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Abstract

The present contribution investigates the temporal changes in volcaniclastic sediment transport over the 2-year
period after the 2014 eruption of Ontake Volcano in two small drainage basins where increased turbidity was
observed immediately after the eruption. Two similar-sized catchments on the southern flank of the volcano, the
Akagawa River (~4.4 km?) and the Shirakawa River (~ 2.9 km?) catchments, exhibited contrasting sediment deliv-

ery patterns and river water characteristics such as acidity and electric conductivity (EC). Increased turbidity, a high
rate of suspended sediment supply, and elevated EC values were observed only in the Akagawa River, which hosts
volcanic vents in its proximal part. The mineral assemblages and chemical characteristics of suspended sediment
from the Akagawa River clearly indicate that the turbidity was derived from the erosion and reworking of primary
eruptive material and lahar deposits. Previous airborne and remote surveys suggested the presence of primary ashfall
and pyroclastic density currents in the upslope areas and valley heads of both the Akagawa and Shirakawa rivers.
However, the river water characteristics and sediment transportation data of the present study clarify that the initial
volcanic disturbance of the Shirakawa catchment was minor and limited. The influence of volcanic disturbance on the
Akagawa River catchment continued for at least 10 months after the eruption and was also observed for an additional
9 months until the end of the snowmelt season in 2016. In the Akagawa River valley, two post-eruptive lahars that
occurred during a 7-month period may have enhanced the removal of volcaniclastic deposits, and this remobilization
may have resulted in diminished sediment delivery in the river after the lahar events. The results of this study provide
information about the timing of the decline of suspended sediment delivery associated with small-scale eruptive
activity, and such information may prove useful for evaluating the effects of other eruptions similar in size and charac-
ter to the 2014 Ontake eruption. In addition, the approach adopted for monitoring rivers at downstream sites is clearly
of utility for evaluating primary pyroclastic deposition and volcanic disturbance near inaccessible vent areas.

Keywords: Ontake Volcano, 2014 eruption, Phreatic eruption, Suspended sediment supply, Volcanic disturbance,
Water characteristics

Introduction

Explosive volcanic eruptions and their products can
physically and chemically affect rivers in the vicinity of
volcanoes. Increased turbidity and suspended sediment
transport are commonly observed following an erup-
tion (Blong 1984; Stewart et al. 2006), with the increased
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and indicate if changes were made.

sediment supply to a river system being caused mainly
by the erosion and remobilization of new, loosely packed
eruptive material deposited upstream of the catch-
ment. Unseen but important impacts of volcanic erup-
tions on rivers are the alteration of water characteristics
such as increased acidity, changes in electric conductiv-
ity (EC), and the occurrence of other soluble contami-
nants (Kristmannsdéttir et al. 1999; Stewart et al. 2006).
Physically and chemically contaminated river water fol-
lowing an explosive eruption is sometimes lethal to riv-
erine biota and can affect water supply with respect to
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drinking water quality and irrigation use. Therefore, the
monitoring of temporal changes in the supply of volcanic
suspended sediment, turbidity, and other river water
characteristics following an eruption and the understand-
ing of the timing of river water recovery to background
(i.e., pre-eruption) levels are important for quantifying
the effects of eruptions as well as for predicting and pre-
paring for the aftermaths of future eruptions.

The duration of increased sediment supply relative to
the background level through a river system can persist
for years to decades or more depending on the size and
character of an eruption and the hydro-geomorphological
characteristics of the area (Major et al. 2000; Major 2004;
Major and Yamakoshi 2005; Gran et al. 2011; Pierson
and Major 2014). Even a relatively small-scale magmatic
eruption, such as an event with a Volcanic Explosivity
Index (VEI) value of 3 (Newhall and Self 1982), can result
in a subsequent high sediment discharge, as observed
for the 1990-1995 eruption episode at Mt. Unzen and
the 2000 eruption at Miyakejima (Yamakoshi et al. 2005;
Ogawa et al. 2007). At these volcanoes, which are located
in temperate climate conditions, a temporal decline
in excess sediment delivery was caused by permeabil-
ity changes after remobilization of the ash deposits that
covered slopes and recovery of vegetation (Ogawa et al.
2007) as well as by shortages of erodible material in river
valleys resulting from reworking processes (Yamakoshi
et al. 2005).

Following the 2014 phreatic eruption at Ontake Vol-
cano (VEI=1-2: Maeno et al. 2016), which resulted in
63 casualties from primary ejecta at the summit of the
volcano, turbid river water in the Nigorigawa and down-
stream Otakigawa rivers (Fig. 1a) was initially reported
immediately after the eruption (e.g., Oikawa et al. 2016).
However, there have been no further studies or reports
of post-eruption temporal changes in the water turbid-
ity and other characteristics following the Ontake event.
The presence of turbid water implies an increased supply
of suspended sediment derived from volcanic ash fol-
lowing the eruption. Local residents in the downstream
catchment areas were anxious about increased turbidity
and changes in acidity immediately after the eruption,
although there was no report of severe impacts caus-
ing problems in terms of the contamination of water for
drinking and irrigation.

The aim of this study was to understand the length of
time that a small eruption could affect river water, focus-
ing on the temporal changes in suspended sediment
transport, turbidity, pH (acidity), and EC in the catch-
ment areas of the Akagawa and Shirakawa rivers on the
southern flank of Ontake Volcano (Fig. 1a). In addition,
possible causes of the different impacts on the two river
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catchments and of the temporal changes in the amounts
of suspended sediment in the 2-year period following the
2014 eruption are discussed to evaluate the volcanic dis-
turbance in inaccessible vent-proximal areas.

Regional setting and description of the 2014
eruption

Physiography and regional climate

Ontake Volcano (35°53'34N, 137°28/49”E) is located
on the island of Honshu at the border of Nagano and
Gifu prefectures. The summit of the volcano is at an
altitude of 3067 m, and the Nigorigawa River catch-
ment occupies the high-elevation southern flank of
the volcano. This catchment includes the Akagawa and
Shirakawa rivers, which flow parallel to each other.
The vents of the 2014 eruption are known locally as
the Jigokudani vents and are situated at the head of the
Akagawa River valley (Fig. 1a). The catchment area of
the Akagawa River upstream of the observation point
(Fig. 1a) is about 4.4 km?, whereas that of the Shirakawa
River is 2.9 km?.

Seasonal snow cover on Ontake Volcano is typically
present from November to May under the temperate cli-
matic conditions of the area. After the September 2014
eruption at Ontake, 2 years of meteorological observa-
tions on the southeastern slope at an altitude of 2190 m
yielded data on hourly rainfall and the hourly rate of
snowmelt (Kataoka et al. 2018).

The inferred volcanic disturbance caused by the 2014
eruption

The phreatic eruption of Ontake Volcano on 27 Septem-
ber 2014 (11:52 a.m. Japan time) ejected eruptive mate-
rial with a volume of 0.7-1.3 x 10® m® (VEI = 1-2: Maeno
et al. 2016). Ashfall deposits were concentrated around
the vents and covered areas mostly to the east of the sum-
mit (Oikawa et al. 2014; Maeno et al. 2016; Takarada et al.
2016). Thin ashfall deposits on the southern slope were
also observed by an airborne survey. The ashfall distribu-
tion (Oikawa et al. 2014; Takarada et al. 2016) suggests
that the proximal catchments of the Akagawa and Shi-
rakawa rivers received about 2 x 10° m® and 2 x 10> m? of
ashfall, respectively (Fig. 1a). Airborne survey and remote
camera observations show that pyroclastic density cur-
rents flowed on the southern and western slopes of the
volcano (Oikawa et al. 2014; Yamamoto 2014; Kaneko
et al. 2016; Maeno et al. 2016; Fig. 1a). However, the
actual thicknesses and depositional facies of pyroclastic
density current deposits confined to the upstream parts
of the Akagawa and Shirakawa valleys as well as the ini-
tial volcanic disturbance in these proximal areas are still
unknown because of a lack of ground-truth surveys.
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Fig. 1 aIndex map showing Mt. Ontake (Ontake Volcano) and river systems on the southern slope of the volcano. The distribution of ashfall and

pyroclastic density currents of the 2014 eruption is after Oikawa et al. (2014) and Takarada et al. (2016). These distribution maps are based on survey
points mostly to the east, north, and west of the volcano; data for the southern medial-distal areas are very limited. The contour lines are the 50-cm
and 0.1-cm isopachs and the 1-g/m? isopleth. b Field photograph taken at the river monitoring site showing the gray, turbid Akagawa River on the

46th day after the eruption

Three lahars associated with the eruption occurred in
the Akagawa and Nigorigawa rivers: (1) An eruption-
triggered lahar occurred on 27 September 2014 and
left thin mud-slurry deposits up to 5 km downstream
of the Jigokudani vents (Sasaki et al. 2016). (2) A rain-
triggered lahar on 5 October was generated by the sec-
ond rainstorm after the eruption (the cumulative rainfall
until lahar generation was 47.5 mm) and deposited clay-
rich debris flow deposits with a volume of 2.9 x 10° m?

(Kataoka et al. 2018). The deposits from this lahar con-
tain high levels of clay (10-20 wt% of clay in the matrix)
and notably contain high amounts of sulfur (10-14 wt%)
in terms of bulk chemistry. The 5 October lahar traveled
11 km downstream and reached the confluence with the
Otakigawa River (Fig. 1a). (3) A rain-on-snow-induced
lahar on 20 April 2015 was triggered by an extreme rain-
storm and associated snowmelt of about 100 mm water
equivalent (a total input of 332 mm over the 13 h prior to
this lahar; Kataoka et al. 2018). The water-rich erosional
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lahar flow left sandy and gravelly hyperconcentrated flow
deposits and normal streamflow (upper flow regime)
deposits as far as the confluence with the Otakigawa
River. In contrast, there were no lahar deposits along
the Shirakawa River. No further lahars were detected by
camera monitoring or wire sensors after the rain-on-
snow lahar of 20 April until the end of the observation
period (at least until the end of 2016; Kataoka et al. 2018).

Methodology

Measurement of river water characteristics

Water characteristics and suspended sediment trans-
port following the September 2014 eruption were exam-
ined for the Akagawa and Shirakawa rivers for 2 years
(Table 1). Data for the Nigorigawa River, obtained
immediately downstream from the confluence of the
Akagawa and Shirakawa rivers, were used as reference
values. On-site measurements of pH and EC (as spe-
cific conductivity at 25 °C) were taken using a hand-held
measuring instrument (WM-32EP, DDK-TOA Corp.,
Japan). To measure suspended sediment concentration,
river water was sampled in the field and filtered in the
laboratory at Niigata University using filters with pore
size=0.5 pm. Coarse particles (>2 mm in size) were
removed with a sieve before weighing the sediment
samples, as coarser particles transported by saltation
were occasionally included in samples when flow dis-
charge was high. For evaluating turbidity, we performed
a visual assessment in the field using the following clas-
sification: (1) turbid: gray to blue-gray-colored water,
the riverbed cannot be seen owing to turbidity (Fig. 1b);
(2) slightly turbid: light gray, semitransparent water,
some riverbed deposits can be seen; and (3) clear: trans-
parent water. Flow discharge (m3/s) was estimated on
the basis of direct measurement of flow depth, width,
and velocity in the rivers.

Images of the riverbed were captured at 10-min inter-
vals by a time-lapse camera deployed along the Akagawa
River at our river observation point (Fig. 1a). The camera
also recorded water levels and turbidity at this site (Addi-
tional file 1). This enabled us to describe and evaluate the
lahar events and the cause(s) of the changes in discharge
and sediment transport resulting from snowmelt and/or
rainstorm events.

Geochemical and mineralogical analyses of suspended
sediment

The chemical characteristics and mineral assemblages
of suspended sediment are important for determining
the origin of the transported sediments. For this pur-
pose, X-ray fluorescence (XRF) analysis (Rigaku RIX2000
at Fukushima University) and X-ray diffraction (XRD)
analysis (Rigaku Ultima IV at Niigata University) were
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performed on samples of filtered suspended sediments,
mainly from the Akagawa River, where high levels of
suspended sediment were observed after the eruption
(Fig. 1b). The measurement conditions and results are
provided in Tables 2 and 3.

Characteristics of water and suspended

sediment in the Akagawa and Shirakawa rivers
following the 2014 eruption

Water characteristics in the Akagawa and Shirakawa
rivers show variations in pH, EC, suspended sediment
concentration, and turbidity (Table 1 and Fig. 2). These
characteristics can be affected by rates of flow discharge;
therefore, measured discharge and 48-h total water input
(including snowmelt water) on the observation dates
(Tanohara meteorological observation site: Kataoka et al.
2018) are also provided in Table 1.

For the period from November 2014 to July 2016, the
Akagawa River exhibited high acidity (pH: 2.6-3.6),
whereas the Shirakawa River was moderate to acid (pH:
4.5-5.2). EC was always stable at around 30 mS/m in the
Shirakawa River, and the suspended sediment concentra-
tion was relatively low from immediately after the erup-
tion to 700 days after the event (Fig. 2a, b). In contrast,
the Akagawa River exhibited different sediment trans-
port and water characteristics and was affected by the
2014 eruption for a longer time than the Shirakawa River
(Fig. 2a, b, and Table 1). After the eruption until July
2015, the river was visibly turbid and had higher sedi-
ment concentrations, occasionally with EC>200 mS/m
and even sometimes without major water input (Figs. 1b,
2a, b, and Table 1). Thereafter, the values of EC, sus-
pended sediment concentration, and turbidity tended
to decline (Fig. 2a, b), although they varied during the
snowmelt season (April-May) and with occasional rain.
During the snowmelt seasons of April 2015 and April
2016, conspicuous diurnal changes in flow discharge and
turbidity were observed in the field (Additional file 1,
Table 1, and Fig. 2a, b). In the mornings, the river had a
low water level and was visibly clear, but increasing dis-
charge and turbidity occurred during the afternoons
(about 2—5 p.m., Additional file 1).

The XRF results for filtered suspended sediment
indicate very high sulfur contents in samples from the
Akagawa River (7.8—12 wt%; Table 2). The mineral assem-
blage of the suspended sediments from the Akagawa
River identified by XRD consists of quartz, plagioclase,
cristobalite, pyrite, gypsum, anhydrite, alunite, pyroph-
yllite, smectite, illite, kaolin group minerals (7 A), and
chlorite (Table 3). Sediments from the Shirakawa River
have a different mineral assemblage, consisting of quartz,
plagioclase, cristobalite, anhydrite, alunite, smectite, and
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Table 2 XRF results for filtered suspended sediment from the Akagawa River

Sampling date Si0, (wt%) TiO, AlLO; Fe,0;* MnO MgO CaO Na,0 K,0 P,05 SO;**  Total
13-Nov-2014-16:50 pm (n=9)  55.17 1.08 21.04 6.22 0.09 033 1.16 0.28 2.31 033 11.99 100.00
26-Dec-2014-14:40 pm (n=1) 57.73 0.93 20.74 243 0.02 0.34 1.29 0.30 779 065 7.79 100.00
9-Feb-2015-16:10 pm (n=2) 56.55 1.23 19.53 5.75 0.03 0.31 1.58 0.30 238 048 11.87 100.00

Analyzed by Rigaku RIX2000 at Fukushima University. The accelerating voltage and tube current were 50 kV and 50 mA, respectively. Data for major element and total
sulfur (as SO;) content are semiquantitative by FP (fundamental parameter) method with a standard-less technique (Takase and Nagahashi 2007)

*Total iron oxide as Fe,0;

**Total sulfur as SO;

Table 3 Mineral assemblages of filtered suspended sediment from the Akagawa and Shirakawa rivers identified using
XRD

Qz Pl Crs Py Gp Anh Alu Prl Sme 11 Kin Chl

Akagawa River

13 November 2014, 16:50 pm (ID: F8) + + + + + + + + 4 +

9 February 2015, 16:10 pm (ID: F13-14) + + + + + + + +

17 July 2015, 11:10 am (ID: F134) + -+ + + + + + + + +
26 April 2016, 17:20 pm (ID: F142) + + + + + + + + + +
Shirakawa River

17 July 2015, 11:40 am (ID: F137) + + + + + + +

Abbreviations for minerals: Qz quartz, Pl plagioclase, Crs cristobalite, Py pyrite, Gp gypsum, Anh anhydrite, Alu alunite, Prl pyrophyllite, Sme smectite, /It illite, KIn kaolin
group minerals (7A), Chl chlorite

Analyzed by Rigaku Ultima IV at Niigata University. Measurement conditions were of CuKa radiation, 40 kV and 40 mA, and scanning speed of 2° per minute. Samples
were measured as bulk, oriented, and heated at 400 °C and 550 °C conditions and were also treated with ethylene glycol to identify the minerals overlapping in certain

cell parameters

kaolin group minerals (7 A). Pyrite, gypsum, pyrophyllite,
illite, and chlorite were not detected.

Discussion

The source of suspended sediment in the Akagawa River
The mineral assemblages of suspended sediment samples
in the Akagawa River are marked by the common presence
of pyrite and other sulfate mineral grains (Table 3). The
presence of pyrite is diagnostic of the 2014 Ontake depos-
its (Minami et al. 2016; Kataoka et al. 2018). Pyrophyllite
was detected in minor amounts in the Akagawa River sam-
ples. Pyrophyllite is a common product of hydrothermal
alteration (1-2 km depth) and has been recognized in the
2014 eruptive and October lahar deposits (Minami et al.
2016; Kataoka et al. 2018). The presence of these minerals
confirms that suspended sediment in the Akagawa River
was derived from the erosion and reworking of the 2014
eruptive material and lahar deposits.

The high sulfur content of suspended sediment from
the Akagawa River (8—12 wt%; Table 2) is related to the
reworking of the September 2014 eruptive deposits
(14 wt%; Kataoka et al. 2018) and of the 2014 October
lahar deposits (10-14 wt% in the matrix; Kataoka et al.
2018), whereas pyrite and pyrophyllite grains were not

present in suspended sediment from the Shirakawa River.
This finding suggests that the reworking of eruptive
deposits in the Shirakawa River drainage was limited and
that the mineral composition of the suspended sediment
reflects background levels of sediment transport.

Oikawa et al. (2016) reported the occurrence of
muddy (i.e., turbid) water in the Nigorigawa River
(downstream of the Akagawa River) between Novem-
ber 2014 and July 2015. Those authors suggested that
the flow originated from ongoing muddy outflow
from the eruptive vents after the eruption without
any direct observation or evidence of new mud slur-
ries being expelled from the vents, despite the main
eruption period having ended in September 2014.
However, that was a misinterpretation; instead, the
turbidity was indeed derived from erosion and rework-
ing of eruption and lahar deposits, as the high turbid-
ity and suspended sediment concentration were mostly
related to high water input and discharge (Table 2). In
addition, the camera record from the snowmelt sea-
son at the Akagawa River (Additional file 1) clearly
shows that diurnal fluctuations in turbidity and sedi-
ment discharge were repeatedly observed at a similar
time of day, with increased turbidity and a high water
discharge between 2 and 5 p.m. Therefore, sediment
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delivery was controlled by snowmelt runoff that
enhanced the erosion and reworking of eruptive and
lahar material in the upstream part of the catchment
rather than by further instances of mud slurries being
expelled from the vents.

Differences in post-eruption fluvial impact

between catchments

Despite the comparable catchment sizes of the Akagawa
River and the Shirakawa River, there was a clear differ-
ence in sediment transport between the river systems
after the eruption. The contrasts between the rivers can
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be summarized as follows: (1) No post-eruptive lahar
deposits were detected upslope of the Shirakawa River
valley (Kataoka et al. 2018). (2) High acidity, elevated EC,
increased turbidity, and high suspended sediment con-
centration were observed in the Akagawa River, whereas
values of these variables were low in the Shirakawa River.
(3) High sediment concentration and transportation con-
tinued for a prolonged period in the Akagawa River. (4)
Pyrite and pyrophyllite mineral grains were detected in
the suspended sediment samples from the Akagawa River
only.

Clearly, the differences between the two catchments
can be attributed to the magnitude of volcanic distur-
bance in proximal areas from the eruption itself and
post-eruptive lahar deposition. The head of the Aka-
gawa catchment includes the 2014 vents and a zone of
hydrothermal alteration; this area was directly affected
by the 2014 eruption and received relatively thick pyro-
clastic fall deposits. Pyroclastic density current deposits
were also emplaced, and a rain-triggered lahar developed
in the upstream part of the Akagawa River valley. The
absence of diagnostic mineral grains from the 2014 erup-
tion in the Shirakawa River sediments and the low sus-
pended sediment concentration immediately after the
eruption indicate that the volume of pyroclastic density
current deposits in the Shirakawa catchment was small,
although details of their distribution and thickness are
not well known (e.g., Yamamoto 2014). This finding sug-
gests that a thin mantle of ashfall in the catchment could
have resulted in limited sediment input to the river. Simi-
lar contrasts in sediment supply were observed in several
catchments after the much larger eruption at Mount St.
Helens in 1980. The catchments that were disturbed by
pyroclastic flows, a debris avalanche, and lahars from
Mount St Helens maintained high levels of sediment
transport long after the eruption, whereas river catch-
ments that were affected only by ashfall deposition
returned to background sedimentation levels within a
relatively short time span (Major et al. 2000).

The elevated EC values in the Akagawa River are
attributed to the erosion, reworking, and entrainment
of eruptive material and lahar deposits that contain
minerals such as plagioclase feldspar and smectite
(Kataoka et al. 2018). These minerals contain sodium
and calcium, and previous studies have demonstrated
that these elements show a positive correlation with EC
values in leachate experiments on pyroclastic deposits
(Genareau et al. 2016). Plagioclase is prone to chemi-
cal weathering (e.g., Nesbitt and Young 1996), and the
acidity of the Akagawa River may have enhanced the
dissolution of plagioclase grains. The mechanical frag-
mentation of eruptive material by the phreatic eruption
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at Ontake increased the bulk surface area of sediment,
thus promoting interactions with water. Lower pH val-
ues in the Akagawa River together with a high sulfur
content in suspended sediment (Tables 1 and 2) could
be related to the dissolution of sulfide and sulfate min-
erals from the eruptive and lahar deposits, but the
small temporal variations recorded during our 2-year
monitoring period suggest that the low pH instead
originated in the surface and subsurface water systems.

Concluding remarks

Our monitoring-based study shows that sustained
transportation of suspended volcaniclastic sediment
occurred in the Akagawa—Nigorigawa River system
for at least 19 months following even the very small
(VEI 1-2) Ontake eruption of 2014. Two post-erup-
tive lahars removed erupted material as a potential
sediment source in the upstream part of the Akagawa
catchment, and this remobilization contributed to a
decline in sediment supply in the Akagawa River after
the lahars (Fig. 2c). Remobilization of erodible volcanic
material in river valleys during the early post-eruption
phase of the 2000 eruption at Miyakejima was similarly
a significant constraint on sediment discharge after that
eruption (Yamakoshi et al. 2005). These findings sug-
gest that a higher sediment supply will continue for a
longer time period when only normal fluvial processes
(without lahars) drive the erosion and transportation
of eruptive material (Fig. 2c). Increased turbidity was
observed during the snowmelt season and was associ-
ated with diurnal variations in flow discharge and with
the occurrence of rainstorm events up to 19 months
after the eruption. This finding indicates that precipita-
tion and snowmelt during early spring can cause fluc-
tuations in sediment delivery after the eruption of a
seasonally snow-clad volcano.

The results of this study show that airborne and
remote surveys of volcanic summit areas without field
access can be evaluated by river monitoring at sites
further downstream. As observed in the Akagawa
River, a high rate of sediment delivery may reflect the
distribution of primary deposits in upstream areas.
This type of proximal area is difficult to access imme-
diately after an eruption because of the high risk of
volcanic activity and the challenging volcanic alpine
terrain. The results presented here will contribute to
predicting the responses of river systems and changes
in river water characteristics following a future erup-
tion at Ontake with similar size and characteristics to
the 2014 eruption.
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Additional file

Additional file 1:A movie captured at 10-min intervals by a camera set
in the Akagawa River from 22 to 30 April 2015 showing diurnal changes
in water characteristics. The water was usually low and clear during
mornings with a rise in discharge and turbidity (to a gray color) from
approximately 2 p.m.to 5 p.m.
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