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Differentiation of Sediment from Dacitic Lava-dome blocks, from Pyroclastic-Flow and from Lahars/ Newtonian flows in the gullies of Unzen Volcano (Japan), using Hornblende Crystals Exoscopy
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In the aftermath of a stratovolcanic eruption, differentiating the last process that has transported material when deposit facies is not available can be a very haphazard endeavour. Meeting with this challenge, the present contribution proposes an exoscopy of hornblende method that allow differentiating material last transported by pyroclastic-flows, debris flows or lahars, fluviatile processes or whether the material was just recently exposed to weathering. Using material sampled from deposits with a known history at Unzen Volcano in the Gokurakudani gully and the Tansandani gully on the south-eastern flank of the volcano. This material originates from the 1991-1995 eruption of the volcano, and 27 years later, a diversity of processes have developed, making this volcano the perfect laboratory for this project. From each collected sample, hornblendes were extracted as either single grains, or as part of larger grains. As hornblende phenocrysts are weak crystals, water wash and paintbrush cleaning only was applied. The material was then observed under an engineer microscope with 450x to 2000x magnification. The captured imagery was then digitized using the freeware ImageJ FIJI, and the shape of impacts, grooves and how the different layers of the mineral shattered were recorded. The variations on the cleavage plan were then decomposed into different scales using a 4level Meyer Discrete Wavelet decomposition, and then the different scale signals were analysed in the frequency space. Furthermore, descriptive statistical indicators were extracted using Matlab. Results show that all the processes can be differentiated one from another based on the characteristics of the edges of the phenocrysts cleavages and on the shape and density of punctual impacts on the surface of the exposed cleavages. Although the differentiation between processes can be subtile from raw data, the Meyer Discrete wavelet approximation and the 3 rd and 4 th detail levels provided the best differentiation, showing sharp contrasts between the different modes of transport. Moreover, the cleavage faces for hornblendes that were not transported virtually do not show any impacts, while the hornblendes in pyroclastic-flow deposit present > 1 μm impacts, and the lahar deposits impacts > 10-20 μm. Finally the cleavage surfaces loose of their shine with transport. The original cleavage surface is shiny and almost "reflective", the crystals from pyroclastic-flow deposits are slightly tarnished, while the ones from lahar transports are completely dull.

Introduction

Grains exoscopy in geomorphology

On stratovolcanoes, where all the material can originate from the same source, identifying the processes that last transported them can be an arduous task. Is it the result of lahar or pyroclastic flow transport, or just a wall collapse of material in situ? Those questions are central to quantify and understand the sediment cascade (e.g. [START_REF] Davies | Sediment Cascades in Active Landscapes[END_REF], its rhythms and processes on active stratovolcanoes, especially because recent demonstrations and discussions have shown that sedimentary facies are not necessarily linked to the commonly linked processes [START_REF] Gomez | Transverse architecture of lahar terraces, inferred from radargrams: preliminary results from Semeru Volcano, Indonesia[END_REF][START_REF] Gomez | Insights into lahar deposition processes in the Curah Lengkong (Semeru Volcano, Indonesia) using photogrammetry-based geospatial analysis, near-surface geophysics and CFD modelling[END_REF][START_REF] Starheim | In-flow evolution of lahar deposits from video-imagery with implications for post-event deposit interpretation, Mt. Semeru, Indonesia[END_REF], and also because facies information is not always accessible (i.e. sampling the floor of a lahar gully).

For the present contribution we have tested and started to develop a novel method for making this differentiation using an often overlooked phenocryst because it is very brittle: hornblende. We propose the application of the existing grain exoscopy method, but not for quartz grains as it is traditionally done, but for hornblende. Because the hornblende phenocrysts are very brittle and fragile, we considered that they can only record the last events, and not a "full history" of events.

Quartz exoscopy is a traditional method in geomorphology, which appeared in 1968 [START_REF] Krinsley | Environmental interpretation of sand grain surface textures by electron microscopy[END_REF], with the first treatise published in 1973 [START_REF] Krinsley | Atlas of Quartz Sand Surface Textures[END_REF]. Quartz exoscopy has been used to differentiate the transport processes (geomorphic processes) as well as the weathering processes acting once the grains are in place (in French in the text, "phenomorphiques" processes). The application of this method has allowed the creation of atlases of grain surface patterns [START_REF] Gillott | Atlas of quartz sand surface textures[END_REF], Krinsley and Doornkamp, 1973[START_REF] Le Ribault | L'Exoscopie des quartz[END_REF][START_REF] Mahaney | Petrology of the 1991-1995 eruption at Unzen: effusion pulsation and groundmass crystallization[END_REF], providing answer on the differentiation for instance of tsunami from storm deposits, comparing storm deposits in France and tsunami deposits from the 1755 event in Portugal [START_REF] Bruzzi | Une method d'identification sedimentologique des depots de tempete et de tsunami: l'exoscopie des quartz, resultats preliminaires[END_REF], for which the main factor of recognition was the presence of plates at the end of tsunami-born quartz, against more defined limits for storm-transported material. Because quartz has a hardness of 7 on the Mohs scale of mineral hardness, it provides a long-term record of paleo-environment, like indurated paleo-sand dune, for which the exoscopy can be applied to determine the origin and transport processes of the quartz, would it be Aeolian or marine for instance [START_REF] Tsakalos | Geochronology and exoscopy of quartz grains in environmental determination of coastal sand dunes in SE Cyprus[END_REF].

Hornblende has a Mohs scale hardness of 2.5 to 3, and is K(Mg, Fe)3(AISi3O10)(OH)2. It is formed of single cleavages that produce thin sheets that can flake, creating staircase-like edges (Fig. 1), and as the link between the different sheet is created with the (OH) link, it is where the material will first "break". It is most certainly because of these characteristics that hornblende has not been used as a tracer, because it is not capable of conserving the traces on the cleavage sheets that tend to peel. However, if the transport process is short enough not to turn all the hornblende into fine powder, and if we are only interested by the last transport process and set of impacts and imprints on the crystal, hornblende could have an important role to play on differentiating processes, especially on island-arc volcanoes where they tend to be abundant in andesite and dacite. Unzen Volcano is a stratovolcano located in South Japan, in the Prefecture of Nagasaki, emerging on the Shimabara Peninsula, which it has shaped (Fig. 2 A,B,C,D). Unzen volcano is located on 4.6 Ma basalts (Yokoyama et al., 1982), basaltic andesite, andesite and siltstones and sandstones of the Pliocene period (Otsuka and Furukawa, 1988); formations which are sinking underneath Shimabara peninsula in the Unzen graben. Vertical differences between formations inside and outside the graben can reach 900 m [START_REF] Ohta | Geological structure of Unzen volcano and its relations to the volcanic phenomena[END_REF]. About 500,000 y. to 400,000 y. BP, the Older Unzen has been characterized as a series of dome collapses, pyroclastic-flow deposits and flank collapses [START_REF] Hoshizumi | Geology and eruptive history of Unzen volcano, Shimabara Peninsula, Kyushu, SW Japan[END_REF], with the Young Unzen starting from 100,000 y. BP. The Young Unzen is very similar in its formation than the Older Unzen, except for the number of sector collapses that have only been evidenced at Mayuyama (Fig. 2 E) so far. During the historic period, the Mayuyama collapse in 1792 was the main surface activity until the 1990 eruption, which interrupted a 198 period of quiescence.

The eruption that lasted the 1990 -1995 period is named the "Heisei eruption", and it started on 17 November 1990 with a small emission of ash from the summit of Unzen Fugendake [START_REF] Nakada | Overview of the 1990-1995 eruption at Unzen Volcano[END_REF], where the Heisei Shinzan dome is not located (Fig 2 E andF). The volcanic activity was then dominated during the 1990-1995 period by a series of pyroclastic flows generated from 13 dome growth and gravitational collapses (Nakada and Motomura, 1999), eventually filling talwegs with material over 100 m thick [START_REF] Gomez | Evolution of the Unzen volcano and the Shimabara Peninsula (Japan) during the last 60 years: The role of the 1990^1995 eruption in modifying the landscape[END_REF]. On the Eastern flank, the Gokurakudani and the Tansandani are two valleys that incise the upper part of the volcaniclastic apron up to the foot of the dome (Fig. 2-F). In these two valleys, the set of pyroclastic-flow deposits, dome collapse rockfalls, lahars and secondary local erosion processes (wall collapses, gully floor Newtionian flows…) is mixing in a set of chain of processes as attested by the complex geomorphology (Fig. 2-G). At Unzen Volcano, it is crucial, yet difficult, to link deposits at the bottom of a gully or a valley to either a lahar, or to the collapse of a valley wall made of pyroclastic-flow deposits, or to the collapse of an unfractured dome block, or to know whether the material has been last transported through a fluviatile process at the bottom of the gully or the valley. The present contribution, therefore, aims to propose a new method to differentiate in-situ unweathered hornblende from pyroclastic-flow transported and debris-flow transported hornblendes, using material from Unzen Volcano.

Methodology

The methodology workflow is composed of (1) sample collection, (2) laboratory preparation and microscopic image collection and analysis and (3) the extraction of surface features and their transformation into signals analysed in the frequency domain.

(1) Material collection -Loose material was collected in the Tansan-dani and the Gokurakudani on the South-East flank of the Unzen Volcano (access to the restricted area was granted by the Japanese Ministry of Land, Tourism and Infrastructure) using a metallic spatula and the collected sediment was stored in plastic bags and containers. Each sample was between 100 ml to 500 ml, with a grain-size typically dominated by coarse sand (about 40% in weight of material between 0.25 and 2 mm) with varying fractions of silt and clays and gravels, depending on the type of deposit.

(2) Laboratory preparation and microscope imaging -At the laboratory, the material was dried at 60 degrees on a hot plate, and due to the nature of the material, separation from organic material was unnecessary. Before sieving, samples including hornblende phenocrysts, and phenocrysts included in small grains (> pebbles) were hand-picked with tweezers. The selected material was then examined under an engineer's microscope Z420 from Asahikogaku at x420, x1000 and x2000 magnification.

The cleavage edges were then examined at different scales using Discrete Meyer Wavelet decomposition (DMD) from resampled space-series using a segmentation at ½ µm, resampled at a 1 µm interval. The DMD was performed with a 4 level decomposition from the Discrete Meyer wavelet [START_REF] Meyer | Ondelettes et operateurs: Ondelettes[END_REF].

Results

Analysis of the cleavage edges direction on the [X,Y] plane

Using microscope examination and measurement of the hornblende crystals, 1878 μm of cleavage edge from "cracked-opened" dome block (DB), 1797 μm from pyroclastic flow deposits (PF), and 1724 μm from lahar deposit (the last set of samples having potential Newtonian flow reworking) (LN) were examined with cracks length from ~90 to ~200 μm. Their geometry on the [X,Y] cleavage plan presents visible variations in the roughness of the edges of the cleavages. The mean direction change expressed in radian per unit length in μm is 0.4381 rad/ μm for DB, it is 0.181 for PF and 0.1338 for LN. The two later value are specifically lower, because the successions of positive and negative values due to local variations tend to bring the value towards 0. The Median change varies between 0.1 and 0.5 rad/μm for all the samples. The interquartile range increases on average between 0.28, 0.3 and 0.5 rad/μm from DB, PF to DF/L/N (Fig 3). If there is an overall trend, the variability in between samples makes the extraction of reliable indicator haphazard (Fig XYP A). Therefore, we separated the edge direction changes by distance into different scales with the Discrete Meyer wavelet (Fig. XYZ2). The transformation of the cleavage edges into a signal (characterized by the derivative of the curve against unit distances) into 4 levels and an approximated signal allows us to differentiate the impact of different forms of sediment transports (Fig. 4) and what are their impacts on the cleavage edges at different scales. Considering first the Discrete Meyer wavelet as a denoising tool, the signal approximation, or denoised signal, (Ap on Fig. 4) shows variations in the peaks of maximum amplitude (~ 1 rad.). The peaks are sparser on the dome block samples and tend to be more "rounded" than the peaks present in the other types of deposits. There are a higher density of peaks for pyroclastic-flow deposits, and lahar deposits, and the peaks are increasingly sharper in the last two. For the domeblock samples, peaks are 100 to 200 μm in length, while for pyroclastic-flow deposits they tend to be < 100 μm, and dominated by 40 -50 μm length. For lahar deposits, this length is even shorter with peaks with a length of 20-30 μm (Fig. 3). At decomposition level D3, the density of peaks above 0.25 rad and above 0.5 rad increases in density in pyroclastic-flow deposits and lahar deposits, but differentiation on this sole level should not be favoured as variations in the dome block samples present variability that can be close to the pyroclastic-flow deposits and the lahar deposits. A first set of data that permit discrimination between the three types of deposits is therefore a combination of the approximation (Ap) and the D4 detail level. (Ap) shows the variation between slow onset peaks for dome blocks against increasingly rapid, shortdistance peaks. The " * " marks on D4 show the densification of amplitude peaks above 0.15 rad. (arbitrary value) showing the increase of those peaks in the pyroclastic-flow deposit, and then further in the lahar deposit. The vertical discontinuous-lines limit shows visible limits between studied samples showing the variability in the original material (variation on how the block "broke" will have influence on the cleavage edges).

The frequency domain distribution analysis (Fig. 4) confirms the dataset variability between the different deposits using the wavelet decomposition level 4. There is a sudden increase in signal magnitude (db) between 45% and 50% of the sample set starting at -30 db for the dome block, starting at -20 db for pyroclastic flow deposits and -10 db for lahar deposits (Fig. 5). As the db is a log scale, there is therefore a ~1,000 fold factor of change between the original dome block (A) and the lahar deposit (C). The left column represents data from the 4 th level of details from the wavelet decomposition, while the right column represents the data from the 3 rd level of details from the wavelet decomposition.

Analysis of the impact trances on the cleavage faces

Fig. 6 Comparison between the different cleavage surfaces, for dome block (A,B), for pyroclastic-flow deposit (C,D) and for lahar deposits (E). I: impact, RE: rough edge; VRE: very rough edge. A and B show very little impact, and B shows a cleavage surface being broken in multiple point, due to an unknown process. D and E show a higher density of small scale impacts (1 to 5 μm), while E shows large surface disruptions having the shape of notches through several cleavage sheets, that can also be elongated. On the photograph, the elongated notch is ~ 60 μm, while the notch are about 20-25 μm in diameter.

Conclusion

On volcanoes, where hornblende minerals are present, the present contribution demonstrated a novel method using cleavage edges roughness and the cleavage surface characteristics, that provide a way to differentiate material "fresh" from a lava dome, or transported by pyroclastic-flows or lahars. As stratovolcanoes often exhibit material that is geochemically similar and very often fed by the same magma chamber, differentiating the sediment transport processes at play on the surface of a volcano can be very difficult when the sedimentary facieses are difficult to interpret or when there are no clear geomorphological indications of a process.

The first part of the proposed idea was to show the differentiation between processes, now the next step will be to investigate in the laboratory "what it takes" to bring the hornblende mineral from one state to another, notably through water-born processes in contact with different proportions of sediment concentration. It will also be interested to test the stress-point necessary to obtain similar impact shapes and characteristics on the surface of the crystal.

Finally, the authors hope that the present work will also inspire younger generation to go and try and test methods and tools that are slightly or totally outside of the scope of geomorphology, or whatever their own field might be, in order to see how those could improve and make their own field evolve. The French writer Marcel Proust famously said that "the real voyage of discovery consists not in seeking new landscapes, but in having new eyes".

Fig 1 :

 1 Fig 1: Microscope photograph of a hornblende phenocryst from a dacitic lava-dome block at Unzen volcano produced during the 1991-1995 eruption.

Fig. 2

 2 Fig. 2 Situation of Unzen Volcano (Japan). (A) World location of Japan; (B) Location of Kyushu Island in Japan; (C) Location of Shimabara Peninsula in the square box; (D) Zoom on Shimabara peninsula and localization of photo E; (E) Aerial oblique photograph of 1995 courtesy of the MLIT Shimabara Office; (F) Ground photograph of Heisei Shinzan dome and the two gullies where the present study has taken place and from which the material was collected; (G) Situational ground photograph showing the setup of the Tansandani gully. (access to the data and to the restricted area was granted by the local office of the MLIT).

Fig. 3

 3 Fig. 3 Descriptive statistics of the cleavage edges using the absolute value of the direction change in radian every micrometer for 10 cleavage edges for (A) a dacitic block of the dome broken open, (B) material transported by the 1991-1995 pyroclastic flows, and (C) material remobilized by lahars and eventually other water-born processes.

Fig. 4

 4 Fig. 4 Wavelet Decomposition of the cleavage edge as cumulated signals for the Dome block, the Pyroclastic-flow Deposit and the Lahar deposit. The arrows on the peaks in the Approximated Signal(Ap) shows the variation between slow onset peaks for dome blocks against increasingly rapid, shortdistance peaks. The " * " marks on D4 show the densification of amplitude peaks above 0.15 rad. (arbitrary value) showing the increase of those peaks in the pyroclastic-flow deposit, and then further in the lahar deposit. The vertical discontinuous-lines limit shows visible limits between studied samples showing the variability in the original material (variation on how the block "broke" will have influence on the cleavage edges).

Fig. 5

 5 Fig. 5 Frequency domain distribution of the 4 th and 3 rd Discrete Meyer Wavelet decomposition for material from a dome block (A,D), from pyroclastic-flow deposits (B,E) and from lahar deposit (D,F).The left column represents data from the 4 th level of details from the wavelet decomposition, while the right column represents the data from the 3 rd level of details from the wavelet decomposition.

  

Acknowledgement

The present research has been supported by the Ministry of Land and Infrastructure of Japan, for research at Mt. Unzen Volcano. The laboratory analysis with the engineer microscope was provided in-kind by the laboratory of Prof. Kuraoka. Furthermore, we are in debt to the editor of Geomorphology for their prompt handling and to two anonymous reviewers for their help in improving the manuscript.