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Coastal Dune Studies in Japan
Coastal regions are located at the transition between land and sea. Thus, the physical effects from both areas work directly on the development of coastal belts. Beaches connect the mainland and offshore. In the tectonically active regions of Japan, coastal belts are narrow and steep. On a geological scale, the retreat or advance of shorelines exerted far-reaching effects on the existence of seaside dunes and floras in Japan [42,48,132]. It is believed that shoreline movement has strongly influenced the evolution of dune landforms along the coast of Japan [133,134]. The hydrologic function of a drainage system acts directly on the stream discharge of terrestrial derivation and on the establishment of beach profiles (e.g., [135]). The outflow of terrestrial waters and sediments through rivers and outlets contributes to the existence of littoral zones [62,136]. Wind is an important factor determining grain mobility on sand plains and intertidal littoral zones. Vegetational covering acts as a trap and fixation for surface materials to regulate the mode of sand-dune settlement (e.g., [137]). It is expected that the scaling up or down of dune bodies is dominated by wind-driven grain motion and supply and by the physical conditions prevailing over ground surfaces (e.g., [138]). Humid breezes cause physiological effects on the growth of plants in the coastal areas of Japan [139]. The moisture supply promotes surface vegetation, which is instrumental for fixing dunes (e.g., [140]). Active chemical/biochemical weathering owing to climatic amelioration enhances a state of preservation of existing landforms superior to aeolian activity (e.g., [41]).
The coastal vegetation of Japan is extremely sensitive to atmospheric humidity and temperature (e.g., [56,140], which are major aspects of climate. Eustatic seal level rise or fall has been a consequence of water circulation on a global scale. Thus, climate changes might have played significant roles in establishing beach profiles [34]. Coastal uplift or subsidence primarily fixes the position of shorelines in NE Japan (e.g., [42]) and, accordingly, tectonic movement is instrumental in the transition of seashore conditions in the geological active terrains [65]. The surrounding seas exert large meteorological effects on the seaside areas through air-mass movement (e.g., [141]). Waves, currents, and tides strongly influence the settlement of surf zone materials [142]. The 1983 Japan Sea earthquake tsunami generated an overwhelming hydraulic action on beaches, and onshore surges inundated coastal zones with intense currents [98]. The advancing torrents brought on by the 2011 Great Earthquake tsunami caused mass erosion and sediment removal in the seashore, and the retreating density currents changed the beach topography [107]. This massive seawater influx resulted in devastating limnological and ecological conditions in isolated lakes and ponds along the Japan Sea coast [98]. Thus, the tsunami invasion probably altered and replaced the ecological niche along the coast of Japan. The wealth of ferruginous minerals from dune deposits has long played a role in the promotion of industry by regional clans in Japan [143]. Mining and forest logging for iron manufacturing purposes has considerably transformed coastal landforms, and the recovery of the devastated vegetation under natural conditions has required long periods of time [50].
Geological research on the evolution of coastal dunes has been scarcely conducted in NE Japan owing mostly to the difficulty in obtaining chronostratigraphic information on the cause of aeolian activation and stabilization processes. Large or small sandhills occur on every coast, and some geographical studies suggest that coastal dunes have grown with the eustatic regression during the post-glacial sea-level highstand (e.g., [42]). However, chronostratigraphic data supporting this sea-level hypothesis of dune growth are generally nonexistent. The Holocene aeolian landscape extends more than 45 km along the Pacific coast of the Shimokita Peninsula, northernmost NE Japan. In the current work, we investigated the major coastal zone to clarify the local and global causes of the evolution of dunes and dune landforms by clarifying the influencing factors of dune growth.
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Supplementary Figure S1. Optical photomicrographs of representative fossil diatoms from the laminated sand underlying Dune III (1 to 8), the massive sand overlying feldspathic sand (9), the ripple sand of Dune III (10 to 13), and Paleosol IV (14). The sample locations of the laminated and massive sand are denoted by red and black crosses, respectively, in Figure 1D. From the site indicated by the black cross in Figure 1D, ripple sand of Dune III was collected (6, 10 to 13). The sample location of Paleosol IV is denoted by the open arrow in Figure 1E. 1: Cymbella aspera, 2: Pinnularia karelica, 3: Stauroneis prominula, 4: Navicula. clementis, 5: Navicula peregrine, 6: Diploneis interrupta, 7: Achnanthes bahusiensis, 8: Hantzschia distinctepunctata, 9: Eunotia implicata, 10: Diploneis ovalis, 11: Cyclotella striata, 12: Achnanthes minutissima, 13: Gomphonema parvulum, 14: Cyclotella comta. 1–4, 9–10, and 12–14: freshwater diatoms; 6: brackish water diatom; 5: brackish water to seawater diatom; 7, 8, and 11: seawater diatoms. Length of scale = 10 m.
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Supplementary Figure S2. Outcrop photograph showing the deposition of organic soil (Paleosol III), medium sand with abundant mafic grains, and trough cross-bedded feldspathic sand (Dune III) in ascending order.
Feldspathic medium sand occurs as a drape of the organic soil layer. The geological site is located 1.5 km inland from the present shoreline and at an elevation of about 10 m (Zaimokuzawa, Figure 1D). The mafic-grain rich sand is divided into two units: a lower massive member and an upper laminated sand member. The lower member (25–30 cm thick) contains mud flakes and wood fragments and has an undulating erosive boundary against the underlying organic soil. The exotic fragments were likely swept up as rip-up crusts into the flows of sand transport. The upper member (90 to 95 cm thick) constitutes a lithological feature of rhythmic alternation of gray and black laminae. The black lamination is represented by a concentration of opaque minerals, exhibiting a clear contrast with the gray lamination of feldspars and quartz. The lamina sets are distorted and truncated with grain framework destruction (inserted square), including thin tubes and pillars truncating laminae, and cylindrical or planar intrusion of felsic sand. The deformation of existing laminae is attributed to upward intergranular fluid expulsion. It is suggested that the abrupt mass deposition of sand produced open grain packing and high interstitial water pressure. The mafic-rich sand was likely deposited from currents suspending enormous volumes of grains. Saltwater and brackish water diatoms occur in abundance from the laminated horizons (Supplementary Figure S1). Thus, the hydraulic properties of the sand indicate the occurrence of an abrupt marine invasion.
We recognized fossil conifers (Thujopsis dolabrata) in living position. The trunks sent roots into the organic soil layer. The second and fourth outermost annual rings of a standing fossil conifer (lower right in the figure) were submitted for AMS dating at the Institute of Accelerator Analysis, Ltd., Shirakawa, Japan. The 14C age values were calibrated with the software CALIB 5.0 [98] using the terrestrial radiocarbon dataset [99]. The calibrated age of the fourth-outermost annual ring is 745 ± 47 cal. yr. BP (2 AMS age range, Supplementary Table S4-2). The trunk extends upward to the feldspathic sand drape and is blocked by the deposition of the mafic-rich massive sand. The sand drape is very similar in lithology (sorted and rounded, medium-grain sized) and mineralogy (feldspathic and quartzose) to the trough cross-bedded sand of Dune III, suggesting an origin related to wind-driven deposition. The occurrence of the standing fossil tree indicates arboreal death by burial in wind-driven sand. The marine invasion occurred just after the onset of the dune growth.
The sediment fabric of the mafic-rich sand provides evidence of grain transport by supercritical flows. It is probable that the density currents traveled upstream through hill valleys. Landward propagating waves likely produced surging currents near the shore and these surges might have washed the submerged surface. The mixture of seawater and entrained grains advanced over the beaches as density flows, which likely streamed up the dune valley while eroding the undersurface. The suspensions settled from the flows with a decline in entrainment capacity. Minoura et al. [77] found a stratigraphic set of parallel-laminated/bedded medium sand, and overlying structureless medium/coarse sand with rip-up clasts was found at the base of Dune III (Figure 1D,E). Each lamina retains inverse grading, implying rapid accumulation of laminated sand under supercritical water flow conditions [113]. Regarding the dominant occurrence of seawater and brackish water diatoms, it was interpreted that the laminated sand was deposited by torrential currents of water originating in quiet intertidal lagoons or bays. As the turbulent flow coursed over the laminated sand, two distinctive sand layers are presumed to have been formed: upslope torrential currents and downslope dense flows associated with tsunami run-up and retreat that left unique deposits about 700 years ago [77]. The mud flakes were left on the tsunami-deposited sand, and the backwash buried them by reworking. The tree ring date is equivalent to the onset age of aeolian intensification. Therefore, the tsunami invaded the coastal zone in the early 12th century. The marker pen in the inserted square is 14 cm in length.
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Supplementary Figure S3. Vertical section showing the stratigraphic succession of Dune III, Paleosol IV, and Dune IV in ascending order. (A) Vertical section showing the stratigraphic succession of three sediment units: from lower to upper, Dune III, Paleosol IV, and Dune IV. (B), (C), and (D): Close-up photographs representing the details of the sediment facies. (B) The stratigraphic section exhibits wedge-shaped development of the clastic sediment sequence, which cuts deep into the humic silty mud of Paleosol IV. The lower half of the clastic deposit consists of nearly homogeneous medium sand with well-rounded cobbles and pebbles. Sand dikelets are scattered in the upper half. Overlying the massive sand layer, trough cross-bedded sand occurs with well-rounded pebbles as gravel lags. The sand grades upward into humic silty mud passing through bedded silty fine/medium sand. The humic mud abuts against the underlying sand layers. (C) Plastically deformed silty fine sand embedded in the trough cross-bedded sand, which suggests the occurrence of gravitational sliding. The massive accumulation of humic silty mud indicates the channel abundance and filling after the sediment distortion. The repeated intercalation of silty fine-sand laminae indicates the origin of the uppermost part of the humic mud as a flood plain deposit. The mud layer yields abundant standing fossil trees. We submitted the second and fourth outermost annual rings of a standing fossil conifer (Thujopsis dolabrata) for AMS age dating. The calibrated ages are 292 ± 18 and 296 ± 16 cal. yr. BP (2 AMS age range, Supplementary Table S4-2), respectively, indicating the depositional age of the clastic deposits early in the 17th century.
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Supplementary Figure S4. Stratigraphic changes in grain mineralogy of the sand layer occupying the depth interval between 81.5 and 40.5 cm of the Obuchi core. Quartz and feldspathic minerals account for 80–90% of all grains, with the remainder consisting of heavy minerals such as orthopyroxene (enstatite), clinopyroxene (augite), magnetite, amphiboles, olivine, and biotite. Pyroxene and amphiboles roughly account for 80% of all heavy minerals.
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Supplementary Figure S5. SEM photographs of foraminifera originating in the core of Lake Obuchi. 1a to 1c: Ammonia beccarii (Linnaeus) (sediment depth: 7–8 cm), 2a and 2b: Buccella frigida (Cushman) (sediment depth: 12–13 cm), 3a to 3c: Cibicides lobatulus (Walker and Jacob) (sediment depth: 12–13 cm), 4a to 4c: Cibicides refulgens Montfort (sediment depth: 7–8 cm), 5a and 5b: Elphidium crispum (Linnaeus) (sediment depth: 22–23 cm). 6a and 6b: Elphidium subarcticum Cushman (sediment depth: 15–16 cm), 7a and 7b: Elphidium subincertum Asano (sediment depth: 28–29 cm), 8a and 8b: Ammobaculites sp. (sediment depth: 22–23 cm), 9a to 9c: Trochammina hadai Uchio (sediment depth: 9–10 cm), and 10a to 10c: Globorotalia inflata (d’Orbigny) (sediment depth: 43–44 cm). Length of scale = 100 μm.
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Supplementary Figure S6. Optical photomicrographs of representative fossil pollen from the core drilled in Tashiro Wetland. 1: Cryptomeria, [de]; 2: Fagus, [p]; 3: Fagus, [de]; 4: Quercus, [e]; 5: Myrica, [p]; 6: Juglans, [de]; 7: Alnus, [p]; 8: Betula, [p]; 9: Rhus, [e]; 10: Ilex, [e]; 11: Gramineae, [de]; 12: Myriophyllum, [p]; 13: Sanguisorba, [p]; and 14: Artemisia, [p]. [e]: equatorial view; [de]: diagonal equatorial view; and [p]: polar view. Length of scale = 50 μm.


Supplementary Table S1. Mineralogical results of the samples obtained from the stratigraphic interval between 82 cm and 40 cm of the Obuchi core. The mineralogy of modern beach sand represents the average value of the five samples collected from the shore of the lake outlet.
Supplementary Table S2. Occurrence list of foraminifera fossils from the stratigraphic interval between 90 cm and 0 cm of the Obuchi core.
Supplementary Table S3. Stable isotopic results of perfect fossils (Table S3-1) and living (Table S3-2) tests of A. beccarii extracted from the sliced sediments of the Obuchi core. Both living and fossil tests were unstained and undamaged. The living foraminifera were collected from the bottom surface of Lake Obuchi by using Ekman-Berge bottom samplers in June 2012 (water temperature: 17.5 °C; water salinity: 28 psu). We theoretically estimated the seasonal fluctuation in calcite oxygen isotopes by using data of water temperature and salinity, which were observed monthly between April and November 1998 by [77]. The results of δ18O calculation at 4 m in water depth are listed in Table S3-3, together with the physical parameters applied to the calculation. The method and formula for calculating calcite oxygen isotopes were obtained from [144] and [145]. Each test for isotopic analysis was divided into several parts. The ruptured specimens were treated with weak acids after removing heterogeneous materials by using an ultrasonic washer. Almost all were allochthonous micrograins originating from muds and organic debris.
Supplementary Table S4-1. AMS age data of the perfect fossil tests of A. beccarii from the Obuchi core. The tests were unstained and undamaged. After ultrasonic and chemical treatment, the samples were dated using the compact AMS facility of Paleo Labo Co., Ltd., in Kiryu, Japan. The radiocarbon dates of foraminifera were calibrated with the CALIB 5.0 online software [75] using the MARINE13 calibration dataset [76]. To recover as much calcite carbon as possible, sample graphitization was conducted on undivided tests. The carbon isotope ratios of the tests submitted for AMS age determination ranged from -2.40 to -5.91‰ (this table), which are one to three per-mil lower than those of the foraminifera used for stable isotope measurements (Supplementary Table S3). The difference in isotopic values is significant, and it could be attributed to the imperfect removal of heterogeneous material inside the test chambers. The light carbon enrichment demonstrates the potential of restoring the samples to old ages in contrast to their true ages. According to the age model of the Obuchi core, the notable δ18O positive shift detected at the depth horizon of about 132.5 cm was chronologically estimated to be 965 ± 5 cal. yr. BP. However, the cause of the isotopic anomaly is connected to the tsunami invasion of the 12th century (Supplementary Figure S2). The calculated age is nearly 200 years older than the date of the tsunami. We interpret that the nondestructive sample preparation caused the fossil tests obtained ages to be older than the true ages. It is therefore reasonable that the curve represented by AMS age versus sediment depth plots relative to the core from Lake Obuchi was shifted to the left parallel to the x axis at about 200 years.
Supplementary Table S4-2. AMS age data of the second- and fourth-outermost annual rings of a standing fossil conifer (Thujopsis dolabrata) from Tatenuma and Zaimokuzawa (Figure 1D). The dating was conducted at the Institute of Accelerator Analysis, Ltd., Shirakawa, Japan. The 14C age values were calibrated with the CALIB 5.0 online software to calendar ages [75] using the INTCAL13 dataset [76].
Supplementary Table S5. Palynological results of arboreal (43 genera) and herbaceous (34 genera) fossil pollens from the Tashiro core. Representative fossil pollen grains are shown in Supplementary Fig. S6 as optical photomicrographic displays.
[bookmark: _GoBack]Supplementary Table S6. Calculated results of climate parameters (annual mean temperature and annual precipitation) on the basis of the BMA method adopted for the pollen data in Supplementary Table S5. The sedimentation rate at every depth interval divided by the adjoining two age values was used to estimate the chronological fluctuation of air temperature and precipitation.
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