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Abstract 11 

The classical biomarkers of long-chain alkenones and n-alkanes preserved in marine and lake 12 

sediment cores are widely used to reconstruct paleoenvironments.  Here, we detected these 13 

biomarkers are preserved in the rock outcrop of the Kazusa Group exposed in central Japan, the 14 

most continuous sedimentary succession in the world, covering almost the entire Pleistocene. 15 

The alkenone unsaturation ratio and average chain length of n-alkanes appeared to reflect the 16 

glacial-interglacial changes in the sea surface temperature (SST) and terrestrial climate, 17 

respectively. Alkenone-based SSTs during 1.1–1.0 Ma were significantly higher than present-18 

day SSTs in the same area, as supported by foraminiferal Mg/Ca-based temperatures, possibly 19 

reflecting the direct intrusion of the warm Kuroshio Current. Applying these biomarkers, which 20 

might be circumstantially preserved owing to their immunity to high temperature and 21 

consolidation stress during burial and uplift, we expect that the Kazusa Group should reveal 22 

detailed oceanic and atmospheric changes of the Kuroshio region. 23 

  24 



Introduction 25 

Long-chain alkenones (LCAs) are C35–C42 unsaturated methyl and ethyl ketones with 2–4 26 

double bonds and feature unique lipid biomarkers produced by Isochrysidales haptophytes living 27 

in surface waters1. The degree of unsaturation in C37 alkenones (U37
K' ) is strongly correlated with 28 

the growth temperature in culture experiments, and is widely used as one of the most quantitative 29 

and well-established proxies for sea surface temperature (SST)2–4. High-molecular (> C27) n-30 

alkanes with odd/even predominance are derived from terrestrial higher plants5,6 and are used to 31 

reconstruct changes in the temperature, humidity, and vegetation based on the carbon number 32 

distributions7,8. These paleoenvironmental indexes are traditionally applied to marine and lake 33 

sediment cores, but are rarely applied to exposed sedimentary rocks because LCAs and n-alkanes 34 

can undergo maturation at high temperature and lose their initial paleoenvironmental 35 

information9,10. Several previous studies have detected LCAs and n-alkanes from outcrops; 36 

however, only a few studies conducted on the outcrops around the Mediterranean Sea, 37 

reproduced distinct glacial-interglacial-scale climate changes using U37
K' , and there are no studies 38 

in which n-alkane-based indexes were used7,11,12. 39 

The Kazusa Group represents the infill of the Plio-Pleistocene Kazusa forearc basin that 40 

developed in response to the subduction of the Pacific and Philippine Sea plates beneath the 41 

North American plate, and is well exposed in the Boso Peninsula, Chiba Prefecture, central 42 

Japan13 (Fig. 1). The middle to lower part of the Kazusa Group is represented by successions of 43 

submarine fan deposits associated with deep-sea, basin-plain, and slope deposits, and is one of 44 

the most continuous of exposed sedimentary successions with a high sedimentation rate (ca. 1.5 45 

m/kyr on average) in the world covering almost the entire Pleistocene13,14. It contains marine 46 

microfossils, paleomagnetic reversals, and a large number of tephra beds, which allow us to 47 



establish a robust chronological and stratigraphic framework and undertake paleoceanographic 48 

and paleoclimatic studies with high time-resolution15 (Supplementary Fig. 1). These studies are 49 

recognised worldwide, and the Chiba composite section in the Kazusa Group was certified in 50 

2020 as the Global Boundary Stratotype Section and Point (GSSP) between the Chibanian and 51 

Calabrian stages16.  52 

The Boso Peninsula is located near the Kuroshio Extension Front (KEF), where the 53 

Kuroshio Current (KC) leaves the coast of Japan. The KC transports warm and saline water from 54 

the equatorial Western Pacific Warm Pool (WPWP) to northern mid-latitudes, and forms 55 

pronounced latitudinal gradients in SST off the Boso Peninsula17 (Supplementary Fig. 2). It is 56 

also located at the northern limit of the seasonal progression of the westerly jet that bounds the 57 

East Asian monsoon (EAM) front18. Thus, the oceanic and terrestrial conditions around the 58 

Kazusa forearc basin should be responsive to shifts in the KEF and EAM, which are related to 59 

the modulations in the dynamics of Hadley cells in the northern hemisphere17,18. Therefore, the 60 

paleoenvironmental information, especially SST, stored in the Kazusa Group could be important 61 

for understanding the changes in global climate systems during the Pleistocene. However, there 62 

has been no widely applicable quantitative proxy for SST owing to the extremely small standing 63 

stock and poor preservation of surface-dwelling planktic foraminifera. In this study, we 64 

discovered that multiple classical biomarkers, LCAs and odd preference n-alkanes, are well 65 

preserved in several sections of the Kazusa Group and can be used as paleoenvironmental 66 

indicators. 67 

 68 
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Geological setting and sample collections 70 

The Otadai Formation in the Kazusa Group consists of alternations of turbidite sandstone 71 

and hemipelagic siltstone beds which had developed as deep-sea submarine fan systems from 1.2 72 

to 1.0 Ma13. Frequently intercalated tuff beds in the Otadai Formation allows lateral bed-by-bed 73 

correlation of turbidite sandstone and siltstone beds19. Detailed oxygen isotope stratigraphy for 74 

the upper to middle Otadai Formation was established using benthic foraminifera recovered from 75 

the TR-3 core, which was confirmed by fission-track ages of zircon from key intercalated tuff 76 

beds, as well as magnetostratigraphy and biostratigraphy20 (Fig. 2a). This chronological model 77 

was applied by correlations between TR-3 and the outcrops using comparison with key tuff beds 78 

(named O4, O4.5, O7, O11, O12, O16, and O18)21, which were identified based on visual 79 

observations, mineral compositions, and refractive index of volcanic glass20. We collected 80 

samples from the outcrops exposed along the Yoro River, which correspond to MIS 33 to 29 81 

(Supplementary Figs. 3a, 4). To investigate data variability within a single siltstone bed, six 82 

samples were taken from the siltstone bed ca. 10 cm below the O18 key tuff bed along the 83 

bedding plane and the turbidite sandstone directly beneath the siltstone bed (Supplementary Fig. 84 

5). The O7 and O11 key tuff beds were also exposed at the Shoryuji section located 10 km east 85 

of the Yoro River section22. Siltstone samples were taken directly above and below the O7 and 86 

O11 key tuff beds in each section to compare the data from the same stratigraphic level 87 

(Supplementary Figs. 3b, 4). All samples for laboratory analysis were taken from the bluish-grey 88 

part exposed after removing the weathered surface coating on the outcrop. 89 

 90 
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Results and Discussion 92 

LCAs and n-alkanes based proxies as paleoenvironmental indicators 93 

C37–C39 LCAs and odd preference C26–C36 n-alkanes were detected in all samples that we 94 

analysed (Supplementary Fig. 6). The preservation of these biomarkers is probably due to the 95 

Kazusa Group never having been exposed to high temperatures or consolidation stress during 96 

burial and uplift. The paleo-maximum temperature and maximum burial depth deduced from 97 

vitrinite reflectance and consolidation tests in the Otadai Formation were < 45 °C and 7.6 MPa, 98 

respectively23. According to hydrous pyrolysis experiments, the LCAs and n-alkane based 99 

indices did not change under these conditions at laboratory time scales (~days)9,10.  100 

The alkenone unsaturation ratio (U37
K' ), average chain length (ACL) and carbon preference 101 

index (CPI) of n-alkanes (see Fig. 2 for each definition) from the Yoro River section ranged 102 

0.795–0.921, 30.1–31.0, and 3.66–6.02, respectively, showing variations synchronised with the 103 

glacial and interglacial cycles from MIS 33 to 29 (Fig. 2). Alternatively, the relative compounds 104 

of total organic carbon and total nitrogen (C/N ratios), indicating relative contributions of 105 

terrestrial and marine organic matter (see Methods for the detail), were not completely 106 

synchronised with the glacial-interglacial cycles, suggesting that the accumulation process of 107 

organic compounds was controlled not only by sea-level changes but also by the effects of 108 

topography and redeposition in submarine fans (Fig. 2). U37
K' , ACL, and CPI  values from the 109 

Shoryuji section coincided with the values from the correlative siltstone bed of the Yoro River 110 

section within the data variability (2σ) of the single siltstone bed shown in Supplementary Table 111 

1, which confirms that these indexes immune from the effects of topography in the submarine 112 

fan and faithfully reflect the representative environment around the Kazusa forearc basin (Table 113 

1). The turbidite sandstone and the adjacent siltstones had closely similar U37
K'  and ACL values 114 



(Supplementary Table 1), which indicates that these values changed negligibly due to 115 

alternations of redox condition caused by turbidites, as is partly suggested by ref. 24. In contrast, 116 

the turbidite sand bed, which might have been redeposited from a shallower seabed19, had a 117 

significantly higher C/N ratio and lower CPI value than the siltstones (Supplementary Table 1). 118 

U37
K'  must reflect the temperature fluctuation in the Kazusa forearc basin at water depths 119 

of 0–50 m, where LCAs are mostly produced25. The transportation routes of n-alkanes are 120 

enigmatic because they can be supplied not only as river suspensions but also as aeolian dust26. 121 

However, we believe that ACL and CPI fluctuations mostly reflect monsoonal climate changes 122 

in the hinterland of the Kazusa forearc basin because higher ACL and lower CPI values have 123 

been detected in the lower latitudes of present-day surface soils in East Asia as well as of 124 

aerosols in the western Pacific27-29. CPI values weakly correlate with C/N ratios (R2 = 0.31, p < 125 

0.01), whereas U37
K'  and ACL do not (Supplementary Fig. 7). Therefore, CPI may also be 126 

influenced by the freshness of higher plant n-alkanes, that is, it declined through dilution and 127 

degradation of terrestrial plant derived material during offshore transportation and redeposition 128 

processes6,30. Based on the above observations, we conclude that U37
K'  and ACL are less 129 

susceptible to the effects of sedimentation process and diagenesis, which can be excellent 130 

paleoenvironmental indicators for the Kazusa forearc basin. The periods and amplitudes of the 131 

terrestrial climate fluctuations indicated by ACL were almost synchronised with those of the 132 

oxygen isotope ratios of benthic foraminifera (δ18OBF) (Fig. 2a, c). U37
K'  values in the moderate 133 

interglacial periods (MIS 29 and 33) were comparable with those in the extreme interglacial 134 

period (MIS31) (Fig. 2a, b). The reason for the difference in the fluctuation pattern of U37
K'  and 135 

those of ACL and δ18OBF can be attributed to the effect of ocean currents, as discussed in the 136 

next section.  137 



 138 

Quantitative temperature reconstructions and implications for paleoceanography 139 

We calculated the U37
K' -SST using the global core-top calibration3, which is largely 140 

consistent with the culture calibration of the modern alkenone synthesiser2. The temperature 141 

calibration may be affected by changes in the assemblages of the alkenone synthesisers, but the 142 

evolutionary events and changes in species dominance within the coccolithophore populations 143 

are considered to have had little impact on the relationship between U37
K'  and SST during the 144 

Pleistocene31,32. The U37
K' -SSTs during MIS 33 to 29 were calculated from 22.8 °C to 26.6 °C. 145 

Fluctuations in the U37
K' -SST near the Boso Peninsula have been previously reported from the 146 

core site of MD01-2421 covering MIS 1–5e33 (Fig. 1). Comparing periods with similar ice 147 

volumes estimated from the global δ18OBF profile34,35, the U37
K' -SSTs in the Otadai Formation 148 

appeared to be 4–7 °C higher than those of the MD01-2421 core, located near the KEF (Table 2). 149 

The ratio of magnesium to calcium (Mg/Ca) of planktic foraminifera is an additional established 150 

paleotemperature proxy36. From the five selected beds with relatively large amounts of 151 

foraminiferal standing stock, we analysed Mg/Ca paleotemperatures of Globigerina bulloides 152 

(Tbul), which were abundant at depths shallower than 40 m near the Boso Peninsula37. Tbul 153 

showed 19.9–21.9 °C and 22.5–24.8 °C in the glacial and interglacial periods, respectively, and 154 

these values are at least 4 °C higher than the Tbul from the MD01-2421 core38, thereby supporting 155 

the validity of the high U37
K' -SST (Table 2). The 1–4 °C offsets between the U37

K' -SST and Tbul can 156 

be attributed to differences in the production seasons near the Boso Peninsula, insofar as 157 

alkenones are mostly produced in July25, whereas G. bulloides are most abundant during the 158 

spring phytoplankton bloom39. Although these temperature offsets do not seem to be constant, 159 

similar trends can be often seen in previous studies using marine sedimentary cores40,41, which is 160 



due to that the high production season for G. bulloides can differ because their production is 161 

greatly influenced by nutrient availability42.  162 

The U37
K' -SSTs in the Otadai Formation are still 2–3 °C higher than those reported from 163 

the St. 14 core covering MIS 1–2, located near the mainstream of the KC43 (Fig. 1a, Table 2) . 164 

Considering the distribution of SSTs around the core sites of MD01-2421 and St. 14 165 

(Supplementary Fig. 1), we interpret that the Kazusa forearc basin was located under the direct 166 

influence of the KC, and the temperatures of the warm water masses in the interglacial periods 167 

(MIS 29, 31, and 33) may have been higher than those in the Holocene (MIS 1). We also 168 

assumed that the KC could still have had a large influence on the Kazusa forearc basin even in 169 

the glacial periods (MIS 30 and 32) compared to those in the last glacial period (MIS 2) when the 170 

KEF had shifted to the south43. Previous studies using marine sediment cores have revealed 1–2 171 

°C -higher SSTs in the California margin and eastern equatorial Pacific from 1.1 to 1.0 Ma 172 

compared to the present day, while SSTs in the western equatorial Pacific have remained nearly 173 

the same44,45. Our study, the documentation of quantitative SSTs record near the KEF, has 174 

revealed that the latitudinal temperature gradient in the north-western Pacific was small, 175 

indicating the widespread WPWP from 1.1 to 1.0 Ma. Changes in SST distributions during the 176 

Pleistocene are important because they are considered to be linked to the mid-Pleistocene 177 

transition44. Applying the biomarker-based proxies, the Kazusa Group can provide a long, 178 

continuous, and high-time resolution paleotemperature record in the Kuroshio region, which is 179 

integral to understanding Pleistocene climate changes. 180 

  181 



Methods 182 

Biomarkers and organic compounds analysis 183 

Samples for biomarker analysis were freeze-dried after the surface was ultrasonically 184 

cleaned with ethanol and ground into a fine powder. Sediment samples were dried and crushed 185 

into a fine powder for organic matter analysis. The lipids contained in the powdered sediment 186 

(approximately 3 g) of each sample were extracted by sonication with dichloromethane/methanol 187 

(70:30, v/v) and then saponified with 0.5 mol L_1 KOH in MeOH. The saponified sample was 188 

then extracted with n-hexane to obtain the neutral components. The neutral lipids were separated 189 

into four subfractions by silica gel column chromatography. The N-1 fraction (hydrocarbons) 190 

was extracted with n-hexane/dichloromethane (95:5, v/v), and the N-2 fraction (ketones, esters, 191 

and aldehydes) was collected with n-hexane/dichloromethane (4:6, v/v). Then, they were 192 

introduced into a gas chromatograph with a mass-selective detector (GC-MS) and with a flame 193 

ionization detector (GC-FID) equipped with a VF-5ms fused silica capillary column (30 m*0.25 194 

mm internal diameter, Agilent). The oven temperature was programmed as follows: maintained 195 

at 40 °C for 2 min, raised to 120 °C at 30 °C/min, raised to 300 °C at 6 °C/min, and maintained 196 

at 300 °C for 20 min. Several procedural blanks, which were analyzed parallelly to the same 197 

analysis, showed no C37 alkenone contamination. Analytical precisions (1σ) for U37
K' , ACL, and 198 

CPI were 0.002, 0.008, and 0.004 units, respectively. The powdered samples used for biomarker 199 

analysis were also used for total organic carbon (TOC) and total nitrogen (TN) analysis using a 200 

Flash 2000 CHNS elemental analyser. A powdered sample (approximately 30 mg) was placed in 201 

a silver sample boat and decalcified with a few drops of 1 N HCl and then dried for at least 2 hr 202 

at 80 °C to remove unreacted HCl and water. The dried samples were wrapped in a tin sample 203 

boat for combustion. Quantification errors for TOC and TN were both 3 % (1σ) based on 204 



replicated analyses of a 2,5-bis-(5-tertbutyl-benzoxazol-2-yl)-thiophene standard. In this study, 205 

C/N ratios were used to clarify the source of organic matter, as the C/N ratio of typical marine 206 

phytoplankton organic matter is 6–7, whereas that of terrestrial organic matter is > 12 due to the 207 

contribution of lignin-phenols46. 208 

 209 

Mg/Ca ratios analysis 210 

Mg/Ca ratios of the planktic foraminifera G. bulloides were analysed for five selected 211 

siltstone beds with relatively large amounts of foraminiferal standing stock and good 212 

preservation to reproduce the surface temperature. Samples for handpicking fossil foraminifera 213 

were disaggregated using Na2SO4. Mg/Ca ratios were measured using G. bulloides from the > 214 

210 μm size fraction. Ten or more white individuals without an oxide film were used for the 215 

measurements. The samples were cleaned using the following methods outlined by ref. 47. We 216 

modified the methods for the foraminiferal tests following ref. 48. Initially, the samples were 217 

gently crushed into fragments and then rinsed with methanol and ultrapure water. This process 218 

was repeated until all loose material (i.e., nannofossils and clay) was removed. The samples were 219 

then treated with an oxidising agent that consisted of H2O2 and KOH to remove organic matter. 220 

Finally, the samples were rinsed with a mixture of H2O2 and HClO4. Mg, Ca, and Mn 221 

concentrations were obtained by inductively coupled plasma mass spectrometry (ICP-MS). For 222 

ICP-MS analysis, a powdered carbonate sample was transferred to Teflon vials, and 0.3 M HNO3 223 

was added to each vial to dissolve the solids. The HNO3 used in this study was a commercially 224 

supplied high-purity TAMAPURE AA-100 reagent (Tama Chemical, Japan). To control the 225 

instrumental drift, internal standards (Be, Sc, Y, and I) were added to HNO3. Additionally, 226 

standard solutions prepared from JCp-1 (Geological Survey of Japan)49 were measured for use in 227 



data correction. The relative standard deviation based on replicate measurements of JCp-1 was 228 

0.5 % (1σ). The Mn/Ca ratios were 0.5 mmol/mol or less for all measured samples, indicating 229 

that the precleaning was sufficiently performed50. The Mg/Ca ratios of G. bulloides were 230 

converted to a temperature scale using the calibration in ref. 51. 231 
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Figure legends  392 

Figure 1. Maps showing overall setting of the Kazusa Group in central Japan. (a) Bold yellow 393 

arrow and green dotted line represent the general path of the KC and KEF in the present day, 394 

respectively. The bathymetry, plate boundaries, and locations of cores MD01-2421 and St. 14 395 

(red squares) are also shown. (b) Surface distribution of the Otadai formation (yellow-coloured) 396 

in the Kazusa Group (grey-coloured) on the Boso Peninsula, showing the locations of survey 397 

sites in this study (red triangles) and TR-3 core (open square).  398 

 399 

Figure 2. Biomarker profiles in the Yoro River section. (a) Oxygen isotope stratigraphy of the 400 

TR-3 core, which is comparable to the Yoro River section20. Triangles show age-control 401 

horizons established by correlation with deep sea core ODP site 677. The base of Jaramillo 402 

normal subchronozone is shown with the shaded area. The intercalated key tuff beds are shown 403 

with dotted lines, one of which (O7) was dated by zircon fission track (1.0 ± 0.2 Ma). (b) U37
K'  404 

(={C37:2}/{C37:2}+{C37:3}), (c) ACL (=Σx[Cx]/[Cx]), (d) CPI (=2*Σ[Cx]/(Σ[Cy]+Σ[Cz])), and (e) 405 

C/N ratios, where {} and [] represents concentrations of each carbon number of LCAs and n-406 

alkanes, respectively (x =  27, 29, 31, 33, 35; y =  26, 28, 30, 32, 34; z = 28, 30, 32, 34, 36). Grey 407 

lines connect the strata from which samples for biomarker analysis were not collected because of 408 

the far distance from the key tuff beds. The error bars indicate the standard deviations based on 409 

six samples taken from the siltstone bed (S-29-1–6) (Supplementary Table 1). Detailed 410 

information on the sampling locations is shown in Supplementary Figure 4 and Supplementary 411 

Table 2. 412 
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Tables 414 

Table 1. Comparison of multiple proxy records in strata at the same level in the Yoro River and 415 

Shoryuji sections. 416 

 417 

  Section 
Sample 

ID 
U37

K'  U37
K' -SST (°C) ACL CPI C/N 

Directly above 

the O7 key tuff 

bed 

Yoro River S-26 0.849 24.4 30.6 5.69 6.8 

Shoryuji S-18 0.869 25.0 30.5 5.44 6.4 

Directly below 

the O7 key tuff 

bed 

Yoro River Y-05 0.827 23.7 30.6 5.66 10.4 

Shoryuji S-19 0.830 23.8 30.5 4.92 8.4 

Directly above 

the O11 key tuff 

bed 

Yoro River S-42 0.919 26.5 30.6 4.00 6.9 

Shoryuji S-17 0.912 26.3 30.5 4.35 7.4 

Directly below 

the O11 key tuff 

bed 

Yoro River Y-03 0.873 25.1 31.0 4.40 8.9 

Shoryuji S-16 0.886 25.5 30.8 4.04 7.7 

  418 



Table 2. Paleotemperatures estimated from U37
K'  and Mg/Ca ratios of Globigerina bulloides in the 419 

Otadai Formation. Data from core MD01-242135,38 and St. 1443 are also shown. 420 

 421 

Location 
Sample 

ID 
MIS 

U37
K' -SST (°C) Mg/Ca-SST (°C) 

(Alkenone) (G. bulloides) 

Otadai F. S-29 33 26.1 23.3 

Otadai F. S-32 33 26.5 22.5 

Otadai F. S-24 32 23.6 21.9 

Otadai F. S-10 31 25.7 24.8 

Otadai F. S-26 30 24.3 19.9 

MD01-2421   5e ca. 20ー23 - 

MD01-2421  5a–d ca. 19ー21  

MD01-2421  4 ca. 18 - 

MD01-2421  3 ca. 17ー19 - 

MD01-2421  2 ca. 13ー16 ca. 7ー8 

MD01-2421   1 ca. 17ー21 ca. 16ー18 

St.14   2 ca. 20ー22 - 

St.14   1 ca. 22ー24 - 

 422 

423 
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Figures

Figure 1

Maps showing overall setting of the Kazusa Group in central Japan. (a) Bold yellow arrow and green
dotted line represent the general path of the KC and KEF in the present day, respectively. The bathymetry,
plate boundaries, and locations of cores MD01-2421 and St. 14 (red squares) are also shown. (b) Surface
distribution of the Otadai formation (yellow-coloured) in the Kazusa Group (grey-coloured) on the Boso
Peninsula, showing the locations of survey sites in this study (red triangles) and TR-3 core (open square).

Figure 2



Biomarker pro�les in the Yoro River section. (a) Oxygen isotope stratigraphy of the TR-3 core, which is
comparable to the Yoro River section20. Triangles show age-control horizons established by correlation
with deep sea core ODP site 677. The base of Jaramillo normal subchronozone is shown with the shaded
area. The intercalated key tuff beds are shown with dotted lines, one of which (O7) was dated by zircon
�ssion track (1.0 ± 0.2 Ma). (b) "U" _"37" ^"K'" (={C37:2}/{C37:2}+{C37:3}), (c) ACL (=Σx[Cx]/[Cx]), (d) CPI
(=2*Σ[Cx]/(Σ[Cy]+Σ[Cz])), and (e) C/N ratios, where {} and [] represents concentrations of each carbon
number of LCAs and n-alkanes, respectively (x = 27, 29, 31, 33, 35; y = 26, 28, 30, 32, 34; z = 28, 30, 32, 34,
36). Grey lines connect the strata from which samples for biomarker analysis were not collected because
of the far distance from the key tuff beds. The error bars indicate the standard deviations based on six
samples taken from the siltstone bed (S-29-1–6) (Supplementary Table 1). Detailed information on the
sampling locations is shown in Supplementary Figure 4 and Supplementary Table 2.
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