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ABSTRACT 

 Lahar is a hazardous volcanic phenomenon. The term of a lahar is defined 

as the flow of a water-saturated mixture of water and debris that moves down on 

flanks of volcanoes. The flow characteristic of a lahar is changed by mixing with 

surface water as they travel downstream. Aspects of the downstream dilution and 

the flow transformation are influenced by solid components. The downstream 

dilution occurs more readily in clay-poor lahars (or cohesionless lahars) than in 

clay-rich lahars (or cohesive lahars) because clay-poor lahars mix with external 

water competently. The clay components of the clay-rich lahars are typically 

derived from the hydrothermally altered volcanic edifices. The componential 

characteristic, which is a clue to the origin of lahars, influence the flow behavior. 

To understand the behaviors including flow transformations, origin, and genesis 

of laharitic flow, we describe the lateral variations of sedimentary facies and the 

temporal variation in components for the lahar deposits at the northern base of 

Chokai volcano in this study. To consider the effects of activities of a 

subvolcanic-hydrothermal system on the occurrence of lahar, we investigated the 

mineralogy of the volcanic ash from the eruption at Ontake volcano on 

September 27, 2014, and compared with those of lahar deposits at the Chokai 

volcano. 

 Chokai volcano is an andesitic stratovolcano located in northeast Japan. 

There are volcanic-fan deposits at the northern base of Chokai volcano that 

overlie debris avalanche deposits. The volcanic fan gradient changes from steep 

to gentle with distance from the volcanic center. Microgeomorphology changes 

from lobate to smooth plain accordingly. The volcanic fan is composed of a 

series of post-collapse lahar deposits. The lahar deposits were emplaced as debris 

flow and hyperconcentrated flow mostly in the proximal volcanic fan, whereas 

the distal volcanic fan mostly comprises streamflow lahar facies and fluvial 

deposits, accompanying minor debris flow and hyperconcentrated flow facies. 
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This spatial variation implies that lahars flowed down as debris flows in proximal 

area; then, they transformed into stream flows, although some 

debris/hyperconcentrated flows reached to the distal area. The facies variation 

reflects geomorphology of the volcanic fan; the debris flow deposits in the steep 

proximal volcanic fan form debris flow lobes, and the streamflow deposits form a 

gentle smooth plain in the distal volcanic fan. After the deposition of the debris 

avalanche 2.5 ka, lahar reached to the volcanic fan at least four times: the 4th – 

6th century BC, 5th – 7th century AD, 8th-12th century AD, and 1801 AD. More 

debris flows arrived in the proximal volcanic fan, during mostly just after the 

emplacement of debris avalanche. 

 The volcanic ash of the eruption on 27th September 2014 at Ontake 

volcano consists mostly of altered rock fragments. The ash contains partly altered 

volcanic rock fragments consisting of primary igneous minerals (plagioclase, 

orthopyroxene, titanomagnetite, and feldspars) and volcanic glass accompanied 

by alteration minerals to some extents, and contains no juvenile fragments. These 

features indicate that the eruption was a non-juvenile hydrothermal eruption that 

was derived from the hydrothermal system developed under the crater. The major 

minerals derived from hydrothermal alteration zones are silica mineral, kaolin 

group mineral, smectite, pyrophyllite, muscovite, alunite, anhydrite, gypsum, 

pyrite, K-feldspar, albite, and rutile. Minor chlorite, biotite, and garnet are 

accompanied. Five types of alteration mineral associations are identified from 

observations on individual ash particles; silica - pyrite, silica - pyrite ± alunite ± 

kaolin, silica - pyrophyllite - pyrite, silica - muscovite ± chlorite, and silica - K-

feldspar ± albite ± garnet ± biotite. The associations indicate development of 

advanced argillic, sericite, and potassic alteration zones under the crater. The 

occurrence of anhydrite veinlet and the set of alteration zones indicate 

hydrothermal alteration zones similar to late-stage porphyry copper systems. 

Comparing the mineral associations with the geologic model of the late-stage 

porphyry copper systems, the source depths of mineral associations are estimated 
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to range from near surface to >2 km. The depths of advanced argillic alteration, 

sericite, and potassic zones are 0 to ~2 km, ~1.5 to ~2 km, and >2 km, 

respectively. 

 Genesis of the lahar deposits at the northern base of Chokai volcano was 

inferred from their volumes, componential features, and historical documents. 

The muddy lahars occurred after the sector collapse in 466 BC. Series of sandy 

lahars followed the event of muddy lahar in the period between 5
th

 to 9
th 

centuries 

AD. Then, a muddy lahar took place in 1802 AD. The first lahar event was 

induced by the sector collapsed, and the sandy lahars in the next stage are 

attributed to magma eruptions. The final lahar event was caused by a 

hydrothermal (or phreatomagmatic ) eruption. The facies variations imply the 

transformation from debris flow to hyperconcentrated flow (or sheetflood), 

preserved in both of muddy and sandy lahar deposits. Stratification of the 

hyperconcentrated flow (and sheetflood) deposits overlying the debris flow 

deposits indicate that flow transformation can occur even in muddy flow.  
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CHAPTER I. INTRODUCTION 

 

 The term of “lahar” means a general term for a rapidly flowing mixture of 

rock debris and water from a volcano (Smith and Fritz, 1989; Vallance and 

Iverson, 2015). Some of serious volcanic hazards were directly caused by lahars, 

for example, Mt. Pinatubo in the Philippines in 1991 (Vallance, 2000), Nevado 

del Ruiz in Columbia in 1985 (Vallance, 2000), and Tokachidake volcano in 

Japan in 1926 (Uesawa, 2014). Lahars occurred in last century killed more than 

30,000 peoples in the world (e.g. Schmincke, 2004; Vallance and Iverson, 2015), 

therefore understanding the nature of lahar is needed to prevent and reduce the 

lahar disaster. 

 Lahars commonly change character as they travel downstream (Vallance 

and Iverson, 2015). Lahars, which typically move faster than normal streamflow, 

push river water ahead of them and gradually, with distance downstream, begin 

to mix with that water (Pierson and Scott, 1985; Cronin et al., 1997). Such 

downstream dilution and flow transformation of lahars can be affected by their 

components. The process of downstream dilution occurs more readily in clay-

poor lahars (or cohesionless lahars) than in clay-rich lahars (or cohesive lahars) 

because clay-poor lahars mix more readily with water (Vallance, 2000). In clay-

poor lahars occurred at Mount St Helens in 1980 and 1982, downstream dilution 

occurred over the course of tens of kilometers and caused a complete 

transformation from debris flow to hyperconcentrated flow (Vallance, 2000; 

Vallance and Iverson, 2015). On the other hands, clay-rich lahar depositions at 

Mount Rainier reflect deposition solely from debris-flow phases (Vallance, 2000). 

 Clay components of clay-rich lahars are typically derived from 

hydrothermally altered volcanic edifice, because of clay-rich sediments are both 

uncommon on the flanks or aprons of active volcanoes (Vallance and Iverson, 
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2015). Clay-rich lahar deposits commonly contain altered volcanic rocks 

consisting fine-grained silica phases and  clay minerals, such as kaolinite and 

smectite (e.g. Mount Rainier: Vallance and Scott, 1997; John et al., 2008; Mount 

Baker: Frank, 1983; Proto-Tongariro volcano: Lecointre et al., 2002;  Adatara 

volcano: Yamamoto, 1998; Tokachidake volcano: Uesawa, 2014; Yakeyama 

volcano: Ohba et al., 2007; Citlaltépetl volcano: Carrasco-Núñez et al., 1993; 

Nevado de Colima volcano: Capra and Macías, 2002; Nevado de Toluca volcano: 

Capra and Macías, 2000; Iliamna Volcano: Waythomas et al., 2000). It is 

generally referred to as clay-rich lahars are induced by collapses of 

hydrothermally altered volcanic edifice (Vallance and Iverson, 2015), as reported 

in many volcanoes (Mount Rainier: Vallance and Scott, 1997; Mount Baker: 

Frank, 1983; Nevado de Colima volcano: Capra and Macías, 2002; Nevado de 

Toluca volcano: Capra and Macías, 2000).  

 Whereas, some of clay-rich lahars are not induced edifies collapses, but 

spouted directly from craters formed by hydrothermal or phreatomagmatic 

eruptions. The term of “syneruptive-spouted type lahar” refers lahars caused by 

water released these craters (Sasaki et al., 2016). The syneruptive-spouted type 

lahars have been documented from the 2014 eruption of Ontake volcano (Sasaki 

et al., 2016), the 2000 eruption of Usu volcano (Mizugaki, et al., 2001; Hirose et 

al., 2007), the 2006 eruption at Meakandake volcano (Sasaki et al., 2006), the 

2015 eruption of Hakone volcano (Mannen et al., 2015), and the 1997 eruption of 

Akita Yakeyama volcano (Ohba et al., 2007). These syneruptive-spouted type 

lahars relate activities of subvolcanic-hydrothermal system. 

 Componential characteristics of lahars are largely influenced by their 

causes and affect their flow behavior. To understand laharitic flow behavior 

including flow transformations, origin, and triggering mechanisms, thus, the 

descriptions of aspects from sedimentology and material science are needed. In 

this study, we describe lateral sedimentary facies change and temporal 
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components change of lahar deposits at the northern base of Chokai volcano, and 

discuss their flow transformations, triggering mechanism, and origins. To discuss 

the effects from activities of subvolcanic-hydrothermal system to lahar causes, 

we described the mineralogy of the volcanic ash from the eruption at Ontake 

volcano on September 27, 2014 and compared with those of lahar deposits at the 

Cholai volcano.  
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CHAPTER II.  

DEPOSITIONAL PROCESSES AND TEMPORAL COMPONENT－

CHANGE OF LAHAR DEPOSITS AT THE NORTHERN FOOT OF 

CHOKAI VOLCANO, NE JAPAN 

2.1. Introduction 

  Lahar, a rapidly flowing debris-water mixture from a volcano, comprises 

debris flow, hyperconcentrated flow, flood flow, and streamflow in respect to 

flow regime (Smith and Fritz, 1989; Smith and Lowe, 1991; Vallance and 

Iverson, 2015). Flow regime of lahars changes when they travel downstream by 

mixing with surface water (Pierson and Scott, 1985; Cronin et al., 1997; Vallance 

and Iverson, 2015). As sedimentary facies of lahar deposit reflects the flow 

regime at a given location, the transformation of the flow relates to the spatial 

distribution of sedimentary facies (e.g. Scott, 1988; Smith, 1988; Smith and Lowe, 

1991). The flow types and resulting facies are also related to the surface 

geomorphology of the deposits. A spatial variation of the geomorphology of 

depositional surface of lahar reflects the transformation of the flow too. Therefore, 

a study combining geology and geomorphology on a broad area including 

proximal and distal areas provides an insight into the conversion of lahar flow 

with distance.  

 Some former workers studied geomorphology of lahar deposit in different 

scales. In small scales, for example, debris flow part of lahar form lobes and 

levees when it deposits (Suwa and Okuda, 1983; Pack, 2005). In larger scales, 

many studies reported that volcanic fan and volcaniclastic apron are composed, at 

least partly, of lahar deposits (Suwa and Okuda, 1983; Smith, 1991; Smith and 

Lowe, 1991; Lavigne and Suwa, 2004). The gradually flattening concave slope of 

volcanic fans may relate to the flow type that changes with distance. The surface 

gradient of a deposit reflects the flow behavior of lahar, according to some 
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previous studies (Mizuyama, 1981; Rodolfo, 1989; Vallance and Scott, 1997); 

however, their results are applicable only to debris flow but not to more diluted, 

transformed flows which occur in distal areas. Therefore, the relationship 

between geomorphological association and the flow transformation of a lahar on 

a distal volcanic fan is unclear yet.  

 Geological and geomorphological investigations on lahar deposits in a 

volcanic fan also enable us to establish the evolutional history of the fan and 

eruptive history of the volcano potentially. An involvement of the geology of a 

volcanic fan can elicit a more detailed eruptive history than the independent study 

around the near-vent area. Because proximal pyroclastic deposits on a high-relief 

volcano can be degraded easily or hidden by younger overlying pyroclastics, it is 

often difficult to establish the volcanic history from a geological observation on 

proximal pyroclastics alone (Kataoka et al., 2015). On the other hand, static distal 

fan can have a high potential of preservation of volcanic deposits, such as plinian 

tephra on floodplains. Lahar is one of such far-reaching volcanic products (e.g. 

Smith, 1988; Sohn et al., 1999). Stratigraphy of the distal area including lahar 

deposits complements a record of depositional packages reflecting periods when 

volcanic activity produces the debris. Organic matters tend to accumulate in such 

static environments under moist climates, intercalating with volcanic deposits. 

Then, 
14

C dating can be applied to determine ages of the volcanic events. If past 

witnesses archived a volcanic event, comparison of the radiocarbon age and the 

document specifies which deposits is correlated with the event. 

 This study focusses on a lahar-dominated volcanic fan developed at the 

northern base of Chokai volcano, northern Honshu, Japan. The proximal part of 

the fan is composed of deposits accumulated by a series of debris flow and 

hyperconcentrated flow, resulting in peculiar geomorphological features such as 

debris flow lobes (Minami et al., 2015). However, the previous study excluded 

either of geology and geomorphology of the distal fan. This study aims to clarify 
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the relationship between flow transition of lahar and geomorphologic disposition 

by observing the entire volcanic fan of Chokai volcano including the distal part. 

Additionally, we establish the history of volcanic activities that related the 

evolution of the volcanic fan. 

2.2. Geological and geographical setting 

 Chokai volcano (39° 05′ 57″ N, 140° 02′ 56″ E; 2236 m above sea level) 

is a basaltic-andesitic stratovolcano, located in northern Honshu Island, Japan 

(Fig.2.1). The volcano comprises two edifices, East Chokai and West Chokai, 

both consisting mostly of lava flows (Hayashi, 1984). The volcanic edifices 

overlie Pleistocene-Pliocene sediments (Fig.2. 2: Hayashi, 1984; Ohzawa et al., 

1982; Nakano and Tsuchiya, 1992). 

 The volcanic activity is divided into three stages. During Stage 1 (ca.600 

– ca.160 ka), an ancestral edifice was built up by effusion of lava flows (Hayashi, 

1984; Nakano and Tsuchiya, 1992; Ban et al., 2001), and then collapsed at least 

four times, resulting in the Yurihara debris avalanche deposit (YDA) on the 

Nikaho hill at the northern base of the volcano (Ohzawa et al., 1982; Hayashi, 

1984; Nakano and Tsuchiya, 1992). During Stage 2 (ca.160 – ca.20 ka), andesitic 

lava flows effused from scattered vents, accompanying minor pyroclastic flow 

(Hayashi, 1984). The edifice of West Chokai was completed in this stage 

(Hayashi, 1984; Nakano and Tsuchiya, 1992; Ban et al., 2001). The last activity, 

Stage 3, commenced ca.20 ka and the latest activity is a phreatic or 

phreatomagmatic eruption in 1974 (Ban et al., 2001; Ui and Shibahashi, 1975). 

During this stage, a stack of lava flows effused to form the edifice of East Chokai 

volcano, while minor lava flowed from West Chokai (Hayashi, 1984; Nakano and  

Akita University



13 
 

Fig.2.1  Map showing the geomorphology of the northern foot of Chokai 

volcano. The inset shows the location of the volcano. The topographic relief map 

is created from the 10m-mesh DEM data provided by the Geospatial Information 

Authority of Japan. 
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Fig. 2.2 Geological map of the northern base of Chokai volcano after Ohzawa et 

al. (1982).  
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Tsuchiya, 1992; Ban et al., 2001). The East Chokai edifice last collapsed BC466 

(Mitsutani，2001), leaving an amphitheater on the northern flank and Kisakata 

debris avalanche deposit (KDA) northwestward. After the collapse, a 0.8 km
3
 of 

lava pile emplaced within the amphitheater (Hayashi, 1984; Nakano and 

Tsuchiya, 1992). The summit lava dome (Shin-zan) located in the amphitheater, 

was formed by the latest magmatic eruption of 1800-1804 activities (Nakano and 

Tsuchiya, 1992). Minami et al. (2015) described lahar deposits of Stage 3 on the 

northern base. The study was carried out in the upper part of volcanic fan, where 

lahar deposits occur as debris flow and hyperconcentrated flow facies. However, 

the lahar deposits were poorly described in distal area, or the bottom fan area, 

because of limited exposures. This study represents new geological data from 

distal area obtained by excavation. 

 Broad geomorphology of the northern base of Chokai volcano is 

controlled by an NS-trending deformation structure of Neogene sediments 

(Ohzawa et al., 1982). The tectonic deformation of the Neogene sediments 

resulted in a set of N-S orientated rises at the north of the volcano: Nikaho hill, a 

200-500-m-high plateau, and Kamigo-Konoura hill, a rise inclined to the north 

with a maximum height of 200 m in the south (Fig.2.1; Ohzawa et al., 1982, 

1988). A volcanic fan is developed along the Shirayukigawa river system 

between Nikaho hill and Kamigo-Konoura hill. In the river system, rivers flow 

northwestward. The headstream of the river system comprises the drainage 

system in the amphitheater. The geology along the Shirayukigawa river system 

consists of KDA deposit and the post-collapse sediments including lahar deposits 

(Fig. 2.2; Ohzawa et al., 1982; Nakano and Tsuchiya, 1992; Minami et al., 2015). 

Hummocky hills of KDA are numerously distributed to the north of the volcanic 

fan (dense hummocky hills in Fig. 5) and on the Nikaho hill and on Kamigo-

Konoura hill. The hummocky hills are also distributed within the volcanic fan but 

their density is sparser.  
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 2.3. Observation object and methods 

 We carried out geomorphological analysis, geological survey, and 
14

C 

geochronological dating of the volcanic fan. The geomorphology was analyzed 

on aerial photos taken by Geographical Survey Institute of Japan in 1976, and on 

a LiDAR map illustrated as the red relief image by Asia Air Survey Co., Ltd., 

provided through the courtesy of the Shinjo Office of River, Tohoku Regional 

Bureau, Ministry of Land, Infrastructure, Transport, and Tourism. The aerial 

photos were taken in 1976 whereas the laser measurement for the LiDAR was 

carried out in 2009. Comparison between these images with different ages 

enabled us to evaluate modern artificial modification of landscape.  

 Facies and stratigraphy of deposits were observed at outcrops and 12 

excavation sites. The excavations down to 2 m depth were done by hand shovels 

for shallow part and coring with a flat hand-corer, Geoslicer (Takada et al. 2002). 

The deposits were classified into 12 types of sedimentary facies based on their 

sedimentary and compositional features. On the premise that each facies is 

ascribed to a specific regime of flow, we interpreted mechanisms of 

transportation and deposition of each facies. 

 The 16 samples were sampled from matrix of lahar deposits (ND1-16) 

and analyzed with X-ray diffractometer (XRD). Minerals were identified with the 

XRD (Multiflex; Rigaku Corp.) installed at Akita University. Measurements were 

carried out at a rate of 1° per minute from 2° to 40° using a CuKα target X-ray 

tube with an acceleration voltage of 30 kV and a filament current of 16 mA. A 

randomly oriented sample and an oriented sample were prepared for each 

fraction. Ethylene glycol, HCl, and heating treatments were applied to all 

fractions to determine clay mineral species. 

 AMS 
14

C dating was applied to 13 organic samples (eight plant fragments, 

four pieces of charcoal, and an organic sediment sample). Plant fragments and 

charcoals are preferentially sampled and if they are not contained, organic 

sediments are sampled for dating. Seven organic samples (four plant fragments, 
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two charcoals, and an organic sediment) were collected from lahar deposits, and 

six organic samples (three plant fragments and three charcoals) were collected 

from floodplain deposits. Organic samples from floodplain deposits were 

obtained from near contacts between floodplain deposits and lahar deposits. The 

samples were prepared by acid/alkali/acid (AAA), expect for an organic sediment 

that was treated by the acid-washing (AW) method. The age determinations were 

performed at Japan Nuclear Cycle Development Institute Tono Geoscience 

Center (JAT) for ten samples and at Beta Analytical Inc. (Beta) for three samples. 

The 
14

C ages were converted into calendar ages by using OxCal 4.2 (Bronk 

Ramsey, 2009) based on the database IntCal13 (Reimer et al., 2013). 

 2.4. Geomorphology of the volcanic fan  

 The volcanic fan is developed along the Shirayukigawa river system 

between the two rises, extending from Nakajimadai where is the end of the intra-

amphitheater lava flow in the south to the shoreline in the north. Near the 

coastline, there are a marine terrace and a hilly area where the KAD hummocky 

hills are densely distributed. The hilly area is located between distal volcanic fan 

and the marine terrace along Shirayukigawa. A marine terrace is developed along 

the coastline. The fan reaches to the shoreline in the northeastern end. Isolated 

hummocky hills of KDA are sparsely distributed in the volcanic fan, insulated by 

the volcanic fan plain. Although they are spatially contained with the volcanic 

fan, they are excluded from the fan, as the hummocky hills have a different origin 

from the fan. Topographic characteristics of the volcanic fan vary with distance 

from the volcanic edifice. Surface gradient varies continuously to gentler with 

distance. As the broad morphology of the fan is gently concave-upward, the areas 

are defined by surface gradient; the proximal fan for > 2°, the medial fan for 1 - 

2°, and the distal fan for < 1°. The topographic development of debris flow 

lobes varies by the area accordingly; the closer to the volcanic edifice, the more 

developed the lobes are.     

 The proximal volcanic fan is clearly bounded at Nakajimadai on the south 
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by the scarps of the amphitheater-filling lava from Chokai. The proximal volcanic 

fan extends along Shirayukigawa and is bordered on the east by the southern end 

of Nikaho hill, and on the west by the cliff of the lower amphitheater (Figs. 2.3 

and 2.4). The average is about 2 - 3°. Some 10-m-wide gullies develop in a 

northwest-southeast direction. Several distinct lobes are distributed around the 

confluence of the Iwamatagawa brook and Shirayukigawa (Fig. 2.3). However, 

on other parts of the proximal fan, the first surface of potential lobes have been 

blurred by the erosion forming small gullies. The lobes orientate a northwest-

southeast direction and have dimensions of 50 – 100 m in wide, <500 m long, and 

<10 m in relative height. Our previous facies observation revealed that debris 

flow deposit comprises the lobes (Minami et al., 2015). 

 The medial volcanic fan has a fanwise morphology spread out westward 

and northward from Yokomori hamlet (Figs. 2.4 and 2.5). The uppermost part has 

a surface inclination of about 2°, and the inclination gradually decreases toward 

lower part to about 1°, where is defined as the border with the distal fan. As the 

surface gradient varies gradually from proximal to distal, the topography is 

continuous at the boundaries between the areas. Debris flow lobes are diffuse and 

smaller than those in the proximal volcanic fan (Figs. 2.3 and 2.4). An average 

dimension of the lobes is <10 m wide and <5 m height. These lobes are preserved 

only near Shirayukigawa, because modern agricultural cultivation has faded other 

lobes. 
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Fig. 2.3 The geomorphological map of the proximal volcanic fan.  The base red relief image maps appearing hereinafter were produced by Asia 

Air Survey Co., Ltd. and provide d by the courtesy of Shinjo Office of River, Tohoku Regional Bureau, MLIT). The numbered open circles are 

the outcrop localities. 
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Fig. 2.4 The geomorphological map of the medial volcanic fan. The numbered open circles are the excavation sites in Figs. 5 and 6.. 
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Fig. 2.5. The geomorphological map of the distal volcanic fan. The numbered open circles are the excavation sites in Figs. 5 and 6.. 
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  A flat surface characterizes the distal volcanic fan with a quite small 

gradient (< 1°), where microgeomorphological features have been lost by 

artificial modification. Although agricultural development has blurred original 

topographic features, it is unlike that high-relief debris lobes were flattened to 

create a flat agricultural land because the scattered hummocky hills are intact 

there. Near the seashore, the distal volcanic fan is surrounded by two other 

distinct areas; the hilly area and the marine terraces (Fig. 2.5). The distal volcanic 

fan is bordered on the east by the base of the Nikaho hill, on the northwest by the 

Kamigo-Konoura hill, on the northwest by the hilly area, and on the northeast by 

the marine terrace.  

 There are ten river terraces located at levels higher than the volcanic fan, 

denoted as H1 – H10 in the order of level from high to low. The terraces H1 to 

H4 are distributed in the Nasogawa river system that is located in the adjacent to 

the Shirayukigawa river system (Figs. 2.1 and 2.4). The terraces H5 to H8 are 

located on the Nikaho hill and H9 on the Kamigo-Konoura hill. There are three 

terraces (L1, L2, and L3 in order from high to low) at the levels lower than the 

volcanic fan surface. The morphology of the low-level terraces, e.g. the terrace 

L3 in Terada hamlet (Fig. 2.5), has been artificially modified. These terraces are 

limitedly developed in the only vicinity of present Shirayukigawa. These fluvial 

terraces are distinguished from the volcanic fan by geomorphological features. 

The treads of terraces are even, whereas the fan has a concave-upward gentle 

surface. River systems are not developed on the treads, and the treads are 

separated from the fan or other terraces by the risers.  

 Hummocky hills are distributed in the medial and distal volcanic fan and 

hilly area and on Kamigo-Konoura hill and Nikaho hill. Distribution of 

hummocky hills varies in each area. Hummocky hills are so densely distributed 

that some of them connect each other in Kamigo-Konoura hill and hilly area. 

Otherwise, Hummocky hills are sparsely distributed in the medial and distal 

volcanic fan.  
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2.5. Sedimentary facies analysis 

 The volcanic-fan-forming deposits along the Shirayukigawa were 

observed at outcrops in the proximal volcanic fan (Loc. 1-6; Fig. 2.6) and 12 

excavation sites (Loc. 7-19; Fig. 2.7) in the medial and distal volcanic fan. The 

fan deposits consist mainly of volcanoclastics or epiclastics with a matrix of 

syngeneic volcanic sand. These deposits are classified into 12 major sedimentary 

facies (Dmmm, Dmms, Dmcs, Dmcm, Dmbm, Dmbs, Gm, Sp, Ss, Sm, Fsm, C) 

based on their sedimentary features.  

Facies Dmm: Matrix-supported massive diamicton with sandy (Dmms) or 

muddy (Dmmm) matrix 

Description: Deposits of facies Dmm are characterized by matrix-supported 

gravels (Fig. 2.8A and 2.9A). The deposits are 20 to 800 cm thick in the proximal 

volcanic fan (Loc. 1-6; Minami et al., 2015) and 5 to 70 cm in the medial and 

distal volcanic fan (Loc. 7-19). The deposits are composed of particles with a 

broad range of size from fine to boulder. The maximum diameters of clasts are 

~100 cm in the proximal volcanic fan and ~50 cm in the medial and distal 

volcanic fans. Majority of the gravels are composed of fresh andesite, ranging 

from pebble to boulder that are subrounded. The facies frequently contains 

gravels of altered volcanic rocks that show various colors from grayish blue to 

grayish white, indicating different degrees of alteration. Minor muddy rip-up 

clasts are contained too. Preferred clast orientations are present. The deposits are 

massive, poorly sorted, and lacking interstratification or clear grading, whereas 

coarse-tail normal grading from cobble to granule is rarely observed. Contacts 

with underlying deposits are clear and erosive, expect for the transitional changes 

to Dmb.  
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Fig. 2.6. Stratigraphic sections of the observed outcrops reported in the proximal 

volcanic fan, modified from Minami et al.(2015). The locations of outcrops are 

shown in Fig. 2.4. The Shirayukigawa pyroclastic density current deposit 

(SPDCD) and the Kisakata debris avalanche deposit (KDAD) are overlain by the 

volcanic fan deposits. The facies codes and unit names (ND1-16) are noted on the 

sections (see chapter 2.5). The codes beside the location number correspond to 

the area observed classified: P: the proximal volcanic fan.  
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Fig. 2.7. Stratigraphic sections in the excavation sites. Locations are shown in Figs. 2.5 and 2.6. The Kisakata debris avalanche deposit (KDAD) 

is overlain by the volcanic fan deposits. The codes beside the sections correspond to unit names and sedimentary facies (see chapter 2.5). The 

codes beside the location number correspond to the area observed trenches classified: M: the medial volcanic fan; and D: the distal volcanic fan. 

Results of the 14C dates on the right of the columns are fully described in Table 2.1. 
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Fig. 2.7.  (continued) 
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Fig. 2.8. Photographs of the volcanic fan deposits in the proximal volcanic fan. 

(A) Matrix-supported massive diamicton with muddy matrix (Dmmm). (B) 

Clasts-supported massive diamicton with sandy matrix (Dmcs). (C) Clast-

supported massive diamicton with muddy matrix. (D) Matrix-supported bedded 

diamicton with muddy matrix (Dmbs). 
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Fig. 2.9. Photographs of the volcanic fan deposits in the excavation sites in the medial 

and distal volcanic fans. (A) Matrix-supported massive diamicton with muddy matrix 

(Dmmm) observed in the core at Loc. 14 (MI3B; Fig. 2.7). (B) Matrix-supported 

bedded diamicton with sandy matrix (Dmbs) at Loc. 7 (YK5; Fig. 2.7). (C) Clast-

supported weakly grading gravel (Gm) at Loc. 8 (HTS1; Fig. 2.7). The clasts are 

stained with a reddish coat, indicating oxidization/hydration of iron compound. (D) 

Alternated layers of Gm and Sp at Loc. 8 (HTS2; Fig. 2.7). The layers show high-angle 

stratification. (E) The contact between the facies Gm (MI2) and MI1 that is the 

alternation of Sp (grayish) and Fsm (whitish) in the core at Loc. 14 (Fig. 2.7). 
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 The facies Dmm is subdivided into two subfacies, Dmmm (muddy) and 

Dmms (sandy), based on the grain-size and components of the matrix. The clasts 

in Dmmm range from clay to boulder, and medium sand is dominant in their 

matrix. Altered clasts are richer in Dmmm than Dmms. Clasts in Dmms range 

from fine sand to boulder, and coarse sand is the most dominant in the matrix.  

Interpretation: The characteristics of this facies indicate debris flow deposition 

and the en masse sedimentation rather than the grain-by-grain sedimentation 

(Shultz, 1984; Smith and Lowe, 1991). The containment of large gravels suggests 

that the debris flow had high energy. 

 

Facies Dmc: Clast-supported massive diamicton with sandy (Dmcs) or 

muddy (Dmcm) matrix 

Description: Deposits of facies Dmc are 50 to 200 cm thick and characterized by 

clast-supported gravels (Fig. 2.8B and C; Minami et al., 2015). The deposits 

appear only in the proximal volcanic fan. The deposits are composed of particles 

with a broad range of size from fine to boulder up to 100 cm. The gravels are 

subrounded, ranges from pebble to boulder, and composed mainly of fresh 

andesite. The facies frequently contains gravels of altered volcanic rocks that 

show various colors from grayish blue to grayish white, indicating different 

degree of alteration. Minor muddy rip-up clasts are contained too. Preferred clast 

orientations are present. The deposits are massive, poorly sorted and lacking 

interstratification and clear grading, whereas coarse-tail normal grading from 

cobble to granule is rarely observed. Contacts with underlying deposit are clear 

and erosive.  

 The facies Dmc is subdivided into two subfacies, Dmcm (muddy; Fig. 

2.8C) and Dmcs (sandy; Fig. 2.8B), based on the grain-size and components of 

matrix. The clasts in Dmmm range from clay to boulder, and medium sand is 

dominant in their matrix. Altered clasts are richer in Dmmm than Dmms. Clasts 

in Dmms range from fine sand to boulder, and coarse sand is the most dominant 
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in the matrix.  

Interpretation: The characteristics of the facies indicate debris flow deposition. 

The characteristics imply the en masse sedimentation rather than grain-by-grain 

sedimentation (Shultz, 1984; Smith and Lowe, 1991). The containment of large 

gravels suggests that the debris flow had high energy. 

 

Facies Dmb: Matrix-supported bedded diamicton with sandy (Dmbs) or 

muddy (Dmbm) matrix 

Description: Deposits of facies Dmb consist of sand and gravel (Figs. 2.8D and 

2.9B). The deposits are 20 - 450 cm thick in the proximal area (Minami et al., 

2015) and 10 - 50 cm in the medial and distal volcanic fan. The deposits are 

characterized by features of diffuse beddings, poor sorting, and matrix supporting 

(Figs. 2.8D and 2.9B). Clasts are unaltered andesite mostly, but minor altered 

andesitic clasts with different degree of alternation are also contained. These 

clasts exhibit orientation in which the long-axes are parallel to the beddings. The 

deposits contain silt–coarse sand layers that show diffuse and horizontal 

beddings. Granule–pebble layers are contained too. Contacts of the layers are 

unclear, showing no evidence of hiatus or erosion. Sorting is better than that of 

facies Dmm, but poorer than facies Ss. Individual layers are 2–20 cm thick. The 

facies rarely exhibit unclear laminar or beddings that are parallel or cross-bedded 

in low-angle. Outsized gravels (up to 200 cm) are sparsely contained.  

 The facies Dmb is subdivided into two subfacies, Dmbm (muddy; Fig. 

2.8D) and Dmbs (sandy; 2.9B) based on the grain-size and the components of the 

matrix. The matrix of Dmbm consists of blue grayish silt–fine sand, whereas that 

of Dmms consists of yellowish brown sand. 

Interpretation: The characteristics of matrix-supported, poorly sorted, and 

diffuse stratification of Dmb are the same with those of the hyperconcentrated 

flow deposit (Smith, 1986; Smith and Lowe, 1991), and clearly different from 

those of deposits formed by en masse or grain-by-grain depositions. The diffuse 
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stratification of alternation of finer-grained and coarser-grained layers, absences 

of the erosional boundary, clear grading in interbedded layers, or high-angle 

cross/parallel stratification imply that rapid deposition of sediment rather than 

grain segregation during grain-by-grain transportation. The deposits contain large 

boulders (up to 200 cm), indicating high energy of the flow.  

 

Facies Gm: Clast-supported weakly grading gravel 

Description: Deposits of facies Gm consist of gravels that are massive, upward 

fining, and sorted. The deposits form layers ranging from 2 to 35 cm thick (Fig. 

2.9C). The deposits contain well-rounded andesitic gravels (granule to boulder) in 

close-framework structure. The clasts are often stained by a reddish coat. Each 

deposit shows fine-upward grading. Lenticular layer is common. The gravel layer 

is associated with multiple sand layers that show plane bedding or lamination 

(Facies Sp and Fsm: Figs. 2.9D and E). The boundaries between the Gm layer 

and the sand layers are conspicuous, indicating that they are old erosional 

surfaces. 

Interpretation: Sedimentation in gravel bars is indicated by the gravel facies that 

is sorted and shows close-framework structure (Miall, 2010). The feature is 

different from the deposits produced by em masse emplacement.   

 

Facies Sp: Bedded sand 

Description: Deposits of facies Sp is 10 to 15 cm thick and characterized by well 

bedded, sorted, and medium to very fine-grained sand (Fig. 2.9E). Each bed of 

facies Sp shows a clear normal distribution grading.   

Interpretation: The features of well bedding, sorting, and normal grading 

indicate deposition from a traction current. These features typically indicate 

environments of sand bars (Miall, 2010). 
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Facies Ss: Sand with parallel to low-angle cross-bedding 

Description: Facies Ss is characterized by 10 to 60 cm thick sand layer that 

shows parallel to low-angle cross lamination (Figs. 2.10A and B). Sorting is 

better than those of Dmm or Dmb. Rounded andesitic gravels (<~10 cm in 

diameter) are rarely contained. These gravels are altered in different degrees, but 

unaltered andesitic gravels are most abundant. The sand consists of lithic 

fragments, scoria, and free crystals of rock-forming minerals such as plagioclase. 

Each bed shows normal distribution grading. The deposit overlies a massive mud 

(Facies C) layer with a clear erosional boundary commonly. 

Interpretation: The features of sandy beds, sorting, and parallel/low-angle cross 

lamination/bedding, indicate grain-by-grain deposition from low-density flow 

(Smith and Lowe, 1991). The deposit commonly overlies a facies C deposit that 

was formed in a static environment. This relation between facies Ss and C implies 

episodic inflow that feeds sand into a static environment. The characteristics of 

the facies imply grain-by-grain deposition from overflowed and diluted stream 

flow (Smith and Lowe, 1991; Vallance, 2000). The streamflow was generated by 

transformation from other flow types of upstream lahar.  

 

Facies Sm: Massive sand  

Description: Facies Sm is characterized by 10-20 cm thick sand layers that are 

massive and poorly sorted. Grain size ranges from very fine to medium sand. The 

deposit contains abundant pebble-sized exotic clasts originated from 

consolidated, well-sorted Neogene sandstone consisting of fine–medium sand. 

The facies contains abundant plant fragments and root trace. The facies Sm 

grades downward into well-structured sand.  

Interpretation: Massive, poorly sorted facies and containment of sandstone 

clasts suggest that facies Sm results from rapid deposition from sediment gravity 

flow or post-depositional modification of sandy facies such as Sp and Ss (Smith, 

1986).  
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Fig. 2.10 Photographs of the facies Ss overlying the facies C at Locs.12 (A) and 

16 (B). 
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Facies Fsm: Fine massive sand 

Description: Facies Fsm represents layers of massive and well-sorted very fine 

sand or silt. The layers are less than 15 cm thick, grade downward into well-

bedded sand (Facies Sp), and have lenticular dimensions intercalating with facies 

Gm and Sp (Fig. 2.9E). Plant fragments and root traces are rare.    

Interpretation: The characteristic of facies (massive and well-sorting), lenticular 

dimension, and intercalation with stratified gravels and sand imply that facies 

Fsm represents a floodplain facies (Miall, 2006, 2010)． 

 

Facies C: Carbonaceous mud 

Description: Facies C is characterized by massive and carbonaceous silt or mud 

layers. Layers of the facies are ~60 cm thick and contain abundant sand patches 

and plant fragments including oryza sativa seeds (Fig. 2.10B).  

Interpretation: Massive and carbonaceous silt to mud typically associated with, 

floodplain environments (Miall, 2010)． 
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Fig. 2.11. Diagram illustrating relative abundance of the sedimentary facies showing the variation with the distance from the apex of 

the volcanic fan. Open bars: basement rocks (Sasaoka Formation, Nishime formation, Shirayukigawa pyroclastic density current 

deposit SPDCD, and the Kisakata debris avalanche deposit KDAD); Orange bars: debris flow deposits (Dmmm, Dmms, Dcmm, and 

Dcms); green: hyperconcentrated flow deposits (Dmbm and Dmbs); blue bars: facies Sm; purple bars: fluvial deposits (Gm and Sp); 

sky-blue bars: sheetflood deposits (Ss); and black bars: mud (facies Fsm and C). 
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2.6. Facies change from proximal to distal areas 

2.6.1. Proximal volcanic fan  

 Facies association in proximal represents a proximal volcanic fan 

environment composed mainly of a series of debris flow and hyperconcentrated 

flow deposits overlying the KDA, as described in our previous study (Fig. 2.6: 

Minami et al., 2015). In the upper area of the proximal volcanic fan (Loc.2 and 3; 

Figs. 2.6 and 2.11), debris flow facies is dominant and accounts for ~70 %, and 

hyperconcentrated facies for 20 %. In the lower area of the proximal volcanic fan 

(loc. 4 and 6; Figs. 2.6 and 2.11), the deposits are composed mostly of debris 

flow facies (90-100 %: Fig. 2.11). Paleosol layer is not included with the pile of 

debris flow and hyperconcentrated flow deposits, indicating no sigh of hiatus. 

The basement Neogene sediments and KDA are exposed at the river-bed of 

Shirayukigawa and the southern side of Nikaho hill (Loc. 1 and 5; Figs. 2.6 and 

2.11), where overlying sediments may be removed by river wash and small-scale 

landslides. 

 2.6.2. Medial volcanic fan 

 Facies association changes in the medial volcanic fan with the gradients 

of fan surface or the distance from the volcanic edifice. The medial volcanic fan 

(Loc. 7 – 10: Fig. 2.7 and 2.11) is dominated by fluvial facies (Gm, Sp, and Fsm) 

and debris/hyperconcentrated flow facies (Dmmm, Dmms, Dmcm, Dmcs, 

Dmbm, and Dmbs). Coexistence of the fluvial facies and debris flow and 

hyperconcentrated flow deposits is not common in a location (only at Loc. 7). 

The facies observed in Loc. 7 - 10 indicate that spatial distribution of 

debris/hyperconcetrated flow facies and fluvial facies are mingled in the area. 

Fluvial facies accounts for 70 % at Loc. 8 and 9, whereas the 

debris/hyperconcentrated flow facies account for 50 % in Loc. 7 and 10 (Fig. 

2.11). Hiatuses among rapid depositional events are evident from the presence of 

facies C at Loc. 7 and 9 (Fig. 2.7). The hiatuses are not recognized in the 

proximal area.  
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2.6.3. Distal volcanic fan 

 In the distal volcanic fan (Loc. 11-19; Fig. 2.7), facies Ss is dominant 

except for three locations (Loc. 11, 14 and 18). Facies Ss accounts for 60 to 

100 % at other locations. At Loc. 18, predominant facies is Sm, which probably 

pedogenetic sand derived from other sandy facies such as Sp and Ss (Fig. 2.11). 

Debris flow and fluvial facies are locally distributed (Loc. 11, 14 and 16: Fig. 

2.7). Floodplain facies (Fsm and C) are also major components in the distal 

volcanic fan. Floodplain facies distribute at most locations (Loc. 11, 12, 14, 17, 

and 19; Figs. 2.7 and 2.11) and account for ~40%. The presence of the facies Fsm 

and C interbedded with the facies Ss represents development of a static 

environment with occasional sand inflows into the distal volcanic fan. In 

northeast area of the distal volcanic fan, where near the Yokone district, basement 

rocks and KDAD are distributed (Loc. 15 and 19: Fig. 2.7). 

 

2.7. Minerals in the lahar deposits 

  Minerals identified in the lahar deposits are listed in Table 2.1.  

The XRD measurement elucidated that plagioclase occurs in all units, except 

ND8.  Clay-minerals, which are pyrophyllite, 7-Å kaolin group mineral (any of 

kaolinite, nacrite, or dickite), chlorite, and smectite, are also common. Mineral 

assemblages in lahar deposits are classified broadly into two groups: one group 

shows intensity X-ray peaks of plagioclase with minor X-ray peaks of clay-

minerals (ND9-16), and the other shows intensity X-ray peaks of clay-minerals 

(ND1-8).  The X-ray peaks of gypsum, pyrophyllite, 7-Å kaolin group mineral, 

and smectite occur in: ND1, 2, and 8; ND4, 5, 6, and 8; ND2, 3, 4, 6, and 8; and 

ND2, 3, 5, and 8, respectively. ND8 shows intense X-ray peaks of cristobalite, 

pyrophyllite, 7-Å kaolin group mineral, smectite, and pyrite. 
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Table 2.1 Identified mineral assemblages (using XRD) from the lahar deposits. 

Abbreviations are: Qtz: quartz; Cri: cristobalite Pl: plagioclase; Smect: smectite; Kao: 

kaolin-group mineral; Prl: pyrophyllite; Chl: chlorite; Alu: alunite; Gyp: gypsum; and 

Pyr: pyrite. Symbols indicate X-ray peak intensities: ***: intense; **: moderate; *: weak; 

-: faint. 

 

 

  

Layer Qtz Cri Pl Smect Kao Prl Chr Alu Gyp Pyr 

ND1 ** - *** ** **  ** * -  

ND2 *  *** ** *  - **   

ND3 *  *** *** ***  * *   

ND4 ** - *** * **  **    

ND5 **  *** ** ***      

ND6 **  *** * ***      

ND7 *  *** - *   -   

ND8 * ***  *** *** *    ** 

ND9 -  *** *       

ND10 **  *** * *      

ND11 **  *** - **      

ND12 *  ***  *      

ND13 **  *** - *  *    

ND14 *  ***  *      

ND15 *  ***  *      

ND16 *  ***  **      
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2.8. Carbon 14 dating 

 Radiocarbon ages range from 2190 ± 30 to 150 ± 25 yrBP, accordingly 

from 361–178 calBC to present in calendar age (Table 2.2). Each calendar age 

falls into one of four ranges; 360-180 cal BC (Beta-MR2), 420-640 cal AD (JAT-

YK1, JAT-YK2A, and JAT-SYW1), 869-1150 cal AD (Beta-KDS2, Beta-MR3, 

and JAT-YN3), and 1670 cal AD to present (JAT-YK3B, JAT-YK4, JAT-YK5, 

JAT-YK6, JAT-HTE2, and JAT-NK2).  

 The oldest age (2190±30 yrBP) was obtained from an organic sediment 

sampled from sandy stream flow deposit at Loc. 16 (Beta-MR2). The calculated 

ages ranging from 420 to 640 cal AD were obtained from the charcoals sampled 

from the debris flow deposit (YK1: 1505±30 yrBP) and the flood plain deposit 

(YK2A: 1560±25). The age of a plant fragments sampled from floodplain deposit 

also fall into the same range (SYW1: 1565±25 yrBP). The calculated ages 

ranging from 780 to 1150 cal AD were obtained from plant fragments sampled 

from the floodplain deposit (KDS2: 1020±40 yrBP) and the dilute stream flow 

deposit (YN3: 1125±25), and charcoal sampled from the dilute stream flow 

deposit (MR3: 1010±30 yrBP). The calculated age ranging from 1670 cal AD to 

present were obtained from plant fragments sampled from the hyperconcentrated 

flow deposit (YK5: 120±25 yrBP), the dilute stream flow deposit (YK6: 205±40 

yrBP) and the floodplain deposits (YK4: 150±25 yrBP; and HTE2: 125±20 yrBP) 

and the charcoal sampled from the dilute stream flow deposit (NK2: 130±25). 

The age of a plant fragments sampled from YK3B (facies Sm) also falls into this 

range (105±25 yrBP). 

 The organic pieces enclosed in the debris/hyperconcentrated flow deposits 

and the streamflow deposits are interpreted as the organic pieces were trapped at 

the time of deposits emplaced. Accordingly, the radiocarbon ages of these organic 

samples represent the approximate time of the emplacement. The organic pieces 

sampled from floodplain deposits which are directly overlain by 

debris/hyperconcentrated flow deposit and dilute stream flow deposit also  
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Table 2.2  Results of 
14

C dating of lahar deposits and intercalated paleosoils. 

1: Sample IDs include the abbreviations of laboratories and the geological units. The 

sample IDs with JAT were analyzed at the Japan Nuclear Cycle Development Institute 

Tono Geoscience Center, and those with Beta at the Beta Analytical Inc. For the 

samples analyzed at the Japan Nuclear Cycle Development Institute Tono Geoscience 

Center, the isotopic ratios of 14C/12C and 14C/13C were measured with JAEA-AMS-

TONO (15SDH-2; National Electrostatics Corp.) installed at Japan Nuclear Cycle 

Development Institute Tono Geoscience Center (Xu et al., 2000). 

2: Sample types are abbreviated as; C: charcoal; P: plant fragments; and OR: organic 

sediment. 

3: Preparation methods are abbreviated as AAA: acid/alkali/acid and AW: acid washed. 

4: All errors are 1-sigma of standard deviation.  

Unit 

name 

Facies 

code 

Sample ID
1
 Sample 

type
2
 

Preparation
3
 δ

13
C(‰) 

14
C age 

(yrBP)
4
 

Calendar age  

(calAD or calBC) 

YK1 Dmms JAT-YK1 C AAA -24.96 1505±30 431 - 635 (95.4) 

YK2A C JAT-YK2A C AAA -24.17 1560±25 424 - 555 (95.4) 

YK3B Sm JAT-YK3B P AAA -28.00 105±25 1682 - 1735 (27.5) 

1806 - 1930 (67.9) 

YK4 C JAT-YK4 P AAA -26.65 150±25 1667 - 1707 (16.3) 

1719 - 1783 (33.9) 

1796 - 1826 (11.3) 

1832 - 1885 (16.4) 

1913 - 1950 (17.5) 

YK5 Dmbs JAT-YK5 P AAA -28.49 120±25 1680 - 1764 (31.4) 

1801 - 1939 (64.0) 

YK6 Ss JAT-YK6 P AAA -26.63 205±40 1640 - 1698 (23.3) 

1725 - 1815 (47.5) 

1835 - 1878 (3.8) 

1916 - present 

(17.9) 

HTE2 C JAT-HTE2 C AAA -26.95 125±20 1681 - 1739 (27.6) 

1744 - 1763 (3.4) 

1802 - 1894 (50.0) 

1906 - 1939 (14.4) 

KDS2 C Beta-KDS2 P AAA -24.9 1020±40 900 - 1152 (95.5) 

NK2 Ss JAT-NK2 P AAA -29.92 130±25 1677 - 1765 (35.1) 

1773 - 1777 (0.8) 

1800 - 1893 (44.5) 

1907 - 1940 (15.0) 

SYW1 C JAT-SYW1 P AAA -27.03 1565±25 421 - 551 (95.4) 

MR2 Ss Beta-MR2 OR AW -23.2 2190±30 361 - 178 (95.4) cal 

BC 

MR3 Ss Beta-MR3 C AAA -26.0 1010±30 973 - 1049 (82.4) 

1085 - 1125 (10.4) 

1137 - 1150 (2.6) 

YN3 Ss JAT-YN1 P AAA -23.78 1125±25 779 - 789 (1.3) 

869 - 990 (94.1) 
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represent the approximate time of the emplacement of the overlaying deposit.  

 

2.9. Discussion 

2.9.1. Depositional processes of fan deposits 

 The fan deposits are composed mainly of epiclastics. The sedimentary 

facies are classified broadly into two types regarding transportation and 

depositional mechanisms. One was formed by the rapid transportation-deposition 

from debris flow and hyperconcentrated flow (Dmmm, Dmms, Dmbm, and 

Dmbs), and the other formed by the gentle transportation-deposition from traction 

current or sluggish stream (Gm, Ss, Sp, Fsm, C).  

 The components of the volcanic fan deposits are derived from Chokai 

volcano. The dominant rock type of the clasts is andesite that occurs only on the 

cone of Chokai volcano along the Shirayukigawa river system. In fact, the 

debris/hyperconcentrated flow deposits are distributed on the skirt of the volcanic 

cone of Chokai. As the rapid transportation-deposition from debris flows and 

hyperconcentrated flows occurred on the volcanic cone, the flows can be 

regarded as lahars (Smith and Fritz, 1989; Smith and Lowe, 1991; Vallance and 

Iverson, 2015), rather than normal fluvial processes. The facies Ss indicates 

deposition from diluted stream flow. The intercalation with the facies C and Fsm 

indicates episodic inflows of sand into a static environment, which were caused 

by broad sheetfloods overflowed from the paleochannel. The original flows in the 

channel were debris/hyperconcentrated flows in upstream, as upstream 

debris/hyperconcentrated flows can transform into diluted stream flows in 

downstream (Smith and Lowe, 1991; Vallance, 2000). Because the inflow is the 

continuous phenomena to the upstream debris/hyperconcentrated flow, we regard 

this inflow as a part of lahar. We here use the term “lahar deposits” for the all the 

deposits that originate from debris flow, hyperconcentrated flow, and sheetflood 

in the volcanic fan. 
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2.9.2. Relationship between geomorphology and distribution of lahar deposit 

  The dominant facies in a location changes with distance from the volcanic 

edifice. The geomorphological features are also related to the distance. Therefore, 

dominant facies relates to the geomorphology on the volcanic fan surface. The 

debris flow facies are dominant in the proximal volcanic fan, which 

geomorphology is characterized by high surface gradient and by development of 

debris flow lobes (Minami et al., 2015).  

 With the distance from the volcanic edifice, the surface gradient decreases 

to 1-2° and the debris flow lobes become smaller and obscure. In the medial 

volcanic fan, the dominant facies at a location is either of debris flow or 

hyperconcentrated flow. The debris flow deposits first emplaced on this area that 

has a gentle surface (> 2-3°). The depositional condition of surface gradient is 

consistent with Rodolfo (1989) and Vallance and Scott (1997). Then, the debris 

flow deposit was partly erased by the activities of fluvial system. The mingled 

distribution of debris flow facies and fluvial facies was caused by the overprint of 

the fluvial facies on the debris flow facies. The diffusiveness of debris flow lobes 

and the localization of debris flow deposits are attributed to the incompleteness of 

this erasure of debris flow deposits by fluvial development. The fluvial 

succession at each location shows a quite unstable depositional environment, 

inferred from thin layers (<30 cm) of various facies such as gravel bar, sand bar, 

and floodplain (HTS2, HTE1, KDP1, and MI1; Fig. 8D and E). This instability of 

the system may be attributed to rejuvenation by lahar inflow into the fluvial 

system to disturb the hydrology (Pierson and Major, 2014). This inflow process is 

preserved in some successions (Loc. 10 and 11, Fig. 7), indicating a debris flow 

deposit (HTN2 at Loc.10 and KDP2 at Loc. 11) overlay the fluvial deposit 

(HTN1 at Loc. 10 and KDP1 at Loc. 11), and then a sheetflood deposit covered 

the debris flow deposit (HTN4 at Loc. 10 and KDP3 at Loc. 11).  

    The distal volcanic fan is composed mostly of sheetflood and floodplain 

deposits. Interbedding of the sheetflood sand (Ss) with the floodplain deposits 
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(Fsm and C) implies sporadic inflows into the floodplain where the channel is 

static. The well-developed pedogenic sediments without any sign of erosion 

indicate the steadiness of the environment. The smooth and near-flat surface may 

be a depositional surface of these sheetflood deposits. Thickness of this distal 

succession decreases northward, and basement rocks (KDA and the Neogene 

sediments) appear at very shallow levels near the end of the plain (Loc. 15 and 

19; Fig. 7). Locally distributed conglomeratic deposits are attributed to some 

large-scale debris flows that can flow down even on very flat surface to a large 

extent (Lopez et al., 2003; Pierson, 1995).  

 The density of hummocky hills increases outward. Hummocky hills are 

distributed in the medial and the distal volcanic fans, as well as in the hilly area. 

The density of hummocky hills is higher in the hilly area and the Kamigo-

Konoura hill than those in the volcanic fans. The density is higher in the distal 

volcanic fan than that in the medial volcanic fan. These spatial variations of the 

density of hummocky hills may result from a burying of the original hummocky 

hills by aggradation of the volcanic fan deposits. On the other hand, in the hilly 

area (and the Kamigo-Konoura hill), the hummocky hills have preserved their 

original morphologies which were free from the burying, indicated by the density.  

 

2.9.3. Temporal component–change of Lahar Deposits 

 Mineral assemblages in lahar deposits are classified broadly into two 

groups: one group shows intensity X-ray peaks of plagioclase with minor X-ray 

peaks of clay-minerals, and the other shows intensity X-ray peaks of clay-

minerals (Table 2.1). The lower 8 units (ND1-8) contain abundant clay-minerals 

and the upper 8 units (ND9-16) contain abundant plagioclase and miner clay-

minerals. The mineral assemblages of clay-minerals are typical of hydrothermal 

alteration zones in magmatic-hydrothermal systems under subduction zone 

volcanoes (Rye et al., 1992; Hedenquist and Lowenstern, 1994). The mineral 

assemblages, therefore, indicate that the clay-minerals were derived from a 
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subvolcanic hydrothermal system. The componential change between ND8 and 

ND9, therefore, indicates that change of source materials from hydrothermally 

altered materials to unaltered volcanic rocks.  

 Sub-volcanic hydrothermal system beneath Chokai volcano can be 

considered as a source of the hydrothermally altered materials in the lahar 

deposits, because of only Chokai volcano has sub-volcanic hydrothermal system 

in the area of catchment topography of Shirayukigawa system. To explain 

component-change between ND8 and ND9, we can assume two types of deriving 

mechanisms. 1) Hydrothermally altered materials were derived by landslide from 

hydrothermally altered zone exposed by edifice-collapse at 2.5ka. The 

component-change suggests that altered materials decreased according to 

hydrothermally altered zone were buried. 2) Hydrothermally altered materials 

were derived by hydrothermal eruptions and the component-change reflecting 

that the eruptions changed from hydrothermal to magmatic. The later is 

corresponding the eruption history organized based on a pile of tephra layers on 

the volcanic flank (Ohba et al., 2012). 

 

2.9.4. Correlation between lahar events and eruptive history 

Here, we correlated the lahar events and the eruptive history from the 
14

C 

ages and the previous reports on eruptive history (Ueki and Hori, 2001; Hayashi, 

2001; Hayashi et al., 2012, 2013). The foundation of the volcanic fan was formed 

by the emplacement of the debris flow avalanche deposit of KDA in BC 466 

(Mitsutani, 2001; Ohzawa et al., 1982). The oldest 
14

C geochronological date 

(2190±30 yrBP, or 421–551 cal BC, Table 1) in this study is obtained from an 

organic sediment (Beta-MR2) sampled from a sandy sheetflood deposit (MR2) at 

Loc. 16. This sheetflood deposit directly overlies a sandy debris flow deposit 

(MR1: Fig. 7 Loc. 17). From similarity in components, these sandy deposits 

(MR1 and MR2) can be correlated with some of the sandy debris flow deposits in 
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the upstream (Fig. 6). At Loc. 4, these sandy debris flow deposits consist of eight 

units (ND 9 - 16), overlying another pile of eight units of muddy post-collapse 

debris flow deposits (ND 1 - 8) (Minami et al., 2015). Because the age of MR2 is 

close to that of KDA, the series of muddy lahars (ND 1 – 8) were formed in a 

short period just after the collapse at 2.5 ka.  

Very similar ages between the early 5th and the early 7th centuries were 

obtained from a debris flow deposit (YK1: 431-635 cal AD with a 95.4% 

reliability; Table 1) and two floodplain deposits (YK2A: 424 – 555 cal AD, 

95.4%; SYW1: 421-551 cal AD, 95.4%; Table 1). As SYW1 is directly overlain 

by sheetflood deposit (SYW2), the lahar emplaced as sheetflood deposit during 

this period. The similarity of the ages implies a single lahar event.  

The calculated ages between the late 8
th

 and middle 12
th

 centuries AD 

were obtained from the samples from the sheetflood deposit (YN3 and MR3) and 

the floodplain deposit (KDS2)(Table 1). As KDS2 is directly overlain by 

sheetflood deposit (KDS3), the date is the approximate age of the sheetflood 

(KDS3). The similarity of the dated ages implies that YN3, MR3, and KDS3 are 

the identical unit from a single lahar event. The range of the dating includes the 

ages of two witnessed eruptions in 871 and 939 (Ueki and Hori, 2001). An old 

document (Nihon Sandai Jitsuroku) reported that one of these eruptions, the 871 

eruption, accompanied muddy slurry from the volcano. The muddy slurry killed 

river fishes and dammed the river. Although there are no descriptions about 

floods, the record may implies lahar occurrence. Accordingly, the dated unit is 

likely correlated with the lahar associated with the eruption in 871 AD.  

The calculated ages younger than the late seventieth century from a 

hyperconcentrated flow deposit (YK5), sheetflood deposits (YK6 and NK2), 

floodplain deposits (YK4 and HTE2), and a unit YK3B (facies Sm). The deposits 

of YK4 and HTE2 are directly overlain by a hyperconcentrated flow deposit 

(YK5) and a debris flow deposit (HTE3), respectively. Therefore, the ages of 

underlying layers are the approximate dates of the hyperconcentrated flow (YK5) 

Akita University



46 
 

and the debris flow (HTE3). Eight eruptions have been documented since the late 

seventieth century; 1659-1663, 1740-1747, 1792, 1800-1804, 1821, 1834, 1847, 

and 1974 (Ui and Shibahashi, 1975; Ueki and Hori, 2001). The occurrence of 

lahar that reached the distal volcanic fan was only documented for the 1801 

eruption that is the climax of the activity between 1800 and 1804 (Hayashi et al., 

2013; Hayashi and Minami, in printing). Therefore, the 1801 lahar is correlated 

with the lahar deposits of YK5, YK6, and HTE3. 

As a result, at least lahars occurred four times to reach the distal volcanic 

fan. They occurred in the 5
th

 – 6
th

 century BC, the 5
th

 – 7
th

 century AD, 8
th

 – 12
th

 

century AD, and 1801 AD. Therefore, such far-reaching lahars have occurred at 

least every 600 years. More lahars emplaced in the proximal volcanic fan, but 

many of them at least lower eight units (ND1-8) occurred just after the sector 

collapse at 2.5 ka. 

 

2.10. Conclusion 

 The geomorphology of the volcanic fan varies with dominant facies of 

lahar deposits. The distal volcanic fan is characterized by steep gradients (> 2°) 

and by development of lobes and is composed mainly of debris flow deposits. 

The medial volcanic fan is characterized by moderate gradients (1° – 2°) and by 

diffusive debris lobes and comprises both debris flow and fluvial deposits. The 

distal volcanic fan has a near-flat even plain (<1°), and is composed mainly of 

sheetflood deposits and floodplain deposits. At least 16 units of lahars settled in 

the proximal volcanic fan, and at least eight of them occurred just after the sector-

collapse in 2.5 ka. The stratigraphic variation in the matrix component is 

consistent with the change in matrix mineral assemblage, possibly reflecting 

changes in the source materials from Chokai volcano. Some lahars reached the 

distal volcanic fan as sheetfloods. Such large-scale lahars occurred at least four 

times, the 5
th

 – 6
th

 century BC, the 5
th

 – 7
th

 century AD, 8th – 12th century AD, 

and 1801 AD. 
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CHAPTER III 

MINERALOGICAL STUDY ON VOLCANIC ASH OF THE ERUPTION 

ON 27TH SEPTEMBER 2014 AT ONTAKE VOLCANO, CENTRAL 

JAPAN: CORRELATION WITH PORPHYRY COPPER SYSTEMS 

3.1. Introduction 

The zonation of alteration minerals produced in a hydrothermal system 

reflects spatial variations in hydrothermal processes and hydrothermal fluid 

chemistry (e.g. Meyer and Hemley, 1967; Rose and Burt, 1979; Reed, 1997). The 

relation between the distribution of hydrothermal fluid and consequent 

mineralogical zonation has been intensively studied through geological studies on 

geothermal fields as well as ore deposits. Some of the fields are considered to be 

the interior of ancient stratovolcanoes, and their structural models have been well 

established (e.g. Meyer and Hemley, 1967; Sillitoe and Gappe, 1984; Sillitoe, 

2000, 2010; Hedenquist et al., 2000). Although the depths of hydrothermal 

systems are largely inaccessible under active volcanoes, we are able to obtain 

minerals precipitated at the depths when a hydrothermal eruption supplies them 

from the depths to the earth surface (Hedenquist and Henley, 1985). 

 Volcanic ash from the eruption at Ontake volcano on the 27th September 

2014 consists abundantly of hydrothermally altered minerals (Miyagi et al., 2014), 

indicating the eruption was a hydrothermal eruption. The minerals were derived 

from the sub-volcanic hydrothermal system under the volcano, and therefore, the 

properties of hydrothermal alteration such as temperature, acidity, and locus can 

be estimated from the mineralogy of the volcanic ash. This study aims to estimate 

the chemical conditions and locus of the source fluid by correlating the 

mineralogy of the volcanic ash to proposed models of mineral zonation in well-

studied ancient hydrothermal systems beneath eroded old volcanoes. The 
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estimation on the locus will be compared with previous geophysical estimations 

(Kato et al., 2015; Maeda et al., 2015).    

3.2. Geological setting of Ontake volcano 

Ontake volcano (3,067 MASL) located in central Japan, is a stratovolcano 

consisting of basalt, andesite, and dacite. The basement of Ontake volcano is 

largely composed of Jurassic to Paleogene rhyolite to rhyodacite and marine 

sediments (Yamada and Kobayashi, 1988; Takeuchi et al., 1998). Volcanic 

activity at Ontake volcano commenced 200 - 300 ka with effusion of basaltic to 

andesitic lava flows with minor dacite to form the ancestral volcanic edifice 

(Yamada and Kobayashi, 1988). The younger activity that formed the current 

edifice commenced at 80 ka. The activity is subdivided into two stages: the early 

explosive stage that produced rhyolitic to dacitic pyroclasts and the later lava 

stage. The lava is composed of andesite containing phenocrysts of plagioclase, 

orthopyroxene, clinopyroxene, and magnetite. The summit area at Kengamine is 

composed of andesite lava (Yamada and Kobayashi, 1988).    

 Phreatic (or hydrothermal) eruptions frequently occur at Ontake volcano. 

Before the 2014 eruption, at least three phreatic eruptions were documented in 

1979, 1991, and 2007 (Oikawa et al., 2014). Oikawa et al. (2014) suggested that 

the frequency of phreatic eruptions of Ontake volcano is at least once in a few 

hundred years. Surface hydrothermal manifestations have been continuously 

observed on the southwestern flank of Kengamine cone for last 250 years 

(Oikawa, 2008). Hydrothermally altered rocks had been exposed on the 

southwestern flank of Kengamine before the 2014 eruption. 

3.3. The 2014 eruption 

 The 2014 eruption took place on 27th September on the southwestern 

flank of Kengamine. The eruption ejected approximately a million tons of 

volcanic ash, similar to the volume of the 1979 eruption (Takarada et al., 2014), 
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and the Volcanic Explosively Index (VEI) of the 2014 eruption was two 

(Earthquake Research Institute at the University of Tokyo, 2014; Japan 

Meteorological Agency, 2014). The volcanic ash was distributed in the summit 

area and on the eastern flank of the volcano (Fig. 3.1; Nakano et al., 2014; 

Takarada et al., 2014). Miyagi et al. (2014) reported that the volcanic ash consists 

exclusively of hydrothermally altered minerals with minor primary igneous 

particles. Some geophysical studies have reported analyses on seismicity linked 

to the eruption, investigating pre- and post- eruptive processes (e.g. Kato et al., 

2015; Maeda et al., 2015; Ogiso et al., 2015).  

 

3.4. Sampling and Methods 

The volcanic ash from the 27th September 2014 eruption was sampled 

along a road 8 km northeast of the vent (Fig. 3.1). Particles were separated into 

three fractions: coarse (>125 μm), medium (125 – 70 μm), and fine (<70 μm) 

Figure 3.1. Location of sampling site (left) and volcanic ash from the eruption (right). Volcanic 

ash was sampled along the road. The samples were collected from clean, flat, and hard surface of 

the road and also from clean leaves. The volcanic ash distribution is drawn based on Takarada et al. 

(2014). The topographic relief map is created with Kasimir3D (Sugimoto, 2012) from the 10m-

mesh DEM data provided by the Geospatial Information Authority of Japan. 
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fractions. The samples were analyzed with X-ray diffractometer (XRD) and 

SEM-EDS. Bulk ash samples were also analyzed by XRD. 

Minerals were identified with the XRD (Multiflex; Rigaku Corp.) 

installed at Akita University. Measurements were carried out at a rate of 1° per 

minute from 2° to 60° using a CuKα target X-ray tube with an acceleration 

voltage of 30 kV and a filament current of 16 mA. A randomly oriented sample 

and an oriented sample were prepared for each fraction. Ethylene glycol and HCl 

treatments were applied to all fractions to determine clay mineral species.  

 The mineralogy of individual ash particles was investigated by 

stereoscopic microscope observation (on particles >125 μm) and SEM-EDS 

semi-quantitative analysis focusing on textures, shapes, color, and chemical 

composition. The ash morphology was observed using stereoscopic microscope 

and a scanning electron microscope (SEM, JSM-6610LV with a tungsten 

filament; JEOL Co.) at Akita University. Semi-quantitative microprobe analysis 

was carried out with an energy-dispersive X-ray spectroscopy (EDS, INCA X-

act; Oxford Instruments) attached to the SEM. Semi-quantitative analysis was 

carried out at an acceleration voltage of 15 kV, a probe current of 2.2 nA, a 

working distance of 10 mm, and a live time of 20 seconds. Polished sections were 

prepared for the SEM-EDS observation on the coarse and medium fractions. 

Atomic proportions measured by SEM-EDS semi-quantitative analysis were used 

to specify mineral species combined with XRD measurement on bulk samples. 

Analytical accuracy and precision of the semi-quantitative SEM-EDS analysis 

were reported by Ohba et al. (2011), indicating precisions less than 0.3 wt% and 

consistency with WDS analysis for major elements in plagioclase, olivine, and 

pyroxenes. 
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3.5. Results  

3.5.1. Minerals in the ash 

 Minerals identified in the ash are listed in Table 3.1. The XRD 

measurement elucidated that smectite, pyrophyllite, mica, a 7-Å kaolin group 

mineral (any of kaolinite, nacrite, or dickite), quartz, cristobalite, alunite, gypsum, 

and pyrite occur in all fractions. The X-ray peaks of quartz, 7-Å kaolin group 

minerals, alunite, and gypsum are sharp and their intensities are high in both 

fractions. Feldspar and anhydrite only occur in the course and the medium 

fractions. The intensities of X-ray peaks of the sheet silicate minerals are higher 

in the fine fraction than in other fraction.  

 SEM-EDS microprobe analysis was carried out to identify mineral 

species in individual grains of the medium and coarse fractions. There is no 

mineralogical difference between the coarse and medium fractions except for the 

presence of calcium sulfate minerals in the medium fraction. Each ash grain 

consists mostly of multiple mineral crystals ranging from submicron to 

millimeter in size. The EDS analysis on very fine crystals sometimes yields 

confusing results because the induced X-rays from adjacent crystals affect those 

of the target crystal (e.g., analysis on a mixture of fine crystals of quartz and 

kaolin may result in deceptive composition similar to pyrophyllite). To reduce 

this effect, only crystals that are compositionally and texturally homogeneous 

were analyzed. Some grains exhibit apparently homogeneous textures, although 

these consist of very fine crystals (smaller than the resolution of the image). The 

compositional homogeneity was examined by repeating the analysis on multiple 

positions in the grain. If a grain that is even apparently homogeneous is a mixture 

of different fine crystals, elemental proportion arbitrarily changes by position. 

 The following minerals were identified with SEM-EDS based on 

stoichiometric relations: silica mineral (SiO2), pyrite (FeS2), and alunite 
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((Na,K)Al3(SO4)2(OH)6) were determined simply on the basis of analytical values 

close to these ideal chemical formulae. Here we use the term "silica mineral" 

because identification of silica polymorphs is often impossible with EDS analysis. 

Fine alunite crystals interweaved with silica mineral show spectra imposed by Si 

peaks, which can be still identified as the mixture of these minerals based on their 

distinct elemental proportions. Similarly, rutile that occurs as tiny crystals mixed 

with silica minerals is identified from distinct titanium spectra accompanied by 

silica peaks with arbitrarily changing intensity. As two types of calcium sulfate 

minerals were identified with XRD, gypsum and anhydrite are distinguished by 

the oxygen/sulfur ratio. Feldspar, pyroxene, and garnet were identified with 

stoichiometric proximities between the ideal formulae and the analytical results. 

Results for the very fine feldspar yielded X-ray spectra influenced by juxtaposed 

crystals, resulting in discrepancy from the ideal formula, and were discarded. 

Spectra with SiO2 and Al2O3 indicate the presence of hydrous aluminous silicate 

mineral (either pyrophyllite or kaolin group minerals). Pyrophyllite consists 

mostly of Al2O3 and SiO2 and the atomic concentration of Si is twice that of Al. It 

contains minor amounts (<2 wt%) of MgO, K2O, FeO, and CaO. Kaolin-group 

mineral is characterized by the chemical formula wherein the atomic 

concentrations of Si and Al are the same. Kaolin frequently occurs as very fine 

crystals inwrought with silica mineral, resulting in a deceptive spectrum with 

higher silica concentration than kaolin. The spectra were identified as a mixture 

of silica and kaolin when multiple analyses on different position yielded varying 

Al/Si ratios which can exceed 0.5. Chlorite was identified from spectra 

comprising distinct Si, Al, Mg, Fe peaks and negligible peaks of Na, K, and Ca if 

the total of cations is 20 when the number of oxygen is assumed to be 28. Mica 

minerals are characterized by an abundance of SiO2, Al2O3, and K2O and can be 

distinguished from potassium feldspar by their stoichiometry. Mica was 

identified when the mineral has two potassium when oxygen number is assumed 

to be 22. Muscovite is the most common mica mineral in the sample. The simple 
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Table 3.1 Minerals in the volcanic ash of the 2014 eruption at Ontake volcano 

 

Fraction Qtz Crt Trd Fsp Smct Opx mica Pyl Kao Pyr Alu Anh Gyp 

Bulk *** ** f ** f *** f f * * *** f ** 

Coarse *** *** * ** f *** f f * *** * f * 

Medium *** ** f *** f  f f *** ** ** *** * 

Fine *** f   ** f ** f *** f ***  *** 

The intensities of X-ray peaks in the XRD analysis are shown as: ***: intense; **: weak; *: minor; f: faint and blank none. 

The minerals are; Qtz: Quartz, Crt: Cristobalite, Trd: Tridymite, Fsp: Feldspars, Smct: Smectite, Opx: Orthopyroxene, mica: mica 

minerals, Pyl: Pyrophyllite, Kao: 7 Å-kaolin group mineral, Pyr: Pyrite, Alu: Alunite, Natroalunite and Minamiite, Ahd: Anhydrite, and 

Gyp: Gypsum. 
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chemical formula of muscovite is KAl2(Si3Al)O10(OH)2, in which potassium can 

be partly replaced by sodium and calcium, and the octahedral aluminum by iron, 

manganese, magnesium, and titanium. Mica mineral rich in Fe and Mg is 

regarded as biotite.  

3.5.2. Mineralogy and petrography of individual ash grain 

Ash grains in the coarse fraction have various appearances under a 

binocular microscope; opaque white-colored grains, opaque gray-colored grains, 

translucent brownish gray-colored grains, translucent white-colored grains, 

transparent grains, and free crystals (Fig 3.2). Various kinds of altered rock 

fragments were observed with SEM-EDS. The ash grains are classified into seven 

types according to mineral assemblages: partly altered volcanic rock fragment, 

silica mineral - pyrite, silica mineral - pyrite ± alunite ± kaolin-group mineral, 

silica mineral - pyrophyllite - pyrite, silica mineral - pyrophyllite - pyrite, silica 

mineral - muscovite, silica mineral - K-feldspar ± albite ± garnet ± biotite, and 

crystals of pyrite, anhydrite, and gypsum (Table 3.2 ). The complete table of the 

mineral assemblages is included in the supplemental material (Appendices I).  
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Fig. 3.2. Photographs of ash particles from the 27th September 2014 eruption. (A) 

Opaque white-colored grains, (B) opaque gray-colored grains, (C) translucent brownish 

gray-colored grains, (D) transparent grains, (E) translucent white-colored grains, and (F) 

free crystals of pyrite. 
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Table 3.2 Mineral assemblages of altered rock fragments in the volcanic ash

Sample name    Mineral assemblages
†
  

Si Ab Kfs Kao Mus Pyl Alu Anh Pyr Chr Rul Pl Ano Px Bi Grt glass Alteration
††

 Color
‡
 

141014 coarse-6 *   *     *   * * *   * partly nd 

Med3-4-7   *         *      partly nd 

Coase-1 *        *  *       RS OW 

Coarse-11 *          *       RS OG 

Coarse-18 *        *  *       RS Tr 

Coarse-2 *   *     *         AA OW 

Coarse-12 *   *   *  *         AA OW 

Coarse-13 *   *     *         AA OG 

Coarse-14 *      *  *         AA OG 

Coarse-16 *     *   *         AA OG 

Coarse-17 *     *   *         AA Tr 

Coarse-4 *  *  *     *        Ser TBG 

160223 Coarse 4-3 *    *    *         Ser OW 

Coarse-6 * * *               PA TW 

Med3-5-10  * *     *       *   PA nd 

Med 1-2 *  *      *       *  PA nd 

†: Mineral names are abbreviated as: Si: Silica mineral, Ab: albite, Kfs: potassic feldspar, Kao: 7 Å-kaolin group mineral, Mus: muscovite, Pyl: pyrophyllite, Alu: alunite, Anh: 

anhydrite, Pyr: pyrite, Chr: chlorite, Rul: rutile, Pl: plagioclase, Ano: anorthoclase, Px: pyroxene, Bi: biotite, and Grt: garnet.  
††: Abbreviations are: Partly: partly altered volcanic rock; RS: residual silica; AA: advanced argillic; Ser: Sericite; and PA: potassic alteration. 
‡ : Abbreviations are: OW: opaque white-colored; OG: opaque gray-colored; TW: translucent white-colored; TBG: translucent brownish gray-colored; Tr: transparent; and nd: no data. 
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Fig. 3.3. BEI images of volcanic ash particles. (a) Typical partly altered volcanic fragments in 

the coarse fraction containing microlites of plagioclase, anorthoclase, sanidine, and minor 

interstitial glass. Some of plagioclase microlites and glass were replaced by pyrite, silica 

mineral, kaolin-group mineral, and muscovite. (b) The silica – pyrite assemblage in a grain 

containing darker pseudomorph in the matrix. Pyroxene phenocryst is replaced by silica 

mineral, and pyrite crystals fill the cleavage of the pseudomorphs. (c) The right side of the 

grain partly retained the original vesicular texture, while the left part shows a completely 

deformed texture. Narrow veinlets of vug and pyrite crystals are recognized in the deformed 

part (arrow). (d) Grains containing silica - pyrite assemblage with colloform texture consisting 

of micron-width wavy bright bands and darker matrix. (e) Grain consisting of silica mineral, 

pyrite, alunite, kaolin-group mineral, showing pseudomorphic volcanic texture. Original 

crystals were replaced by silica mineral or kaolin (darker) or became void. (f) A silica minerals 

- pyrophyllite - pyrite assemblage grain comprises anhedral silica crystals (gray) and a fine-

grained matrix of pyrophyllite (darker). 
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3.5.2.1. Partly altered volcanic rock fragment 

 Partly altered volcanic fragments are common in the ash, occurring as 

angular to subangular blocky fragments of partly altered volcanic rocks and 

minerals comprised of plagioclase, orthopyroxene, and magnetite. The partly 

altered rock fragments preserve the texture of volcanic rocks containing volcanic 

glass. Isolated crystals of plagioclase and orthopyroxene are inferred to be 

derived from volcanic rocks because they contain glass inclusions. Volcanic 

rocks of the cone are the source of the minerals, which contain them as 

phenocrysts (Yamada and Kobayashi, 1988). Two types of groundmass-derived 

fragments were identified: one consisting of abundant volcanic glass and minor 

microlites of plagioclase and pyroxene that form hyalo-ophitic texture, and the 

other one consisting of microlites of plagioclase, anorthoclase, and sanidine, and 

minor interstitial glass that form hyalopilitic texture (Fig. 3.3A). The original 

igneous minerals and glass are partly replaced by pyrite, silica mineral, kaolin-

group mineral, and muscovite.   

 

3.5.2.2. Silica mineral - pyrite 

 This association consists dominantly of silica mineral, subordinate pyrite, 

and minor rutile. Grains of this association are abundant in the ash. They appear 

opaque white under a binocular microscope. This association includes various 

textures: pseudomorphic replacement of original volcanic rock textures (Fig. 

3.3B), colloform texture, and mosaic-texture. The grains are composed of silica 

minerals, minor pyrite, and rutile. The pseudomorphic textured grains preserve 

the original volcanic rock textures, although the original minerals have been 

completely replaced, mostly by silica mineral. The grains are rich in voids that 

are spherical, tabular, veinlet, and irregular in shape. The voids range from 

submicron to hundreds of µm in size, and small voids often form spongy textures. 
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Pyrite crystals frequently fill the voids and the cleavage of the pseudomorphs of 

phenocrysts (Fig. 3.3B, C). 

 The pores in the highly porous grains are spherical, tabular, vein-like and 

irregular in shape, and range from several hundred to just a few micro meters (Fig. 

3.3C). The spherical pores are larger than the other types and have diameters of 

several hundred µm. Tabular-shaped pores typically range from few tens to few 

µm. The grains with colloform texture consist of micron-width wavy bright bands 

and darker matrix on BEI (Fig. 3.3D). The colloform grains contain void veins 

and irregular-shaped pores (Dong et al., 1995; Fig. 3.3D). Mosaic-textured grains 

consist of tens-µm-sized equant interlocking quartz crystals. The crystalline rock 

fragments contain pores ranging from submicron to tens of µm.     

3.5.2.3. Silica mineral - pyrite ± alunite ± kaolin-group mineral 

 The association of silica mineral - pyrite ± alunite ± kaolin-group mineral 

is the most common of the ash grains. Grains with this assemblage appear as 

opaque white-colored or opaque gray-colored under a binocular microscope. The 

original minerals have been completely replaced by silica mineral, alunite, 

kaolin-group mineral, rutile, and pyrite through hydrothermal alteration. The 

grains are classified into three types according to textures: pseudomorphic 

volcanic texture, fine-grained texture, and coarse mosaic texture. Grains with 

pseudomorphic volcanic texture are rich in vugs and preserve textures of the 

original volcanic rocks that are porphyritic, hyalo-ophitic, or hyalopilitic. Some 

vugs are rectangular in shape, indicating that the original crystals had been shed 

during the alteration, although some crystals have been replaced by silica mineral 

or kaolin (Fig. 3.3E). Other vugs are spherical, vein-like and irregular in shape, 

ranging from a few to several hundred µm. Pyrite and alunite crystals fill some of 

the vugs and cleavages of the pseudomorphic crystals. Grains with fine-grained 

texture show no sign of original rock texture but merely consist of fine-grained 

crystals. These grains are rich in µm-size vugs that are spherical or irregular, and 
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contain densely distributed submicron vugs forming a spongy texture. The coarse 

mosaic texture consists of tens to µm-sized equant silica, euhedral to anhedral 

alunite, and intercrystalline voids. Flaky or massive crystals of alunite fill some 

of the voids. 

 

 

Fig. 3.4 BEI images of volcanic ash particles. (a) A grain consisting of coarse equant crystals 

of silica mineral, K-feldspar, and albite, forming equigranular texture, partly replaced by 

diffusively mottled chlorite and muscovite. (b) Colloform texture in a grain consisting of 

silica minerals–K-feldspar. The colloform texture consists of K-feldspar-rich bands (brighter) 

and a fine-grained mixture of silica mineral and K-feldspar (darker). (c) Grain of altered rock 

that belongs to the silica–K-feldspar ± albite ± garnet ± biotite assemblage in the medium 

fraction. The porous equigranular texture consists of tens-μm-sized equant crystals of silica 

mineral, K-feldspar, and albite (darker). Anhydrite crystals (bright) are attached conjugate 

with the grain. (d) The fine fraction consists of free euhedral crystals of alunite and gypsum. 
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3.5.2.4. Silica minerals - pyrophyllite - pyrite  

 The association of silica minerals, pyrophyllite, and pyrite is common, 

occurring as opaque gray-colored or transparent grains. The original texture is 

completely lost and the original minerals have been replaced by silica mineral, 

pyrophyllite, pyrite, and minor rutile. Some grains comprise anhedral silica 

crystals and fine-grained matrix of pyrophyllite (Fig. 3.3f). The silica mineral 

grains range from 1 to 100 µm in size. Some silica grains contain abundant 

micron-sized spherical pores. The matrix pyrophyllite occurs as an aggregate of 

fine flaky crystal or very fine spongy texture dotted with euhedral pyrite crystals. 

The very fine matrix contains alligatoring voids. Some pyrophyllite-bearing 

grains consist solely of very fine-grained pyrophyllite with such voids. 

3.5.2.5. Silica minerals - muscovite  

 The association of silica mineral – muscovite is common in the ash. The 

ash grains appear as opaque white grains under a binocular microscope. The 

original rock texture has been lost and the minerals have been totally replaced by 

a mixture of fine crystals of silica mineral, muscovite, pyrite, and rutile. A 

peculiar muscovite-bearing grain, which appears as a translucent brownish gray-

colored grain, contains chlorite and K-feldspar. The grain consists of coarse 

equant crystals of silica mineral, K-feldspar, and albite, forming equigranular 

texture, partly replaced by diffusively mottled chlorite and muscovite (Fig. 3.4a).  

3.5.2.6. Silica minerals - K-feldspar ± albite ± garnet ± biotite 

The association of silica mineral - K-feldspar - albite - garnet occurs 

commonly in the ash. Grains with this assemblage appear as translucent white 

under a binocular microscope. Grains in this association are subdivided two types 

based on textures:  the colloform texture (Dong et al., 1995: Fig 3.4b) and the 

porous equigranular texture. The colloform texture consists of K-feldspar-rich 

bands and a fine-grained mixture of silica mineral and K-feldspar. The original 
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texture has completely disappeared through replacement of altered minerals. The 

porous equigranular texture consists of tens-µm-sized equant crystals of silica 

mineral, K-feldspar, and albite (Fig 3.3b). The equigranular grains contain flaky 

biotite crystals in pores of the K-feldspar. 

3.5.2.7. Crystals of pyrite, anhydrite, and gypsum 

 Free pyrite crystals are common in all size fractions. Euhedral pyrite 

crystals typically form aggregates ranging in size from a few micrometers to 

millimeters. Anhydrite-bearing grains are only observed in the medium fraction. 

Anhydrite occurs as 20 to 50-µm-size euhedral crystals. Some anhydrite crystals 

conjugate with grains of altered rock that belong to the silica-pyrite or silica - K-

feldspar ± albite ± garnet ± biotite associations(Fig. 3.4c). The fine fraction 

contains fine (< 10 μm) euhedral alunite with hexagonal tabular or platy forms 

and tens-µm-sized polyhedral crystals of gypsum (Fig. 3.4d). 

3.5.3. Compositional variations in alunite crystals 

Alunite crystals occur in all fractions of the volcanic ash. Semi-

quantitative analyses by using SEM-EDS enable us to discuss compositional 

variation of alunite crystals, although relative error has not been reported in 

analysis targeting alunite in SEM-EDS at Akita University. Alunite compositions 

vary in terms of Na2O and K2O contents (Appendices II). Here, we show 

compositional variations in alunite and natroalunite (or minamiite) crystals 

(Fig.3.5).  We adapted forty dates which have total cation fallen into the range of 

ideal stoichiometry ±5%. The compositions of alunite crystals vary broadly range 

from 0-10% to 50-60% of Na2O/(Na2O+K2O). The compositions of alunite 

crystals show normal distribution and the composition fall into 20-30% of 

Na2O/(Na2O+K2O) are most abundant.   
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 Fig. 3.5 The histogram showing compositional variations in the two end 

members of alunite and natroalunite.  

3.6. Discussion 

The volcanic ash is characterized by abundant hydrothermally altered 

rock fragments with different degrees of alteration and hydrothermally 

precipitated minerals. Juvenile material such as pumice, scoria, or glass shard 

was not found in the volcanic ash, whereas partly altered fragments consisting of 

primary igneous minerals (plagioclase, orthopyroxene, titanomagnetite, and 

feldspars), volcanic glass, and alteration minerals are common. Therefore, we 

conclude that the 2014 Ontake eruption was a non-juvenile eruption. Not all 

feldspars in the ash originate from fresh volcanic rock; some were derived from 

the alteration zones. Plagioclase, anorthoclase, and alkali feldspar that coexist 

with volcanic glass in the partly altered volcanic rock fragments originate from 

fresh volcanic rocks, whereas K-feldspar and albite contained in the altered 
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fragments of silica mineral - K-feldspar ± albite ± garnet ± biotite association 

ware derived from hydrothermal alteration. Other than the remnant primary 

minerals, the volcanic ash contains quartz, tridymite, cristobalite, kaolin-group 

mineral, alunite, anhydrite, gypsum, pyrophyllite, muscovite, chlorite, K-feldspar, 

biotite, rutile, garnet, pyrite, and smectite. The mineral assemblage is typical of 

hydrothermal alteration zones in magmatic-hydrothermal systems under 

subduction zone volcanoes (Rye et al., 1992; Hedenquist and Lowenstern 1994). 

The mineral assemblages therefore indicate that the volcanic ash was derived 

from a subvolcanic hydrothermal system developed beneath the edifice of Ontake 

volcano.  

Five associations of alteration minerals were identified from observations 

on individual grains: silica - pyrite, silica - pyrite ± alunite ± kaolin, silica - 

pyrophyllite - pyrite, silica - muscovite, and silica ± K-feldspar ± albite ± garnet 

± biotite. The ash also contains free crystals of sulfide and sulfate minerals. 

Detailed mineralogy on these associations gives clues to the hydrothermal 

alteration processes and conditions. Abundant pores in pseudomorphic volcanic 

texture of grains from the silica - pyrite and silica - pyrite ± alunite ± kaolin 

associations (Fig. 3.3C, D) were presumably formed by defection of original 

crystals such as plagioclase and pyroxene during chemical leaching by highly 

acidic fluid, although some of pores probably reflect the original vesicular texture 

typically observed in volcanic rocks. Similar textures have been attributed to 

steam-heated volcanic environments and high-sulfidation ore systems in previous 

works (e.g. Giggenbach, 1975; Stoffregen, 1987; Rye et al., 1992). The textures 

and the dominance of the silica component imply that the silica - pyrite 

association is the residue of the leaching of other major cations from original rock, 

which has been termed vuggy silica alteration (Stoffregen, 1987; Hedenquist et 

al., 2000). The associations of silica - pyrite ± alunite ± kaolin and silica - 

pyrophyllite - pyrite shows textural evidence similar to advanced argillic type of 

alteration (Stoffregen, 1987; Sillitoe, 2010), wherein cations other than Al and Si 
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are leached and accompanied by sulfate and sulfide precipitation. Two types of 

alteration that precipitate K-feldspar are suggested by the mineralogy of 

individual grains of the association of silica - K-feldspar ± albite ± garnet ± 

biotite. The occurrence of flaky biotite in the pores of the equigranular ash grains 

indicates that this mineral precipitated from fluid. The paragenesis of K-feldspar 

(alkali feldspar with Or40-60) and the biotite represent full equilibration between 

a near-neutral hydrothermal fluid and host rock at high temperature (>300 °C) 

(Giggenbach, 1997), referred to as potassic alteration (Meyer and Hemley, 1967). 

On the other hand, the colloform grains that lack biotite and the composition of 

the colloform-forming K-feldspar is the near-end member (Or>97) which 

represents low temperature crystallization. The K-feldspar colloform texture 

resembles typical altered rocks in hydrothermal veins of epithermal ore deposits 

(Fournier, 1985; Saunders, 1990). These characteristics imply that the colloform 

texture of this association was formed under full equilibrium conditions at low 

temperature (<250 °C; Faure et al., 2002) in an epithermal environment. 

The altered rock fragments in the ash indicate that the volcanic ash 

particles of the 2014 eruption of Ontake volcano were derived from different 

alteration zones distributed underneath the crater, including zones formed at a 

highly acidic condition (vuggy silica and advanced argillic zones) and at near-

neutral conditions (sericite and potassic alterations). Although these zones could 

be distributed randomly, comparison with systematic spatial distribution models 

is worthwhile, because many studies have reported distribution models from 

different perspectives. The distribution models are based on studies of alteration 

zones surrounding porphyry copper ore deposits (e.g. Sillitoe, 1973, 1999, 2010; 

Sillitoe and Gappe, 1984; Giggenbach, 1997), active volcanoes (e.g. Ohba and 

Kitade, 2005; John et al. 2008), and geothermal fields and epithermal ore deposits 

(e.g. Hemley and Ellis, 1983; Stoffregen, 1987; Heald et al., 1987; Giggenbach, 

1997; Hedenquist et al., 2000). 
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 These models commonly involve a silica-rich zone (vuggy silica), with 

accompanying aluminous hydrous sheet-silicate minerals (kaolin and 

pyrophyllite) and alunite (advanced argillic alteration zone, lithocap) in the 

center-top of a system. As applied to the porphyry copper model (Sillitoe, 2010), 

the silica - pyrite, silica - pyrite ± alunite ± kaolin, and silica - pyrophyllite zones 

are correlated with vuggy residual quartz/silicification, quartz - alunite and quartz 

- kaolinite zones, and the quartz - pyrophyllite zone, respectively. The association 

including K-feldspar implies hydrothermal alteration at near-neutral conditions, 

which can occur at different locations in hydrothermal systems. Some studies on 

volcanoes have found that neutralization of hydrothermal fluid tends to progress 

outward from the silicic core (vuggy silica alteration zone) through advanced 

argillic and argillic zones to propylitic alteration zones (Mt Shimokura: Ohba and 

Kitade, 2005; Mt Rainier: John et al. 2008) by analogy to the zonation in 

geothermal areas and epithermal ore fields (e.g. Hemley and Ellis, 1983; Kimbara, 

1983; Stoffregen, 1987; Heald et al., 1987; Hedenquist et al., 2000). In those 

contexts, the propylitic alteration zone represents near-neutral conditions. On the 

other hand, neutralization in porphyry copper systems occurs below the advanced 

argillic alteration zone, and this type of alteration is referred to as potassic 

alteration (Giggenbach, 1997; Sillitoe, 2010). The paragenesis of alkali-feldspar 

and hydrothermal biotite in the volcanic ash indicates high-temperature 

neutralization. This seems more likely to reflect the potassic alteration typical of 

porphyry copper systems, rather than neutralization at low temperature to form 

propylitic alteration that accompanies chlorite precipitation (Giggenbach, 1997). 

According to the geologic models for porphyry copper systems, the potassic zone 

is located under the advanced argillic alteration zone (Giggenbach, 1997; Sillitoe, 

2010). The Ontake volcanic ash contains few grains indicating the K-feldspar-

bearing alteration (colloform texture) that potentially represents low temperature 

conditions typical of epithermal ore deposits (Fournier, 1985; Saunders, 1990). 

The low-temperature neutral alteration might be locally distributed at shallow 
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levels. The common occurrence of the silica-muscovite association supports a 

correlation between the volcanic ash and deep-seated neutral zones. In porphyry 

copper models, this association can be correlated with the sericite zone located 

between the silica-pyrophyllite zone and the potassic zone. We conclude that the 

volcanic ash of the 2014 Ontake eruption was derived from the magmatic-

hydrothermal system that correlated well with the models for the porphyry copper 

system.   

Here, the source depths of the volcanic ash particles are roughly estimated 

by correlating with the porphyry copper model by Sillitoe (2010), which shows a 

geologic structure in the late stage of porphyry system development. A late-stage 

porphyry system beneath Ontake volcano is assumed based on the association of 

alteration zones and the occurrence of anhydrite crystals attached to the grains of 

the silica - pyrite and silica - K-feldspar ±albite ± garnet ± biotite associations. 

These occurrences are interpreted as fragments of altered rocks cut by anhydrite 

veinlets that represent a late-stage porphyry system (Fig. 3.6; Sillitoe, 2010). In 

the model, the residual silica zone occurs from the surface to ~1 km depth. The 

advanced argillic alteration zone ranges from the surface to ~2 km (quartz-alunite 

zone: surface to ~1 km; quartz-pyrophyllite zone: ~1 to ~2 km). The sericite zone 

is situated at depths between ~1.5 and ~2 km, and the potassic zone is located 

deeper than ~2 km. Therefore, this correlation shows that the maximum source 

depth is ~2 km, but that the ash from shallow levels (~2 km to near the surface) is 

more abundant. The depths of hypocenters linked to the eruption are shallower 

than 3.5 km (Kato et al., 2015; Maeda et al., 2015). The shallow focal depths (< 

3.5 km) are roughly consistent with the source depths of volcanic ash.  

Some types of ash grains are not involved in the correlation with porphyry 

copper models. The K-feldspar in the colloform-texture grains has Or-

endmember compositions that imply precipitation from low-temperature neutral 

fluid under epithermal conditions (Fournier, 1985; Saunders, 1990; Giggenbach, 
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1997). Because epithermal alteration commonly develops at shallow levels above 

a deeper porphyry copper system (Henley and Ellis, 1983; Sillitoe, 1989, 2010; 

Giggenbach, 1997; Sillitoe and Hedenquist, 2003), the colloform-texture ash is 

under evidence of a shallow epithermal system overlying a deep porphyry system 

under Ontake volcano. Gypsum occurrence has been commonly reported from 

porphyry copper systems (e.g. Sillitoe, 1973; Hezarkhani et al., 1999; Li et al., 

2011), but has not been assigned in the mineral zonation model. Accordingly, we 

are not able to correlate gypsum occurrence with the model. 

The validity of the model adoption for the subvolcanic hydrothermal 

system can be challenged by locus and temperature estimation based on 

pyrophyllite stability region. Temperatures relating to formation of hydrothermal 

minerals can be estimated from the extensively studied phase equilibria of the 

Al2O3–SiO2–H2O and its extended systems (Helgeson et al., 1978; Hemley et al., 

1980; Chaterjee et al., 1984; Anovitz et al., 1991; Berman, 1988; Sverjensky et 

al., 1991). The common occurrence of pyrophyllite, kaolin, and quartz in the 

volcanic ash can be applied to these phase equilibria. Previous studies have 

elucidated that the mineral occurrences at low pressure relate to the reactions: 

 

Fig. 3.6 Cross-section of Ontake volcano showing models of basement rock types, 

ancestral and present edifice based on Yamada and Kobayashi (1988). Alteration zones 

underlying the edifice are modified from Sillitoe (2010) to estimate the source depth of 

the volcanic ash. The dashed line indicates possible regions of the source of the volcanic 

ash.   
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kaolinite + 2 quartz = pyrophyllite + H2O                (1) 

pyrophyllite = andalusite t + 3 quartz + H2O           (2) 

pyrophyllite + 3 diaspore = 4 andalusite + 4 H2O:   (3) 

Equilibrium temperatures under water-saturated condition are: >260 °C 

for (1); >340 °C for (2); and >310 °C for (3) (Hemley et al., 1980). Hydrothermal 

temperatures of >260 °C are thus feasible under volcanic condition. Vapor 

pressure of pure water is higher than 3 MPa and locus of the fluid is estimated 

deeper than 300 m from surface (Hemley et al., 1980, Fisher and Zen, 1971). 

These results are feasible to the locus estimated by correlation with porphyry 

copper system.    

Temperature of the source fluid can be discussed chemical compositions 

of alunite solid solution as well. Alunite s.s. formed over a wide temperature and 

pH ranges from volcanic to weathering environments and their compositions vary 

reflecting forming environments (Aoki, 1991; Stoffregen and Alpers, 1992).  An 

experimental study done by Stoffregen and Cygan (1990) demonstrated that (1) 

the equilibrium constant for the reaction  

KAl3(SO4)2(OH)6 + Na
+
 = Na Al3(SO4)2(OH)6 + K

+
 

decreases with decreasing temperature; (2) alunite and natroalunite are 

completely miscible down to at least 350 °C; and (3) alunite and natroalunite 

form asymmetric solid solution below 450 °C. Stoffregen and Cygan (1990) also 

predicted that consolute composition of alunite s.s. as 64.5 mol% natroalunite.  

 Compositions of alunite s.s. in the volcanic ash vary from 0-10% to 50-

60% of Na2O/(Na2O+K2O). We cannot refer to absolute temperature because of 

all of the compositions of alunite s.s. we obtained are below 64.5 mol.% 

natroalunite (Fig. 3.5). Whereas, broadly compositional range of alunite s.s. in the 

volcanic ash may suggest that they were formed under multiple environments. 

3.7. Conclusions 

The volcanic ash of the eruption on 27th September 2014 at Ontake 

volcano was derived from the magmatic-hydrothermal system developed beneath 

the edifice. The mineralogy of the ash grains indicates the development of 
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advanced argillic, sericite, and high-temperature potassic alteration zones. 

Associations of these alteration zones are correlated with those in late-stage 

porphyry copper systems. The comparison with the porphyry copper system 

estimates the depths of the advanced argillic, sericite, and potassic zones as 0 to 

~2 km, ~1.5 to ~2 km, and > 2 km, respectively. Therefore, the ash particles were 

derived from a maximum of ~2 km depth, and mainly from shallower levels (~2 

km to near the surface). 
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CHAPTER IV. DISCUSSION 

 

 Lahar is a remobilization process in a volcano in terms of mass-

transportation (Newhall and Punongbayan, 1996).  Accordingly, a resultant 

deposit of a lahar consists of their parent materials, which are any or all of 

pyroclastic, autoclastic, and epiclastic deposits on a volcanic flank (Vallance and 

Iverson, 2015). As many lahars were caused by volcanic activities (e.g. the 1985 

eruption of Nevado del Ruiz (Pierson et al., 1990); the 1980 eruption Mount St 

Helens (Scott, 1988); and the 1991 eruption of Pinatubo (Vallance and Iverson, 

2015)), lahar deposits consists mainly of deposits resulting volcanic activities 

which caused lahars. Componential features of a lahar deposit, therefore, enable 

us to discuss causes volcanic activities.     

 Origin and triggering mechanisms of the muddy lahars can be explained 

two types of deriving mechanisms: (1) hydrothermally altered materials were 

derived by a landslide from hydrothermally altered zone exposed by edifice-

collapse at 2.5ka; and (2) Hydrothermally altered materials were derived by 

hydrothermal eruptions. The muddy lahar deposits (ND1-8) contain 

hydrothermally altered minerals of smectite, 7Å-kaolin group minerals, chlorite, 

alunite, and gypsum (Table. 2.1). The geneses of the muddy lahar deposits cannot 

be estimated based on the mineral assemblage, because these mineral associations 

are reported both of hydrothermal or phreatomagmatic eruptions (e.g. Hedenquist 

and Hemley, 1985; Ohba and Kitade, 2005; Mazot et al., 2008) and collapse-

induced lahar deposits (e.g. Carrasco-Núñez et al., 1993; Lecointre et al., 2002; 

John et al., 2008).  

 In briefly speaking, collapse-induced muddy (or cohesive) lahar deposits 

are larger than about 0.2 km
3
 (Vallance, 2000). On the other hand, Sasaki et al. 

(2016) summarized volume of syneruptive-spouted type cohesive lahar deposits 
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and conclude that these are less or equal to about 10
5
 m

3
. Sasaki et al. (2016) do 

not refer lahars induced by ash-fall of hydrothermal eruption. It is probably 

because these lahars are difficult to district from cohesionless lahars induced by 

magmatic eruption.  

 Lahar deposits at the northern foot of Chokai volcano can be subdivided 

into muddy and sandy in terms of their components. In briefly, muddy lahars 

occurred at least two periods: one is after edifice collapse at BC 466 until the first 

sandy lahar occurred (ND1-8: Mitsutani, 2001; Ohzawa et al., 1982); and the 

other is 1802 (Fig. 2.8), whereas ages of some muddy lahar deposits are not 

determined. Sandy lahars occurred between 5
th

-6
th

 BC century and 9
th

 century.  

The muddy lahars (ND1-8) in BC466 to the middle of 5th century BC 

occurred in a short period (less than 100 years). The possibilities of lahar origins 

collapse-induced and hydrothermal eruption-induced are possible, because of 

short elapsed time from the collapse. The volume of these lahar deposits can be 

calculated by their thickness in outcrops (Fig. 2.6) and distribution area. We 

assume that their distribution area is equal to the area of the proximal volcanic 

fan. Volume of the muddy lahar deposits ranges from 10
7
 to 4 x 10

8
 m

3
. This 

estimated volume closer to deposits of collapse-induced cohesive lahar rather 

than hydrothermal eruption-induced. The sandy lahars occurred in of 5-6
th

 

century BC to 8
th

 – 12
th

 century AD (ND9-16, YK1, YK5, NK2, MR2, MR3, and 

YN3) contain abundant volcanic sand and poor in hydrothermally altered 

materials (Table 2.1). These componential features may indicate that they may be 

induced by magmatic activities after the edifice collapse. As Ohba at al. (2012) 

reported, Chokai volcano changed their eruption styles from hydrothermally to 

magmatic after the collapse. Accordingly, the sandy lahars may be induced by 

any of these magmatic eruptions. The muddy lahar occurred at 1802 (YK5, YK6, 

NK6, NK2, and HTE3) can be interpreted that was induced by hydrothermal or 
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phreatomagmatic eruption as reported by Hayashi (2013) and Hayashi and 

Minami (in printing).  

Upward facies changes from debris flow (Dmm and Dmc) to 

hyperconcentrated flow (Dmb) or sheetflood (Ss) were observed at Loc. 2 (ND1 

to ND2 and ND5 to ND6), Loc.4 (ND10 to ND11), Loc. 10 (HTN2 to HTN3), 

Loc. 11 (KDP2 to KDP3), and Loc.17 (MR1 to MR2). These facies changes 

indicate the flow transformation at a given location (e.g. Scott, 1988; Smith, 

1988; Smith and Lowe, 1991). The hyperconcentrated flow (and sheetflood) 

deposit overlying debris flow suggests a lahar transform their 

transportation/deposition process from dense and massive mass-flow to dilute 

grain-by-grain transportation (Shon et al., 1999; Kataoka and Nakajo, 2000). The 

lack of paleosol layers between the debris flow and hyperconcentrated (and 

sheetflood) deposits indicate flow transformation occurred during a lahar flow 

traveling or at least quite short period.  Facies change of debris flow to 

hyperconcentrated flow were observed in both of muddy (Dmmm, Dcmm, and 

Dmbm) and sandy (Dmms, Dcms, and Dmbs). These facies changes indicate 

dilution of a lahar flow can occur in both of muddy and sandy flows. 

Figure 4.1 shows relative abundance of facies in aspect from their matrix 

components. Sheetflood deposits cannot be correlated with denser debris/ 

hyperconcentrated flows because facies Ss is characterized well-sorted sand layer. 

Accordingly, sheetflood deposits were shown in both of muddy and sandy lahars. 

Abundance of sandy debris flow facies clearly decreases with distance.  Sandy 

debris flow facies account 50-60% in the proximal volcanic fan and less than 

30% in the medial to distal volcanic fan. In the medial volcanic fan, sandy 

hyperconcentrated flow facies own the highest abundance and accounts 30%. The 

abundance of muddy debris flow is 20-70% in all portions of the volcanic fan. 

Muddy hyperconcentrated flow facies accounts 20% in the proximal and distal 

volcanic fan and less than 10% in the medial volcanic fan.  
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Fig. 4.1 Diagram illustrating relative abundance of the sedimentary facies of sandy and muddy lahar deposits showing the 

variation with the distance from the apex of the volcanic fan. Orange bars: sandy debris flow deposits (Dmms, and Dcms); 

cream-colored: sandy hyperconcentrated flow deposits (Dmbs); green: muddy debris flow deposits (Dmmm and Dcmm); light 

green: muddy hyperconcentrated flow (Dmdm); and blue bars sheetflood deposits (Ss).  
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Abundance of facies Ss is most abundant in the distal volcanic fan and up to 

100%. 

Flow transformation of lahars was suggested by both of sandy and muddy 

lahars. Clearly variation of sandy debris flow facies from the proximal to distal 

fan implies flow dilution of sandy lahars during traveling rather than those of 

muddy debris flow facies. The high abundance of sandy hyperconcentrated flow 

facies in the medial volcanic fan may suggest that dilution of sandy lahar 

occurred in the medial volcanic fan, whereas it observed only at one excavation 

site. Almost constant abundance of muddy debris flow facies and poor abundance 

of muddy hyperconcentrated flow facies indicate flow transformation was not 

effective in muddy lahars. As Vallance (2000) pointed out, flow transformation 

occurs sandy lahars rather than muddy lahars because clay-poor lahars mix more 

readily with water and clay-rich lahars are typically much larger. A few pieces of 

evidence of flow transformation in muddy lahars we described may indicate some 

small scale muddy debris flows can dilute and transform into more diluted 

hyperconcentrated flow and possibly sheetflood.  
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CHAPTER V. CONCLUSIONS 

 The geomorphology of the volcanic fan at the northern base of Chokai 

volcano varies with dominant facies of lahar deposits. The distal volcanic fan is 

characterized by steep gradients (> 2°) and by development of lobes and is 

composed mainly of debris flow deposits. The medial volcanic fan is 

characterized by moderate gradients (1° – 2°) and by diffusive debris lobes and 

comprises both debris flow and fluvial deposits. The distal volcanic fan has a 

near-flat even plain (<1°), and is composed mainly of sheetflood deposits and 

floodplain deposits. The geneses of lahars can be constrained by their 

componential characteristics and correlations with volcanic activities. The 

stratigraphic variation in the matrix component is consistent with the change in 

matrix mineral assemblage, possibly reflecting changes in the source materials 

from the volcano. At least 16 units of lahars settled in the proximal volcanic fan, 

and at least eight of them occurred just after the sector-collapse in 2.5 ka. Some 

lahars reached the distal volcanic fan as sheetfloods. Such large-scale lahars 

occurred at least four times, the 5th – 6th century BC, the 5th – 7th century AD, 

8th – 12th century AD, and 1801 AD. 

 The volcanic ash of the eruption on 27th September 2014 at Ontake 

volcano was derived from the magmatic-hydrothermal system developed beneath 

the edifice. The mineralogy of the ash grains indicates the development of 

advanced argillic, sericite, and high-temperature potassic alteration zones. 

Associations of these alteration zones are correlated with those in late-stage 

porphyry copper systems. The comparison with the porphyry copper system 

estimates the depths of the advanced argillic, sericite, and potassic zones as 0 to 

~2 km, ~1.5 to ~2 km, and > 2 km, respectively. Therefore, the ash particles were 

derived from a maximum of ~2 km depth, and mainly from shallower levels (~2 

km to near the surface). 
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 Geneses of lahar at the northern base of Chokai volcano was discussed 

based on their components, volume, and correlation with volcanic activities. 

Geneses of the muddy lahars were estimated: the edifice collapse induced muddy 

lahars from BC 466 by the first sandy lahar occurred, and hydrothermal or 

phreatomagmatic eruption at 1801 induced the other muddy lahar. Sandy lahars 

occurred 5-6
th

 century BC until 8
th

 – 12
th

 century AD were induced by magmatic 

eruptions.  Flow transformation of lahars was suggested by both of sandy and 

muddy lahars, although transformation likely occurred in sandy lahars rather than 

muddy lahars.  
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