (Lehman, 1990; Nordt et al., 2003).

Therefore, higher resolution data from the Senpohshi Formation with age control by

magnetostratigraphy has significance in the recognition of the MME in the terrestrial

record. The terrestrial record of the MME in the Senpohshi Formation suggests both

similarity and difference to the marine carbon isotope records (Fig. 8A). Both records

show a positive peak in the segment MME3. The Senpohshi Formation shows a positive

excursion at the C30r/C31n boundary which is consistent with the peak at the same

stratigraphic level at the Sites 1210B and U1403. The excursion can also be correlated

with a small positive peak near the C30r/C31n boundary at the Sites 525A and 762C,

though it is represented by a single measurement point (Li and Keller, 1998; Thibault et

al., 2012b). In the segment MMEZ2, both Senpohshi Formation and marine records show

negative shift of the carbon isotope value from the overlying segment. The marine records

also illustrate multiple short-term negative excursions superimposed on the negative

trough; however, they are not clear in the Senpohshi Formation. A negative peak at 68.85

Ma could be correlated to one of the short-term negative excursions in other sections,

though there is uncertainty in the recognition of the peak because it is represented by a
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single measurement point. Lower resolution of the data in the segment MME2 of the

Senpohshi Formation possibly caused the lack of short-term negative excursions in the

carbon isotope profile. In contrast, there is a clear discrepancy between the Senposhi

Formation and the other sections in the segment MMEL. The marine records show a

positive peak in this interval; however, the Senpohshi Formation indicates a slight

negative shift of the carbon isotope values. The difference might suggest local factors

affecting carbon isotope values recorded in the Senpohshi Formation.

In summary, this study provides the first high-resolution terrestrial carbon isotope

record of the MME which is comparable to the high-resolution data from marine materials.

The results indicate the carbon isotopic signatures defined by the marine records are

recognized in the terrestrial materials, especially in the middle to upper part of the event

(segments MME2 and MME3). However, the terrestrial data of the Formation showed a

discrepancy from the marine records in the lower part of the event (segment MMEL),

suggesting influence of local factors in the study area. We will discuss the factors in the

following section.
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5.3. Factors influencing carbon isotope profile recorded in the Senpohshi Formation

The terrestrial organic matter-derived carbon isotope data of the Senpohshi

Formation showed a discrepancy from the marine records in the lower part of the MME

(Fig. 8A). The difference is seemingly caused by local factors of the Formation. There

are some potential factors that can affect carbon isotope values of the terrestrial organic

matter: (1) compositional changes in terrestrial organic matter, (2) reworking of older

sediment, and (3) changes in the hinterland environment.

Regarding the Factor 1, it is unlikely that compositional changes in terrestrial organic

matter preserved in sediment contributed to the carbon isotope profile of the Senpohshi

Formation because the composition of terrestrial organic matter did not change

significantly. The SOM in the Senpohshi Formation is dominated by opaque and

translucent phytoclasts and a minor amount of NFA (Fig. 6 and Table 2). The relative

abundance of the three macerals in the samples from the segment MME1 (kerogen

samples CS11 and CS21) was within the range of the abundances in the overlaying

segments (kerogen samples CS31, CS43, CS48, CS52, CS59, and CS70). These

observations indicate that a change in terrestrial organic matter composition is unlikely

to cause the deviation of the carbon isotope profile.
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It is also difficult to explain the discrepancy through reworking of terrestrial organic

matter from older sediment (Factor 2). Although the interval contains thin layers of

sediment-gravity-flow deposits and thin slump deposits (Fig. 6), sampling sites of

specimens were chosen to avoid gravity flow deposits. The upper interval of the

Formation also contains gravity flow deposits. However, the data from the upper interval

shows a positive carbon isotope excursion which can be globally correlated to the positive

peak in other sections (Fig. 8). The data from the upper interval indicates the sampling

method avoided the influence of reworking materials.

A possible cause for the discrepancy is a changing hinterland environment (Factor

3). Stable carbon isotope values of terrestrial plants are affected by abiotic factors of the

environment of these plants, such as relative humidity, temperature, precipitation, soil

moisture, and atmospheric CO2 concentration (e.g., Farquhar et al., 1980; Ramesh et al.,

1986; Korner et al., 1988; Leavitt, 1993; Feng and Epstein, 1995; Lipp et al., 1996;

Pendall et al., 1999; Schleser et al., 1999; Edwards et al., 2000). The carbon isotope

profiles also reflect plant species variation (Lloyd and Farquhar, 1994; Chikaraishi and

Naraoka, 2003), which can be caused by a changing hinterland environment. In addition,

a large-scale shift of the sediment source area may change plant species composition

delivered to the depositional sites. However, it is not likely in the study area because the
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sediments were sourced from restricted area of the adjacent island arc (Kiminami, 1983;

Kimura, 1994; Fujiwara et al., 1995). Therefore, it is suggested that changes in the

hinterland environment and floral assemblage affected the carbon isotope values recorded

in the Senpohshi Formation during the early phase of the MME.

The discrepancy of the carbon isotope profiles among the Senpohshi Formation and

the other sections suggests spatial variation of paleoenvironment during the early phase

of the MME. Additional paleoenvironmental research should illuminate the nature and

cause of the local variation of the terrestrial environment in the North Pacific region. This

study provides new insight into environmental changes during the late Maastrichtian by

establishing a detailed carbon isotope record of terrestrial materials.

6. Conclusions

High-resolution stable carbon isotope stratigraphy of terrestrial organic matter was

established for the upper Maastrichtian Senpohshi Formation of the Nemuro Group of

eastern Hokkaido, northern Japan. Geochemical and petrographic analyses of bulk SOM

and extracted kerogen samples led to the following conclusions:

(1) The SOM within the Senpohshi Formation is dominated by phytoclasts and a minor

amount of NFA. Because both phytoclasts and NFA are interpreted to have originated
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from terrestrial higher plants, the SOM within the Senpohshi Formation is inferred to

have the same origin.

(2) The atomic H/C ratios obtained for the extracted kerogen samples range from 0.47 to

0.81, indicating a coalification rank at the anthracite stage or below. This finding
reveals that 8°Corg values obtained from the Senpohshi Formation were not
significantly varied by thermal diagenesis. Therefore, the §*Corg Values obtained for
the Senpohshi Formation represent the original values of the carbon isotope

composition of terrestrial higher plants.

(3) The stable carbon isotope profile reconstructed for the Formation provides the first

high-resolution terrestrial record of the MME, which is comparable to high-resolution

marine carbon isotope data. The carbon isotopic signatures defined by the marine

records are recognized in the terrestrial data from the Formation, especially in middle

to upper part of the event. However, the terrestrial record showed a discrepancy from

the marine data in the lower part of the MME, suggesting local variation of the

hinterland environment in the North Pacific region. This study provides new insight

into environmental changes during the late Maastrichtian by establishing a detailed

carbon isotope record of terrestrial materials.
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Fig. 1. Paleogeographic map of the late Maastrichtian (68 Ma; modified after Hay et al.,

1999, https://www.odsn.de/odsn/services/paleomap/adv_map.html) showing the location

of the sections used in this study. SN: Senphoshi Formation of the Nemuro Group,

northern Japan; NB: Naiba section, Sakhalin, eastern Russia; GB: Bottaccione Gorge and

the Contessa Highway sections at Gubbio, Italy; Zumaia section, Basque country,

Northern Spain; TR: Aguja, Javelina, and Black Peaks Formations in the Tornillo Basin,

Texas, US; CT: lower Cantwell Formation, Alaska, US. Numbers indicate DSDP, ODP,

and 10DP sites (DSDP Site 525A, South Atlantic Ocean; ODP Site 762C, Indian Ocean;

ODP Site 1210B, equatorial Pacific Ocean; IODP Site U1403, Newfoundland Margin).

Fig. 2. Index maps showing (A) the location of Hokkaido, (B) the distribution of the

Nemuro Group, and (C) location of the studied section.

Fig. 3. Lithology and magnetostratigraphy (after Nifuku et al., 2009) of the Senpohshi

Formation. Correlation with the astronomically calibrated magnetostratigraphic time

scale (Option 2 of Husson et al., 2011) is shown. Stratigraphic position of the sampling

sites is also indicated in the figure.
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Fig. 4. Photomicrographs of kerogen extracted from selected samples: (A) CS21, (B)
CS52, and (C) CS59. tp: translucent phytoclasts; op: opaque phytoclasts; nfa: non-
fluorescent amorphous organic matter. Note that these three components dominate the

SOM in each sample.

Fig. 5. Relative abundance (%) of various constituents of SOM extracted from eight

selected samples.

Fig. 6. Stratigraphic variation of stable carbon isotope values of bulk SOM (*3Corg) and
TOC content within the Senpohshi Formation. Error bar shows an overall uncertainty

(£0.25%o: 10) indicated by repeated analysis of the laboratory standard.

Fig. 7. Comparison of the age model for the MME after Thibault et al. (2012b), Voigt et
al. (2012), and Batenburg et al. (2018). Ages were adjusted to the astronomically

calibrated Maastrichtian time scale by Husson et al. (2011) (Option 2).

Fig. 8. Correlation of stable carbon isotope stratigraphy of the Senposhi Formation with
other sections. (A) Correlation with carbon isotope profiles obtained from marine
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materials. (1) Senpohshi Formation of the Nemuro Group, northern Japan (this study);

(2) Zumaia section, Basque country, Northern Spain (Batenburg et al., 2012); (3)

Bottaccione Gorge and the Contessa Highway sections at Gubbio, Italy (Voigt et al.,

2012); (4) ODP Site 1210B, Equatorial Pacific (Jung et al., 2012); (5) IODP Site U1403,

Newfoundland Margin (Batenburg et al., 2018); (6) ODP Site 762C, Indian Ocean

(Thibault et al., 2012b); (7) DSDP Site 525A, South Atlantic (Li and Keller, 1998). Bulk

carbonate was analyzed at these sites except for the DSDP Site 525A, where they

measured single-species planktonic (Rugoglobigerina rugosa) and benthic foraminifera

(Anomalinoides acufa). (B) Correlation with carbon isotope profiles obtained from

terrestrial materials. (8) Naiba section, Sakhalin, eastern Russia (Hasegawa et al., 2003).

Bulk sedimentary organic matter was analyzed. (9) lower Cantwell Formation, Alaska,

US (Salazar-Jaramillo et al., 2016). Stable carbon isotope compositions were obtained

from bulk sedimentary organic matter and fossil wood. (10) Aguja, Javelina, and Black

Peaks Formations in the Tornillo Basin, Texas, US (Nordt et al., 2003). They measured

pedogenic carbonate. Astronomically calibrated magnetostratigraphic time scale and the

405 kyr eccentricity cycles are after Option 2 of Husson et al. (2011). The light and dark

gray shaded intervals correspond to the MME and its constituting segments after VVoigt et

al. (2012).
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10. Table captions

Table 1. Stratigraphic positions of polarity chron boundaries in the Senpohshi Formation

(Nifuku et al., 2009).

Table 2. Relative abundance (%) of various constituents of SOM extracted from eight

selected samples.

Table 3. Elemental compositions of kerogen extracted from eight selected samples.

Table 4. TOC content and §*3Corg Values obtained for the Senpohshi Formation.

Table 5. Ages of the K-Pg boundary and the Maastrichtian polarity chron boundaries

after Option 2 proposed by Husson et al. (2011).

Table 6. Tie-points for correlation of stable carbon isotope profiles, which are defined by
Voigt et al. (2012) and Batenburg et al. (2018).
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