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Abstract: The heavy rain disaster occurred in July 2017, in northern Kyushu, Japan. The river
environment greatly changed due to sediment moving accompanied by erosion. It is important
regarding disaster prevention to localize watersheds where sediment transportation is active.
In this study, the sediment dynamics were discussed on the basis of our investigation about the stored
sediment, water-flow, and silica fluxes from sub-basins. As a result, the sediment survey revealed
that many sediments consist of sand or gravel and were moved secondarily by water-flow. By the
hydrological survey, it was confirmed that the trend of the dissolved silica concentrations varied
between the right and the left bank tributaries. It was suggested that the left bank tributaries have
a various process of water-flow. Considering the distribution of collapsed slopes, the right bank
tributaries have more collapsed slopes than the left bank tributaries. As suggested by the results,
the range of the silica flux is wider at the left bank tributaries because the sedimentation shows
various distributions. On the other hand, the right bank tributaries were estimated topographically
stable since the value of the silica flux is about the same.
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1. Introduction

The July 2017 disaster occurred during heavy rain, in northern Kyushu of Japan, causing serious
damage to houses and river structures and producing large amounts of sediment and driftwood.
More than half of the 300 reported cases of damage due to the heavy rainfall were caused by debris
flows [1]. Examining the damage, it was clear that excessive sediment had been supplied from the
upstream area of the Otoishi River and the damage had spread to the river valley plain due to a
blockage in the river. Such a phenomenon occurred due to the over deposition because the river
was clogged with the disaster waste such as driftwood and sediments. Recently, various studies
were conducted about driftwood such as the influence of driftwood on structures and the behavior
accompanying debris flow [2,3]. In addition, as a result of this disaster, slopes have been left structurally
fragile and there is concern about the recurrence of a sediment disaster. The production of sediment is
likely to occur because traces of past sediment movements were confirmed from the current study’s
field surveys. While the sediment disasters in the mountain area usually occur as multiple phenomena
such as sediment transport, slope failures and flood, most of the existing warning systems or disaster
prevention plans only consider a single hazard. A comprehensive evaluation is required for preventing
such a phenomenon [4].
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The safety of the river structure and the stability of the slopes should be evaluated before disasters.
It is difficult to make countermeasures against heavy rain, which has been increasing recently [5]
because many sites are dangerous from the disasters. Generally, the priority is determined by using
statistical data or statistical models [6,7] to identify the more dangerous sites for the disasters. However,
the disasters cannot be predicted by statistics in research sites which have no data on past disasters.
As a fundamental study to predict the occurrence of the sediment disasters due to topography and
geology, this paper discusses the relationship between slope failures and the water-flow.

In the current study, sediment deposition and slope failure locations were investigated and the
distribution of silica fluxes in the mainstream and/or tributaries were observed in the Otoishi River
basin, Asakura City, Fukuoka Prefecture. The sediment dynamics of the basin were also investigated on
the basis of the observed sedimentation, silica fluxes, and characteristics of the catchment’s topography.

The river varied greatly because of the inflow of sediment from each sub-basin. The effects of
the disaster were represented by various phenomena like erosion, sedimentation, and destruction
of artificial structures. Due to this complex situation, it was necessary to investigate what types of
phenomenon had occurred. The produced sedimentation was classified by its structure and thickness
based on the distribution of slope failures.

Silica flux from the mountainous regions can be explained by the water-rock reaction [8] and
this value is often used as an indicator of long-term rock weathering [9] because it is easily observed.
Silica fluxes are also used in the research of short-term hydrological phenomena, such as temporal
changes in the water discharge from mountain streams due to rainfall [10] because the water-rock
reaction elutes the silica easily from the soil.
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Figure 1. Map of the Otoishi River basin (the background picture is an aerial photograph taken after
the disaster, released by the Geospatial Information Authority of Japan).

The catchment topography was analyzed using a model equation for topographical analysis [11]
by Ikemi et al. [12]. In the analysis, the topographical development was evaluated using topographical
parameters like catchment area and slope gradient. The difference in the topographical development
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was analyzed as the difference in the values between the left sub-basin and the right sub-basin of the
Otoishi River basin. It was expected that the sediment dynamics would be evaluated according to
this difference.

2. Study Area

Figure 1 shows the Otoishi River basin study area. The river is a tributary, on the right bank, to the
Akatani River, which is a branch of the Chikugo River [13,14] that flows through Asakura City, Fukuoka
Prefecture, Japan. The mainstream direction of the Otoishi River is toward the northwest-southeast
and the watershed is surrounded by three mountains. The catchment area is 5.9 km2 and consists
of 20 or more small tributary areas. The tributaries are regularly aligned—the tributaries on the
right bank are aligned in an east-west direction and the tributaries on the left bank are aligned in a
north-south direction.

The geology of the Otoishi River basin is mainly Middle Paleozoic-aged crystalline schist in the
upstream area and Mesozoic-aged granitic rocks in the downstream area. The distribution is shown in
Figure 1. Mesozoic granite is widely distributed in northern Kyushu, for example, at Mt. Seburisan [15]
and Mt. Sangunsan [16]. This rocky body can be confirmed from the lattice-like valley topography seen
in aerial photographs and is especially noticeable at Mt. Seburisan, located on the boundary between
the Fukuoka and Saga Prefectures. The topography is presumably derived from lattice-like cracks
that accompanied cooling near the top of the batholith [17] or active structures oriented north-south
and north-west [18]. It is thought that the regular distribution of the valley topography is the result of
similar phenomena in the Otoishi River basin.

Field surveys have confirmed that fault zones, at least 10 m wide, are oriented in the same
direction as the river’s mainstream. During the July 2017 disaster, uncovered by the erosion of the
valley plain, a left lateral slip fault (the Otoishi Fault), accompanied by vertical components, was found
in the upstream part of Otoishi River [19]. The Otoishi Fault runs northwest-southeast in the same
direction as the river’s mainstream. Therefore, the topography of the Otoishi River basin is distinctive,
which suggests that geological structural factors have influenced the formation of the valley plain.

3. Field Survey and Observations of Dissolved Silica in the River

To determine the outline of the sediment disaster, a field survey, to investigate the flood sediments
and a hydrological survey were conducted. The deposition of the sediments was sketched and their
thicknesses measured.

The hydrological survey was conducted during the dry season, from November to December,
when rainfall is reduced. River flow rates were measured using either a dilution method or a vessel
method. River water samples were collected to determine silica content. The suspended matter was
filtered using a 0.45 µm filter and the dissolved silica was measured by the molybdenum yellow
colorimetric method [20,21]. The silica flux of a river depends on the water-rock reaction [8] and it is
often used as an indicator of long-term rock weathering [9]. However, since silica in soil is easily eluted
by reaction with water, silica flux is also used in the study of short-term hydrological phenomena,
such as temporal changes in the flow rates of mountain streams due to rainfall [10]. The current study’s
sediment dynamics investigations refer to the report by Ikemi et al. [12].

4. Results and Discussion

4.1. River Erosion and Flood Sediment Characteristics

Sediment investigations in the Otoishi River basin were conducted during August, September,
and November 2017. As the sediment had already been artificially moved in November, the evaluation
of the erosion and the characteristics of the flood sediment were based on the results of the August
and September surveys.
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Figure 2a shows the left bank of the Otoishi River near the Masue Elementary School. It was
confirmed that a buried pipeline had been exposed by erosion. A cross-section of the riverbank
shows a lowermost 1 m thick silty gravel layer overlain by a 1 m thick silty sand layer, a layer of
vegetation, and an uppermost 30 cm thick loose sand layer. The layers below the vegetation are
sediments deposited by past disasters, which were exposed by the recent erosion. The gravel layer
at the base of the section comprises pebble- to boulder-sized gravel, composed of plate-crystal schist
with some granite, without a regular structure. Parallel laminae were seen in the overlying sand
layer, near the boundary with the lower gravel layer. The center of this sand layer included some
pebble-sized gravel. The loose sand layer overlying the vegetation resembled the sediment on the
bottom of the river after the disaster and it is considered to be sediment laid down during the disaster;
it is mainly composed of quartz and feldspar sand and fine gravel, including mica, and is generally
considered to be decomposed granite.

Figure 2b shows erosion on the right bank, 180 m upstream of the Masue Elementary School.
On the left side of the photo, brown granite, weathered to about 30 cm from the water surface can be
seen, and a silty gravel layer of about 1 m is distributed over the granite layer. A 1.5 m thick silty sand
layer is distributed above this. The granite in the right side of the picture is much thicker, and there is
less gravel compared with the left side. There was also a hole, or pipe, in the boundary between the
granite and the sand layer, which was able to confirm the washed gravel and gully under the hole.
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Figure 2. These are photographing about sediment or river environment after the disaster (2 August
2017). (a) Photo of a left bank section exposed by erosion near the Masue Elementary School; (b) photo
of erosion of the right bank in the downstream area; (c) photo of a sand layer, including gravel, exposed
by erosion; (d) photo of flood sediments comprising a sand and pebble layer; (e) photo showing black
gravel rolling on the riverbed due to water-flow.

Figure 2c is a photo of erosion on the left bank, 365 m upstream from Figure 2b. A 1 m thick silty
sand layer containing boulders is distributed above the gravel layer, which seems to be an old stone
wall. A new 20 cm thick sand layer is distributed over the top of the ground surface at the base of the
present stone wall and it was confirmed here that the gravel of the crystal schist overlapped.

Figure 2d shows the flood sediment of this disaster. This sediment was confirmed throughout
the Otoishi River basin and it is considered to have been transported from a source of collapsed soil
and debris flow sediment accompanying slope failures. It was confirmed that the flood sediment is
composed of sand and granules, including a slightly pebbly layer. Characteristically, the sediment is
covered with pebbles. There is little clay because it is fragile when dry and crumbles easily.

Figure 2e shows the state of the Otoishi River in August near the location of Figure 2d. The river
is turbid but it was possible to confirm that gravel was rolling on the riverbed. The riverbed consisted
mainly of sand and granules, which were moved continuously by the water-flow. The pebbles were
able to be transported on the riverbed because the riverbed had been smoothed by the moving sand
and granules. It appeared that this phenomenon created the deposition seen in Figure 2d. The locations
of the photos are indicated in Figure 3, together with the collapsed slopes.
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4.2. Measurement of Sediment Thickness

Sediment thickness was measured at six locations in September, just after river excavation by
heavy machinery had begun. The maximum deposit thickness was 3 m. The measured positions
and deposition thickness is shown in Figure 3. The thickness was not uniform, and the deposition
thickness tended to increase on the upstream side of the valley’s narrow pass. Normally, there were
many deposits composed of sand and/or granule layers with a pebble layer, as shown in Figure 2d.
However, silt deposits, including boulders and pebbles, without laminae were confirmed further
upstream. The upstream site where 2.2 m thick sediments are measured is a confluence point with a
tributary and 1.8 m thick sediments were deposited over the 40 cm thick flood deposit with no laminae.

The deposit thicknesses measured in this survey only covered the downstream area because,
in September, the sediments that had been deposited on the plain were still too great and places,
where the thickness could be measured, were limited—it was difficult to investigate. It was also
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difficult to verify the sediments since the survey had to be conducted rapidly because of the restoration
of the road.

Figure 3 summarizes the distribution of the collapsed positions of the mountain slope and the
deposition in the river channel, as reported by Ikemi et al. [12], who estimated 100,000 m3 of sediment
with 230,000 m3 of erosion, which is more than double the amount of the sedimentation.

4.3. River Flow and Dissolved Silica Concentration

The hydrological survey of nine tributary sites was conducted in November to confirm the
water-flow only. The investigation of December clarified the water-flow and the silica fluxes in
21 tributaries. The average river flow rate (daily flow rate per unit area) was 2.4 mm/day in November
and 2.1 mm/day in December. “Automated Meteorological Data Acquisition System” of the Japan
Meteorological Agency measured the rainfall at the disaster. The system is abbreviated commonly
as AMeDAS. According to AMeDAS, the monthly precipitation in Asakura City, Fukuoka Prefecture,
for October, November, and December 2017 was 295.5, 22.5, and 17.0 mm, respectively. It was also
obvious that the river flow rate decreased according to the rainfall.

The average dissolved silica concentration was 290 µmol/L in the tributary in both November
and December and in the mainstream, in December, it was unchanged at 280 µmol/L. The dissolved
silica concentration does not tend to change compared with a flow rate in other granite basins in
northern Kyushu.

Figure 4 shows the relation between the water discharge (mm/day) of each sub-basin and the
dissolved silica concentration (µmol/L). The values of the right bank tributaries are shown in the
red circles and the values of the left bank tributaries are shown in the black circles. The mainstream
value is shown in the plus sign. The water discharge ranged from 1 to 3.5 mm/day in the right bank
tributaries and from 0.5 to 4.5 mm/day in the left bank tributaries. The dissolved silica concentration
was roughly steady, with the highest concentrations found in the right bank tributaries and the
lowest concentrations confirmed in the left bank tributaries. The correlation coefficient of these values
confirmed that the water discharge had a strong correlation with the silica concentration in the left
bank tributaries.
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Figure 4. The relationship between the water discharge (mm/day) and the dissolved silica
concentration (µmol/L). (In Figure 4, the black circle shows the data of the left bank tributaries,
the red circle shows the data of the right bank tributaries and the plus sign shows the mainstream data.
The values of solubility of quartz at 25 and 75 ◦C are shown in Figure 4 as reference [22]. The reference
values of grassland soil and forest soil are also shown [10].).
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Figure 5 shows the relation between the watershed area (km2) in the sub-basins and the silica
fluxes (mol/day/km2) based on the water discharge and concentration. The silica fluxes on the right
bank tributaries exhibited a narrow range regardless of the catchment area, whereas the silica fluxes
on the left bank tributaries exhibited a wide range. Particularly, it was confirmed that the variations in
small catchment area were wider. In Figure 5, the average values of the silica fluxes and the values of
the average ± the standard error (σ) are shown by the blue lines. The silica fluxes of the mainstream
were distributed within this range.
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4.4. The Relationship Between the Distribution of Collapsed Slopes and Silica Flux

Ikemi et al. [12] examined the relationship between the distribution of collapsed slopes and
the catchment topography; the topographical analysis was examined using an equation based on
the development of the topography. The following Equation (1) was proposed by Perron et al. [11].
The parameter D/K was calculated as the indicator of the topographical development in the analysis.

|∇z|
∇2z −∇2zh

=
D
K

A−m, (1)

where A is the watershed area, ∇z is the terrain gradient, ∇2
z is the curvature and the differentiated

gradient. ∇2
zh is the ridge curvature, D is the soil diffusivity, K and m are constants.

Equation (1) implies a power-law relationship between the watershed area A and the quantity
|∇z|/

(
∇2

z −∇2
zh

)
, which is abbreviated to S*. S* and A are calculated from Digital Elevation Model,

the parameter D/K and m are found from least-squares regression of log10(S*) against log10(A). It is
considered that if the parameter D/K is high, the parameter m is also high and the correlation between
the watershed area and the terrain gradient is strong.

As for Ikemi’s result, the topographical analysis for the left bank tributaries showed a strong
correlation between the catchment area and the topographic gradient. It was reported that water-flow,
as a topographical characteristic, may influence more to the topography. The relationship between the
parameter D/K and the collapsed area against the watershed area was also reported. The correlation
coefficient was ~0.36 for the whole area of the Otoishi River and it increased to ~0.52 for the analyzed
tributaries in the case that the collapsed area against the watershed area is more than 5%.
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Table 1 represents the data on the terrain before the disaster and the collapsed area. The data were
calculated to confirm the terrain characteristics in the tributaries where the hydrological survey was
conducted. The sum of the collapsed area is 113,054 m2 in left bank tributaries and 151,469 m2 in right
bank tributaries. However, considering the topography, the left bank tributaries seem to be not much
different from the right bank tributaries.

On the other hand, Equation (1) is represented as the following Equation (2) according to
Perron et al. [11]

U
D
≈ ∇2

zh , (2)

where U is the surface uplift rate. Since U is constant in a narrow region, ∇2zh rises with the erosion
of the basin. From Table 1, the relationship between the collapsed slopes and the ridged curvature
was examined (Figure 6). The correlation coefficient was ~0.63 for the analyzed tributaries in the case
that the collapsed area against the watershed area is more than 5%. It is assumed that the correlation
was confirmed only in some tributaries because the stage of geomorphic development is different.
The result suggests there are many watersheds that tend to erode in the right bank tributaries.

Table 1. Statistical data of 21 tributaries (the tributary number is the same in Figure 3).

Number Watershed
Area (m2)

Collapsed
Area (m2)

Collapsed Area/Watershed
Area (×100%)

Average Ridged
Curvature (∇2

zh )
Average Slope
Angle (Degree)

Right Bank Tributary

1 361,759 34,473 9.5 9.7 31.2
2 358,934 30,825 8.6 9.6 34.5
3 47,631 2220 4.7 9.0 33.0
4 113,829 8565 7.5 9.7 36.0
5 376,818 28,325 7.5 11.2 34.7
6 74,531 2920 3.9 10.2 32.1
7 57,422 1712 3.0 10.1 37.8
8 380,979 34,972 9.2 11.5 34.9
9 53,903 3589 6.7 7.6 28.7

10 250,285 3868 1.6 10.6 30.8

6.21 (Average) 9.92 (Average) 33.37 (Average)

Left Bank Tributary

11 68,879 2334 3.4 11.1 34.4
12 261,851 17,449 6.7 9.1 31.9
13 206,647 7680 3.7 8.7 33.5
14 93,964 1470 1.6 9.9 32.2
15 379,301 16,625 4.4 10.7 35.1
16 204,824 14,731 7.2 10.2 36.6
17 585,998 28,462 4.9 10.0 33.4
18 46,174 1581 3.4 10.2 37.6
19 210,618 7521 3.6 9.0 29.9
20 121,591 10,111 8.3 8.5 28.9
21 575,629 5090 0.9 9.4 30.7

4.36 (Average) 9.71 (Average) 33.10 (Average)

The current study determined that the sediment on the valley plain of the Otoishi River
basin is composed of sand and gravel and transported by water-flow rather than by slope failure.
Much sediment, considered to be past debris flows, was confirmed in the area where the river bank
was eroded. These results suggest that much sediment has accumulated in each tributary of the Otoishi
River and this sediment continues to move by water-flow.
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Figure 6. The relationship between the collapsed slope and the ridged curvature. (In this figure,
the black circle shows the data of the left bank tributaries, the red circle shows the data of the right
bank tributaries).

The silica concentration range is explained by the mixing of various waters; Figure 4 shows the
dissolved silica concentration assumed by the water-rock reaction and elution from the soil. The elution
of silica by the water-rock reaction depends on the temperature and when quartz and water are in
a chemical equilibrium state at 25 ◦C, the dissolved silica concentration was 200 µmol/L or less.
It reached over 400 µmol/L at equilibrium with quartz at 75 ◦C. It is assumed that 25 ◦C is the common
temperature of groundwater and 75 ◦C is the temperature of hot spring water. It has also been reported
that silica is easily eluted from the soil, even at low temperatures, with concentrations of ~300 µmol/L.
The current case corresponds to intermediate-type groundwater flowing through a mountainous
slope surface.

The fluctuation of the silica flux, seen in Figure 4, seems to indicate various water-flows and
mixing. On the right bank tributaries, a slightly higher silica concentration was observed. Generally,
the silica flux was stable because the river water was formed by steadily mixing groundwater and
intermediate streams. However, the left bank tributaries showed that the water-flow was diverse in
each sub-basin.

The left bank tributaries had a lower rate of slope collapse for the watershed area than the right
bank. The topography is strongly influenced by water-flow. The silica concentration was low in the
river and the silica flux varied greatly. From these results, it was hypothesized that sediment often
moves in the left bank tributaries. The distribution of sediment is heterogeneous in each sub-basin
because of frequent sediment transport. It was also presumed that the left bank tributaries exhibit the
various river conditions. For example, groundwater is dominant in the river water and the intermediate
flow is dominant because of much sedimentation. It is considered that the values of the silica fluxes
were stable in the right bank tributaries because more sediments remain in the basin.

5. Conclusions

This study investigated the distribution of sediment and silica fluxes in the Otoishi River basin.
In addition, the sediment kinetics and significance of the silica flux in the mountain streams were
examined to compare the research results with the topography or the distribution of the collapsed
slopes. Debris flow sediment could not be confirmed and much of the sediment was composed of
sands and gravel, moved secondarily by water-flow. In the hydrological survey, it was confirmed
that the water-flow is stable in the right bank tributaries from the values of the dissolved silica
concentrations, while the left bank tributaries have a various process of the river. Considering the
ridged curvature, it was estimated that the right bank tributaries are more eroded than the left bank
tributaries, much sediment was produced relatively from the right bank tributaries. In addition, it was
clarified from the survey of the silica fluxes that the water movement path is different between the
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right bank tributaries and the left bank tributaries. Especially, the left bank tributaries tend to have
the complex water movement path. Therefore, it was speculated that a large amount of sediment
flowed out from the left bank tributaries, and the tendency of silica fluxes changed due to the amount
of sediment remaining in the tributary area. It is suggested that the silica flux of mountain streams is
an effective index for the evaluation of sediment dynamics in mountain stream regions in combination
with topographical analysis.
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