
 

 
 
 
 

Chen, X.-Y., Blockley, S. P.E., Staff, R. A., Xu, Y.-G. and Menzies, M. A. (2022) 

Improved age estimates for Holocene Ko-g and Ma-f~j tephras in northern Japan using 

Bayesian statistical modelling. Quaternary Geochronology, 67, 

101229. (doi: 10.1016/j.quageo.2021.101229). 

 

This is the Author Accepted Manuscript. 

There may be differences between this version and the published version. You are 

advised to consult the publisher’s version if you wish to cite from it. 

 

http://eprints.gla.ac.uk/251101/ 

 

Deposited on: 06 August 2021 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Enlighten – Research publications by members of the University of Glasgow 

http://eprints.gla.ac.uk  

  

https://doi.org/10.1016/j.quageo.2021.101229
http://eprints.gla.ac.uk/251101/
http://eprints.gla.ac.uk/


Improved age estimates for Holocene Ko-g and Ma-f~j 1 

tephras in northern Japan using Bayesian statistical modelling 2 

Xuan-Yu Chen a,b,c*, Simon P.E. Blockley b, Richard A. Staff d, Yi-Gang Xu a, Martin 3 

A. Menzies c 4 

a State Key Laboratory of Isotope Geochemistry and CAS Center for Excellence in 5 

Deep Earth Science, Guangzhou Institute of Geochemistry, Chinese Academy of 6 

Sciences, Guangzhou, 510640, China 7 

b Department of Geography, Royal Holloway University of London, Egham, Surrey, 8 

TW20 0EX, UK 9 

c Department of Earth Sciences, Royal Holloway University of London, Egham, Surrey, 10 

TW20 0EX, UK 11 

d Scottish Universities Environmental Research Centre (SUERC), University of 12 

Glasgow, East Kilbride, G75 0QF, UK 13 

Abstract 14 

The Ko-g and Ma-f~j tephras are two key isochronous marker layers in northern 15 

Japan, which are from the largest Plinian eruptions of Komagatake volcano (VEI=5) 16 

and Mashu caldera (VEI=6), respectively. Despite extensive radiocarbon studies 17 

associated with the two tephras, individual calibrated results show considerable 18 

variations and thus accurate ages of these important eruptions remain controversial. 19 

Bayesian statistical approaches to calibrating radiocarbon determinations have proven 20 

successful in increasing accuracy and sometimes precision for dating tephras, which is 21 

achieved through the incorporation of additional stratigraphic information and the 22 

Manuscript File Click here to view linked References

https://www.editorialmanager.com/quageo/viewRCResults.aspx?pdf=1&docID=554&rev=1&fileID=14873&msid=6c5df82d-d76f-4289-af1e-4ff751198da4
https://www.editorialmanager.com/quageo/viewRCResults.aspx?pdf=1&docID=554&rev=1&fileID=14873&msid=6c5df82d-d76f-4289-af1e-4ff751198da4


combination of evidence from multiple records. Here we use Bayesian approaches to 23 

analyse the proximal and distal information associated with the two tephra markers. 24 

Through establishing phase and deposition models, we have taken into account all of 25 

the currently available stratigraphic and chronological information. The cross-26 

referencing of phase models with the deposition model allows the refinement of 27 

eruption ages and the deposition model itself. Using this we are able to provide the most 28 

robust current age estimates for the two tephra layers. The Ko-g and Ma-f~j tephras are 29 

hereby dated to 6657-6505 (95.4%; 6586±40, μ±σ) cal yr BP, and 7670-7395 (95.4%; 30 

7532±72, μ±σ) cal yr BP, respectively. These updated age determinations underpin the 31 

reported East Asian Holocene tephrostratigraphic framework, and allow sites where the 32 

tephra layers are present to be dated more precisely and accurately. Our results 33 

encourage further applications of Bayesian modelling techniques in the volcanically 34 

active East Asian region. 35 

1 Introduction 36 

A robust chronological framework is essential for the investigation of past 37 

environmental and climatic changes recorded in various sedimentary archives (Brauer 38 

et al., 2014). To this end, the past decades have witnessed considerable progress 39 

regarding the use of tephra isochrons as a dating and correlation tool for precise 40 

palaeoclimatic and environmental reconstruction (e.g., Davies et al., 2010; Lane et al., 41 

2013; Berben et al., 2020). The major advantages of tephra isochrons are their ability 42 

to perfectly synchronise records, and that the most robust age estimate for a tephra can 43 

be transferred to other records where the tephra is identified (Lowe, 2011). This 44 

generates the motivation to produce ever more precise and accurate age estimates for 45 

key tephra markers.  46 



The mid-Holocene Ko-g and Ma-f~j tephras are two major isochronous markers in 47 

northern Japan (Furukawa and Nanayama, 2006; Nakamura, 2016; Razzhigaeva et al., 48 

2016), which form an important part of the integrated East Asian tephrostratigraphic 49 

framework (Chen et al., 2020). These tephras have been dated extensively using the 50 

radiocarbon (14C) method (e.g., Okuno et al., 1999; Nakamura and Hirakawa, 2004; 51 

Yoshimoto et al., 2008; Yamamoto et al., 2010; Razzhigaeva et al., 2016), yet the 52 

results yield considerable variations, diminishing the chronological significance of the 53 

tephras. This is due to the fact that 14C calibrated dates derived from individual samples 54 

are more likely to suffer from contamination and calibration issues (Lowe and Walker, 55 

2000). In contrast, Bayesian modelling approaches to calibrating radiocarbon 56 

determinations have been developed to allow the incorporation of prior information 57 

(e.g., stratigraphic ordering) and the combination of evidence from multiple records 58 

(Buck et al., 1991, 1992; Bronk Ramsey, 1994, 1995, 2008, 2009a). These approaches 59 

have proven very successful in generating robust chronologies for tephra layers and a 60 

range of other sedimentary records, and thus have been widely used in many regions 61 

(e.g., Buck et al., 2003; Blockley et al., 2004, 2007, 2008a, 2008b; Wohlfarth et al., 62 

2006; Petrie and Torrence, 2008; Schiff et al., 2008; Smith et al., 2011, 2013; Lowe et 63 

al., 2013; Vandergoes et al., 2013; Macken et al., 2013; Xu et al., 2013; Bronk Ramsey 64 

et al., 2015; Egan et al., 2015; Chen et al., 2016; McLean et al., 2016, 2018, 2020a, 65 

2020b; Albert et al., 2018, 2019; Sun et al., 2018, 2019). 66 

Here we use Bayesian modelling approaches to analyse 14C dates reported for the 67 

Ko-g and Ma-f~j tephras. Given that previous age estimates for these eruptions were 68 

all based on individual calibrated determinations, the aim of this article is to combine 69 

the chronological information through a statistically robust approach, in order to 70 

provide coherent calendar ages for the tephras. Our results demonstrate that tephra age 71 



estimates can be refined when properly modelled using all available information, and 72 

that these tephras provide critical elements of a broader regional Holocene 73 

tephrostratigraphic framework. 74 

2 Background 75 

2.1 Ko-g tephra 76 

The Ko-g tephra originated from the Komagatake volcano in SW Hokkaido (Fig. 77 

1), and was the product of its largest Holocene eruption (VEI=5, Nakamura and 78 

Hirakawa, 2004; Yoshimoto et al., 2008). Having a bulk volume of 2.4-3.8 km3 79 

(Nakamura and Hirakawa, 2004), the eruption dispersed tephra towards the ENE 80 

(Furukawa and Nanayama, 2006). In the southern Kuril Islands (ca. 450 km ENE of the 81 

source), the tephra has been identified as a visible layer in a peat sequence (Razzhigaeva 82 

et al., 2016), whereas in Rebun Island (ca. 370 km N of the source) the tephra occurs 83 

as a non-visible ash layer identified in lake sediments (Chen et al., 2019). Based on 84 

reviewing its occurrences, Chen et al. (2020) suggested that the tephra plausibly 85 

covered the entirety of Hokkaido Island (Fig. 1).  86 

A range of studies have attempted to date the tephra using the 14C method, and the 87 

individual calibrated results yielded various but overlapping age ranges. For example, 88 

Nakamura and Hirakawa (2004) dated plant material and wood immediately above and 89 

below the Ko-g unit, with one of the samples yielding the most precise age of 6661-90 

6451 cal yr BP (95.4%), while the other two dates exhibited larger uncertainty. In 91 

contrast, Razzhigaeva et al. (2016) provided an older date that had a comparable error 92 

range (6844-6635 cal yr BP; 95.4%). Moreover, Yoshimoto et al. (2008) reported a date 93 

derived from charcoal within the bottom part of the tephra unit overlapping the two 94 



dates mentioned above, but with significantly larger uncertainty (7158-6552 cal yr BP; 95 

95.4%). Table 1 summarises the detailed stratigraphic and chronological information 96 

of the published 14C dates associated with the Ko-g tephra. All the raw dates are re-97 

calibrated in this study using the latest IntCal20 calibration curve (Reimer et al., 2020), 98 

in order to allow direct comparison of the resultant calendar ages. 99 

2.2 Ma-f~j tephra 100 

The Ma-f~j tephra originated from Mashu caldera in eastern Hokkaido (Fig. 1), and 101 

was the product of its caldera forming eruption (VEI=6, Crosweller et al., 2012; Katsui, 102 

1963). The eruption consisted of five eruptive phases, ejecting a total bulk tephra 103 

volume of 18.6 km3 (Kishimoto et al., 2009). Initially, the volcano erupted pulverulent 104 

solidified lavas forming an ash-fall unit, Ma-j. This was followed by successive 105 

pumice-fall units Ma-i and Ma-h&g with white and light grey colours, respectively. 106 

The activity ended with a pyroclastic flow containing large amounts of grey pumice 107 

and ash with lithic fragments (Ma-f) (Katsui, 1963; Katsui et al., 1975). The Ma-f~j 108 

tephra was dispersed towards the ESE, with the pumice-fall units (Ma-i and Ma-g) 109 

being found as 10 cm thick layers ca. 100 km to the east of the source (Katsui, 1963). 110 

Recently, Razzhigaeva et al. (2016) identified the visible Ma-f~j tephra in eleven peat 111 

sequences in the southern Kuril Islands, ca. 200 km to the east of the volcano. In 112 

addition, Chen et al. (2019) reported the presence of Ma-f~j cryptotephra in Lake Kushu, 113 

Rebun Island ca. 350 km NW of the volcano (Fig. 1). These new discoveries extend the 114 

known dispersal of the tephra, indicating that it has significant potential to be developed 115 

as a regional stratigraphic marker (Chen et al., 2020).  116 

Radiocarbon dating of charcoals preserved within the tephra and humus from 117 

underlying soils have provided various dates for the eruption, ranging from 6460 to 118 



8870 14C yr BP (Table 1). For instance, charcoals within the uppermost Ma-f unit 119 

yielded ages of 7681-7483 and 7566-7277 cal yr BP (95.4%; Yamamoto et al., 2010), 120 

whereas samples from soils immediately below the tephra provided dates of 7920-7666 121 

cal yr BP (95.4%; Yamamoto et al., 2010), 8180-7978 cal yr BP (95.4%; Razzhigaeva 122 

et al., 2016) and 8598-8380 cal yr BP (95.4%; Nakamura and Hirakawa, 2004) that are 123 

significantly older (Table 1). 124 

2.3 Lake Kushu in Rebun Island 125 

Rebun Island is situated in the northeastern part of the Sea of Japan, ca. 45 km west 126 

of the northern coast of Hokkaido (Fig. 1). Lake Kushu (45°25′55″N, 141°02′13″E, 4 127 

m.a.s.l.) is a coastal freshwater lake located in the northern part of the island about 300 128 

m from the coast (Fig. 1). The lake is surrounded by dense vegetation, which effectively 129 

limits any sediment in-washing. Dominant sources of sediment include autochthonous 130 

biological productivity, aeolian input and minor fluvial input (Schmidt et al., 2016). 131 

The RK12 sediment core was extracted from Lake Kushu in February 2012. Two 132 

parallel cores, RK12-01 and RK12-02, were recovered using a hydro-pressure thin-133 

walled piston corer. The composite RK12 sequence spans ca. 19.5 m and is composed 134 

of continuous, partly laminated, organic-rich sediments. A total of fifty-seven bulk 135 

sediment 1 cm samples throughout the composite sequence were processed for AMS 136 

radiocarbon dating, and the results allowed the construction of the RK12 age model 137 

(Müller et al., 2016). Detailed cryptotephra analysis was performed on the Holocene 138 

sediments, which revealed key tephra markers from multiple regions, including the 139 

Hokkaido Ko-g and Ma-f~j tephras (Chen et al., 2016, 2019).  140 



3 Bayesian modelling of tephra ages 141 

As previously outlined, attempts have been made to date the Ko-g and Ma-f~j 142 

tephras using 14C dating, however, individual calibrated determinations show 143 

considerable variations between studies (see Table 1). Bayesian approaches to data 144 

analysis provide a means to increase the reliability of chronological results through the 145 

inclusion of additional stratigraphic information and the combination of evidence from 146 

multiple records. To this end, we follow the method outlined by Blockley et al. (2008b) 147 

and have applied Bayesian approaches to integrate chronological and stratigraphic data 148 

from both proximal and distal sources, attempting to provide the most robust age 149 

estimates for the two tephra layers. All the modelling exercises described in the 150 

following sections have been carried out using OxCal v4.4.4 (Bronk Ramsey, 2021), 151 

applying the latest consensus calibration curve, IntCal20 (Reimer et al., 2020).  152 

3.1 Phase modelling 153 

Chronological information for the Ko-g tephra from proximal sites is summarised 154 

in Table 1. We constructed a two Phase Bayesian model (Buck et al., 1992) for the Ko-155 

g tephra using the reported ages and the stratigraphic relationships between the dated 156 

materials and the tephra layer. These two model phases comprise: (1) a phase of dates 157 

derived from materials sampled within or immediately below the tephra layer, and (2) 158 

a phase of dates for materials known to stratigraphically overlay the tephra layer. The 159 

logic of the model is that although the Ko-g eruption is considered as a single event in 160 

geological terms, the sampling resolution of the dated materials allows them to be 161 

grouped into different phases. We consider the dates in phase one to be slightly older 162 

than that of the eruption, and the phase is therefore named the ‘pre-eruption’ phase. In 163 

contrast, phase two contains dates younger than that of the eruption and is named the 164 



‘post eruption’ phase. The dates within each phase are stratigraphically unordered in 165 

relation to each other, given that they are from different records and their relative 166 

stratigraphic order is unknown. A “General” Outlier_Model is applied to statistically 167 

determine any outliers and down-weight any such ages so that they do not exert undue 168 

influence on the refined calculated age (Bronk Ramsey, 2009b). The Tau_Boundary 169 

function is applied to constrain the beginning and the end of the sequence, taking 170 

account of the fact that the 14C samples are more likely to closely pre- or post-date the 171 

eruption, with a decreasing probability that the ages are more markedly older or 172 

younger than the eruption age, respectively (e.g., Egan et al., 2015; Davies et al., 2016). 173 

The pre- and post- eruption phases are separated by a Boundary, whose date indicates 174 

the timing of the eruption. The output for this model is presented in Fig. 2a, along with 175 

the posterior outlier probabilities [O] for each sample. In this model, there are no 176 

significant outliers detected. The 95.4% confidence interval for the modelled age of the 177 

Ko-g tephra, integrating available chronological and stratigraphic data from multiple 178 

proximal records, is 6651-6446 cal yr BP. 179 

The Ma-f~j tephra, dated by materials within and below the deposit, has scattered 180 

age determinations ranging from ca. 6.5 to 8.9 14C ka BP (Table 1). The lack of any 181 

overlying dates for the tephra could have an impact on the modelled eruption age. This 182 

could lead to, for example, a longer tail trending towards the younger ages, simply 183 

because the model is not constrained from above. Nevertheless, it is still worth utilising 184 

the Bayesian approach to integrate available 14C dates for the tephra. Here we again 185 

take the stratigraphically unordered but related group of dates as a Phase. The Sequence 186 

model for the Ma-f~j tephra has only one phase, as we consider that ages of samples 187 

from within the tephra also (closely) pre-date the eruption. This is because although the 188 

plants were killed by the pyroclastic deposits generated during the eruption, they are 189 



nevertheless more likely to have recorded the atmospheric 14CO2 level before the 190 

eruption happened, and potentially for many decades depending on species. As such 191 

they are grouped with dates from below the tephra, in a ‘pre-eruption’ phase. We apply 192 

a “General” Outlier_Model (Bronk Ramsey, 2009b) to the Sequence model and the 193 

prior outlier probability for each 14C date is set to be 5%. A Tau_Boundary is placed at 194 

the beginning of the sequence, as with that in the Ko-g model. The output for this Ma-195 

f~j model is presented in Fig. 2b, with no significant outliers detected. A date with a 196 

posterior outlier probability of 7% is automatically down-weighted by the 197 

Outlier_Model in proportion to its likelihood of being outlying. The boundary at the 198 

end of the sequence indicates the modelled eruption age. The 95.4% confidence interval 199 

for the modelled age of the Ma-f~j tephra, 7550-7128 cal yr BP, is now constrained by 200 

the stratigraphic relationships between the dated samples and the tephra itself. 201 

3.2 Deposition modelling 202 

In order to further resolve the timing of the two tephras, we used evidence from a 203 

long depositional sequence where it is possible to incorporate more information. The 204 

identification of the Ko-g and Ma-f~j cryptotephra layers in the 14C dated Lake Kushu 205 

record (Chen et al., 2019) means that it is possible to incorporate the modelled phases 206 

within a formal deposition model (Bronk Ramsey, 2008), as opposed to just using the 207 

stratigraphic ordering information from the phase modelling, above. To achieve this, 208 

we constructed a formal Bayesian age model based on the fifty-seven AMS 14C dates 209 

from the Kushu sequence (Müller et al., 2016). The model utilises a P_Sequence 210 

deposition model, which is appropriate for lake sediments and assumes that deposition 211 

is a Poison process (Bronk Ramsey, 2008). With a variable k parameter (Bronk Ramsey 212 

and Lee, 2013), the analysis is able to find the most appropriate k value (rigidity) of the 213 



P_Sequence automatically. A precise age for the B-Tm tephra (946 CE; Oppenheimer 214 

et al., 2017) is imposed in the uppermost section of the model, given its identification 215 

in the RK12 record (Chen et al., 2016). The apparent age reversals that were regarded 216 

as outliers (see Müller et al., 2016) are removed from the model. A “General” 217 

Outlier_Model (Bronk Ramsey, 2009b) is applied to detect and down-weight any 218 

further outliers. Most importantly, we have the two Phase models of the Ko-g and Ma-219 

f~j cross-referenced into the P_Sequence at the positions where the tephras were 220 

identified (see supplementary material for model coding). This allows us to make use 221 

of all currently available chronological and stratigraphic information from both 222 

proximal and distal sources to provide the optimal chronology for these important 223 

eruptions. The 95.4% Highest Probability Density (HPD) ranges for the deposition 224 

model and the tephra layers are illustrated in Fig. 3. The final modelled dates for the 225 

Ko-g and Ma-f~j tephras are 6657-6505 cal yr BP and 7670-7395 cal yr BP (95.4%), 226 

respectively. For comparison, we also establish a deposition model based purely on the 227 

Kushu 14C dates without cross-referencing the two phase models, which however shows 228 

much less precise eruption ages for the two tephras (Table 2). 229 

4 Discussion 230 

Utilising the proximal stratigraphic information (i.e. ordering of events) alone, the 231 

phase modelling exercise provides an age of 6651-6446 cal yr BP (95.4%; or 6545±52, 232 

μ±σ) for the Ko-g tephra. This age estimate has been subsequently refined to 6657-233 

6505 cal yr BP (95.4%; or 6586±40, μ±σ) when additional constraints from the Kushu 234 

sequence have been implemented (Fig. 3). This final modelled date is in good 235 

accordance with most of the reported ages for the tephra, but also indicates that an older 236 

age (GIN-8945; Razzhigaeva et al., 2016) should no longer be referred to as eruption 237 



age, given the 1 cm offset between the dated material and the tephra itself (Fig. 4a). In 238 

addition, cross-referencing the Ko-g phase model has helped improve the Kushu 239 

deposition model, as the comparative deposition model based purely on Kushu 14C 240 

dates has produced a much less precise date for the Ko-g eruption (Table 2). Most 241 

importantly, our final modelled result incorporates all of the currently available 242 

information and has the highest precision (152 years’ uncertainty, 95.4% confidence 243 

interval) compared to the previous results that possess greater uncertainties ranging 244 

from ca. 210 years to over 600 years (Fig. 4a).  245 

In a similar manner, the Ma-f~j tephra has a phase modelled result of 7550-7128 246 

cal yr BP (95.4%; or 7348±111, μ±σ). This age estimate possesses relatively large 247 

uncertainty range, which is due to the lack of an upper limit defined for the eruption 248 

boundary (Fig. 2b). The incorporation of the phase model into the Kushu deposition 249 

model has added an upper boundary for the eruption age (Fig. 3), which constrains the 250 

modelled age from trending towards an unrealistically young minimum. In this case, 251 

information from both the phase and deposition models together informs the eruption 252 

age, and the age is refined to 7670-7395 cal yr BP (95.4%; or 7532±72, μ±σ). Our 253 

modelled result suggests that one of the most precise published dates (8180-7978 cal yr 254 

BP, GIN-13454; Razzhigaeva et al., 2016), along with other age estimates that are older 255 

than ca. 7.7 cal ka BP, should no longer be referred to as eruption ages for the Ma-f~j, 256 

though they were derived from samples within or immediately below the tephra (Fig. 257 

4b). One critical issue here may be the choice of dated materials which were, however, 258 

not specified in the original publication (Table 1). Although our modelled date is less 259 

precise than some of the published dates (Fig. 4b), it represents the current most 260 

accurate age estimate for the Ma-f~j tephra. 261 



The modelling exercises conducted in this study demonstrate the potential of 262 

Bayesian analysis for testing and improving eruption ages for tephras in northern Japan. 263 

Integrating stratigraphic and chronological information from multiple sources using 264 

Bayesian approaches has made it possible to refine tephra age estimates. Our results 265 

underpin the on-going construction of a regional tephrostratigraphic framework, and 266 

would facilitate the use of these tephra isochrons as a key chronological tool for precise 267 

palaeoenvironmental reconstruction and other Quaternary studies in the region. 268 

Therefore, these Bayesian approaches are recommended to be more widely applied in 269 

Japan and the wider East Asian region 270 

5 Conclusion 271 

Bayesian modelling approaches have proven very successful in generating robust 272 

chronologies for tephra isochrons. These techniques are able to directly integrate 273 

chronological and stratigraphic information from multiple sources. In this study, we 274 

apply the Bayesian approaches to two major Holocene tephra markers in northern Japan, 275 

the Ko-g and Ma-f~j tephras. The integration of phase models based on proximal data 276 

into the deposition model of a distal archive allows the refinement of eruption ages and 277 

the deposition model itself. Using this we date the Ko-g tephra to 6657-6505 (95.4%; 278 

6586±40, μ±σ) cal yr BP, which is currently the most precise and accurate age estimate 279 

for the tephra marker. In addition, the Ma-f~j tephra is dated to 7670-7395 (95.4%; 280 

7532±72, μ±σ) cal yr BP, which represents the most accurate current age estimate and 281 

helps rule out several published eruption ages that are apparently too old. These new 282 

age determinations update the East Asian Holocene tephrostratigraphic framework 283 

reported in Chen et al. (2020), and allow sites where the tephra layers are present to be 284 



dated more robustly. We advocate that the Bayesian approaches should be more widely 285 

applied in the volcanically active East Asian region. 286 
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Fig. 1 Map of NE Asia showing locations of Komagatake volcano, Mashu caldera, Lake 499 

Kushu in Rebun Island and spatial distribution of the Ko-g and Ma-f~j tephras. Solid 500 

line indicates that the dispersal limit is based on data from visible tephra studies (Katsui 501 

et al., 1975; Machida and Arai, 2003; Furukawa and Nanayama, 2006; Nakamura, 2016; 502 

Razzhigaeva et al., 2016), whereas the dashed line is based on data from cryptotephra 503 

research (Chen et al., 2019). 504 

Fig. 2 95.4% confidence Highest Probability Density (HPD) output for Bayesian age 505 

models for the (a) Ko-g and (b) Ma-f~j tephras. These models utilise the proximal 506 

information for the two tephras. The pale distribution for each determination represents 507 

the unmodelled ages (Likelihoods) derived from the calibration of the radiocarbon dates. 508 

The solid distributions show the modelled results after stratigraphic constraints (Prior) 509 

were implemented within the Bayesian framework. The bars beneath the distributions 510 

indicate 95.4% confidence HPD modelled age ranges for each determination. The 511 

Tau_Boundary function is used to constrain the beginning and the end of the Sequence 512 

model for the Ko-g tephra, and the beginning of the sequence of the Ma-f~j tephra. The 513 

dates between two boundaries are treated as a single group (Phase). The dates within 514 

each phase are stratigraphically unordered in relation to each other, but the two phases 515 

in the Ko-g model have relative stratigraphic order. The values in parentheses after each 516 

radiocarbon determination are outlier probabilities [O]. The values of the outlier 517 

probability represent both the posterior and prior outlier probabilities given in percent, 518 

with the prior outlier probability being defined as 5% for each determination. See the 519 

main text for methodological details. 520 

Fig. 3 95.4% confidence Highest Probability Density (HPD) output for Bayesian age 521 

model for the Kushu RK12 sequence, with 95.4% confidence HPD modelled age ranges 522 

for the Ko-g and Ma-f~j tephras also shown. The model is constructed based on fifty-523 



seven AMS 14C dates from the Kushu RK12 core (Müller et al., 2016), with a high 524 

resolution tephra age of the B-Tm tephra (Oppenheimer et al., 2017) inserted in the 525 

position where it was identified (Chen et al., 2016). The model utilises a P_Sequence 526 

deposition model (Bronk Ramsey, 2008), with a variable k factor (Bronk Ramsey and 527 

Lee, 2013) and outlier analysis (Bronk Ramsey, 2009b), applying the IntCal20 528 

calibration curve (Reimer et al., 2020). The apparent age reversals that were regarded 529 

as outliers (see Müller et al., 2016; marked with question marks) are removed from the 530 

model. The two Phase models of the Ko-g and the Ma-f~j are cross-referenced into the 531 

P_Sequence based on the identification of these tephras in the record (Chen et al., 2019). 532 

In this case, information from both proximal and distal sources together informs the 533 

eruption ages. See the main text for methodological details. 534 

Fig. 4 Schematic illustration of age comparison between our final modelled date and 535 

the reported eruption ages for the (a) Ko-g and (b) Ma-f~j tephras. The dates in a purple 536 

colour indicate that they should no longer be referred to as eruption ages based on our 537 

modelling results.  538 
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Table 1 Summary information of radiocarbon dates used for phase modelling of the Ko-g and Ma-f~j tephras. 

Tephra Material 
Stratigraphic 
relationship 
with tephra 

Lab code 
14C date 
(yr BP) 

Uncertainty 
(1σ) 

δ13C 
(‰) 

Re-calibrated 
date (cal yr BP, 

95.4%) 
Detailed description Phase Reference 

Ko-g 

Charcoal Above TKa-12985 5440 70 -26.0 6394-6003 Charcoal sample within tephra P2 known to be stratigraphically above Ko-g Post-eruption Yoshimoto et al., 2008 

Charcoal Above TKa-12989 5470 110 -27.6 6489-5995 Charcoal sample within tephra P2 known to be stratigraphically above Ko-g Post-eruption Yoshimoto et al., 2008 

Charcoal Above TKa-12984 5640 70 -27.3 6621-6295 Charcoal sample within tephra P1 known to be stratigraphically above Ko-g Post-eruption Yoshimoto et al., 2008 

Charcoal Above TKa-12988 5740 130 -25.0 6849-6291 Charcoal sample within tephra P1 known to be stratigraphically above Ko-g Post-eruption Yoshimoto et al., 2008 

Paleosol Above NUTA-5783 5480 90 -26.8 6448-6002 Paleosol sample immediately below tephra Ko-f known to be stratigraphically above Ko-g Post-eruption Okuno et al., 1999 

Paleosol Above NUTA-5785 5530 80 -25.3 6495-6121 Paleosol sample immediately below tephra Ko-f known to be stratigraphically above Ko-g Post-eruption Okuno et al., 1999 

Charcoal Above NUTA-5384 5730 80 -27.5 6729-6316 Charcoal sample ca. 20 cm above Ko-g Post-eruption Okuno et al., 1999 

Humus Above JNC Tono-3773 5484 63 -22.98 6435-6029 Humus sample immediately above Ko-g, 13C corrected date Post-eruption Nakamura and Hirakawa, 2004 

Plant Above Beta-132530 5770 40 -22.6 6667-6452 Plant sample immediately above Ko-g, 13C corrected date Post-eruption Nakamura and Hirakawa, 2004 

Charcoal Within TKa-12987 5970 110 -28.0 7158-6552 Charcoal sample within bottom part of Ko-g Pre-eruption Yoshimoto et al., 2008 

Plant Below Beta-132531 5760 40 -22.2 6661-6451 Plant sample immediately below Ko-g, 13C corrected date Pre-eruption Nakamura and Hirakawa, 2004 

Wood Below JNC Tono-4269 5825 62 -27.34 6787-6486 Wood sample immediately below Ko-g, 13C corrected date Pre-eruption Nakamura and Hirakawa, 2004 

N/A Below GIN-8945 5900 40 N/A 6844-6635 Unspecified dating material ca. 1 cm below Ko-g Pre-eruption Razzhigaeva et al., 2016 

Ma-f~j 

Charcoal Within GaK-247 6460 130 N/A 7590-7024 Charcoal sample within Ma-f unit Pre-eruption Katsui, 1963 

Charcoal Within DHT201 6510 70 -25.8 7566-7277 Charred material within Ma-f unit Pre-eruption Yamamoto et al., 2010 

Charcoal Within DHT202 6730 60 -27.7 7681-7483 Charred material within Ma-f unit Pre-eruption Yamamoto et al., 2010 

Charcoal Within GaK-248 7190 230 N/A 8420-7586 Charcoal sample within Ma-f unit Pre-eruption Katsui, 1963 

N/A Within GIN-12550 8870 110 N/A 10227-9562 Unspecified dating material within Ma-f~j Pre-eruption Razzhigaeva et al., 2016 

N/A Below GIN-13470 6880 70 N/A 7916-7584 Unspecified dating material immediately below Ma-f~j Pre-eruption Razzhigaeva et al., 2016 

Humus Below DHT103 6920 50 -26.1 7920-7666 Charred material from soil immediately below Ma-j unit Pre-eruption Yamamoto et al., 2010 

Humic acid Below GaK-2594 7120 180 N/A 8326-7619 Humic acid sample immediately below Ma-j unit Pre-eruption Katsui et al., 1975 

N/A Below GIN-8629 7180 100 N/A 8278-7785 Unspecified dating material immediately below Ma-f~j Pre-eruption Razzhigaeva et al., 2016 

N/A Below GIN-13454 7270 50 N/A 8180-7978 Unspecified dating material immediately below Ma-f~j Pre-eruption Razzhigaeva et al., 2016 

N/A Below LU-6103 7610 60 N/A 8545-8221 Unspecified dating material immediately below Ma-f~j Pre-eruption Razzhigaeva et al., 2016 

Humus Below JNC Tono-3774 7700 69 -22.79 8598-8380 Humus sample immediately below Ma-f unit while Ma-g~j units are missing, 13C corrected date Pre-eruption Nakamura and Hirakawa, 2004 

N/A Below GIN-8950 7910 140 N/A 9124-8415 Unspecified dating material ca. 10 cm below Ma-f~j Pre-eruption Razzhigaeva et al., 2016 

 

Table 1



Table 2 Summary information of phase and deposition modelling results for the Ko-g and Ma-f~j tephras. 

Tephra 
RK12 correlative 

layer 
Depth (cm) 

Phase modelled date Deposition modelled date Final Deposition & phase modelled date 

 95.4%, cal yr BP  μ±σ, cal yr BP  95.4%, cal yr BP  μ±σ, cal yr BP  95.4%, cal yr BP  μ±σ, cal yr BP 

Ko-g RK12-1169 1169 6651-6446 6545±52 7024-6497 6697±137 6657-6505 6586±40 

Ma-f~j RK12-1277 1277 7550-7128 7348±111 8080-7592 7786±128 7670-7395 7532±72 
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