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Abstract25

26

Sediment cores from two coastal lakes located on the island of Kamikoshiki in 27

southwestern Japan (Lake Namakoike and Lake Kaiike) provide evidence for the 28

response of a backbarrier beach system to episodic coastal inundation over the last 6400 29

years. Subbottom seismic surveys exhibit acoustically laminated, parallel to subparallel 30

seismic reflectors, intermittently truncated by erosional unconformities. Sediment cores 31

collected from targeted depocenters in both lakes contain finely laminated organic mud 32

interbedded with coarse grained units, with depths of coarse deposits concurrent with 33

prominent seismic reflectors. The timing of the youngest deposit at Kamikoshiki 34

correlates to the most recently documented breach in the barrier during a typhoon in 1951 35

AD. Assuming this modern deposit provides an analog for identifying past events, paleo-36

typhoons may be reconstructed from layers exhibiting an increase in grain-size, a break in 37

fine-scale stratigraphy, and elevated Sr concentrations.38

39

Periods of barrier breaching are concurrent with an increase in El Niño frequency,40

indicating that the El Niño/Southern Oscillation has potentially played a key role in 41

governing typhoon variability during the mid-to-late Holocene. An inverse correlation is 42

observed between tropical cyclone reconstructions from the western North Atlantic and 43

the Kamikoshiki site, which may indicate an oscillating pattern in tropical cyclone 44

activity between the western Northern Atlantic and the western North Pacific, or at least 45

between the western Northern Atlantic and regions encompassing southern Japan. The 46

two kamikaze typhoons which contributed to the failed Mongol invasions of Japan in 47
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1274 AD and 1281 AD occur during a period with more frequent marine-sourced 48

deposition at the site, suggesting the events took place during a period of greater regional 49

typhoon activity.50

51

1. Introduction52

53

Approximately a third of all tropical cyclones in the world form within the 54

western North Pacific (Gray, 1968; Henderson-Sellers et al., 1998), making it the most 55

active tropical cyclone basin on earth. However, relatively little is known about how 56

shifts in climate alter the frequency, intensity, and tracks of typhoons in this region (here57

“typhoon” is used to describe tropical cyclones forming in the northwest Pacific, while 58

“hurricane” describes tropical cyclones forming in the western North Atlantic and eastern 59

North Pacific). Large uncertainties exist in part because reliable instrumental records for 60

typhoons only extend back to 1945 AD (Chu et al., 2002), prohibiting the analysis of 61

typhoon variability on timescales longer than a few decades.  Significantly longer data 62

sets for typhoon occurrences are therefore required to elucidate the dominant climatic 63

controls of typhoon activity on the centennial-to-millennial timescales.64

65

Natural archives of tropical cyclones can extend the documented record well 66

beyond the observational record and help identify how tropical cyclone activity has 67

responded to past shifts in climate (Frappier et al., 2007a; Nott, 2004). Geologic proxies 68

 !"#$"!%&'()#'*')!+,-#&+')./,#+,0($&1,#2
18

O anomalies in speleothems and tree rings 69

(Frappier et al., 2007b; Malmquist, 1997; Miller et al., 2006; Nott et al., 2007), storm-70
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induced beach ridges and scarps (Buynevich et al., 2007; Nott and Hayne, 2001), 71

cyclone-transported boulder deposits (Scheffers and Scheffers, 2006; Spiske et al., 2008; 72

Suzuki et al., 2008; Yu et al., 2004), preserved offshore beds and bedforms (Duke, 1985; 73

Ito et al., 2001; Keen et al., 2004; Keen et al., 2006), and sedimentary archives of 74

freshwater flooding events (Besonen et al., 2008; Grossman, 2001). In addition, overwash 75

deposits preserved within backbarrier beach environments can be a particularly effective76

proxy of long-term tropical cyclone variability (Donnelly, 2005; Donnelly et al., 2001a; 77

Donnelly et al., 2004; Donnelly et al., 2001b; Donnelly and Webb, 2004; Donnelly and 78

Woodruff, 2007; Emery, 1969; Liu and Fearn, 1993; Liu and Fearn, 2000; Scileppi and 79

Donnelly, 2007; Woodruff et al., 2008b), during intervals when coastal morphology has 80

remained fairly stable (Donnelly and Giosan, 2008; Lambert et al., 2003; Otvos, 1999; 81

Otvos, 2002).82

83

Recent compilations of millennial-scale hurricane reconstructions from the 84

western North Atlantic indicate basin wide fluctuations in activity over the last 5000 85

years (Donnelly and Woodruff, 2007; Scileppi and Donnelly, 2007; Woodruff et al., 86

2008a). Although these reconstructions are still limited in number, stochastic simulations 87

indicate that observed trends are statistically significant and unlikely to occur under the 88

present climate (Woodruff et al., 2008a). Comparisons with previously developed climate 89

proxies indicate that past increases in hurricane activity in the western North Atlantic 90

occur during periods of less frequent El Niño events and stronger West African 91

monsoons, suggesting that these climatic phenomena have played a significant role in 92
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modulating hurricane activity in the western North Atlantic over the mid-to-late 93

Holocene (Donnelly and Woodruff, 2007).94

The El Niño/Southern Oscillation (ENSO) strongly affects tropical cyclone 95

activity in both the western North Atlantic and the western North Pacific; however, its 96

influence is different within the two basins. In the western North Atlantic, vertical wind 97

shear is generally greater during El Niño years, which inhibits the formation of tropical 98

cyclones (Bove et al., 1998; Goldenberg and Shapiro, 1996; Gray, 1984).  In the western 99

North Pacific, the overall number of tropical cyclones is less affected by ENSO (Wang 100

and Chan, 2002); however, the mean genesis location for typhoons generally shifts to the 101

southeast during El Niño years (Chan, 1985; Lander, 1994). This shift results in longer 102

lasting typhoons (Wang and Chan, 2002), which generally become more intense 103

(Camargo and Sobel, 2005; Chan, 2007).  In addition, typhoons during El Niño years104

tend to recurve to the northeast (Wang and Chan, 2002), which may increase the 105

likelihood of typhoon making landfall in Japan and South Korea (Elsner and Liu, 2003).106

In comparison to the western North Atlantic, centennial-to-millennial scale 107

typhoon reconstructions from the western North Pacific are far more limited. Historical 108

government documents of typhoon landfalls from the Guangdong Providence in Southern 109

China extend back 1000 years, although complete records for typhoon strikes to the 110

region are likely only reliable back to 1600 AD (Chan and Shi, 2000; Lee and Hsu, 1989; 111

Liu et al., 2001; Qiao and Tang, 1993). Arakawa et al. (1961) has also put together an 112

assemblage of historical documents describing typhoon occurrences in Japan between 113

701 AD and 1865 AD. Recent efforts are also underway to compile additional Japanese114

records for typhoon landfalls (e.g. Grossman and Zaiki, 2007). Paleo-typhoon 115
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reconstructions have also been constructed from boulder and atoll deposits (Yu et al., 116

2004; Zhu et al., 1991), but to date no millennial-scale typhoon records exist in regions 117

other than the South China Sea. 118

Long-term reconstructions of typhoon variability from southern Japan may help to119

identify the dominant processes controlling typhoon activity in the western North Pacific120

on timescales greater than annual-to-decadal. Towards this end we examine the mid-to-121

late Holocene development of two backbarrier lagoons on the island of Kamikoshiki, 122

Japan, and assess the depositional response of each lake to typhoon-induced breaches in 123

the coastal barrier.124

125

2. Study area126

127

The small island of Kamikoshiki (~60 km
2
) is situated approximately 30 km to 128

the west of the southern Kyushu, and is the northern most island of the Koshiki-jima 129

archipelago (Fig. 1). Locally nicknamed “Typhoon Ginza” after one of Tokyo’s most 130

popular shopping district, the island is frequently struck by typhoons. According to the 131

“best track” data set for the western North Pacific,  as many as 25 typhoons have passed 132

within 75 km of Kamikoshiki since the beginning of the compilation in 1945 AD (Chu et 133

al., 2002).134

The coastline of Kamikoshiki is flanked with large lagoon systems formed by 135

drowned coastal valleys cutoff from the sea by a long gravel bar called Nagame-no-Hama136

(Aramaki et al., 1969). Lake Namakoike and Lake Kaiike, are the deepest of 137
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Kamikoshiki’s coastal lagoons (Fig. 1), with respective surface areas of 0.5 km
2

and 0.15 138

km2, and respective maximum depths of 21 m and 10.7 m (Matsuyama, 1977). 139

Lake Kaiike exhibits a significant chemocline at roughly 2.5 m and remains 140

stratified throughout the year (Matsuyama, 1977; Nakajima et al., 2003). Anoxic bottom 141

waters within the lake prevent bioturbation, and result in well-preserved, fine-scale (<1142

mm) sedimentary stratigraphy (Oguri et al., 2002). Modern sedimentation rates in the 143

lake based on Pb-210 analyses are approximately 2.3 mm yr34#(Kotani et al., 2001), 144

which suggest that sub-millimeter laminations represent depositional processes occurring 145

on the annual-to-subannual timescales. Microscopic observations (Oguri et al., 2003a; 146

Oguri et al., 2002) indicate that micro-laminations are constructed of higher density, 147

diatom-rich layers (Kashima, 1989; Kubo et al., 1999), interbedded with lower density 148

lamina of bacterial species which populate the lake’s bottom and chemocline (Koizumi et 149

al., 2004a; Koizumi et al., 2005; Koizumi et al., 2004b; Matsuyama, 2004; Matsuyama 150

and Moon, 1998; Matsuyama and Shirouzu, 1978; Nakajima et al., 2003; Oguri et al., 151

2004). These previous studies have focused primarily on the upper few centimeters of 152

Lake Kaiike sediment. Less work has been conducted on the lake’s long-term 153

depositional history, although sub-bottom seismic profiling using a Uni-boom system 154

reveal over 20 meters of sediment accumulation (Oguri et al., 2002).155

156

Lake Namakoike exhibits less water-column stratification than Lake Kaiike 157

(Matsuyama, 1977); however, recent measurements suggest near meromictic conditions 158

in its deepest reaches, with anoxic sediments similar to Kaiike (Takishita et al., 2007). 159

Both Lake Kaiike and Namakoike have fairly small watersheds, with respective 160
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catchments of 0.17 km
2

and 1.5 km
2

(Matsuyama, 1977). The local tidal range at the site 161

is approximately 2 m, but modern tidal flow into both lakes is restricted to seawater 162

seeping through the gravel barrier, resulting in a dampened tidal range of roughly 0.2 m 163

(Aramaki et al., 1969).  Heavy precipitation can also increase water levels in Lake Kaiike 164

to the point that no tidal variation is observed, and flow is continuous into Lake 165

Namakoike through a small channel which connects the two lakes (Matsuyama, 1977).166

The region surrounding Kamikoshiki is fairly stable tectonically with few active 167

faults in the area (National Astronomical Observatory, 1992; Taira, 2001; Yokoyama et 168

al., 1996). Relative sea-level (RSL) observations for coastal regions of Kyushu are 169

numerous (e.g. Chida, 1987; Moriwaki et al., 1986; Moriwaki et al., 2002; Nagaoka et al., 170

1991; Nagaoka et al., 1995; Nagaoka et al., 1997a; Nagaoka et al., 1997b; Nakada et al., 171

1994; Ohira, 2005; Shimoyama, 1994; Shimoyama et al., 1991), with observations from 172

southwestern Kyushu (Nagaoka et al., 1996; Yokoyama et al., 1996) exhibiting little 173

evidence for tectonic activity over the mid-to-late Holocene. Quantitative glacial-isostatic 174

modeling results (Nakada et al., 1991) are consistent with mid-Holocene RSL175

reconstructions from western Kyushu (Fig. 2), and support sea-level at the Kamikoshiki 176

study area remaining fairly stable over the last 6000 yrs, with the site roughly situated on 177

the nodal point for isostatic adjustment (Fig. 2). 178

179

The 2-4 m high gravel bar (Nagame-no-hama) that separates Namakoike and 180

Kaiike from the sea is continuous with no tidal inlets. However, during Typhoon Ruth in 181

1951 AD, an inlet was opened into the barrier at the north end of Lake Namakoike. The 182

1951 AD inlet was later repaired with a presently-standing concrete seawall (Fig. 1; 183
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Matsuyama, 1981). Thus, Typhoon Ruth was the last event to occur at the site without 184

known human fortifications of the Nagame-no-hama barrier.  185

186

3. Material and methods187

188

To assess the long-term depositional history for Lake Kaiike and Lake 189

Namakoike we obtained high-resolution subbottom seismic data, sediment cores, and 190

geochronologies from both lakes. Sub-bottom seismic surveys were collected in 2006 191

using an EdgeTech SB-424 chirp seismic system with a 4–24 kHz pulse bandwidth. A 192

uniform sound speed of 1500 m/s was used to convert travel time to depth. Bottom 193

penetration by the chirp unit was sufficient to image the entire stratigraphic sequence of194

both lakes (~10-20 m) with a vertical resolution of roughly 10 cm.  Coring locations were 195

targeted where seismic profiles revealed the longest and most complete depositional 196

sequence from each sedimentary basin.  Geographic positions for chirp survey lines and197

coring sites were obtained using a handheld GPS unit, which provided horizontal 198

accuracies of 3 to 6 m. 199

200

Sediment cores were collected using a piston push core system with 5 cm 201

diameter polycarbonate and aluminum barrels (Colinvaux et al., 1999). Cores were 202

collected in 2-3 m drives with 20-30 cm of sediment overlap. Consecutive drives were 203

obtained from alternating sides of the coring platform to prevent sediment disruption at 204

depths where drives overlapped. Additional hand-held gravity cores were collected to 205

obtain surface samples with a well-preserved sediment/water interface. 206
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207

Sediment cores were shipped to the Woods Hole Oceanographic Institution 208

(WHOI) where they were refrigerated at 4 °C  prior to being split, described and 209

photographed. Select core halves were run through a non-destructive, X-ray fluorescence 210

core scanner (XRF) to obtain a high resolution down-core profile (54#667#! #$8,#211

sediment’s elemental composition (Croudace et al., 2006), as well as relative density 212

measurements using digital X-ray radiography. Discrete surface samples collected from 213

the watershed and barrier beach were also run through the XRF to identify the elemental 214

composition of allochthonous material in both lakes. All samples were run with a 3 kW 215

Molybdenum (Mo) target tube with a 10 second exposure time. In this study we focus on 216

XRF results for Strontium (Sr), which has a good response for excitation in sediment 217

using a Mo target (Thomson et al., 2006), and is found in high concentrations within the 218

marine sourced shell, coral and algal material often advected into lagoons during 219

overwash events (Bowen, 1956; Woodruff, 2008). Coarse fractions were determined by 220

measuring the weight of dry sand in samples relative to the weight of bulk material, 221

where s(+/-#9,",#&-!)($,/#.-&+0#(#:;#<6#-&,1,#after treatment with hydrogen peroxide to 222

remove organics.223

224

Modern sediment chronologies were obtained for surface cores by gamma 225

spectrometry. Measurements for 
137

Cs (a product of atmospheric nuclear weapons 226

testing) were gathered nondestructively using a high-resolution gamma detector. This 227

anthropogenic radionuclide has been released to the environment predominantly since the 228

early 1950s, the beginning of atmospheric nuclear weapons testing, with fallout reaching 229
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a maximum in 1963 AD (Frignani and Langone, 1991; Ritchie and McHenry, 1990).230

However, the onset of local 137Cs flux to the site could potentially begin as early as 1945 231

AD due to the WWII atomic bombing of nearby Nagasaki, Japan, located approximately 232

100 km north of the site (Kudo et al., 1991; Saito-Kokubu et al., 2008). For radioisotope 233

analysis, approximately 2.0 g of powdered sediment samples were placed in 2.54 cm234

diameter plastic jars and counted on a Canberra GCW4023S coaxial germanium well 235

detector for 24–48 h. Activities for 
137

Cs were computed spectroscopically from the 661.7 236

keV photopeak. 237

238

Centennial-to-millennial scale chronologies were constrained by Accelerator 239

Mass Spectrometry (AMS) 14C dates of plant material. Samples were gently washed with 240

distilled water, sonicated, dried, and dated at the National Ocean Science Accelerator 241

Mass Spectrometry Facility in Woods Hole, Massachusetts (NOSAMS). Resulting 
14

C 242

ages were calibrated to calendar years Before Present (yr BP) using IntCal04 (Reimer et 243

al., 2004), where 1950 AD is defined as “Present” by convention.244

245

4. Results246

247

4.1 Seismic data248

249

Chirp surveys of Lake Namakoike and Lake Kaiike reveal similar subbottom 250

stratigraphy. Both lakes contain approximately 10-15 meters of acoustically laminated 251

sediment lying over a reflective bedrock surface (Fig. 3). Lake Namakoike exhibits 252
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multiple subaqueous bedrock ridges that partition the lake into at least four separate 253

submerged basins. Similar top sediments within Namaikoike depocenters consist of 254

acoustically laminated, parallel to subparallel seismic reflectors that are generally thickest 255

in the middle of each basin and convergent along the edges of adjacent bedrock ridges 256

(Fig. 3). 257

258

A mainly depositional sequence within the upper-most sedimentary unit (Unit 1) 259

drapes an erosional incision at a sediment depth of approximately 3-to-4 m (Fig. 3). 260

Stratigraphic signatures of substantial erosion are evident below this contact surface, and 261

include truncated stratigraphy and cut/fill features. The northern most basin surveyed in 262

Namakoike (Basin-NA, located directly next to the Nagame-no-hama seawall), contains 263

truncated unconformities at the base of Unit 1, which suggest downcutting of at least 1-264

to-2 m (Fig. 3). The truncated strata below Unit 1 at the Nagame-no-hama seawall 265

provide evidence for additional barrier openings prior to Typhoon Ruth in 1951 AD, and 266

suggest this stretch of the barrier is a hotspot for breaching. In comparison, Basin-NB 267

(located just to the south of Basin-NA, Fig. 3) contains less evidence of channel incisions 268

and/or sediment redistribution. Preservation of strata within Basin-NB may be due to the 269

submerged ridge separating it from Basin-NA, which provides some shelter against 270

erosion when the barrier is compromised along the more vulnerable stretch of coast 271

adjacent to Basin-NA. 272

273

Chirp surveys from Lake Kaiike are similar to those collected from Lake 274

Namakoike, exhibiting a top unit of parallel laminations (Unit 1), draped over a lower 275
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unit with truncated reflectors and more complicated stratigraphy (Fig. 3). These 276

observations are also consistent with previous Uni-boom data collected from Kaiike  277

(Oguri et al. (2003b), that identified an acoustically conductive 2-3 m thick top unit, 278

overlying a second unit with slightly higher levels of acoustical impedance. 279

280

4.2 Sedimentology281

282

The parallel and undisturbed stratigraphy in Unit 1 suggests a fairly complete 283

sedimentary sequence within this upper unit (Fig. 3). In addition, Basin-NB appears to 284

contain the most expanded record for Unit 1, with the least evidence for sediment 285

disruption along the erosional contact at its base.  Based on these stratigraphic 286

observations we focus our initial sedimentological analyses on NKI5, a 5.5 m core 287

collected from the middle of Basin-NB (core location identified in Figs. 1 and 3). 288

289

NKI5 is primarily composed of organic-rich, finely-laminated mud, intercalated 290

with coarser grained deposits. Depth profiles of percent coarse and x-ray gray-scale 291

density indicate the depths for coarse beds are concurrent with prominent seismic 292

reflectors (Fig. 4). In particular, the deposit concomitant with the erosional surface at the 293

base of Unit 1 is distinct, containing the highest sand content observed in NKI5 (~50%). 294

Coarse deposits generally consist of rounded sand-to-pebble sized siliciclastic grains, 295

interspersed with calcium carbonate shells and shell fragments. These coarse beds are 296

low in organic material, and well mixed, with an absence of internal, fine-scale 297

laminations. In comparison, deposits of lower acoustical impedance situated between 298
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coarser grained deposits are 10-30 times finer grained, with preserved fine-scale laminae 299

(<1 mm), and contain considerably more organic detritus.300

301

Concentrations of Sr are approximately 4 times larger for discrete sandy surface 302

samples collected along the subaerial portions of the Nageme-no-hama barrier (2075 ± 303

950 int. peak ar,(>#?@7#'!6%(",/#$!#the coarse subaerial sediment samples collected from 304

the watershed and small tributaries which feed Lake Namakoike and Lake Kaiike (500 ± 305

4?A#&+$B>#?@7B#C8,#coarse, rounded, siliciclastic grains within NKI5 deposits and high Sr 306

concentrations within these sediments are therefore both characteristic of reworked sand 307

and shell material derived from the site’s barrier beach, rather than coarse sediment 308

carried into the lagoon from the watershed during high runoff events (Fig. 4). Higher-309

resolution analyses of the upper 50 cm of NKI5 also show similar trends, with smaller 310

peaks in percent coarse correlated to more subtle increases in Sr (Fig. 5). Sediments low 311

in Sr are generally finer grained with sub-millimeter laminations (Figs 4 and 5). These 312

characteristics suggest that this finely-laminated sediment is deposited under quiescent 313

conditions associated with a highly stratified water column, anoxic bottom waters, and 314

low bioturbation. 315

316

4.3 Geochronology317

318

The 1963 AD 
137

Cs peak in NKI5 occurs at roughly 10 cm (Fig. 5), indicating319

sedimentation rates of roughly 2.3 mm/yr since 1963 AD. This 
137

Cs peak also occurs just 320

above the most recent deposit in NKI5, between 12 and 16 cm (Fig. 5) suggesting this 321
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coarser layer was deposited in the 1950’s, and likely by the typhoon breach to the 322

Nagame-no-hama barrier in 1951 AD. 323

324

Radiocarbon ages in both cores increase monotonically with sediment depth 325

indicating fairly steady long-term sedimentation rates in both cores, with the exception of 326

a ~1500 year step-function increase in age at roughly 420 cm in NKI5 (Fig. 6 and Table 327

1). The depth of this hiatus is at the base of Unit 1 (Fig. 4), and is consistent with 328

truncated strata indicating downcutting of sediment below this layer (Fig. 3). An 329

additional step-function increase in age may also occur between 212 and 259 cm in NKI5330

(Fig. 6). However, evidence for erosion is less apparent in the seismic profiles between 331

these two depths (Fig. 4).  332

333

In general, sedimentation rates are slightly lower in KI2 than in NKI5 (Fig. 6). 334

This is consistent with chirp surveys indicating a slightly more condensed stratigraphy in 335

Lake Kaike relative to Basin-NB in Namakoike (Fig. 3). The sedimentation rates for both 336

cores increase towards the modern, and become roughly equal at approximately 400 yr 337

BP (Fig. 6). These results are also consistent with the 137Cs measurements for NKI5, and 338

210Pb analyses of sediment collected near KI2 (Kotani et al., 2001), both of which show 339

sedimentation rates of approximately 2.3 mm/yr for historical sediments.340

341

Sedimentological analyses of NKI5 and discrete surface samples collected from 342

the Nagame-no-hama barrier indicate Sr as a reasonable indicator of seaward-sourced, 343

coarse grained material. The timing of Sr peaks are also similar in NKI5 and KI2, 344
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suggesting both lakes have experienced congruent periods of marine inundation (Fig. 7).  345

For instance, deposits high in Sr are evident at both sites between approximately 3600 346

and 2500 yr BP. Following this period, an interval of lower Sr levels indicates more 347

quiescent conditions within both lakes. Evidence for another active period for marine 348

influence begins at roughly 1000 yr BP, and generally lower Sr concentrations are 349

evident in both lakes between about 300 yr BP (1650 A.D.) and present. 350

351

5. Discussion352

353

5.1 Barrier morphodynamics354

355

The temporal correlation between deposits in lakes Namakoike and Kaiike 356

indicates coherence between the two systems (Fig. 7), either by exchange through the 357

small channel which connects them or by multiple concurrent breaches through the 358

Nagame-no-hama barrier. Seismic data collected next to the small channel connecting the 359

two lakes did not show any evidence of substantial incision into the bedrock ridge 360

partitioning the two systems, an indication that the channel has never been significantly 361

deeper than its current depth of less than 1 m.  On the basis of these seismic observations362

it appears unlikely that flow through the channel was great enough to produce the 363

erosional stratigraphy observed in both lakes (Fig. 3). The concurrent marine deposits 364

observed in Lake Kaiike and Lake Namakoike are therefore likely due to multiple 365

breaches through the Nageme-no-hama barrier during roughly the same time interval.366

367
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The preserved, finely laminated sediments at the base of core NKI5 dating to 368

between 6200 and 5100 yrs BP likely indicate stratified, anoxic bottom waters in 369

Namakoike during this interval, thus preventing bioturbation (Fig. 7). This is with the 370

exception of a minor disruption in laminae at ~470 cm or ~5500 yr BP. The barrier 371

adjacent to Namakoike was therefore likely subaerial by 6200 yr BP (Fig. 7), since the 372

barrier shelters the lake from waves, and the mixing of fresh, oxygenated seawater down 373

to the bottom of the basin.374

Comparing Sr depth profiles for cores NKI5 and KI2 shows concentrations of Sr 375

are generally lower in KI2 than in NKI5 (Fig. 7), a pattern consistent with the slightly 376

more sheltered location of Lake Kaiike within the northern embayment of Kamikoshiki 377

(Fig. 1). The coarse-deposits intercalated within the finely-laminated sediments of Kaiike 378

and Namakoiike show a gradual decrease in both Sr concentrations and grain-size up-379

core (Fig. 4 and 7). These reductions may indicate periods of inundation over the 380

Nagame-no-hama barrier have become less severe through time, a result consistent with 381

initial descriptions for the gradual development of the barrier over the last few millennia 382

(Aramaki et al., 1969). 383

It is possible that the Nagame-no-hama barrier formed with the emergence of an384

ancient submerged bar, in response to a general fall in relative sea level following a mid-385

Holocene highstand (Aramaki et al., 1969). Most coastal regions of Japan show evidence 386

for sea levels several meters above present day during an interval ranging between 387

roughly 6500 and 5000 years BP (e.g. Ota and Machida, 1987), examples include;388

locations along the eastern coast of Hokkaido (Maeda et al., 1992; Sawai, 2001), at the389

southern Boso Peninsula and along Sagami Bay (Endo et al., 1982; Kumaki, 1985; 390
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Nakata et al., 1980), in coastal regions of western Kobe (Sato et al., 2001), and along the391

Ryukyu Island of Kikai-jima (Sugihara et al., 2003; Webster et al., 1998). However, 392

regional glacial-isostatic modeling results (Nakada et al., 1994; Nakada et al., 1991) and 393

RSL reconstructions (Nagaoka et al., 1996; Yokoyama et al., 1996) from the more 394

tectonically stable areas of western Kyushu (Taira, 2001) provide evidence that sea-level 395

has remained fairly constant at Kamikoshiki over the last 6000 years (Fig. 2). If this is the 396

case, the decrease in both grain-size and Sr within successive deposits in both NKI5 and 397

KI2 indicate that under steady sea-level conditions the barrier has gradually become less 398

susceptible to inundation, likely becoming more fortified through time by mechanisms 399

other than changes in relative sea-level (e.g. longshore transport (e.g. Hine, 1979), 400

overwash and backbarrier deposition (e.g. Morton, 2002), and/or vegetative growth (e.g. 401

Snyder and Boss, 2002)).402

The multiple deposits in both NKI5 and KI2 strongly suggest that the barrier has 403

been breached numerous times over the last 6400 years, with finely-laminated sediments 404

between these deposits indicating that each of these breaches has closed naturally 405

following the event. Several peaks in both Sr and grain-size are also observed within 406

unlaminated coarser grained units (Fig. 4 and Fig. 7), which may suggest deposition by 407

multiple events. The barrier is likely more susceptible to overwash after an initial breach 408

and following vegetative disruption (Morris et al., 2001; Morton and Paine, 1985; 409

Stockdon et al., 2007; White, 1979). Successive severe flooding events therefore may 410

serve to maintain the breach opening over time. It is unclear what stimulates the 411

refortification of the barrier and the restoration of meromictic conditions in both lakes. 412

While some overwash by smaller flooding events is necessary to elevate subaerial 413
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portions of the barrier (Stone et al., 2004), it is likely that inlet closure occurs in general 414

during periods of less extreme flooding, which would allow reestablishment of the 415

Nagame-no-hama barrier without severe and repetitive disruptions. 416

417

5.2 Deposit origins418

419

Both tropical cyclones and tsunamis have the ability to inundate barrier beach 420

systems and produce coarse deposits comparable to those observed at the site. Well 421

documented tsunami deposits are evident along the Japanese coast. However, these 422

deposits are primarily observed to the north of Kamikoshiki and closer to423

subduction/collision plate boundaries; e.g.  along the Pacific Ocean facing shorelines of 424

Hokkaido (Nanayama et al., 2007; Nanayama et al., 2003; Sawai, 2002), Honshu 425

(Fujiwara and Kamataki, 2007; Komatsubara and Fujiwara, 2007; Sawai et al., 2008) and 426

Shikoku (Okamura et al., 1997; Okamura et al., 2000; Okamura et al., 2003), as well as 427

some coastal regions in the Japan Sea (e.g. Nanayama and Shigeno, 2006). Evidence for 428

tsunamis are less prevalent along the more tectonically stable regions of western Kyushu, . 429

This is with the exception of documented tsunamis in Ariake Bay near Nagasaki and 430

along the north side of Kagoshima Bay, where significant wave runup were constrained 431

predominantly to the local embayments near the point of initiation (Watanabe, 1998)).432

Another seismically active region of Japan with tsunami potential is located to the 433

south of the site along the Ryukyu Trench (Taira, 2001). On April 24, 1771 AD, a very 434

large tsunami struck the Ryukyu Islands, located approximately 1000 km to the south of 435

Kamikoshiki. Large coral boulders located the eastern shore of the Ryukyu Islands have 436
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been attributed to this event (Kawana and Nakata, 1994). However, recent work by 437

Suzuki et al. (2008) shows a fairly wide range of 14C ages for the timing of transport of 438

these boulders. In addition, oxygen isotope micro-profiling and skeletal growth patterns 439

reveal that these coral blocks were likely dislodged and transported primarily during the 440

tropical cyclone season, and not in the spring during the 1771 AD tsunami. 441

Tsunamis cannot be explicitly ruled out as a cause for the deposits observed in 442

Namakoike and Kaiike. However, only one minor tsunami events has been documented 443

on the island since 1945 AD (Japan Meteorological Agency, 2007; National Geophysical 444

Data Center, 2009), compared to the 25 typhoons which have passed within 75 km of 445

Kamikoshiki during this interval (Chu et al., 2002). This tsunami occurred in response to 446

the 1960 Chilean Earthquake with a recorded wave height of only ~0.8 m on the island, 447

(compared to wave heights which reached a maximum of roughly 8.0 m during the event 448

along the shorelines of Japan which directly facing the Pacific Ocean (National 449

Geophysical Data Center, 2009)). 450

In addition to the best track data set, the island also has a much longer written 451

history of typhoons including multiple tropical cyclone strikes between 1883-1886 AD,452

which resulted in wide-spread starvation on Kamikoshiki, and the relocation of its 453

residents to the island of Tanega-shima, Japan (Inomoto, 1999). A monument found in 454

Nishinoomote city on Tanega-shima commemorates the 100th anniversary of this 455

settlement, and reads: 456

457

458

…459
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460

translating to:461

462

As a result of the indescribable disaster caused by three consecutive years 463

of typhoons that hit Koshiki-jima since 1883, 19 families left their homes 464

to settle in this area on April 15, 1886…465

466

Similar to instrumental observation, no documentation exists for any significant 467

tsunami event at Kamikoshiki within the recent historical record (Watanabe, 1998). 468

Therefore, the lack of any significant tsunami events at Kamikoshiki and the high 469

likelihood of typhoon strikes to the site, both strongly suggest that a majority of breaches 470

to the Nagame-no-hama barrier are due to tropical cyclones.471

472

5.3 Comparison with El Niño/Southern Oscillation proxies473

474

Since 1945 AD, studies using instrumental observations indicate that the El 475

Niño/Southern Oscillation (ENSO) has had a significant influence on tropical cyclone 476

activity (e.g. Trenberth et al., 2007). In the western North Atlantic there is a general 477

suppression of hurricane genesis during El Niño years (Bove et al., 1998; Gray, 1984) . 478

Conversely, the overall frequency of tropical cyclone occurrences is less affected by 479

ENSO variability in the western North Pacific (Elsner and Liu, 2003). However, there is 480

a marked eastward shift in genesis location during El Niño years (Chan, 1985; Lander, 481

1994). Typhoons also tend to become more intense during El Niño events (Camargo and 482
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Sobel, 2005), and have frequent recurving trajectories which may result in a higher 483

likelihood of tropical cyclone strikes along Japan and Korea (Elsner and Liu, 2003).484

485

In order to evaluate the role of ENSO in governing typhoon activity over the mid-486

to-late Holocene, we compare patterns of typhoon-induced deposition at Kamikoshiki to 487

an annually resolved El Niño proxy reconstruction from Laguna Pallacocha, Ecuador 488

(Moy et al., 2002). The Laguna Pallacocha proxy is based upon clastic sediments that489

wash into the lake during heavy rains that occur predominantly during moderate-to-490

strong El Niño events. Additional proxy records of ENSO variability are also available 491

(e.g. Cobb et al., 2003; D’Arrigo et al., 2005; Lachniet et al., 2004; Stahle et al., 1998).492

However, to date the Pallococha record is still the only complete, high-resolution record 493

which exists for the mid-to-late Holocene. In addition, a strong correspondence occurs 494

over the past two millennia between the Pallacocha record and ENSO reconstructions 495

using -$()(06&$,#2
18

O records from Isthmus of Panama (Lachniet et al., 2004), providing 496

further support for the Pallacocha record as an accurate reconstruction of Holocene El 497

Niño-like variability.498

499

Comparisons between the Kamikoshiki and Pallacocha records show a general500

correlation between periods of increased El Niño occurrence and periods of more 501

typhoon-induced deposition at the study site (Fig. 8). For example, marine deposits in 502

Namakoike and Kaiike between 300-to-1000 yr BP, 2500-to-3600 yr BP, and 4300-to-503

4800 yr BP are roughly concurrent with periods of more El Niño activity. In contrast, 504

laminated meromictic sediments which likely reflect more quiescence conditions in both 505
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lakes (present-to-300 yr BP, 1200-to-2200 yr BP, 3600-to-4300 yr BP, and 5200-to-6400 506

yr BP) occur generally during intervals of less El Niño activity.  Therefore, similar to 507

some studies using instrumental and historical observations (Elsner and Liu, 2003; 508

Fogarty et al., 2006; Wang and Chan, 2002), the millennial-scale reconstructions from 509

both Namakoike and Kaiike support a pattern of more typhoon strikes to southern Japan 510

during El Niño years.511

512

5.4 Comparison with global and regional tropical cyclone reconstructions513

514

On average, approximately 90 tropical storms develop each year globally 515

(Emanuel, 2006; Henderson-Sellers et al., 1998). This number is remarkably stable with a 516

standard deviation of only about 10, compared to local regional variations in tropical 517

storm counts which are typically 100% of the long-term mean (Henderson-Sellers et al., 518

1998). It is currently unclear why the total number of tropical storms occurring globally 519

remains fairly stable while regional variations are so high (Emanuel, 2006), or whether 520

this relationship existed prior to the satellite era.521

522

Tropical cyclone reconstructions from the western North Atlantic suggest 523

significant hurricane variability on the centennial-to-millenial timescales (Donnelly and 524

Woodruff, 2007; Scileppi and Donnelly, 2007; Woodruff et al., 2008a). Comparisons 525

between the Kamikoshiki typhoon reconstruction and these hurricane proxy records526

suggest an inverse relationship. For instance, overwash trends within the Laguna Playa 527

Grande reconstruction from Vieques, Puerto Rico are similar to additional 528
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reconstructions from the western North Atlantic and likely represent basin wide 529

variations in hurricane activity (Donnelly and Woodruff, 2007; Woodruff et al., 2008a). 530

Increased overwash activity observed in Namakoike and Kaiike between roughly 3600-531

to-2500 yrs BP, and 1000-to-300 yrs BP generally occurs during periods of less overwash 532

activity at Laguna Playa Grande (Fig. 8). In contrast, the quiescence conditions in both of 533

the Kamikoshiki lakes between roughly 300 yr BP-to-present, 2500-to-1000 yrs BP and 534

3600-to-4300 yrs BP are concurrent with periods of increased hurricane overwash at 535

Laguna Playa Grande. 536

537

The inverse correlation between tropical cyclone reconstructions from the western 538

North Atlantic and Kamikoshiki may indicate an oscillating pattern in tropical cyclone 539

activity between the western North Atlantic and western North Pacific on the centennial-540

to-millenial time-scales, although on shorter time-scales this relationship is less apparent 541

(e.g. Wang and Chan, 2002). The scarcity of millennial scale typhoon reconstructions 542

also makes it difficult to determine whether trends in the Kamikoshiki records reflect 543

basin wide variations in activity or regional shifts in the preferred paths for typhoons. 544

545

Observations since 1945 AD suggest ENSO may drive a seesaw pattern in 546

typhoon activity in the western North Pacific, with a general steering of typhoons towards547

southern Japan during El Niño years and southern China during La Niña years (Chan, 548

1985). Documented typhoon landfalls to the Guangdong Providence also exhibit an 549

inverse correlation to ENSO over the last few centuries, with a decrease in typhoon 550

occurrences to the Guangdong Providence during strong El Niño years and an increase 551
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during strong La Niña years (Elsner and Liu, 2003). Guangdong typhoon and ENSO 552

proxy records were not compared prior to 1600 AD because of a rapid drop in the number 553

of documented typhoon landfalls preceding this date. It is likely that this decrease in 554

typhoon counts is largely an artifact of the undercounting of events within the earlier part 555

of the Guangdong record. However, an additional drop in typhoon landfalls is also 556

observed within the more reliable part of the reconstruction between 1600 and 1650 AD 557

(Fig. 9). Rates of typhoon occurrences following 1650 AD (or 300 yr BP) rise to some of 558

the highest values in the Guangdong reconstruction. This transition to more documented 559

typhoon activity in Guangdong at ~300 yr BP is concurrent with the most recent drop in 560

Sr concentrations within NKI5 (Fig. 9). A subtler decrease in Sr at this time is also 561

evident in KI2. The concurrent transition to more quiescent conditions in both 562

Namakoike and Kaike during the rapid increases in Guangdong typhoon counts at 300 yr 563

BP may suggest an oscillation in tropical cyclone activity between southern China and 564

southern Japan, an observation consistent with ENSO-driven variability in typhoon tracks. 565

566

5.5 Comparison with historical record of Japanese typhoons 567

568

Historical accounts from Kamikoshiki Island, although incomplete, begin in 769 569

AD (Shoku-Nihongi, 797) and include the description of a series of devastating typhoon 570

strikes to the island between 1883 AD and 1886 AD (Inomoto, 1999). Following these571

events most residents emigrated from Kamikoshiki due to crop destruction and the 572

termination of ferry service to and from the island. The timing for the event layer at 35 573

cm in NKI5 is slightly older than 1883 AD (Fig. 5, assuming a steady sedimentation rate 574
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derived from the 1963 AD
137

Cs peak), but may still be associated with the 1883-1886 575

AD typhoons given the margin of error in extrapolating recent 137Cs sedimentation rates 576

to older sediments. 577

578

In addition to the more recent 1883-1886 AD events, two famous typhoons also 579

made landfall to the north of Kamikoshiki at the end of the 13
th

century. These timely 580

storms are cited as contributing to the failed Mongol invasions in 1274 AD and 1281 AD, 581

with respective armadas including 30,000 and 140,000 men (Hall, 1971). Temples and 582

shrines at the time famously identified these tropical cyclones as “divine wind” or 583

kamikaze, signifying their importance in maintaining Japanese sovereignty (Emanuel, 584

2005). Detailed observations are limited for these two early typhoons; however, it is 585

likely that they passed just to the east of the study site before making landfall586

approximately 200 km to the north along the Kyushu mainland (Hall, 1971). A rather 587

large Sr peak in NKI5 dates to approximately 1300 AD (Fig. 9), and is roughly 588

concurrent with the timing for the Kamikaze typhoons (given 
14

C dating uncertainties). A 589

similar Sr spike is not evident in KI2 (Fig. 9). Therefore, more detailed chronologies 590

from additional Kamikoshiki sediments are required in order to verify the 1300 A.D. 591

deposit. Nonetheless, the two Kamikaze storms do appear to have occurred during a 592

period with more frequent marine-sourced deposition at the site (Fig. 9).593

594

595
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6. Conclusions596

597

We provide a 6400 year record of episodic coastal flooding using sediment598

deposits from two coastal lakes located on the remote island of Kamikoshiki in 599

southwestern Japan. The timing of marine-flood deposits is replicated in both lakes and 600

provides evidence for multiple coastline breaches into the two basins during periods of 601

frequent marine inundation. Preservation of laminated sediments between marine flood 602

deposits indicates similar quiescent intervals in both lakes, likely due to a lack of 603

overwash events.  A deposit dating to the mid-20
th

century is consistent with a 604

documented breach to the barrier during a typhoon in 1951 AD. This modern analog, in 605

combination with the high frequency of typhoon strikes to the site and the absence of 606

significant historic tsunamis, lead us to conclude that marine flood deposits are likely the 607

result of tropical cyclones.  Active breaching intervals at Kamikoshiki are concurrent 608

with; 1) periods of more frequent El Niño events, and 2) periods of lower hurricane 609

activity in the western North Atlantic.  This pattern is consistent with instrumental 610

observations which indicate that during El Niño years more typhoons are steered towards611

Japan, while hurricane activity is generally suppressed in the western North Atlantic. 612

613

Decreases in marine-sourced deposition at Kamikoshiki starting around 300 yr BP 614

occur during a transition to more documented typhoon strikes in the Guangdong 615

Providence of southern China, a pattern that is consistent with potential centennial-to-616

millennial scale changes in the preferred tracks for typhoons in response to ENSO 617

variability.  Failed Mongol invasions of Japan during the late 13
th

century occur during a 618
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period of more frequent marine-sourced deposition at the site, which may indicate that 619

the invasions took place during a period of greater typhoon activity for southern Japan. 620
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1049

9. Figure and table captions1050

1051

Fig. 1. (Left) Map of the western North Pacific showing study area (open red square). 1052

The locations of Nagasaki, Kagoshima Bay, and Tanegashima mentioned in text 1053

are identified by a, b, and c, respectively. (Left inset) Regional map of the 1054

Koshikijima Island archipelago. Lake Namakoike and Lake Kaiike (highlighted 1055

with open blue square) are located on the northern most island of Kamikoshiki. 1056

(Right) Bathymetric map of lakes Namakoike and Kaiike with chirp seismic1057

tracklines and coring locations referenced in the text. Bathymetry obtained by 1058

Aramaki et al. (1969) and Oguri et al. (2002), and updated with seismic surveys 1059

from this study.1060

1061

Fig. 2. (Black circles) Reconstructions of relative sea-level during the mid-Holocene for 1062

western Kyushu (Yokoyama, 1996), compared to (contours) glacial-isostatic 1063

model predictions for relative sea-level at 6000 yr BP (after Nakada, 1991, Ice 1064

models ARC3+ANT3B, Viscosity model A). 1065
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1066

Fig. 3. Seismic surveys for Lake Namakoike and Lake Kaiike with interpretation below. 1067

Tracklines are shown in Figure 1. Green shading identifies top sedimentary unit 1068

described in text (Unit 1), and yellow shading identifies lower unit (Unit 2). 1069

Truncated stratigraphy and cut/fill features at the contact between the two units 1070

are suggestive of an erosional incision. Vertical lines indicate locations and 1071

approximate depths for cores NKI5 and KI2.1072

1073

Fig. 4. NKI5 down-core profiles for Sr peak area integral (blue), percent coarse sediment 1074

(red), and x-ray grayscale density (green). Note Sr concentrations increase to the 1075

left, and percent coarse sediment and x-ray density to the right. X-ray grayscale 1076

density is relative. Profiles for NKI5 are superimposed on seismic survey from 1077

Basin-NB (Fig. 1 and 3), with core position in the middle of the y-axes between 1078

Sr and percent coarse profiles. Dashed white line denotes depth of erosional 1079

contact in NKI5 at the base of Unit 1 (Fig. 3). 1080

1081

Fig. 5. Higher-resolution analyses of the upper 50 cm of NKI5. (From left to right) Depth 1082

profiles of percent coarse sediment, x-ray gray-scale relative density, Sr, , and 1083

detectable 
137

Cs activity (error bars in gray). Age model on right is based on 1084

accumulation rate of 2.3 mm yr-1 determined from the position of the 1963 AD 1085

137
Cs peak (dashed line).  1086

1087
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Fig. 6. Age versus depth plot of chronological data for cores NKI5 (black) and KI2 (gray). 1088

Horizonal solid lines denote 1 standard deviation for radiocarbon ages. Numbers 1089

in plot coincide with sample identification in Table 1. The 1963 AD peak in 1090

137Cs is noted with a square.  Depth for the erosional contact at the base of Unit 1 1091

(Fig. 3) at NKI5 and KI2 are noted with dashed black and gray lines, respectively.1092

1093

Fig. 7. Sr peak integrated area for cores NKI5 (black) and KI2 (gray) (See Fig.1 for 1094

locations). Thicker vertical black and gray lines to the right and left of the figure 1095

indicate intervals with fine-scale (<1 mm) laminations for core NKI5 and KI2, 1096

respectively. Solid arrows represent the depth of radiocarbon-dated samples from 1097

each core. Thin dashed lines indicate depths of equal age between cores based on 1098

the age model presented in Fig. 6.1099

1100

Fig. 8. a) Sr time-series for cores NKI5 (black) and KI2 (gray), compared to b) El Niño 1101

reconstructions from Laguna Pallcocha, Ecuador (Moy et al., 2002), and c) proxy 1102

records of hurricane-induced sedimentation from Laguna Playa Grande, Vieques, 1103

Puerto Rico (Donnelly and Woodruff, 2007). Solid arrows in each plot identify 1104

age controls. The El Niño proxy is based upon red clastic sediments deposited 1105

during El Niño events. Shaded line in plot is red color intensity, and solid line is 1106

the 50 point running average.  Peaks in Laguna Playa Grande bulk grain-size 1107

above roughly the sand/silt transition (>70 <67#",%",-,+$#8.""&'(+,-induced 1108

deposits (Woodruff et al., 2008). Vertical shaded bars in plots represent periods of 1109

increased El Niño frequency following 4000 yr BP, which are generally 1110
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concurrent with both an increase in typhoon-induced deposition at the1111

Kamikoshiki site, and a decrease in hurricane-induced deposition in the western 1112

North Atlantic. 1113

1114

Fig. 9. a) Guangdong typhoon landfalls (twenty-one year running average) after Liu et al. 1115

(2001), and b) Sr peak integrated area for cores NKI5 (black) and KI2 (gray). 1116

Solid arrows at bottom of plot denote age controls.1117

1118

Table 1. Kamikoshiki radiocarbon dates and calibrated ages (1 sigma range) in calendar 1119

years Before Present (yr BP) using IntCal04 (Reimer et al., 2004), where 1950 1120

AD is defined as “Present” by convention.1121

1122
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Index 

Number Lab Number Core

Depth 

(cm) 14C age

Cal yr BP 

 !"# $13C (‰) Material Dated

1 OS-62015 NKI5 118-119 410±25 (473-507) -26.64 leaf

2 OS-57839 NKI5 146-147 820±30 (690-756) -28.7 leaf

3 OS-62101 NKI5 211-213 1290±30 (1182-1277) -28.52 leaf

4 OS- 57952 NKI5 258-259 2330±100 (2158-2675) -26.27 woody debris

5 OS- 57888 NKI5 344-345 2850±40 (2881-3058) -25.88 woody debris

6 OS-67805 NKI5 388-389 3100±35 (3266-3371) -28.74 leaf

7 OS- 62016 NKI5 423-425 4450±30 (4974-5267) -27.79 woody debris

8 OS- 57912 NKI5 547-548 5390±30 (6185-6274) -26.86 woody debris

9 OS- 61946 KI2 56-57 270±35 (157-426) -30.67 leaf

10 OS- 57911 KI2 115-116 980±30 (802-932) -26.78 woody debris

11 OS- 62217 KI2 134-135 1090±30 (961-1052) -28.92 leaf

12 OS-62111 KI2 223-224 2210±25 (2156-2307) -29.96 bark

13 OS- 57782 KI2 291-292 2890±30 (2969-3067) -29.06 twig

14 OS- 57889 KI2 392-392 3860±30 (4193-4405) -28.31 woody debris

KAMIKOSHIKI RADIOCARBON RESULTS

Table 1


