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ABSTRACT 48 

 49 
Estuarine morphologies are commonly classified into two end-member categories based 50 

on dominant sediment transport processes: wave-dominated and tide-dominated estuaries. 51 

Although estuaries are generally presumed to retain their fundamental morphotypes 52 

throughout their evolutionary history, this study presents the first documented ancient 53 

example of a morphological transition from a wave-dominated to a tide-dominated estuary, 54 

identified in the Eocene Urahoro Group in eastern Hokkaido, Japan. A three-dimensional 55 

outcrop model was utilized to generate continuous stratigraphic columns extending into 56 

the upper parts of the outcrop for detailed facies analysis. Seven facies were identified and 57 

grouped into three stratigraphically successive facies associations: (1) an alluvial fan 58 

association characterized by braided river channels and floodplain deposits; (2) a wave-59 

dominated estuary association comprising the bayhead delta, central basin, and flood-tidal 60 

delta deposits; and (3) a tide-dominated estuary association consisting of tidal sand bar and 61 

tidal flat deposits. This study proposes a hypothesis to explain this unusual evolutionary 62 

transition: an accelerated relative sea-level rise likely enhanced tidal influences, causing 63 

barrier disintegration within the initially wave-dominated estuarine system. These findings 64 

emphasize the potential for more dramatic morphological changes in estuarine systems than 65 

previously recognized, providing critical insights into predicting estuarine responses to 66 

future environmental changes. 67 

 68 

Keywords: coastal morphodynamics, facies analysis, sea-level rise, barrier disintegration, 69 

three-dimensional outcrop model 70 
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1 INTRODUCTION 71 

 72 
Estuaries are coastal depositional systems that typically develop in drowned incised valleys 73 

infilled with fluvial to marine sediments (Dalrymple et al., 1992; Allen and Posamentier, 74 

1993; Boyd et al., 2006). The diversity of estuary architectures has been attributed to 75 

variations in the environmental factors influencing the systems (Roy et al., 1980; Chaumillon 76 

et al., 2010). These environmental factors include sea-level changes, grain-size distribution, 77 

and sediment transport by rivers, tides, and waves, and some of them are interrelated 78 

with each other (Allen, 1971; Roy et al., 1980; Dalrymple et al., 1992; Cooper, 1993; 79 

Dissanayake et al., 2012; Khojasteh et al., 2021). Among these, waves and tidal activities 80 

are the fundamental conditions determining the morphological types of estuaries. 81 

Thus, the two end-member classification of estuaries was established by Dalrymple et al. 82 

(1992) based on the dominant sediment transport processes: wave-dominated and tide-83 

dominated estuaries. A wave-dominated estuary is an estuary where barrier architecture, 84 

central basins, and bayhead delta develop (Roy et al., 1980; Dalrymple et al., 1992). On the 85 

other hand, the tide-dominated estuary is characterized by tidal sand bars, extensive tidal 86 

flats, and a tidal-fluvial channel (Dalrymple et al., 1990; Dalrymple and Choi, 2007). 87 

Estuaries are expected to maintain their morphological types throughout their 88 

evolutionary histories. Estuarine development paths vary depending on the balance of 89 

sediment supply between river and marine environments, in addition to the rate of sea-level 90 

changes. Several evolutionary models for estuaries have been proposed based on 91 

observations of Holocene transgression to highstand stages. Some wave-dominated 92 

estuaries eventually become deltas because of the infilling of the back-barrier regions are 93 

infilled by fluvial systems without changing their wave-dominated characteristics (Roy et 94 
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al., 1980; Dalrymple et al., 1992; Harris and Heap, 2003). However, other wave-95 

dominated estuaries can transit from transgressive to regressive systems to sustain mouth 96 

barriers when the fluvial sediment supply is insufficient (Roy et al., 1980; Anthony et al., 97 

2002). On the other hand, tide-dominated estuaries are also expected to maintain their 98 

characteristic funnel-shaped shorelines and finally shift to deltas (Harris and Heap, 2003). 99 

These evolutionary models consistently suggest that essential estuarine morphologies do 100 

not change temporally until they develop into deltas. 101 

Unlike the conventional view, however, tide-dominated estuaries can temporally change 102 

their morphological features under specific conditions. Pendón et al. (1998) and 103 

Williams et al. (2013) documented the Holocene estuarine transitions from tide- to wave-104 

dominated morphologies in southwestern Spain and southeastern South Korea, 105 

respectively. These estuaries have experienced morphological transitions in response to 106 

changes in environmental factors, such as the development of adjacent coastal systems 107 

and anthropogenic alterations. These examples suggest that tide-dominated estuaries can 108 

drastically change their morphologies because of changes in environmental factors, which 109 

may even modify the dominant sediment transport mechanism. 110 

Nevertheless, evolutionary models addressing morphological transitions in wave-111 

dominated estuaries are rare. Although wave-dominated estuaries are generally expected 112 

to maintain their fundamental morphologies until they develop into deltas, recent 113 

observations indicate that significant morphological changes are occurring in modern 114 

wave-dominated environments. Sea-level changes play a key role in the long-term 115 

evolution of barrier systems. Due to the recent acceleration of sea-level rise, coastal 116 

barrier disintegration has been observed globally (Moore et al., 2010; Lorenzo-Trueba 117 

and Ashton, 2014; FitzGerald et al., 2018). In conjunction with rising sea levels, storms 118 
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have become more frequent and intense, significantly contributing to erosional processes 119 

that affect barrier system morphodynamics (Zhang et al., 2002; Masselink and van 120 

Heteren, 2014; Kumbier et al., 2018). To predict the future evolution of wave-dominated 121 

estuaries, it is essential to understand how estuarine morphologies can respond to changes 122 

in environmental factors. 123 

In this paper, we investigate the Eocene Urahoro Group in eastern Hokkaido, Japan, as 124 

an exceptional ancient example of a transition from a wave-dominated to a tide-125 

dominated estuary. Well-exposed estuarine deposits along coastal cliffs provide 126 

continuous transitional successions, allowing for a comprehensive spatial understanding 127 

of facies distribution. To complement field observations, we employed three-dimensional 128 

(3D) outcrop models generated through drone-based photogrammetry to enhance the 129 

characterization of estuarine facies. Seven facies were identified and classified into three 130 

facies associations in ascending stratigraphic order: alluvial fan, wave-dominated estuary, 131 

and tide-dominated estuary. Possible mechanisms driving the transition from a wave- to 132 

tide-dominated estuary are discussed, considering sea level changes. This research 133 

advances the understanding of estuarine morphodynamics based on ancient deposits, 134 

offering valuable insights for predicting future estuarine evolution. 135 
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2 GEOLOGICAL SETTINGS 136 

 137 
The Eocene Urahoro Group is 400–1000 m thick deposits composed of fluvial to shallow 138 

marine facies (Sasa, 1940a,b). The Urahoro Group is distributed in eastern Hokkaido, 139 

northern Japan (Fig.1A). The group is distributed along the subduction zone of the Pacific 140 

Plate and is considered to comprise part of the Paleo-Kuril Arc, which collided with the 141 

North-Eastern Japan Arc in the Paleogene. According to paleomagnetic analysis, Katagiri 142 

et al. (2020) revealed that the Urahoro Group was deposited during the arc-arc collision of 143 

the two magmatic island arcs. 144 

This group is exposed in two separated regions (Fig.1B). The western region of 145 

distribution is the Shiranuka Hill region, and the eastern part is the Konsen Coastal region 146 

in eastern Hokkaido, northern Japan. In the Konsen Coastal Region, beds in the 147 

Urahoro Group dip gently (mostly less than 10◦) into various directions, indicating a 148 

weakly folded structure (Nanayama et al., 1994; Nagahama, 1961). On the other hand, 149 

in the Shiranuka Hill region, the Urahoro Group is characterized by intense tectonic folds 150 

and faults due to terrane deformation and rotation during arc-arc collision (Katagiri et al., 151 

2020). The Group unconformably overlays the Upper Cretaceous to Paleogene Nemuro 152 

Group. In the Shi- ranuka Hill region, the Urahoro Group is unconformably overlain by 153 

the Lower Oligocene Onbetsu Group (Matsui, 1962). 154 

The Urahoro Group was mainly deposited around 40 Ma, which corresponds to the 155 

Bartonian, the upper Eocene. The Urahoro Group in the Konsen Coastal region is composed 156 

of six formations: the Beppo, Harutori, Tenneru, Yubetsu, Shitakara, and Shakubetsu 157 

Formations in ascending stratigraphic order (Sasa, 1940a and Sasa, 1940b). The Rushin 158 

Formation is only exposed in the Shiranuka Hill region, and it can be correlated to the 159 
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lower three Formations (the Beppo, Harutori, and Tenneru Formations) in the Konsen 160 

Coastal region (Tanai, 1957). The depositional age of the Group is estimated to be 161 

approximately 40 Ma according to Zircon U-Pb radiometric dating of the Harutori and 162 

Tenneru Formations (Katagiri et al., 2016, 2020). Paleomagnetic analysis indicated that 163 

the Yubetsu and Rushin Formations were deposited in the polarity chron 18.1n, which 164 

ranges from 39.6 to 38.6 Ma (Katagiri et al., 2020; Ogg, 2012). 165 

This study investigated the facies and depositional environments of the Tenneru, Yubetsu, 166 

and Shitakara Formations exposed in the Konsen Coastal region (Figs.1C and 3). The 167 

Tenneru Formation is primarily composed of conglomerates interbedded with thin 168 

sandstones and coaly mudstones. The Yubetsu Formation is subdivided into two members: 169 

the Yubetsu and Shimizu members (Kawai, 1956). The Yubetsu member is the lower part 170 

of the Yubetsu Formation and consists of alternating beds of coaly mudstone and 171 

sandstone intercalating conglomerates (Kawai, 1956). The Shimizu member is the upper 172 

part of the Formation, which is composed of thick mudstone intercalating with sandy 173 

mudstone and fine sandstone layers and yields Corbicula sp. (Kawai, 1956). The 174 

Shitakara Formation is mainly composed of sandstone interbedded with granule 175 

conglomerates. This Formation abundantly yields molluscan fossils including Ostrea sp. 176 

and Nemocardium sp., and is supposed to show brackish and marine facies (Matsui, 1962). 177 

Paleocurrent analysis and gravel composition suggested that the sediment source of these 178 

formations was located in the western region where the accretionary complex exposed (Sato 179 

et al., 1967). On the other hand, conglomerates of the Beppo and Harutori Formations below 180 

the surveyed formations were supplied from the eastern region. This sediment provenance 181 

transition is attributed to the uplift of the Upper Cretaceous to Paleogene Nikoro Group, 182 

which is an accretionary complex of the Paleo-Kuril Arc (Sato et al., 1967; Nanayama et al., 183 
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1994). Because of the change in sediment provenance, the conglomerates of the Beppo and 184 

Harutori Formations are composed of black gravels of igneous rocks (Nanayama et al., 1994; 185 

Nagahama, 1961). In contrast, the conglomerates of the Tenneru, Yubetsu, and Shitakara 186 

Formations are characterized by red chart gravels (Nanayama et al., 1994).187 
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3  FACIES ANALYSIS 188 

 189 
For the facies analysis, a drone was utilized to investigate the sedimentary deposits exposed 190 

on outcrops that researchers could not reach. This study surveyed the Urahoro Group in the 191 

Konsen Coastal Region because of its good exposure along the coastal cliffs. To generate 192 

columnar sections continuously to the upper part of the outcrop, a drone was leveraged to 193 

take outcrop photographs, which were also used to construct a 3D outcrop model using the 194 

photogrammetry method. The 3D outcrop model enabled us to understand the geological 195 

architecture of the sedimentary deposits on a large-scale outcrop and observe them in the 196 

laboratory. 197 

Seven facies were identified based on bed geometry, grain size, sedimentary structures, 198 

and fossils (Fig.2), which comprise three facies associations: alluvial fan, wave-dominated, 199 

and tide-dominated estuaries (Fig.3). 200 

 201 
 202 

 3.1 Facies Association I: Alluvial fan 203 

 204 
 3.1.1 Facies 1: braided river channel 205 

Description. Facies 1 is mainly composed of poorly sorted sandstones and clast-supported 206 

conglomerates consisting mainly of angular to subangular red chart gravels. The grain size 207 

of the conglomerates ranges from granule to cobble. Beds exhibit upward fining trends 208 

and vary significantly in thickness, from 0.1 m to 3 m, comprising bed sets with more than 209 

10 m in the maximum thickness (Fig.4A). The bounding erosional surfaces of the bed sets 210 

are planar to concave-upward in geometry (Fig.4A). The trough cross-stratification is well-211 

developed in this facies (Fig.4C). The paleocurrents measured in the Mitsuura and Poronai 212 

regions were mainly eastward (Fig.4B). 213 



11  

Interpretation. Facies 1 exhibits typical features of channel deposits of braided rivers. It is 214 

known that the channel deposits of braided rivers are composed of channel-bar and channel-215 

fill deposits, both of which exhibit multiple fining-upward beds with unidirectional cross-216 

stratification (Bridge, 2006). Channel-fill deposits are distinguished by concave-upward 217 

erosional bases, while the bar deposits are accompanied by planar bounding surfaces (Allen, 218 

1983; Bridge, 2006; Bridge and Lunt, 2006; Sambrook Smith et al., 2006). These features 219 

are common in Facies 1 (Figs.4A and C). The grain size of the granule to cobble in Facies 1 220 

infers gravel bedload connected to the active uplift areas (Miall, 2010; Nichols and Fisher, 221 

2007). 222 

 223 
 3.1.2 Facies 2: floodplain 224 

 225 
Description. Facies 2 consists of alternations of sandstones and mudstones. The thickness 226 

of each bed ranges from 10 cm to 1 m and exhibits lateral-thinning trends (Fig.4D). The 227 

sandstones are muddy, fine-grained, and sometimes weakly laminated. The mudstones are 228 

massive and commonly contain small wood fragments. The sandstones and mudstones of 229 

Facies 2 often include rootlet fossils and are interbedded with coal seams less than 20 cm 230 

thick. Facies 2 is intercalated within the conglomerates of Facies 1 and is bounded by 231 

irregular erosional surfaces. 232 

Interpretation. Facies 2 is interpreted as a floodplain deposit. These deposits are 233 

characterized by fine-grained sandstone intercalated with mudstone layers that originated 234 

from overflowing floods or flows from crevasse channels (Bridge, 2006). The presence of 235 

rootlet fossils and coal seams is typical of floodplain environments (Miall, 1981). The 236 

lateral thinning trend is attributed to the increased distance from active channels (Bridge, 237 

2003; Bridge, 2006). The superimposition of Facies 1 and 2 likely reflects channel 238 
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migration and avulsion processes within the braided river system. 239 

 240 
 3.1.3 Depositional Environment of Facies Association I 241 

 242 
Alluvial fan facies association is composed of the deposits of the braided river channel 243 

(Facies 1) and the floodplain (Facies 2). This facies association occurs at the lowermost part 244 

of the Urahoro Group in the study area (Fig.3). According to the paleocurrents measured 245 

from Facies 1, the sediment source of this facies association is interpreted to have been 246 

located on the west side of the depositional basin (Fig.4B). 247 

 248 

 249 

 3.2 Facies Association II: Wave-dominated estuary 250 

 251 
 3.2.1 Facies 3: bayhead delta 252 

 253 
Description. Facies 3 consists of medium to coarse sandstones containing granules and 254 

pebbles intercalated in coaly mudstones. The gravels are mainly composed of moderately 255 

sorted angular or subangular red charts. The composition of the conglomerates is similar to 256 

that of Facies 1, whereas the grain size is finer and more sorted in Facies 3. The sandstones 257 

are cross-stratified and have erosional bases (Fig.5A). The paleocurrents are mainly toward 258 

the east (Fig.6A), and they do not contradict those in the fluvial deposits of Facies 1. Rootlet 259 

fossils are included in the sandstones and mudstones. This facies occasionally interbeds 260 

fine-grained sandstones exhibiting wave ripples and mud drapes(Fig.5B). 261 

Interpretation. Facies 3 is interpreted as bayhead delta deposits. Bayhead deltas are 262 

small-scale deltas located in the landward part of estuaries, where the freshwater enters 263 

the brackish environment (Aschoff et al., 2018). The rootlet fossils indicate that the cross-264 

stratified sandstones and coaly mudstones are channel-fill and floodplain deposits in the 265 
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top set of the bayhead delta. The sandstones with wave ripples and mud drapes indicate 266 

the influence of tides and waves that rework sediment in a shallow marine environment 267 

(Reineck and Wunderlich, 1968; Aschoff et al., 2018), corresponding to the foreset of the 268 

bayhead delta. The wave and tidal influences in Facies 3 discriminate this facies from 269 

alluvial fan deposits (Boyd et al., 2006). The abundance of organic matters is typical in 270 

bayhead deltas (Anthony et al., 2002). The interposition of the fluvial (topset) and foreset 271 

deposits implies temporal and spatial fluctuations in the ratio between relative sea-level rise 272 

and fluvial sediment input (Aschoff et al., 2018; Simms et al., 2018). 273 

 274 
 3.2.2 Facies 4: central basin 275 

 276 
Description. Facies 4 is composed of laminated mudstones with intercalations of very 277 

thin-bedded fine sandstone laminae, which abundantly yield Corbicula sp. and small wood 278 

fragments (Figs.5C and 6A). Discontinuous sand lenses of a few millimeters in thickness 279 

are ubiquitous, and bioturbation is nearly absent. Medium-grained parallel and wave-ripple 280 

laminated sandstones are observed at the boundary between the coaly mudstones of Facies 281 

3 and this facies (Fig.5A and 6A). 282 

Interpretation. Facies 4 is interpreted as central basin deposits. A central basin constitutes 283 

the low-energy central part of the wave-dominated estuary, acting as the prodelta region 284 

of the bayhead delta (Dalrymple et al., 1992). Abundant occurrences of Corbicula sp. 285 

are typical in brackish water environments (Meĳer and Preece, 2000). The intercalated 286 

sandstone laminae are deposits of episodic events such as storms or floods (Nichols et al., 287 

1991). The parallel and wave-ripple laminated sandstone bed at the base of this facies can 288 

be interpreted as marginal tidal flat deposits. 289 

 290 
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 3.2.3 Facies 5: flood tidal delta 291 

 292 
Description. Facies 5 consists of fine- to medium-grained muddy sandstones, comprising the 293 

uppermost part of Facies Association II (Fig.6A). The thickness of this facies is ~10 m. The 294 

sandstone is characterized by abundant wavy-flaser ripples (Fig.7A). Nemocardium sp. and 295 

Ostrea sp. are often observed. This facies exhibits an upward-fining trend and is sometimes 296 

parallel-stratified with nodular beds. The lower part of this facies is mainly composed 297 

of poorly sorted medium-to-coarse sandstones with sub-rounded pebbles and molluscan 298 

fossils, overlying the mudstone of Facies 4 (Fig.6A and 5D). The bounding surface with 299 

Facies 4 is intensely bioturbated by Gyrolithes isp. and is characterized by burrows of a few 300 

cm in diameter with branching and spiral shapes (Fig.5E). These burrows were filled with 301 

coarse-grained sandstones that penetrated the underlying mudstones of Facies 4. 302 

Interpretation. Facies 5 is interpreted as flood-tidal delta deposits near the estuarine mouth 303 

barrier. Flood-tidal delta deposits are generally bioturbated sandy deposits transported land- 304 

ward through tidal inlets at mouth barriers (Hayes and FitzGerald, 2013). The occurrence of 305 

coarse-grained deposits and shell fragments underlying central basin mudstones (Facies 4) 306 

is a typical feature of deposition in flood-tidal deltas (Nichols et al., 1991; Dalrymple et al., 307 

1992). Nemocardium sp. and Ostrea sp. are marine and brackish species (Wells, 1961), 308 

respectively, indicating that Facies 5 was possibly deposited in a brackish environment re- 309 

ceiving sediment supply from the marine environment. Gyrolithes isp is an indicator of 310 

brackish environments, particularly of estuaries (Boyd et al., 2006), and it further suggests 311 

a transitional environment between freshwater and marine water, such as an estuary mouth 312 

(de Fátima Rossetti, 2000). Wavy-flaser ripples are bedform influenced by tide and wave 313 

(Reineck and Wunderlich, 1968), suggesting intertidal shoals and sand flat deposits (Nio 314 

et al., 1980; Richards, 1994). 315 
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 3.2.4 Depositional Environment of Facies Association II 316 

 317 
Facies Association II is interpreted as a wave-dominated estuary deposit, which consists 318 

of deposits of the bayhead delta (Facies 3), the central basin (Facies 4), and the flood-tidal 319 

delta (Facies 5) (Fig.6B). This facies association gradually overlies Facies Association I, 320 

which is identified by the grain-size fining of conglomerates (Fig.3). The paleocurrent 321 

directions observed in the fluvial channel deposits (Facies 1) and the bayhead delta deposits 322 

(Facies 3) are oriented mainly toward the east (Figs.4B and 6A), indicating that the terrestrial 323 

sediment source was located on the west side of the depositional basin. As discussed later, 324 

this wave-dominated estuarine system (Facies Association II) changed to a tide-dominated 325 

estuarine system (Facies Association III) at the top. The barrier system that blocked the 326 

mouth of the wave-dominated estuary would have been disintegrated and reworked by the 327 

tidal currents at this transition. The thick sandy near-estuarine mouth deposits (Facies 5) 328 

that develop at the top of Facies Association II may be the result of this reworking of the 329 

barrier. 330 

 331 

 332 

 3.3 Facies association III: Tide-dominated estuary 333 

 334 
This facies association is superbly exposed in the coastal cliff along the Konbumori coast 335 

(Fig.1C) where the Urahoro Group crops out 400 m wide and ~50 m high. The constructed 336 

3D outcrop model was used for facies observations (Fig.8A). 337 

 338 

 339 
 3.3.1 Facies 6: tidal sand bar 340 

 341 
Description. Facies 6 is mainly composed of medium- to coarse-grained sandstone, 342 

occasionally interbedded with granule stratification. The coarse sandstone and granules 343 
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primarily comprise red charts, as in Facies 1 and 3. This facies is marked by trough cross-344 

stratification exhibiting multidirectional paleocurrents (Fig.6A). The cross-stratified 345 

sandstones often pinch out laterally because of their overlying erosional surfaces (Fig.8B). 346 

The set heights of the cross-stratification are divided into two scales: large- (1–2 m) 347 

(Fig.7C and 8D) and small-scales (10–20 cm) (Figs.7D and 8D). Mud drapes are common 348 

in small-scale cross- stratification (Fig.7D). Double mud drapes (paired mud drapes) can 349 

be seen (Fig.7E). At the lowermost boundary of Facies 6, a pebble conglomerate 350 

abundantly yielding Ostrea sp. (Figs.7A and B) occurs. The gravels included in this facies 351 

are well-sorted and rounded to subrounded. 352 

Interpretation. Facies 6 is interpreted as tidal sand bar deposits. Tidal sand bars are 353 

elongated sand bodies formed by complex tidal channel networks in tide-dominated coasts 354 

(Dalrymple and Choi, 2007). Tidal sand bar deposits are identified by cross-stratified 355 

medium- to coarse-grained sandstones with multidirectional paleocurrents due to landward 356 

and seaward sediment transport by flood and ebb currents, respectively (Dalrymple et al., 357 

1992; Dalrymple and Choi, 2007). The large- and small-scale cross-stratification in this 358 

facies corresponds to bar deposits in the subtidal and intertidal zones, respectively (Clifton, 359 

1983; Dalrymple et al., 1990). The multiple erosive surfaces in this facies reflect the complex 360 

tidal channel networks (Hughes, 2012). The presence of tidal influence is also implied by the 361 

mud drapes in this facies (Visser, 1980; Tessier and Gigot, 1989). In particular, double mud 362 

drapes indicate tidal-slack water deposition (Fenies et al., 1999; Mackay and Dalrymple, 363 

2011). The conglomerate underlying this facies is interpreted as a tidal ravinement surface 364 

formed by erosion with strong tidal currents during transgression (Cattaneo and Steel, 2003). 365 

 366 

 367 
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 3.3.2 Facies 7: tidal flat 368 

 369 
Description.Facies 7 consists of medium-grained sandstone characterized by bioturbation 370 

of Schaubcylindrichnus isp., which is identified by a convex downward tube of ~2 cm 371 

in diameter (Fig.7F). This facies is intercalated in the sandstones of Facies 6. Parallel 372 

stratification is observed with horizontal mud drapes (~1 cm thick) that laterally disappear 373 

within a few meters. Small-scale cross-stratification (10–20 cm in set height) can also be 374 

observed (Figs.6A and 8D). 375 

Interpretation. Facies 7 is interpreted as tidal flat deposits. Tidal flats are flat-shaped 376 

geomorphology in an intertidal zone, often bioturbated and parallel-stratified (Desjardins 377 

et al., 2012). Schaubcylindrichnus isp. is a crustacean burrow frequently observed in tidal 378 

flat deposits (Nara, 2006). 379 

 380 
 3.3.3 Depositional Environment of Facies Association III 381 

 382 
Facies Association III is a succession of tide-dominated estuary deposits, consisting of 383 

tidal sand bar (Facies 6) and tidal flat (Facies 7) deposits (Fig.6C). This facies association 384 

is characterized by large-scale cross stratification significantly influenced by tides, and it 385 

overlies Facies Association II, bounded by the tidal ravinement surface (Fig.3). 386 

Tidal flat deposits (Facies 7) often appear at the top of tidal sand bar (Facies 6) deposits 387 

(Figs.6A and 8B). In a vertical tidal sand bar succession, the sand bar deposits can be capped 388 

by tidal flat deposits that are bioturbated and parallel- or cross-stratified (Dalrymple et al., 389 

1990). Considering a set composed of Facies 6 and 7, the units of the sand bar and tidal flat 390 

deposits are ~10–15 m in thickness (Figs.6A and 8B). The mud drapes in Facies 7 are more 391 

abundant than those in Facies 6, probably reflecting the vertical decrease in tidal current 392 
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speeds (Dalrymple and Choi, 2007). 393 

The tidal sand bar deposits can be compared with those in modern estuaries. Leuven 394 

et al. (2016) compiled bar heights from modern tide-dominated estuaries and reported a 395 

range of approximately 3–20 m. The bar thickness of approximately 10–15 m observed 396 

in the Urahoro Group is comparable to that of the Mersey Estuary (UK) and the Coosaw 397 

River Estuary (USA). Additionally, using the relationship between bar height, bar length, and 398 

estuary depth proposed by Leuven et al. (2016), the bar height in the Urahoro Group suggests 399 

that Facies 6 extends several kilometers, with an estimated paleo-depth of approximately 400 

10–15 m. 401 

The tidal influence of this facies association is conformable to the sediment provenance 402 

analysis of the Urahoro Group. Throughout the depositional periods of the three formations 403 

examined in this study, the sediment provenance was consistently located west, based on 404 

the gravel compositions. Previous studies estimated the sediment provenance of the Group 405 

to be from the Upper Cretaceous to Paleogene Nikoro Group located in the westward of 406 

the Shiranuka-hill region (Sato et al., 1967; Nanayama et al., 1994) (Fig.1B). The U-Pb 407 

age distributions of the detrital zircons in the Urahoro Group also suggest that there was no 408 

sediment provenance transition during the deposition of the Group. However, Sato et al. 409 

(1967) suggested that the northwestward paleocurrent in the Shitakara Formation implies 410 

an uplift of a landmass in the southeast area of the depositional basin. This study revealed 411 

that the paleocurrents showing multiple directions occur in the tidal sand bar deposits 412 

(Facies 7) of the Shitakara Formation (Fig.6A). Thus, the northwestward paleocurrent can 413 

be interpreted as the influence of tides in the estuarine environment. 414 
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4 Discussion 415 

 416 

 4.1 Transgression in the Urahoro Group 417 

 418 
The transgression in the Urahoro Group from alluvial fan to estuarine environments can 419 

be attributed to the tectonic subsidence of the basin. Nanayama et al. (1994) speculated that 420 

the transgression in the Urahoro Group was owed to the eustatic sea-level change, while 421 

the depositional age of the Group was uncertain at that time. Recently, several studies 422 

have indicated that the Urahoro Group was deposited from 39 Ma (the Harutori Formation) 423 

to 36 Ma (the Shakubetsu Formation) based on the U-Pb ages of zircon grains (Katagiri 424 

et al., 2020; Harisma et al., 2024; Takeshita et al., 2025). The amplitude of the eustatic 425 

sea-level change was estimated to be approximately 50 m during this period (Miller et al., 426 

2020). In contrast, the transgressive succession in the Urahoro Group was >300 m thick, 427 

and the paleo-bathymetry estimated from the facies increased during the deposition of the 428 

succession. Thus, relative sea level increased by several hundred meters in the sedimentary 429 

basin of the Urahoro Group during deposition, which is difficult to explain by the eustatic 430 

sea-level change. 431 

The subsidence rate experienced by the Urahoro Group is considerably faster than that 432 

of typical sedimentary basins. Sinclair and Naylor (2012) reviewed the subsidence rates of 433 

various foreland basins and reported typical values of around 50 m/Myr. For smaller forearc 434 

basins, Sakai and Masuda (1998) documented that the tectonic subsidence rate of the rapidly 435 

subsiding Kakegawa Group ranged from approximately 100 to 200 m/Myr. Compared 436 

to these documented rates, the Urahoro Group, experiencing subsidence exceeding 300 437 

m within a span of 1–3 Myr, can be regarded as having undergone remarkably rapid 438 

subsidence.Katagiri et al. (2020) estimated the collision of the Paleo-Kuril Arc and the 439 
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Northeastern Japan Arc was progressing around 40 Ma, and the tectonic bending of the 440 

region occurred due to the oblique arc-arc collisional process during the depositional period 441 

of the Urahoro Group. This tectonic event may have been related to the exceptionally rapid 442 

subsidence of the basin. 443 

 444 

 445 

 4.2 Transition of Dominant Process in Estuarine Environment 446 

 447 
This study illustrated the developmental path from wave-dominated to tide-dominated 448 

estuaries in the Urahoro Group, which differs from the conventional development model 449 

proposed in previous studies. Several evolutionary models of wave-dominated estuary, 450 

where systems develop into deltas or remain in wave-dominated morphology, are described 451 

in the Introduction (Roy et al., 1980; Dalrymple et al., 1992; Anthony et al., 2002; Harris 452 

and Heap, 2003). 453 

Although no previous estuarine study has reported cases from wave- to tide-dominated 454 

morphological change, there are two examples of the Holocene estuarine depositional 455 

records that allogenically transitioned from tide- to wave-dominated environments, 456 

implying the significance of external controls of estuarine environments. Pendón et al. 457 

(1998) reported the morphological transition of the Holocene Domingo-Rubio estuarine 458 

system in southwestern Spain. The Domingo-Rubio Estuary is located in the outlet 459 

region of the two adjacent wider estuaries and is initially dominated by tidal depositions. 460 

The adjacent estuaries subsequently developed tidal sand bars lying perpendicularly at the 461 

mouth of the Domingo-Rubio estuary. The sand bars played a role as a barrier island for 462 

the Domingo-Rubio estuary, which consequently turned into a wave-dominated estuary as 463 

fine-grained sediments were deposited in its central part.  Williams et al. (2013) also 464 
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described the geomorphic shift of the Holocene Nakdong Estuary in southeastern South 465 

Korea. The mi- crotidal Nakdong Estuary was initially tide-dominated with a funnel-466 

shaped geometry and limited mouth barrier construction. A series of anthropogenic 467 

alterations (constructions of dams and reclamations) from 1980 modified estuarine 468 

geometry and decreased tidal activ- ity. The alterations eventually resulted in the 469 

development of several mouth bars, which characterize the wave-dominated estuary. 470 

These examples suggest that external factors may cause a transition in dominant 471 

environmental controls and modify fundamental estuarine geomorphologies. 472 

Here, we propose a possible hypothesis to explain the exceptional transition from wave- 473 

to tide-dominated estuary observed in this study (Fig.9). A possible external cause of the 474 

estuarine environmental transition in the Urahoro Group is a rapid relative sea-level rise. 475 

The mouth barrier that characterizes the wave-dominated estuary can be disintegrated due 476 

to an accelerated rate of relative sea-level rise. A conceptual model with natural examples 477 

illustrates the response of barriers to sea-level rise (FitzGerald et al., 2008, 2018). According 478 

to this model, a rapid sea-level rise increases the tidal prism and water discharge through 479 

tidal inlets, which erode and enlarge them. While the increasing tidal prism contributes to 480 

the growth of ebb- and flood-tidal deltas, the enlarged tidal inlet/basin system intensifies 481 

flood dominance in the tidal regime (Van Goor et al., 2003; Dissanayake et al., 2012). 482 

Flood dominance facilitates a substantial landward influx of sandy sediments, leading to 483 

extensive back-barrier sand bodies at the expense of sandy sediments comprising the barrier 484 

(FitzGerald and Montello, 1993) (9B). The barrier disintegration in the Urahoro Group is 485 

indicated by the flood-tidal delta deposits (Facies 5) of Facies Association II. 486 

Although the developmental process involving such morphological transitions in 487 

estuaries has not been thoroughly documented, similar examples might be identified in 488 
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other tectonically active settings in the future. The Urahoro Group is estimated to have 489 

been deposited during an arc-arc collision event (Kimura and Kusunoki, 1997; Katagiri et 490 

al., 2016, 2020). A large-scale tectonic event in the arc-arc collision may have increased 491 

the subsidence rate in the depositional basin of the Urahoro Group, contributing to the 492 

observed changes. To better understand the impacts of potential rapid global sea-level 493 

changes on coastal geomorphology, integrated research combining experimental studies, 494 

numerical modeling, and investigations of ancient examples is highly desirable for 495 

elucidating the controlling factors governing estuary morphotypes. 496 
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5 CONCLUSIONS 497 

 498 
The depositional history of the Eocene Urahoro Group, from initial alluvial fan deposits 499 

to wave-dominated and subsequently tide-dominated estuarine environments, was 500 

reconstructed through detailed facies analysis. As the Urahoro Group in the Konsen 501 

coastal region is exposed along large-scale coastal cliffs that researchers cannot reach, the 502 

sedimentary deposits were investigated using a drone to take outcrop photographs and 503 

construct a 3D outcrop model in addition to a naked-eye field survey. This study focused 504 

on the Tenneru, Yubetsu, and Shitakara Formations, identifying seven fluvial to shallow 505 

marine facies grouped into three facies associations. The findings indicate that the wave-506 

dominated estuary transitioned into a tide-dominated system within a transgressive 507 

succession. This study hypothesized that the transition may have been triggered by 508 

mouth-barrier disintegration of the wave-dominated estuary due to a rapid relative sea-509 

level rise in the basin. Although previous development models of estuaries have suggested 510 

that the fundamental geomorphologies of estuaries are maintained throughout their 511 

depositional history, the present paper provides a new perspective of estuarine evolution 512 

from wave- to tide-dominance. Understanding the morphodynamics of estuaries 513 

contributes to the prediction of future morphological modifications in response to 514 

environmental changes. 515 
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FIGURE CAPTIONS 706 

 707 

 708 
Fig. 1: Geological setting of the Urahoro Group. A. Location of the study area. The Urahoro 709 

Group is located in eastern Hokkaido, northern Japan. B. Distribution of the Urahoro Group. 710 

The Konsen Coastal Region is the target area of this study. The maps were modified after 711 

Geological Survey of Japan, National Institute of Advanced Industrial and Science 712 

Technology (2023). C. Geological map of the Urahoro Group distributed throughout the 713 

study area. 714 
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 715 

Fig. 2: Facies description and interpreted depositional environments of the Urahoro Group. 716 

The numbers on the left side of the columnar sections indicate the facies. See Fig.6A for 717 

legend. 718 

  719 
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 720 
Fig. 3: Stratigraphy of the Urahoro Group distributed in the study area. The depositional 721 

environments are interpreted to be fluvial to shallow marine, as discussed in the text. See 722 

Fig.6A for legend. 723 

  724 
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 725 

Fig. 4: Outcrop photographs of the deposits of Facies Association I (alluvial fan) of the 726 

Tenneru Formation in the Poronai region (Fig.1C). A. Outcrop exposing conglomerates 727 

(Facies 1) and alternation of sandstone and mudstone (Facies 2). The erosional bases in 728 

Facies 1 are indicated by the white dashed line. The white circle indicates a 1.8 meter 729 

human for scale. B. Paleocurrent directions acquired from Facies 1 distributed in the 730 

Mitsuura and Poronai regions (Fig.1C). C. Poorly sorted sandstones and clast-supported 731 

conglomerates in Facies 1 showing trough cross-stratification. The ruler is 1 m. D. 732 

Alternation of sandstone and mudstone (Facies 2) with unstable thickness. The ruler is 1 733 

m long. 734 
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Fig. 5: Outcrop photographs of the deposits belonging to Facies Association II (wave-737 

dominated estuary) of the Yubetsu Formation at the Konbumori coast (Fig. 1C). A. 738 

Outcrop exposing gravely sandstone and thickly bedded mudstone (Facies 3). The dashed 739 

lines indicate the erosional base of the gravelly sandstone. The parallel-laminated 740 

sandstone strata are located in the upper part of the outcrop at the boundary between 741 

Facies 3 and 4, above which sandy mudstones appear. This outcrop is a locality in the 742 

easternmost columnar section in Fig. 6A. The white circle indicates a 1.8-meter human 743 

scale. B. Fine-grained sandstone with wave ripples and mud drapes (Facies 3). C. Sandy 744 

mudstone displaying sand lenses and cumulative deposition of Corbicula sp. (Facies 4). D. 745 

Fining-upward gravelly sandstone of Facies 5 at the boundary with Facies 4. E. 746 

Bioturbation of Gyrolithes isp. of Facies 5 at the boundary with Facies 4. The borrows are 747 

characterized by spiral shapes protruding into the underlying mudstones. 748 

  749 
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Fig. 6: Transition from wave- to tide-dominated estuary.  A. Columnar sections of the 751 

Urahoro Group were acquired in the Konbumori coast based on the field observation (Fig. 752 

5A) and a 3D outcrop model (Fig. 8A). The paleocurrent directions obtained from Facies 753 

3 and 6 are shown in the rose diagrams based on the naked-eye observation in the field 754 

survey. The paleocurrent directions along the columnar sections are described based on 755 

the observation of the 3D outcrop model (Fig. 8A). B. Depositional environment of wave-756 

dominated estuary (Facies Association II). This facies association consists of Facies 3–5 757 

and is characterized by a mouth barrier formed by strong wave activity. C. Depositional 758 

environment of tide-dominated estuary (Facies Association III). This facies association 759 

consists of Facies 6 and 7 and is characterized by elongated sand bars reflecting strong 760 

tidal currents. 761 

  762 
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Fig. 7: Outcrop photographs of the deposits belonging to tide-dominated estuary facies 765 

association of the Shitakara Formation at the Konbumori coast (Fig. 1C). A. The 766 

boundary between Facies 5 and 6. The pebble conglomerate erodes the fine-grained 767 

sandstone exhibiting wavy-flaser ripple (Facies 5). B. Magnified photograph of the 768 

conglomerate in Fig. 7A. Well-sorted and rounded to surrounded pebbles and Ostrea sp. 769 

can be observed. C. Medium-grained sandstone displaying cross-stratification with a set 770 

height of ~2 m (Facies 6).  D. Medium-grained sandstone displaying small-scale cross-771 

stratification with mud drapes interbedded (Facies 6). E. Double mud drape observed in 772 

Facies 6. The ruler represents 20 cm. F. Schaubcylindrichnus isp. and parallel-773 

stratification observed in Facies 7. 774 

  775 
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 776 

Fig. 8: Geological architectures observed in the Konbumori coast. A. 3D outcrop model 777 

constructed along the Konbumori coast, ranging 400 m width and ~50 m height. This 778 

outcrop is a locality for the five western columnar sections in Fig. 6A. B. Geological 779 

architectures of Facies 6 and 7 observed in the 3D outcrop model. The units of Facies 6 780 

and 7 are ~10–15 m in thickness. C. Magnified photograph of the 3D outcrop model 781 

exhibiting Facies 6 and 7. D. The sedimentary structures observed in Facies 6 and 7 782 

shown in Fig. 8C. 783 
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 785 

Fig. 9: Schematic of barrier disintegration. Due to the accelerated rate of relative sea-level 786 

rise, the increased tidal prism and flood-dominance at the tidal inlet expanded the back-787 

barrier sand bodies, depleting the sandy sediments comprising the barrier. The 788 

bidirectional arrows indicate tidal currents. 789 
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