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Abstract

:

During the Last Glacial Maximum (LGM) (~20,000 years ago), the sea level was lower than that during the present day by 120 m and the heads of most submarine canyons were close or connected to the coastline or shore, with enhanced terrestrial sediment input due to direct connections with river mouths. This was followed by a relative sea-level rise of 120 m and the migration of coastlines landward. As a result, the heads of some paleo-submarine canyons were no longer near river mouths or connected to the shore. Such canyons became inactive due to the lack of terrestrial sediment input. Only 4% of the world’s submarine canyons reach the coastline and remain active today. Among 13 submarine canyons off the shore of Taiwan, we identified seven (n = 7, 54%) that remain connected to the shore and are active during the present-day highstand. The purpose of this study is to determine the key controls of canyon heads that remain connected to the shore with terrestrial sediment input during the Holocene sea-level rise. As a result of high uplift rates, narrow coastal range, steep gradients, frequent earthquakes, and typhoon development in the Taiwan mountain belt, Taiwan has the highest-yield river and sediment supply. This has led to the transportation of large volumes of sediment to the surrounding deep seas. Narrow steep shelves and large sediment volumes associated with small mountain rivers are the main controls involved in the development of shore-connected canyons on the active Taiwan margin. Shore-connected canyons are present in greater numbers in the major earthquake zone on the eastern Taiwan margin. Frequent earthquake events are another significant factor in the occurrence of shore-connected canyons in the Taiwan region.
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1. Introduction


Submarine canyons are major geomorphological features that develop on the continental shelf and upper slope, resulting from turbidity currents and mass failures during periods of relative sea-level fall [1]. The sequence stratigraphic model emphasizes sea level as a major control for off-shelf sediment transport and canyon incision [2]. Increased fluvial sediment supply to the canyon head is associated with sea-level lowstand, while decreased sediment supply is associated with sea-level highstand. When the sea level rises, most of the shelf is submerged and the distances between the river mouth and canyon head increase, with the cutting off fluvial sediment supply. Consequently, the intensity of canyon erosion with sediment flows generated by fluvial input decreases and canyons become inactive. However, under specific tectonic and climatic circumstances, river discharge can still reach canyons during sea-level rise [3,4,5]. For example, the Gioia and nearby Petrace canyons on the narrow SE Tyrrhenian margin (Central Mediterranean Sea) are characterized by their heads being in front of river mouths and very close to the coast, within a reduced distance of about 80–100 m from the coastline. Then, the heads of these two canyons have easy access to much sediment supplied by the aligned rivers, which are commonly associated with frequent flash-flood events [6]. It is noted that the heads of the Garrucha and Almanzora canyons indenting into the narrow shelf (<5 km) along the Palomares margin (southeastern Iberia) have direct riverine sediment input from adjacent rivers associated with high sediment discharges and episodic flash-flood events during the last sea-level rise [7].



Turbidity currents within a submarine canyon can be actively sustained during highstand if the river mouth and canyon head remain connected. Examples include the Congo (Zaire) Canyon [8,9], the Var Canyon off the French coast [10], the Messina Strait’s canyons [11,12], and the Kaoping Canyon off Taiwan [13,14,15,16]. However, the river–canyon connection is not the only factor involved. Monterey Canyon, in addition to canyons along the southern California Borderland, such as the La Jolla and Hueneme canyons, are capable of capturing longshore-transported sediments or shelf sediments and feeding them to their canyon heads [3,17]. Within canyons, bottom currents can be maintained during sea-level highstands in various ways, such as by the funneling of bottom nepheloid layers and capturing of suspended particles, such as in the Mienhua Canyon off North Taiwan [18,19,20].



The last glaciation took place about 20,000 years ago. Since then, the sea level has risen by 120 m, resulting in the landward migration of most present-day coastlines. Large shelf areas have become inundated and some canyons have become inactive [21]. If a canyon head is close to the shore, terrestrial sediment can be efficiently delivered and the canyon stays active. Bernhardt and Schwanghart (2021) [21] examined a total of 4633 canyon heads in the world’s oceans, of which 2765 (60%) were classified as slope canyons, 1702 (37%) as shelf-incising canyons, 798 (17%) as 120 m-contour canyons, and 183 (4%) as shore-connected canyons. Among them, 120 m-contour canyons occur along active and passive continental margins, while shore-connected canyons mostly occur along active margins. There are significantly more shore-connected canyons on active margins (n = 114) than on passive margins (n = 69). Bernhardt and Schwanghart (2021) [21] showed that shore-connected canyons tend to occur along continental margins, especially those with narrow and steep shelves, and that submarine canyon heads that remain connected to the shoreline are associated with regions of tectonic uplift and durable bedrock. Moreover, they identified 798 canyon heads at the 120 m depth contour, which is the Last Glacial Maximum (LGM) shoreline, in addition to 183 canyon heads connected to the shore, defined by a distance of within 6 km. Their work greatly contributes to the understanding of shore-connected canyons, especially their ability to erode headward at a pace maintained since the LGM. Chiang et al. (2020) [15] showed that shelf-incising canyons prevail (60%) along the tectonically active SW margins of Taiwan, which are characterized by a narrow shelf and abundant sediment supply. These canyons remain active at present. This relatively high number of shelf-incising canyons on the SW Taiwan margin was supported by Harris and Whiteway (2011) [22]. Taiwan is a unique area to investigate submarine canyon activity due to its many active shelf-incising canyons, in addition to its tectonics, sea-level changes, and climatic conditions.



Inspired by their study, we focus on the major controls of submarine canyons that have remained connected to the shore during the Holocene sea-level rise in this paper. Using the submarine canyons in the Taiwan region as examples, we determine the key controls of canyon heads that are connected to the shore with fluvial sediment input during the Holocene sea-level rise. In this study, newly acquired multibeam bathymetric data are examined, focusing on the relationships between the locations of heads and the distance to the shore of the submarine canyons off the shore of Taiwan. The objectives are: (1) to investigate the location of each canyon head with respect to the 120 m depth contour following the definition of shore-connected canyons of Bernhardt and Schwanghart (2021) [21] and to determine whether canyons are shore-connected; (2) to elucidate characteristic canyon types in relation to control factors on the active Taiwan margin since the LGM; and (3) to determine major controls of shore-connected canyons in the present sea-level highstand.




2. Geological Setting


The island of Taiwan lies along the Philippine Sea Plate’s western boundary, where the Ryukyu and Luzon arcs meet (Figure 1). Ongoing mountain building has resulted in steep mountain ranges on Taiwan island. The Taiwan orogen links two subduction zones, which dip in opposite directions. The Manila subduction zone is the eastward dipping Eurasian lithosphere and the Ryukyu subduction zone is the northward dipping Philippine Sea lithosphere [23]. South of Taiwan, the foreland region along the Chinese margin is flexed downward. This is due to the topographic loading of the Taiwan orogen. In turn, an east-dipping, wedge-shaped foreland basin is created, which flanks the Taiwan orogen [24,25,26]. To the northeast, the Philippine Sea Plate slab is accompanied by the southward retreat of the Ryukyu trench, with the Okinawa back-arc domain opening and extending into the northern Taiwan mountain belt.



The submarine canyons around Taiwan are ideal for studying the associations of hyperpycnal flows and canyon formation due to favorable geological and climatic settings (Figure 1 and Table 1). Due to its subtropical climate, it has a mean annual precipitation of 2.5 m/year, with an average of four typhoons annually. Frequent earthquakes result in landsliding processes and the production of sediment (384 Mt/yr), representing 30% of Taiwan’s total sediment discharge to the ocean [27]. The resulting high sediment flux from onshore catchments is a key factor for shelf incision by canyons [22]. In addition, small mountain rivers in tectonically active Taiwan are moderately turbid. High suspension loads can generate hyperpycnal flows at the mouth at a rate of approximately one per 100 years [28,29]. Such rivers can potentially deliver much sediment to the canyon heads, where gravity flows can erode the canyon head and floor and keep the canyon active.



2.1. SW Taiwan Margin


On the SW Taiwan margin, the shelf–slope region is structurally dominated by folds, faults, and mud diapirs formed by younger compression adjacent to the Taiwan Mountain Belt. Diapiric intrusions and thrust faults affect the course direction, intensity of incision, and morphology of canyons off the shore of SW Taiwan [15,30,31,32]. Morphologically, the relatively narrow Kaoping Shelf (<20 km) and the broad Kaoping Slope dominate the continental margin off the shore of SW Taiwan.



Submarine canyons and sea valleys are distributed along the shelf and slope off SW Taiwan. There are five named submarine canyons on the Kaoping shelf–slope region (Figure 1). Among these canyons, only the Kaoping Canyon extends seaward from the mouth of the Kaoping River and crosses the upper Kaoping Slope to merge into the Penghu Canyon (Figure 1). The Kaoping Canyon is characterized as a river-connecting canyon on the continental margin off the shore of SW Taiwan [15].




2.2. NE Taiwan Margin


The continental margin off NE Taiwan consists mainly of the broad ECS shelf, the narrow ECS slope, and the deep SOT (Figure 1). The ECS shelf that extends from the Mainland China coast seawards is relatively flat and wide, measuring about 400 km in width, with its edge being shallower than 140 m [33]. The ECS slope near Taiwan is characterized by irregular sea floor features, with an average slope angle of about 1.5 degrees [34,35].



Linear depressions, such as sea valleys, canyons, channels, and gullies, are prominent morphological features of the shelf–slope region off NE Taiwan. The Chilung Sea Valley occurs along the northern coast of Taiwan and is characterized by a relatively small and short linear trough, with low reliefs of about 20 m along its valley axis. East of the Chilung Sea Valley, two canyons, named Mienhua and North Mienhua, indent the ECS shelf [20].




2.3. East Taiwan Margin


The East Taiwan margin is located in the westernmost part of the Huatung Basin (Figure 1). The inland area of the margin progressively shortens northwards to become the coastal range thrust belt. This has been significantly deformed due to rapid surface uplift (5–10 mm/yr) [36]. Most of the deformation is consumed in Eastern Taiwan (about two-thirds or 6 cm/yr of the total 9 cm/yr plate convergence), including the Luzon Arc, Luzon forearc basin, and adjacent Huatung Basin. This has led to the formation of the East Taiwan thrust belt, composed of the coastal range and the offshore shelf–slope region [36]. The offshore region of eastern Taiwan includes a narrow steep shelf (<10 km), a steep slope (15–20°), the deep oceanic Huatung basin, and the N–S-trending Gagua Ridge [37,38] (Figure 1).



Submarine canyons and channels have developed along the East Taiwan margin, extending from the narrow shelf and crossing rugged slope to the deep-sea basin. Six major submarine canyons, i.e., Hoping, Hualien, Chimei, North Sanxian, South Sanxian, and Taitung, stretch from north to south for a distance of 220 km along the east coast (Figure 1). These canyons are the main sediment conduits for transporting terrigenous sediment discharged from eastern Taiwan to the Huatung Basin [36,37,38,39].





3. Data and Methods


Recent studies on the maintenance of active submarine canyons during the present-day sea-level highstand have emphasized the efficiency of terrestrial sediment input to canyon heads [3,17,21]. In this study, we followed the approach of Bernhardt and Schwanghart (2021, p. 2) [21] to determine the distance from each canyon head to the present-day shoreline and to the 120 m depth contour (LGM shoreline). Canyon heads located <6 km from either shoreline are classified as shore-connected canyons [21]. Shore-connected canyons are assumed to receive terrestrial sediment directly from the shore by river input or longshore sediment transport. Accordingly, submarine canyons off the shore of the Taiwan margin were classified into three types, i.e., shore-connected, 120 m depth contour, and slope-confined canyons.



Bathymetric data were collectively acquired by R/V Researcher I and R/V Researcher II, operated by National Taiwan University and National Taiwan Ocean University, respectively, and inputted into bathymetric data. These data, operated by the National Center for Ocean Research at National Taiwan University, were used to produce the bathymetric charts and profiles for this study. The processing of bathymetric data included navigation data editing, offset adjustment, gridding, and the filtering and smoothing of gridded data. The newly compiled digital bathymetric model was generated with 200 m grid spacing. All data were post-processed and displayed using MapInfo and GMT software, respectively.




4. Results


4.1. SW Taiwan Margin


Penghu Canyon is characterized as a N–S-trending canyon eroding up-slope towards the Taiwan Strait Shelf and reaching the 200 m depth contour on the upper slope. The N–S-trending axis of Penghu Canyon is aligned with the course of Penghu Channel to the north, with its canyon head at a distance of 28 km from the shoreline. The head of Shoushan Canyon is at a depth of about 270 m and a distance of 25 km from the shoreline and confined to the upper slope (Figure 2 and Table 2).



The head of Kaohsiung Canyon is at a distance of 10 km from the shoreline (Figure 2). The head of Kaohsiung Canyon extends landward nearly to the 120 m depth contour. Kaoping Canyon is connected to a drainage system on land at present, with a deep incision into Kaoping Shelf. Its head is near the mouth of Kaoping River (Figure 2). The head of Fangliao Canyon is at a distance of 7 km and its head incises into the shelf landward, with its head reaching the 120 m depth contour (Table 2).




4.2. NE Taiwan Margin


The Mienhua Canyon head extends landward nearly to the 120 m depth contour. North Mienhua Canyon is situated 30 km NE of Mienhua Canyon with four distinct heads (Figure 1 and Figure 3), three (A, C, D) of which extend up-slope nearly to the 120 m depth contour (Table 3). The head of Mienhua Canyon with two small branches is located immediately below the 120 m depth (Table 3). The shapes of the head areas of these two submarine canyons have evolved in response to slope failures and mass wasting along the shelf edges of the NE Taiwan margin [20,40]. The heads of these two submarine canyons are located at a distance greater than 250 km from the present shoreline along eastern mainland China, separated by the very wide East China Sea Shelf.




4.3. East Taiwan Margin


The Hoping, Hualien, Chimei, and Taitung canyons are deeply incised into the continental shelf/slope region, with their heads near the mouth of present-day rivers, representing typical shore-connected canyons (Figure 4). The heads of the North Sanxian Canyon and South Sanxian Canyon are located close to the present-day shoreline, within 6 km. Therefore, they are also considered shore-connected canyons, although they are not located in front of present-day river mouths and have no direct terrestrial sediment input (Table 4).





5. Discussion


5.1. Types and Occurrences of Submarine Canyons off the Shore of Taiwan


The submarine canyons off the shore of Taiwan can be divided into three distinct categories: (1) shore-connected, (2) 120 m contour, and (3) slope-confined. The head of Kaoping Canyon continues to receive terrestrial input from Kaoping River, allowing it to remain active with the eroding of the canyon floor and transporting of sediment loads down-canyon to the deep sea (i.e., South China Sea). Adjacent to Kaoping Canyon are two 120 m depth contour canyons: the Kaohsiung and Fangliao Canyons (Figure 2). The heads of these two canyons are not associated with present-day rivers inland. Chiang et al. (2020) [15] reported that these two canyon heads are unable to capture longshore transported sediments from the shelf. As such, they remain relatively inactive, with the eroding of the canyon floor landward. It is noted that both canyons extend down-slope and terminate in the upper slope, with their mouths shallower than the 900 m depth contour (Figure 2). The Penghu and Shoushan Canyons are confined to the upper slope without terrestrial sediment input and restricted longshore transported sediment supply. As their heads have been unable to actively erode headward, they became far away from the shelf edge during the Holocene sea-level rise.



Off the shore of NE Taiwan, the Mienhua and North Mienhua Canyons (Figure 3) are inactive, as they have been unable to effectively erode headward to reach the present-day shoreline [21]. The heads of the Mienhua and North Mienhua Canyons are restricted to the 120 m depth contour due to the cut-off of terrestrial sediment input during the Holocene sea-level rise. It is worth mentioning that these two canyons are still actively transporting sediment down-canyon to the SOT [20]. Even though they are able to transport sediment down-canyon to the deep ocean basin, the Mienhua and North Mienhua canyons are inactive in terms of landward and headward erosion. However, they are active with regard to sediment transport along the canyon course by local currents or turbidity currents [20].



In contrast, there are six major shore-connected canyons off the East Taiwan margin. Figure 4 shows that they begin at the mouths of rivers or the shoreline and cross the narrow shelf (<10 km width), with their full courses entirely in the steep and rugged slope region. The heads of these six canyons receive adequate terrestrial sediment input and erode headward at a pace consistent with the millennial-scale sea-level rise during the Holocene.



The results of the present study indicated that the Taiwan margin is dominated by a combination of shore-connected canyons (n = 7, 54%) and 120 m contour canyons (n = 4, 31%), followed by slope-confined canyons (15%). Although we present a canyon system with a spatially limited distribution, there is a high density of shore-connected and 120 m contour canyons when compared with other regions of the world. This is in contrast to the low percentage of shore-connected canyons in the other regions of the world (4%). The high percentage of shore-connected canyons in Taiwan is comparable to that of the Mediterranean Sea region. The eastern Taiwan, Palomores, and SE Tyrrhenian margins are tectonically active regions. The regional uplift rates for eastern Taiwan range from 4.7 to 6.4 mm/yr [41]. The Palomores and SE Tyrrhenian margins have uplift rates of 0.023 to 0.046 mm/yr and less than 0.1 mm/yr, respectively [42]. The uplifted coastal ranges of these three margins are characterized by short and steep rivers that transport much sediment to the river mouths and narrow shelves. The riverine sediments are easily captured by canyons on the narrow shelves of these three margins, as mentioned in the introduction. Riverine sediments accumulated at the heads of these canyons are triggered to generate sediment gravity flows periodically, which keep these canyons active and maintain their heads close to the shorelines during sea-level rise.



Bernhardt and Schwanghart (2021) [21] indicated greater numbers of shore-connected canyons along active margins characterized by narrow and steep shelves and onshore catchments exposing resistant bedrock to the continental margin. Due to Taiwan’s geological setting, large amounts of terrestrial sediment are transported to the surrounding seas [29]. For example, much sediment has been directly delivered to the East Taiwan margin to feed canyons on the narrowest shelf (shelf width <10 km). Not surprisingly, six shore-connected canyons occur on the East Taiwan margin, as such canyons are associated with shelf gradients exceeding 5° (Figure 4c) and the minimal difference in width (<27 km) between the present-day and LGM shelf widths. This can be observed along the active Mediterranean margin and the Pacific coast in central South America and Central America [21]. Similar to the shore-connected canyons on the eastern Taiwan margin, the shore-connected Kaoping Canyon is situated on a narrow shelf with a direct and large fluvial sediment input. There are fewer shore-connected canyons along the SW Taiwan margin than on the East Taiwan margin, probably due to the wider shelf and lack of other major rivers delivering sediment to Kaoping Shelf.




5.2. Controls of Submarine Canyons Connected to the Shore


Sediment supply and shelf width are considered to be the major controls of submarine canyons around Taiwan connected to the shore during the present highstand. Seismic activity and typhoon-induced flooding are also significant influences. Here, we focus on the relationships among these factors and the maintenance of shore-connected canyons along Taiwan’s margins.



There is only one shore-connected canyon (i.e., Kaoping Canyon) on the SW Taiwan margin. The remaining canyons are 120 m contour and slope-confined canyons (Figure 2). Table 1 shows that Kaoping River has a relatively high suspended sediment discharge (49 MT/yr), resulting in the delivery of large amounts of sediment to the head of Kaoping Canyon. The 2006 Pingtung Earthquake and 2009 Typhoon Morakot, which resulted in flooding along the offshore SW Taiwan margin, led to the generation of turbidity currents in Kaoping Canyon. The result was not only the erosion of the canyon floor with the transport of sediments down-canyon, but also damage to communication cables [43]. Gavey et al. (2017) [44] pointed out that, on the SW Taiwan margin, Kaoping River’s extremely high discharge is associated with narrow shelf incision by Kaoping Canyon proximal to direct river input, which favors the occurrence of sediment density flows triggered by earthquakes and typhoon-induced flooding. Earthquakes of magnitude Mw 3.0 to 7.1 can trigger turbidity currents in Kaoping Canyon. Ikehara et al. (2020) [45] also consider earthquakes as significant triggers of turbidity currents on the SW Taiwan margin. For submarine canyons on the offshore Taiwan margin, Chiang et al. (2020) pointed out that this large fluvial sediment input is triggered by frequent earthquake and typhoon events which generate episodic gravity-driven sediment flows, allowing the continuous erosion of the canyon floor and transportation of sediment down-canyon [15]. As a result, Kaoping Canyon remains connected to the mouth of Kaoping River. Why have the adjacent Kaohsiung and Fangliao canyons not eroded landward to cross the short shelf (<20 km) and reach the shoreline? Firstly, the SW coastal plain of Taiwan is mostly occupied by Kaoping River drainage. No other major rivers have developed here (Figure 2). As a result, the heads of Kaohsiung and Fangliao canyons are not aligned to rivers inland at present. Consequently, these two canyons do not have direct access to terrestrial sediment input and their heads do not erode to cross the relatively short shelf. Secondly, more than 80% of the sediment load of Kaoping River is delivered to Kaoping Canyon, and less than 20% is distributed to the Kaoping shelf–slope region, resulting in limited sediment supply to the shelf [46]. Not surprisingly, the heads of the Kaohsiung and Fangliao Canyons are unable to capture longshore-transported sediments from the shelf [15]. The lack of terrestrial sediment input combined with restricted longshore transported sediment supply has meant that the headward erosion and retrogressive instability of the Kaohsiung and Fangliao Canyons was not fast enough to enable them to reach the shore during the Holocene sea-level rise. Therefore, it is suggested that direct terrestrial sediment input and narrow shelf possible are the two main controls of the canyons connected to the shore along the SW Taiwan margin.



The Mienhua and North Mienhua Canyons are associated with the very wide ECS Shelf (Table 3) in contrast to the canyons of the SW and eastern Taiwan margins which are associated with narrow shelves (<20 km). Wide shelf canyons commonly lack terrestrial sediment input to their heads and are considered inactive canyons with regard to headward and landward canyon incisions [47,48]. During the LGM sea-level lowstand, the heads of the Mienhua and North Mienhua Canyons were close to the paleo-shoreline of Mainland China, where they received terrestrial sediment supply to maintain headward erosion. With the sea-level rise during the Holocene highstand, the relatively wide ECS Shelf was immersed and the paleo-shoreline migrated landward, resulting in the canyon heads being separated from the shore by relatively long distances. It is suggested that the main control of the Mienhua and North Mienhua Canyons is inhibited access to fluvial sediment supply due to the wide continental shelf. The intensity of canyon erosion with sediment flows generated by fluvial input decreased and headward incision could not keep pace with the sea-level rise. Therefore, the heads remained at the 120 m contour and these two canyons were inactive.



Although episodic earthquake events and flooding can enhance the intensity or magnitude of erosion of the canyon floor, as well as the transport of sediment flows, in Mienhua Canyon [49], the influences of typhoons and earthquakes on headward erosion are insignificant compared to those of sediment input and narrow shelf. Sediment input is a necessity for the generation of erosive sediment flows in its canyon head segment. Furthermore, the shapes of the heads of these two canyons indicated that slope failures and mass wasting have taken place along the shelf edge and upslope of the NE Taiwan margin. The resulting slope gullies in the shelf–slope region have evolved into branched and multi-head canyons, respectively [20,40]. Apparently, the down-slope erosion is more intense than the up-slope erosion (headward erosion) of these two canyons because of the steepness of upslope areas and lack of terrestrial sediment input. Therefore, the wide shelf and lack of direct terrestrial sediment input were the two major factors that kept the heads of Mienhua and North Mienhua canyons at the 120 m water depth during the Holocene sea-level rise.



The eastern margin of Taiwan is characterized by shore-connected canyons (Figure 4) and a shelf that is narrow (<10 km) and steep (>5°). Beyond this shelf, the upper slope displays steep gradients (15 to 20°) and is deeply incised by the dendritic pattern of the canyons (Figure 4C). Frequent earthquakes in the shelf-slope region east of Taiwan are caused by an oblique collision between the Eurasian Margin and Luzon Arc ([36]; Figure 5). In addition, the eastern Taiwan margin experiences an average of four typhoons every year [37], with typhoon-triggered flooding of major rivers and high sediment transport to the shore and adjacent submarine canyons [38]. Figure 4 shows that the heads of the major canyons are connected to river mouths, except for those of the North Sanxian and South Sanxian Canyons. For example, Taitung Canyon is connected to Peinan River, which has very high suspended sediment discharge (88 Mt/yr; [29]). Earthquake-triggered canyon flushing, as a primary driver of canyon incision and sediment transport, has been observed in Kaikōura Canyon, Central New Zealand [50]. Flooding-induced hyperpycnal flows have been reported in the head of Kaoping Canyon [15,51]. Taitung Canyon remains active as a conduit for terrestrial sediment from eastern Taiwan to the deep Ryukyu Trench to the north [39].



As shown in Figure 5, the eastern Taiwan margin is characterized by extreme seismicity with frequent earthquakes of magnitude Mw 7.7 [37]. This is important for the development of shore-connected canyons along the eastern Taiwan margin. In general, there are two ways for earthquakes to trigger the generation of gravity-driven sediment flows in submarine canyons: earthquakes cause the failures of canyon walls, with slumping or sliding that evolve into turbidity currents in the canyon, and accumulated river-fed sediments generate hyperpycnal flows or turbidity currents in the canyon head segment. Earthquakes are considered the main mechanism for the generation of small-scale failures (i.e., gullies and small channels) in the shelf edge–upslope region on the eastern Taiwan margin [37]. Therefore, in submarine canyons on the eastern margin, river-fed sediments, together with sediments from collapsed canyon walls in the canyon heads, are triggered by frequent earthquakes to generate erosive sediment flows which, in shore-connected canyons, keep the canyon head actively eroding the canyon floor and connected to the river mouth.



In summary, the shore-connected submarine canyons on the eastern Taiwan margin represent a regional example of important controls of high sediment yields enhanced by typhoon-related flooding and a very narrow shelf, allowing much terrestrial sediment to be delivered to the canyon heads. This is coupled with frequent earthquakes that trigger erosive sediment flows in the canyons.



Therefore, the sea-level changes from the LGM to the present, sediment input to the canyon heads, and shelf width are the major factors in controlling submarine canyons on the Taiwan margins that are connected to the shore in the present day. Tectonics and climate are also critical factors. The former controls the frequent earthquakes and rapid uplift rate, which trigger sediment failure and the generation of gravity sediment flows. The latter contributes to the terrestrial sediment feeding of canyon heads to generate hyperpycnal flows during flooding events.




5.3. Development of Submarine Canyons off Taiwan Margin since the LGM


During the LGM, there was a lowering of the sea level by 120 m, with most of the Taiwan Strait shelf subaerially exposed. A series of submarine channels and canyons developed on the NE, East, and SW Taiwan margins (Figure 6a). There were eleven noticeable submarine canyons with their heads located close to the paleo-shoreline, which coincides with the present-day 120 m depth contour (Figure 6a). The last glaciation took place about 20,000 years ago. Since then, the sea level has risen 120 m [21], with subsequent transgression some 5 to 7 ka BP, when the sea level rose to close to the present position of the paleo-shoreline around Taiwan [20]. As a result, most of the subaerially exposed Taiwan Strait was submerged and the distance between the canyon heads and river mouths increased. The Mienhua and North Mienhua canyons off the shore of NE Taiwan have evolved into 120 m contour canyons, because their headward erosion did not keep up with the magnitude of the sea-level rise. During the LGM, canyon heads close to the paleo-shoreline possessed the capacity to receive nearby fluvial and shelf sediments.



Figure 6a also shows that, about 20,000 years ago, three paleo-canyons along the SW Taiwan margin were associated with a narrow shelf (<20 km) and a short distance between canyon heads and shoreline. Since the LGM, the sea level has risen by about 120 m and the shoreline has migrated landward with the inundation of shelf areas. As a result, seven paleo-canyons have maintained their connection to the present shoreline. Among the remaining paleo-canyons, their heads are located at the 120 m depth contour (Figure 6b). The decreasing number of shore-connected canyons in the Taiwan region, associated with sea-level rise in the Holocene, has mainly been influenced by sediment input and shelf width. These results agree with the observations of Bernhardt and Schwanghart (2021) [21].





6. Conclusions


The Taiwan margin is dominated by the combination of shore-connected canyons (n = 7, 54%) and 120 m contour canyons (n = 4, 31%). There are also two slope-confined canyons (15%). Shore-connected canyons preferentially occur along the active margin of East Taiwan, with narrow and steep shelves and heads aligned with and connected to river mouths that have large sediment discharge. Therefore, the sea level changes from the LGM to the present, sediment input to the canyon heads, and shelf width are the major factors for controlling connections of submarine canyons with the shore along the Taiwan margin in the present highstand. These two controls are in addition to tectonics and earthquake influences. In particular, frequent earthquake events are considered a significant factor in the development of shore-connected canyons in eastern Taiwan.
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Figure 1. Map showing river drainage and the surrounding bathymetric contours of Taiwan Island. Note the outline of the 120 m depth contour off the shore of Taiwan. Noticeable submarine canyons have developed on the shelf–slope regions. The inset in the upper-left corner shows the tectonic setting of Taiwan. CSR: Choshui River; KPR: Kaoping River; HPR: Hoping River; HLR: Hualien River; HR: Hsiukuluan River; PNR: Peinan River; PHC: Penghu Canyon; SSC: Shoushan Canyon: KHC: Kaohsiung Canyon; KPC: Kaoping Canyon; FLC: Fangliao Canyon; HPC: Huapinghsu Channel; MC: Mienhua Canyon; NMC: North Mienhua Canyon; HPC: Hoping Canyon; HLC: Hualien Canyon; CMC: Chimei Canyon; NSC: North Sanxian Canyons; SSC: South Sanxian Canyons; TTC: Taitung Canyon. 
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Figure 2. (a) River drainage and surrounding bathymetric contours of the SW Taiwan margin. Note the outline of the 120 m depth contour off the shore of SW Taiwan. (b) Shaded relief map of SW Taiwan. (c) Slope gradient map of SW Taiwan. Note that the shelves on the SW Taiwan margin are characterized by slope gradients of between 0 and 5 degrees. Five canyons occur in the shelf region off the shore of SW Taiwan: the Penghu, Shoushan, Kaohsiung, Kaoping, and Fangliao Canyons. Hongtsi Sea Valley is situated east of the Fangliao Canyon. 
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Figure 3. (a) River drainage and surrounding bathymetric contours of the NE Taiwan margin. Note the outline of the 120 m depth contour off the shore of NE Taiwan. (b) Shaded relief map of NE Taiwan. (c) Slope gradient map of NE Taiwan. Note that the shelves on the NE Taiwan margin are characterized by slope gradients of between 0 and 5 degrees. Mienhua and North Mienhua canyons, named for nearby islets, are confined to the slope areas. Huapinghsu Channel is aligned to the western branch of Mienhua Canyon [20]. HPC: Huapinghsu Channel; MHC: Mienhua Canyon; NMHC: North Mienhua Canyon. 
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Figure 4. (a) River drainage and surrounding bathymetric contours of the East Taiwan margin. Note the outline of the 120 m depth contour off the shore of East Taiwan. (b) Shaded relief map of East Taiwan. (c) Slope gradient map of East Taiwan. Note that the slope gradient of the shelf along the East Taiwan margin is greater than 5 degrees. There are six major submarine canyons that stretch from north to south for a distance of 220 km along the narrow shelf off the eastern Taiwan coast. HPC: Hoping Canyon; HLC: Hualien Canyon; CC: Chimei Canyon; NSC: North Sanxian Canyon; SSC: South Sanxian Canyon; TC: Taitung Canyon; HPR: Hoping River; HLR: Hualien River; HR: Hsiukuluan River; PNR: Peinan River. 
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Figure 5. Distribution of earthquakes in the Taiwan area (Data from Central Weather Bureau, Taiwan, 2012). Note that the eastern Taiwan margin is characterized by frequent earthquake events. 
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Figure 6. The hypothesized distributions of paleo-rivers and canyons in the Taiwan area since the LGM. (a) There were relatively large numbers (n = 11) of shore-connected canyons in the Taiwan area during the LGM. (b) Seven canyons remain connected to the shore during the present sea-level highstand. Six shore-connected canyons occur on the eastern Taiwan margin and one on the SW margin. 
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Table 1. Hyperpycnal discharges observed and predicted in Taiwan’s major coastal rivers. (Data from [27,28,29]).
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	Watershed
	Drainage Area

(km2)
	Length (km)
	Suspended Sediment Discharge (Mt/yr)





	Fengshan
	208
	250
	1



	Taan
	633
	95.8
	7



	Tachia
	417
	124.2
	1



	Choshui
	2989
	186
	54



	Pachang
	441
	80.9
	6



	Tsengwen
	1157
	138.5
	25



	Erhjen
	175
	63.2
	47



	Kaoping
	3257
	171
	49



	Peinan
	1584
	84.4
	88



	Hsiukuluan
	1539
	81.2
	22



	Hualien
	1506
	57.3
	31



	Hoping
	553
	50.7
	15
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Table 2. Comparisons of submarine canyons along the SW Taiwan margin.
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	Criterion
	Penghu Canyon
	Shoushan Canyon
	Kaohsiung Canyon
	Kaoping Canyon
	Fangliao Canyon





	Canyon type
	Slope-confined canyon
	Slope-confined canyon
	120 m depth contour canyon
	120 m depth contour canyon
	Shore-connected canyon



	Depth of the canyon head
	300 m
	560 m
	350 m
	50 m
	60 m



	Morphology of canyon head
	Branched head segment
	Straight head segment
	Straight head segment
	Sinuous head segement
	Straight head segment



	Canyon head to shoreline
	28 km
	25 km
	10 km
	1 km
	7 km



	Depth of the canyon head
	300 m
	560 m
	350 m
	50 m
	60 m
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Table 3. Comparisons of submarine canyons along the NE Taiwan margin.
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	Criterion
	Mienhua Canyon
	North Mienhua Canyon





	Canyon type
	120 m depth contour canyon
	120 m depth contour canyon



	Morphology of canyon head
	Branched head
	Multi-heads



	Canyon head to shoreline
	250 km
	280 km



	Depth of the canyon head
	400 m
	350 m
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Table 4. Comparisons of submarine canyons along the East Taiwan margin.
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	Criterion
	Hoping Canyon
	Hualien Canyon
	Chimei Canyon
	North Sanxian Canyon
	South Sanxian Canyon
	Taitung Canyon





	Canyon type
	Shore-connected canyon
	Shore-connected canyon
	Shore-connected canyon
	Shore-connected canyon
	Shore-connected canyon
	Shore-connected canyon



	Morphology of canyon head
	Straight head segment
	Straight head segment
	Straight head segment
	Straight head segment
	Straight head segment
	Straight head segment



	Canyon head to shoreline
	0 km
	0 km
	0 km
	4.5 km
	4 km
	0 km



	Depth of the canyon head
	450 m
	280 m
	350 m
	160 m
	220 m
	150 m
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
120°
v T U e
i 7 e 22720' g
" o “
\"4 - ’ Tsengwenfn'ver)’ “\
] gl | i J"w 51
3 \ =
" g )
E.j‘ | - {/:/,
.. T 22°00'
\ e/
o>
£/)
Qs
8
120°00'
22
22°20'
120°
(a)
2200

: 200
. 0.‘ '
~7 4
- & T b
d
.
12020 120
b

Slope
(degree)

-°5





nav.xhtml


  jmse-10-00494


  
    		
      jmse-10-00494
    


  




  





media/file2.png
120° 121°

26 26°
South 5 Is
: = Philipping
s § D Sea Plate
25° 25°

24
23°
? 1‘:""‘
R
. ﬁ e
i
=
T8
° g ' °
22 - i 22






media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png
24

23

122

1217

1207





media/file12.png
------- Paleo-coastline a

—— Shelfbreak

b

120° 121° 122°
LGM (~20000 BP)

» Shore-connected or river connected

123°

120° 121° 122

Present
» Shore-connected or river connected

123






media/file9.jpg





media/file0.png





media/file8.png
2200

24700

2300

Siope
(degree)

2700






media/file11.jpg
—— Shelfbreak |

LGM (~20000 BP) PYssont

> Shore-connected or river connected > Shore-connected o fiver connected





media/file6.png
-

e
£
~/Lanyan
/

j’-’

(=]

Slope

(degree)






