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1. Introduction

Access to Open Source software and low-cost sensors
have opened new opportunities for the design of real-time
monitoring systems in several application needs. Water
quality monitoring is crucial for effective environmental
management. Therefore, it is necessary to design near
real time water quality monitoring system for unattended
data acquisition (Jiang et al, 2020).

Geo-IoT platform with Android device for in-situ water
quality measuring has been developed and tested in the
previous study (Bandara et al, 2020). The attempt of this
study is to design an Open Source platform that is

extendable and customizable for water quality monitoring.

Therefore, in this study we provide an integrated solution
for collection of water quality parameters for both human
assisted in-situ  measurements and continuous
unattended monitoring.

We describe the framework of Open Source software
tools that were implemented to collect, process, and
visualize the data received by sensor devices in near real-
time. The current platform was tested for monitoring four
physio-chemical water quality parameters namely, pH,
Oxidation Reduction Potential (ORP), Electrical
Conductivity (EC) and Temperature.

The presented architecture can be exploited for various
monitoring scenarios for both surface water and
groundwater monitoring to identify trends of key
parameters and provide alerts when recorded data values
are beyond normal threshold situations.

2. Material and Methods

The sensor device comprises of a Raspberry Pi Zero W
single-board computer (www.raspberrypi.org/products/
raspberry-pi-zero-w), Atlas Scientific pH, ORP, EC,
Temperature sensors and Tentacle T3 extension board
(atlas-scientific.com). The data are logged locally on SD-
card. Real-time data transmission is enabled using

CANDY Pi Lite+ communication board (candyline.com/
portfolio/candy-pi-lite-lte-m) and IIJmio IoT SIM (www.
iijmio.jp/mit). Sensor device leverages above mentioned
components to develop data logging system. Connectivity
between each of the peripheral and single-board computer
is illustrated in Figure 1.

In the continuous unattended monitoring scenario, the
sensor device sends data directly to the ThingsBoard
(thingsboard.io) platform over the internet. In the human
assisted water quality monitoring scenario, the sensor
device connects to Android phone via Bluetooth. Open
Data Kit (ODK, getodk.org) is as an interface for field data
collection. ODKSensor app is newly developed to
integrate data from water quality sensors with
ODKCollect data collection form.

Wireless

N Water Quality Sensor (Atlas Scientific)
GPS.Q2SS,.. pH || ORP ||Temp|| EC
TEXT LCD
20 Digits,
4 Lines
CANDY Pi Lite+ T
Data modem and GNSS .
Serial \
. GPIOPort  Biuetooth
Wi-Fi Micro
Raspberry Pi Zero spHc

DC 5V
Figure 1: Details of data logging system

3. System Design and Workflow
Overall system design consists of assembling sensor
devices with single board computer, implementing



wireless transmission, software integration and
development. The functions of system can be broadly be
divided as client and server components. The client side
for unattended continuous data acquisition consists of
main sensor device and communication module. The
client side for human assisted data collection includes the
same sensor device without CANDY Pi Lite
communication board. Android device is connected to
sensors via inbuilt Bluetooth module in Raspberry Pi Zero
W  single-board computer for data transmission.
ODKSensor app is integrating sensor values into
ODKCollect form fields.

At the Server side, the ThingsBoard Open Source IoT
platform is deployed for device management, data
collection, processing and visualization. The data
collection via Android mobile is supported using ODK-
Central Server.

A middleware solution was deployed to facilitate
communication and interoperability between
ThingsBoard and ODK-Central. The middleware provides
as a hidden translation layer for seamless data
visualization on the Thingsboard dashboard.

PostgreSQL (www.postgresqgl.org) is used as a backend
database for both ThingsBoard and ODK-Central.
Integration of server side components is shown in Figure
2.

IoT Sensors

\\

‘A

MQTT Bluetooth
PostgreSQL
| Ud
| Download
%JJ ThlngSBoard ODK-Central Upload
I T ‘ Android
L <« device
Real-Time dashboard -
e R .
€ Y

Figure 2: Software integration and system architecture

Current sensor device is configured to collect data in at
predefined intervals for continuous monitoring scenario.
The timestamp from the sensor device and recorded
sensor readings are uploaded to the server using MQTT
(mqtt.org) messaging protocol for IoT. Data stored in the
PostgreSQL database is instantaneously displayed on
ThingsBoard dashboard.

In the human assisted data collection scenario, the data
is gathered using ODKCollect mobile application. First,
the fields for sensor data is defined in the XLS form
(xlsform.org). The developed XLS form is uploaded to
ODK-Central server. Subsequently, the data collector can
download XLsS form to an Android phone. The ODKSensor
app connects to sensor device via Bluetooth and populates
the ODKCollect form with the sensor readings. Data from
mobile phone can be uploaded to the server individually
or as a collection of data points once the internet is
available. The middleware application is triggered when
ODK-Central receives data form Android device and data
is automatically displayed on ThingsBoard dashboard.

4. Results

Numerous experiments were carried out to monitor the

system’s behaviors and functions. The system kept in
continuous operation for 48 hours. Data received from the
sensor device can be visualized on a customizable web-
based dashboard. Figure 3 depicts the screenshot of the
Thingsboard dashboard.

12.74 323.40
100 500

i

Figure 3: Data visualization on ThingsBoard dashboard

Users can visualize present data or set the dashboard to
visualize past data with a given hour or date. Information
that supports the interpretation of water quality data is
visualized as time series line charts, digital gauges and
tables with timestamps in the panel. The spatial location
of data collection is shown on the map with background
OpenStreetMap layer.

5. Conclusion

Survey of available water quality monitoring solutions
reveals that existing platforms are either designed for
field data collection or to support unattended continuous
monitoring. Few systems permit multi-purpose uses
(Skarga-Bandurova et al, 2020). However, these systems
are not capable of fulfilling the requirements of complete
client-server platforms to support data management
needs. The system developed in this research provides a
comprehensive, generic, and multi-purpose solution for
remote data collection needs. Moreover, the system can be
easily customized for a variety of real-time environmental
monitoring.
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1. Introduction

A machine learning model Light Convolutional Neural
Network (LCNN) has been successfully applied on Land
Cover (LC) classification (Song et al, 2019; Do et al,
2020). Freely accessible Remote Sensing (RS) data such
as Sentinel-2 and Landsat-8 has been widely used for
mapping LC.

The multispectral Sentinel-2 is launched in 2015 which
provides 13 spectral bands. Landsat-8 launched in 2013
includes 11 spectral bands. The two images are useful for
agriculture, forestry and environmental monitoring. This
study aims to compare the capability of the two RS data
on LC classification for Lao Cai area in Vietnam.

2. Data and Methodology
2.1. Study area and data

The study area covering an area of approximately 525
km? is located in Lao Cai province in the North of
Vietnam. Seven main LC categories of the area which are
Water (W), Built-up (B), Mining/Bare land (MB), Rice
Terrace (RT), Paddy Field (PF), Non-Forest Vegetation
(NFV) and Forest (F) are classified in this research.

In this study, 4 bands at 10 m resolution (blue, green,
red, NIR) of Sentinel-2 image captured on 3¢ November
2018 and 6 bands at 30 m spatial resolution (blue, green,
red, NIR, SWIR 1, SWIR 2) of Landsat-8 image obtained
on 9th October 2014 covering the study area are
distinguished for LC mapping. Reference polygon
samples of the seven LC classes of the area are collected
based on referring the samples used in Do et al (2020)
and visual interpretation of Sentinel-2 images with
verification using Google Map.

The LCNN model employed in this study is as same as
in Do et al (2020). It includes 3 convolutional layers: The
first layer with 20 filters of size 3 X 3 X n, where n is
number of input bands of the RS data, the second and
third layers have 20 filters of size 2 x 2 x 20. A Softmax
layer is used for providing a probability distribution over
7 LC classes. Zero padding and stride equals 1 are

employed. ReLLU activation function and Adam optimizer
with a learning rate of 10% are used. The number of
epochs equals to 100, early stopping is applied. The
LCNN model is implemented using Google Colaboratory
framework. Finally, the classified LC maps extracted
from the two RS data are evaluated and compared.
Comparison of training and validation for Sentinel-2
indicates drastic decreases in the first 10 epochs (Figure
1 (a)) and subsequently shows a slow decrease and
remains steady value after 100 epochs. The loss for
validation set fluctuates above loss for training set.
Accuracy of training set increases in the first 10 epochs
and subsequently almost stable. On the other hand,
accuracy of validation set fluctuates below the values of
training set (Figure 1 (b)). In case of Landsat-8, loss and
accuracy for training and validation data are the similar
to Sentinel-2 (Figure 1 (¢) and (d)) but very little
fluctuations observed for validation data is much less.
The model terminates after 100 epochs. It is suggested
that the model produces reliable results after 100 epochs.

3. Results

Figures 3(a) and 3(b) show the classified maps using
Sentinel-2 and Landsat-8, respectively. Landsat-8
produces higher User’s Accuracy (UA), Producer’s
Accuracy (PA) and Overall Accuracy (OA) for all LC
classes, except PA value of water class (Figure 2). While
Sentinel-2 image attains total OA value of 91%,
Landsat-8 shows higher OA value of 97%.

OA of all LC classes of Landsat-8 are higher than 92%.
RT and F are classified at the highest OA, at 98%. In
contract, the OA values of Sentinel-2 are lower: NFV
class is observed at the lowest accuracy, at 83%, while the
highest accuracy is only 94% for B and F.

In general, higher resolution RS image could provide
better LC classification result than lower resolution data.
However, Korhonen et al. (2017) reported that the
estimation accuracy of Landsat-8 is similar to Sentinel-2
(2017). This study also confirms that Landsat-8 image
achieves better LC classification than Sentinel-2.
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Figure 1: (a) Loss (b) Accuracy for Sentinel-2; (c) Loss (d)
Accuracy for Landsat-8

Table 1. Classification accuracy

Accuracy (%)

LC class Sentinel-2 Landsat-8
PA UA 0OA PA UA 0A
Water 98 76 86 94 97 95
Built-up 97 91 94 98 92 95
M/B 82 89 85 94 98 96

Paddy Field 81 91 86 93 96 95
Rice Terrace 90 94 92 100 96 98

NFV 83 83 83 96 88 92
Forest 95 94 94 98 99 98
Total OA 91 97

UA: User’s Accuracy, PA: Producer’s Accuracy, OA: Overall Accuracy.

The reason for lower classification accuracy of Sentinel-2
could be due to fewer used spectral bands (4 bands) than
Landsat-8 (6 bands). Moreover, the level LC details
recorded at different resolutions could affect the
classification accuracy. For example, Built-up class is the
combination of road, building and factory sub-classes
which are displayed at different spectral information in
10 m resolution Sentinel-2 image, leads to mixed-spectral

10

in Built-up class, while at coarser resolution of 30 m
Landsat-8 image, the sub-classes are shown at the same
spectral detail. As a result, Landsat-8 provides better
classification result over Sentinel-2.

The obtained results suggest that Landast-8 image is
more useful than Sentinel-2 on LC classification.
Moreover, not only spatial resolution of RS images, but
spectral bands selected and the level of details of LC

classes could be important factors affect to LC
classification result.
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Figure 2: LC classification maps (a) Sentinel-2, (b) Landsat-8
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Apyo7=Bpy37 DI L ARG 22 A 23, PSP o AR T
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% VIBS |2 & 0 RS EH 2 b, FEREAI Tl LSU 1T &
0 EEHM O EMRE N SEOKEE A L.
ﬁiﬁf@VBMﬁ#%éﬁf@ﬁ%Jf%b@EAM
o5t &, R oBOKFEITT L ESHETE 2 KT
B9 5. 8 2 X@ORE TR T B G A5
mﬁnfwé EaRORE L, B TR LBk FEOZ
SMZHICEST . £7258 2 K(b)IZiL, Kawah Putih T
TR JE 0 DR E T I B R A EVK M S TR,
Z DOEUKDEEE 1500~2000 m OFEEE CALPE AT (Ko B)
AN TNWD Z EDNFERTE 5. HIEAEIROER
T 5 Cimanggu X° Walini TiX, Z OBHIZ L W AEAN AR b
L AEZT, BHERNKFHA MVREZEZ LTS E
ExohD. —JT, TR T % Cimanggu X° Walini (2%}
W35 G T CIAREE (CAE AR B & BUK AR A &
THEY, ZhbOREITHEFHREBENTHD.

F 72, VIBS fHOD S\ GEIR Tk G gk o SR o Wi g iz
SHPNCER > TWND Z &G, lEEETIIRL ZD0—&
DEBARIED/SZ L U THEEL T D ATREMEANRIR SN D .

4. BKERHADHTE

INA IR—= R N VEHEFRNTIC K o T b7z iR o
BIR g & AR DR RS B L A S hE D Z &k, Bk
AR O AT

9, A2 R THBZERIERFAICE > TAB SR T
WD IR E 7T m OFAEMIEE T /L [DEMNAS] 75 % 57
Fase A ERL L, #3587 LY X (STA : Masoud and
&ﬁq%ﬂ)%ﬁﬁ?é’&f) =T A M AT
(E3X). Bon=) =7 Av boaflnG, 77U v RiE
ﬁm%Om@&r i~ v FEMER L, NAR—=ART b L
B ORATRE G & e 5. T OREE, DAV A MEEN
FVMEZ R TR GHUEALEREIL ) =7 2 > MY RBE DK
TUVEIE B L TWD 2 ERDb Y, EED D O BT
RO FENRRHE & 72 2B K MERHOFIEN TR ST,

F 72, PaGF TiE 2020 4F 7 A XV, YEEMT FHE
#+ Cd 5 RAD7 (DURRIDGE ) # HW /=g Ao Z
NUVBEDOE=4V v 7HEEHGEIICERm L TWD. F
BEEFTIE 17 8T, IRIR7R CRER O BRSOl 28 s 72
CITRER 2 m OFHIFEZHRE L. 2SATOEY T K
VIREEITAY 2500 Bg/m? TH Y, RUL G v UMOTEELR
M T & D Wayang Windu HIZMIR L le#ed 2 &0t
FEDOfEZ 7R L TCW5 (Heriawan ef al., 2020). T RUEED
AL, SR A AL O IR R M ED N AR L0 b
WMEZTRLTEY, ZHIAA23—227 FLVEGIRET
V=T A MO REEENTHD. UEOERE £
LD L, PaGF (2B W TR 23 =2 2 HU B4R | -
WTH D AHEED .

5. £&H

AWFFETIE, FEBEGAFITIC LAV HE T ol
Bk 2w I 2 E 2 HE L, MADOKE
AT RV %ﬁﬁ#é%ﬁ@ﬁihﬁvms%%ﬁb
ZDHEMERMEE L=, VIBS & LSU %2#4& L7-f#iric

0 il U7 0E 2 < o BEm o Bk i & — B L, Hﬂ
WOBKFKEET NV EDOEND L, MEFRICKES LT
WA Z ENFERTE ., EbIZY) =T A2 MhiERT R
BEIEHE DR R L OFEAITE Y, gl 8 H
BGRARO LRI TH D Z LSRR S Tz,
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1. [FLHIC

SHLR O AL & mE AL & B Ui e & ORI, 3
DOOEEEBOMTERITE, %7 7 7 TFICHOW
DRI A < TIBIRY R 7 — > ) ZoRd. Z o ARy«
H— 0%, BEAMHE (OV = ore value : &)@ Sh7 X 4@ k&
oFn) & RFEHLE L OFITIE, B4 (PGE = platinum group
elements) LR 2 & Tenva £/ WG R R Y LD, &
ekt U, E1bH (ER =enrichment ratio : 4 )& &L{7,~ Himk1F
EEOR) L BHEILE L O TIE, ASEIKREZEE20
LAY SEo, ELeEA T REIC Riziho B 7p X
2= PBNS. ZOBH % Shoji (2020)i% PGE SLK D E 1L
PR OFEFRDOILIRICIE R TRE IZEm W=D & L, TR
K& LT, 1) PGESLROHEPHIRFEM L, 2) PGE D
MR DNME T & D alREME 2 2615 7=, ARAFZE T, 2
DOAREMEZER D T2 DI, BEFEEK D PGE Oy — & #ffi-
TZ DRI Z T, ok, SRIOMBH %I,
Os, Ir, Ru, Rh, Pt, Pd, Re ® PGE7 JtHLISMZ Ag & Au
bz iz (EFIER L WAITEORLEE T, FHET
1%, #5 Ao 8~12 ED Ru, Rh, Pd, Ag, 6 FEHo 7
~I12 &P Re, Os, Ir, Pt, Au).

2. @BHT—4

A BIOFFSED B B9, PGE SERO E{LLLAMLOFERED %
U TRFIZE N EOFRREHTH D, LT
KEERPHER S & VW O B ARICEfR L, T2 &2HEDD
TEMBY L HITE A%, L LHEREE O PGE 2471
5 HMNE, FOREOTENEIERS E 205D NGO
HIEILHE S HAN L DI L, KEIZE L Tz DE
FEREOMRIZFIALE S LT 250 L ko TE T
%, E7m, HEREEIZ WRMEOEM T, WIERCIT KRS &
ERETH. 22T, SRIOMTHEEIE, ks O PGE
W&o T2, 51, M7 7 Y 5O Bushveld AE AT O
RIZRFEEND L 91T, PGE LKA Z DL DD ETE
TRELLEBAENSZVWEEZ LN TWS. LvL, SEO
TF5EH A, PGE ORI ERE 2k -2 i3 5 2
EIRDT, DX D72 PGE JEIK & 72 - T B Ks Do
TR SR LT,

fEAT T — 2 B D T2 DI LTSt oBIE 31, D)
5 Si02 & % VW ME MgO DT & & Teia 3L 28 24 1%, PGE 7

E-mail: t-t_shoji@jcom.home.ne.jp

—HDHDIHILN TR THD. SiO DHHENR S 2 5T
WAFRLDIE & A EIXREDHENR G 2 HILTW 5 DITxt
L, PGE LISMZ MgO DHHED A3 52 HL TV S

NS5EboT., ZNHOWMIXTHNEN G 2 b Tz
BOKEIT 792 TH 5.

3. #EtoHm

% PGE\Z DWW T — & 0 BREAHEX & 26 1 IR
. HRSlE L, OO MENEY T S LR ORHER
RTHD. HHETIHRLRALLT ) LS TH DB
RTRBMBEE, LV EICTey hEaRD EELT,
EL OB A=, Lzl -> T, ZOLEmORLY Eo
MmO R SN E0EIEERT. LovL, EBEORHEREMT
THRIZ L > THRRY, EMEIVAOEELH L. Ziuk, £
U OOME & MR IR A OB O 4 & ORER, Z oMo
L LTSN TWARNWI L EZEERL, 20 o
D RINTEERIE S SHERPFELS oo TW BB MRS L
N,

%1 L, IERMEERT, BAS IR OREORET
b5, Lo 7T, B ETRIDEROIESIE, 207 —
ZIIRHBOER S e T LT E 5. A RFE bEMIR
WA TND STV RN, ERTELT S5 2 LiF#Fs
NHTHAH. FEEE, RFIORESRE FHREERED 2 F)
1%, Os 7% 0.94, Ir 7% 0.87, Ru A% 0.86, Rh 7% 0.97, Pt 2% 0.99,
Pd 7% 0.99, Re 7%0.92, Ag 7% 0.95, Au 3 0.99 &EW. *
T, KRS EEATELL, TOEEXNLE LN DR
POEH DA OYE) 2 RD T, HFHNTEE (ppb) X, Os 73
1.3, Ir 72303, Ru730.7, Rh 2302, Pt 23 3.9, Pd 2 3.5,
Re 7 0.2, Ag 7255000, Au72¥3.5 T5. ZHhb%, Shoji
(2020)? Table 6 THIHA S5 16 B OIHkOME (B SN T
WHDIE P, Pd, Au @ 3 JLHRED, I TIEEE® 9 it
F) LHET D, P, AglEBERICE VO TR B
T o 8§ IEEFNEIUTHONTIE, SHEELNETR
TH, TNOLORNERROMIZAS. £ 3CHE L 4 E O
BOHEDVHOYE = R 5 &, FEESR 2000 M5 IH L
TV V% Taylor and McLennan (1985)DAE 23 e /)N T, 6.6 ppm? C
HoT.

3. Si0 & & U M0 & DHERS



Si02 & % 1L MgO Z 4K, 4 PGE D& A EDRE % it
T B X AR 7=, 20 S OB oA BRI, Bl Sio,
DBE, Os 73-0.53, Ir 73-042, Ru 3-0.40, Rh 73-0.47, Pt
23-0.05, Pd 73-0.07, Re 73-0.05, Ag 7% 0.67, Au 73-0.09,
MgO DA, Os 75 0.62, Ir A3 0.71, Ru 2% 0.68, Rh 25 0.49,
Pt % 0.16, Pd 7% 0.00, Re 73-0.20, Ag 73-0.70, Au 7% 0.07
THD. FABMREOMIHEN 0.5 28z =01, Si02 1Zxf
LTiX0s AT, MgO IZxf L TiXOr, Ir, Ru, Ag D4t
FTHDH. WTHUZL ThixbHEEADE D> 72D MgO-Ir

DHAEED 0.71 T, EpHmIeEk & PGE & ORIOFMEB LG
ELTRWERRIND.

% 2 KT Si02-MgO DAz ~d. —fAITHED LT
W5 ZOFEDX & EET % &, Si02 & MgO A DO %Z R
TR U TH 223, Si02 AMEL< MgO 23/ (Si02<50 T
MgO>10) ¥ 7 v > b ENTVWDENE . 2L, &
BloZ <0, HEHREB I OEESREEICBRTL 2 2 EK
T5. FEEE, SiO ONHHEN G 2 Hiviz 391 RELD 5 b,
Si02>60% 7% 9%, Si02>70%78 1% CTH 5. £iz, MgO IZ
B L CIE, MgO < 10%7%% 52%, MgO >40%73 19%C, *
OO DFREA D720,

/
4. FLHESRDEE
37 L1
—-0Os/ppb
Ir/ppb
2 F ~&-Ru/ppb
Rh/ppb
—-e-Pt/ppb
1t e —o-Pd/ppb
-e—Re/ppb
° =O=Ag/ppb
3, —o—Au/ppb
%) 0 o
<
&
2
= -l |
2 F
St Histogram of PGE
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Concentration/ppb

% 1. PGE 73#HrE D SEEX.

14

31 OBERFH XN S8 Lz PGE 05T — & & 31z,
T OFEHHIRHE AR, RO mE BT,
1) 4 PGE T —ZICHEEHNA 2L LD TH LI
) (ppb) I, Os 28 1.3, Ir 28 0.3, Ru 2% 0.7, Rh 23 0.2,
Pt 73 3.9, Pd 7% 3.5, Re 7% 0.2, Ag A% 255000, Au 7% 3.5
T5.
2) SiO: R &% PGE &, MgO ¥ L4 PGE & &
& D OHBIIFR Y.
AEIBRLIZHXOKIT 31 EEONTWS. £72, AX
EPT FLizk o1z, #Elo Si0: = MgO &4 &ITHARA
AT D EADZEN D] @mfﬁ ROFH->TNDHED T
H5. EROEMZITRET 720103, b0 HEERE
LT, &bic%< @i@:%ﬁﬁﬁ#éz%ﬁ%% 7.
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Modeling of a distribution of structural shift parameter of alpha-Quartz in
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1. [FC®HIC

LT AL VEERICEE 92 B IS REAE R D DB LT o
[EDOIEE Y 7 F R8T 2 % — DD D 4yAh & MERFE G %% A
WCTET V7 LI EOER, afided DI BNEKROREE
B> B AL RIS A CEE RIS N A 2 R T E T L
P HNTZ. 2 OFT VA REL OER SRS JOHE &
TR TH D EEZBNTZDOTHRET 5.

2. TREFE

a i G Lo b RAE O Y v 7 VIR B S SFAE RS R O #E 5
NOME L., FH U TADLLNEE LT o 52D DI I
RIETAN-fp (Izumi and Monma, 2007) Zfdi [ L CHEHT L
7=. DI OZEREEIINY 47T 2 HWTHE LZ. 1B
AHEIZEBIT S DI OSARIE RY 7 N & EE LEE 7
Y X7 (Mathoron, 1973) ZffH L CET U v 7 Li=.
KU 7 MBS RGOy 7 7 FREEE T L3 LU
BT = ERFICANWZ. PRIZY y KT —2E NNy 75
FEEEET /L1 20 T4y D 1 HARY — AL AMUER V2 (ER
MHERAER G Y ¥ —, 2021) 12 LD EEERT — & 0
AR Uiz, BEE T — & 13 SR B A A T L
10m A v = (EE#PRE, 2021) 2HAER L. Ny 77
FEHEET L EEET —Z L aadED DI T—X LRI
v RF—=ZZNEFNITHEEG Lc. 2ToT—X X BRI
% 2000 % IV RIS L=, 7V ¥ 7¥5F R (kahaand
Gentleman, 1996) & gstat /X~ %7 — (Pebsma, 2004)
EFRWTEIT L. Bon/iiEs 7 bR A X —FT L
X Google earth (Google, 2021) TFK/RL7=.

3. #HR

HISHFEREROY 7 (19 {H) 7B L7 o fi3E
D DI 2.06~4.84 172, afitid DI L& KU 7k
OFBAEE 1 KITRT.

45
45

DI {au)
DI (au)

o |
o

50 100 150 200 250 500 1000 1500 2000
Height (m) Distance (m)

%1 DI & &DAHE. £: DI LEEE oM. A:DI &3y
7 7 BEEEOFEBE.

HERPNED 1422 SIZOWT DI 2@ 7 Y ¥ 75T
HIL7=#E %, DI = 1.131~5.723, Var = 0.1946~0.3601 &
72o7=. DI /5Ai€T V% Google earth TFx L7-fEd %
2 IR

Google Earth

% 2 Googe earth T#/k L7z DI 0AiET V.



4. Fik

HG=FAE R R L R - B3 2 [ ik A e
HThDILEHEMAREICBET 2 REZEOMMMETHD. b
HBLOEEONL—T X2 M~V AR E ZER, &
DR E ST AR TH D AROBR~4E
BEIKAE d S LA E B VT I D YRS TH D WREME N TR
ENTWD GEA - R - JCE, 1979). 77.1 +/- 2.5 M.y.®
K-Ar RERFERZRT GEH, 1979). WL, LV H0vE
HESHTWD h—TLENBIERE £ TOEMElER

BEERERTH D BEEMNASEREBEL TN D
(Z - FrE - B, 2004). FRESTIE 34.0 +/- 2.7 Ma @
FT FRBELNTWLIERBB LW 27.4 +/- 1.9 Ma &
27.1 +/- 1.5 Ma @ FT FRANELN TV L HEEE & R
A95 (AR, 2003). BIGFIE AR OILSICIX BIGF#H L
WriE (5Ff, 1966) 2STEAE LR ILZEdEAMiE LT 5.

a A58 DI & & EOMBELZ R LARERN DNy
7 7 iElE A OB E R L.

w2 )X IETESNE DI ST T L ClEa AR
WD S AL VEERIZ 23T T DI 23Sl & < 72 o7z, Z X
ZOHMII I~ LBEIFOA & E5e Uiz fs R, &
JeiTH AALEERIZHENT T DI S REL o LR T&
5. ElZOMASLAIIAISFRENSE L THDLZ L L
PR TH 5.

X W

Google (2021) Google earth.

Thaka, R. and Gentleman, R. (1996) R: a language for data
analysis and graphics. Journal of Computational and
Graphical Statistics, vol.5, pp.299-314.

Izumi, F. and Momma, K. (2007) Three-Dimensional
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A AT H 1R (1966) [ 1L R EE ET B R SF X Y Miogypsina
kotoi HANZAWA ¥ R, & [# L JEA O Wb 2 5 =%
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integration of geophysical data and rock physics

Yusuke Ohta*, Tada-nori Goto**, Katsuaki Koike***, Koki Kashiwaya***,
Takafumi Kasaya**** Hidenori Kumagai**** and Hideaki Machiyama****

* 400 R OK SRR B B B S A ZE R bR 3B K LA 9E 2 o # — Earthquake and Volcano Research Center,
Graduate School of Environmental Studies, Nagoya University

E-mail: ohtay@seis.nagoya-u.ac.jp (Ohta)

* LR RN R R P A M B 2IFZE R Graduate School of Life Science, University of Hyogo
IR B R FEDE TP JERE Graduate School of Engineering, Kyoto University
*HERPERTFSE B S 14%4% Japan Agency for Marine-earth Science and Technology

F—O—F BEMKIK SEYEETIL, EXRGEE
Key words: Seafloor massive sulfide deposits; rock physics model; electrical conductivity

1. EDE=R

EIRBROFENETETHML TWLERICH - T,
T3 E O Y AR KK NI 2 BAFAET D B EUKSLR O
BRFEDNEEN TV D, FURBHFITITHIE - BALIZONT O
FEAM MBS RSB L A B8, WK TORE - EIFHA
EREETH Y a2 Fh@EmWizd, BEomh & LI 5 )
ICTE DYHEBEEDOIEHNB AR TH S,

W BRERAT 1A 1 R O B BRI IE AR E AT & bl -2
ERMTH Y LR O TG AR TE 2 RIETH
B3, Kif, PG TE 3 DMMIEROLTHY, THIE
JERLFLIIRAR &\ o T AL A S BRI AE DD 0.
FEEE O BRAER R D EE R A BUG T 2 72012i%, %t
GBI DS FH OMEIRICAN LIS 0BT T L 2R L, %
D2 DINT A—F ZEINRET DMENH BN, HHE
BOKSLRICBWTIIE AT T L ORE, FORKE/ T
A—H DOREIIRBROFETHD. £ Z TRIFIETIL,
WK TP T 77 0 — e aEE T V& Wi
JE T4 BB IR EOFHLE BRRIR 23 7 7=

2. EXK

AMFEOFHTRIERIT, BAROUEBOKIEEE By
PRAR HiE) 123\ TR SN EESEEOR L TH D
Ishizu et al, Q019)DHIKFL TS T 7 4 —ThH 5.

High-heat flow zone
—
a
( ) South SBC HRV NBC NEC HHH North

940 T —+ +— T T 5
E
4
D
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1. WEBUKIEEIE LY N 25 7 + —shizu et al, 2019)

3. EWFE
Ishizu et al, (2019) D LLHGHIWT A B LT 2255 & il
H L, & HHTE R % L Pelton D3 (Pelton et al, 1978)
L{EIE Archie . (Katsube and Hume, 1983) Z#& L
TrRoEAmEET L (K1) 2#EHAT 22 LT
B EREEEZHE L.
xF -1

F
g1y —p— 1
%l H( x o, 0, +xF(jwe)¢ % )

SME [mol/cm3] = 0.0004 exp(3.39x) . (2)

IEL, |op|iF e DEFERBEEDORE S, FIlaha
DNEFBRIZIRIZE T 2 EHTH v BB Rp & Edumx M
WCF = ¢ ™Mchzbh 5. o, TFRATE A o
BRUAEE [S/m], ¢, /3MEE Archie DX EFIEEIH|IZAH
WS BHNRT A= THD. wITABREE, X okiz
% LHBET D ESR, X Cole-Cole parameter TH Y,
XL PRAR & BALIE W D3 350 N C BT k3 2 S 1
BT 57 XA —%Th Vv, HMIZHLIY ORI
4 5. SME (Summation of metal elements : & B TTHEDE
FENCBIT 2 QITMESVKILR D5 A7lEE 39 71
T HEBRNOEONTRBATHS.

WS M7 T 7 4 —OHRHERITQ) D| g | D%k
ThHEMINTEDLDT, AL TIEIxERD D701
VDD RT A =2 ZRET DMEND L. Pl ITIEHIT
ETHOLN TV HBEORBEORE S 07 7 A4 L a
TEERIL TE X7, 0, lJREORETH D20, WETD
IREREE AT L, Sinmyo & Keppler (2017) 0 B iE 5 %
SEIIRE-BLREEEOFHBEBRREZIE L TRk, @
I BELERE OBLIE B B RO T2, g, LCITE AT X
T 5RO T A —F OEcHEE 2 FEUEITED 7.



RIEFRANTED D DNRHE LT A —=FThH D, REME
REC T 2ME P OUE D F KA max T[Cl, m, B&
VI T DR D NS — & 52 7.

£
£

# 1. R RTA—4

max T m logye(e)
Analysis 01 350 267 0.956
Analysis 02 2 267 0.956
Analysis 03 350 267 2.000
Analysis 04 2 267 2.000
Analysis 05 350  1.78 0.956
Analysis 06 2 178 0.956
Analysis 07 350 1.78  2.000
Analysis 08 2 178 2.000

4. FREHTIER
1 OBEMHT/NT A — 2 IS SHRpE (i) Ak
DEBAVRHEERS RITH 2 (R T LBY THD.

2. fRMTFER. Fe, Cu, BX U PbiZENZTH N OLRET
FENRETH—DORXRTHLILE] ORABITE S BIREZ RS

SME [mol/m] Fe [t/m] Cu [t/m] Pb [t/m]
Analysis 01 510.555 2.85E+04 1.62E+04 1.06E+05
Analysis 02 609.785 3.41E+04 1.94E+04 1.26E+05
Analysis 03 379.914 2.12E+04 1.21E+04 7.87E+04
Analysis 04 521.543 2.91E+04 1.66E+04 1.08E+05
Analysis 05 298.232 1.67TE+04 9.48E+03 6.18E+04
Analysis 06 495.994 2.7TE+04 1.58E+04 1.03E+05
Analysis 07 158.091 8.83E+03 5.02E+03 3.28E+04
Analysis 08 363.627 2.03E+04 1.16E+04 7.53E+04

IDHL, RLERENSLHEINTMEL, kbd
R HESNTAERTH D2 2D Analysis 02 £ 07 12D
WG, fRET SNTCEIEARER A X 2 12T

5. ZE

Analysis 02 & 07 OEFEDIZE 20@Y 4555 ThH
5. ZOXOICHEEMMS KX 2B R~ TIREE, (DT
RENDELAOBLRLEENTE LT {1) MK (Buk)
WL BERME (2} FEWIC L D ERIGED 2 REDER
EEIZL>THAIEN TV A D TH D EEZDND.
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Analysis 02 D&/3T A —H &40, AKRMEL, MO
FRDBMEBRAKIZ L 2 ERCEEZHAELTRBY, Embin
WM OBBEVEDFFE TH D FERLIMNRELEERT 5.
ZORIBRFMETTIE, BUKIC K 2BRURE OIS <
20, EREAMNSELZLICLAELSEEEOMED
T TN e D, WIREEREREZTAT 57 OICE DT
Ta&EENRKILSND. —F, Analysis 07 OSMFTIT,
BUKORETE <, BIREBIIMBKIZ L 2 EKBEE L
BRIREET, FEERLEWZY, BUKOEXRES T
THWENO—HHEIROEEEZHAT L 2 ERAEETH
21F 0, EREFENIE L2 L CERIGERE IIREMIC
M kT 5720, IR 72 a R B TR T IR BT E
HHTE WA LEEXLNS.

6. £&OH

AHFFE CIIHER BRI TR £ DR VKSR D4 )8
GIREHEE LR Y B, WE IR NS5 7 ¢
—ZRBICEREICE R T 2 PIEE R L. ZORE,
WERRA FIEO B X VR T O REIR A 2 /iE 5
ZENHEEL Y, FOHEREIIE N DO TH-TZb D
D, TBUK-FALSES ) D L — R4 7 BNEBERED K/ %
AL TWD Z EDRHALNE o7, S HITEREIRE
HEDOE=DIZE, RODOE T A—F OFYERGE, 725
WNZERED ETREZRD L FIEOHRERENLETHD.
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Possibility of crystal structural refinement of thin-section
samples by using wavelength scanning X-ray diffraction
method
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1. [FLBHIC

WRAST X BEINEIISEA - BARBRCEM AR
—HAEIMNES Z LN TE D70, HAREO F £ I
CRETIERANATRE T H 5. FEBEIZ SPring-8 % VN T, X 440%
YO EBEOREIZHN N TWS (Haglya et al.,
2010) . LU, RFEITE T O BiFESE & 1380 v, 222
OEPTREEZRET D Z &R TE RN, FPHHE & &
TN LOHIE CTE R\, 2 D728, ¥ B OPRTE D A e
ThoThH, MERELRTIENE S DI ARH TH - 7.

ZF ZCAMZE T, B2 0. 3mm @ Forsterite MgeSiOs, [H.
J7 iR ) HAERREHI R L C, Mo EIPrEE &, 20—
ED I Z DT 6 TREEREL 21TV, W ORGEEIT D
W, i a1To 2 & & LT

2. Fi&

FEm A IR0 11T 5 ol ZER BT M D 45° BNTWT, 20
i = L NE DI THEERT 5. £ 90 = 0°THEE L, wlili &
0.5° FTOEERSEARNLENILL, -105° 2D 75° £ TOH
P C 360 ML D BIPTE B % s L. @EEREEIT—Alc o & 15
WThd. IhEk 1By L, %k 60° , 1200, 180° ,
240° , 300° X THF 61y b 2160 DETHEE % ik
L.

%1 EIE/ e g ek

SO OBPHRED > b, HKAITHEZLD L O
AL, BERGE R T|F, 120378220 (|, |2) D 3 L b/h&
WHED BRI LT, ZDHEET D DOEFY L, FHfE &
FRED AELL EEEN T D LD BRI LT o BT S
METHOEHL, FHEHEHRORRELZRE L
7-. Forsterite DE TR mmm DT 0 2% H DD T, %



flisE 8 fHd 5. S/ b DIXT X TEY L, 2 222
DOEPTHRE & U THER SV,

AR b O & )T B R4 ZE R O BT EE T — & )
5, SPring-8 W75 v F 3RV RICHY 5 BEHTED B %
BINL7Z. 77 v bR OKE ZIE 100mm X 100mm & L, /2
TAJF AL LT 50mm, it 40mm /54 B — S duDIcA E L
72, TRV —#iPHIT 20keV~30keV (JEF 0.4133~0. 6199
A) & LTz 5 Ta,b,c X7 MV EZN T, y, 2l b
BE, CNZOAE L L. ziihz X $Ro AF G E
L, xillh, ylili & £ Ean, nEERSE TR LA LR L
7o AT ¥R DEFHEWD, TE L2 KKHEA LN
SRR LT

3. BERBLUER

[P R ORKE T, 41 EHIL a=4. 7587 (18) A,  4=10. 202(4)
A, =5.986(2) A, 1=290.59(19) A® #57-. 22 OF —
4 (L 304) CREIEREZEAL LT=AE R &, B A F 4% 90mm i
fnSir, = 13,1, = 38 (VDT — & (KUH#50) THEEHEE L
L7 RE IR Le & 2 A, —BALEDOBERIF T Dz ERED
HPMFHERZED 3. 4 5L 720, 3 fFailE 2 Tz,

20

[ TE 78 ] ORISR AL O T4 Uz — R AL E OB SE Dz
JEFEDFEFRA & DOFLED b D) &S 5 729012, 2220
DT —& (4L 304) THIEREL LIER &, 1 2 TR
90mm #EEE ST Nin=13" 1, =38° OF —& (4L 50) THEE
AL LT 0 b 5 R TR 0% & BEEE 4 SR D Thelgs L 7.
T2 L, TRTOMEIERED PR EERAZD 3 5 DHFFANIC
INE -T2,

4222 [H] 90mm 7

Mgl 01x2 2.084(3) 2.095(7) -0.011(8)
02X2 2.068(2) 2.070(6) -0. 002 (6)

03X2 2.135(2) 2.127(6) 0. 008(6)

Mg2 01 2.173(4) 2.168(9) 0. 005(10)
02 2.049(4) 2.038(8) 0.011(9)

03 %2 2.214(3) 2.228(8) -0.014(9)

03" X2 2.068(3) 2.043(8) 0. 025(9)

Si 01 1.622(4) 1.616(13) 0. 006 (14)
02 1.661(4) 1.664(7) -0. 003 (8)

03 %2 1.637(3) 1.661(8) -0.024(9)

472 90mm 7%
Vgl B 0. 43 (5) 0.52(13) -0.09(14)
Vg2 x 0. 9914 (3) 0.9915(8) -0.0001(9)
v 0. 27739 (17) 0.2777(3) 0. 0003 (3)
B 0. 44 (5) 0.43(15) 0.01(16)
Si x 0. 4264 (3) 0. 4252 (10) 0. 0012 (10)
v 0. 09415 (12) 0. 0940 (3) 0. 00015 (12)
B 0.32(5) 0.38(16) -0.06(17)
01 x 0. 7672 (8) 0. 765(3) 0.002(3)
v 0. 0917 (3) 0. 0932 (7) -0.0015(8)
B 0. 48 (7) 0.8(2) -0.32(7)
02 x 0. 2225 (7) 0. 2222 (17) 0. 0003 (18)
v 0. 4469 (3) 0. 4460 (6) 0. 0009 (7)
B 0. 44 (6) 0.34(19) 0.1(2)
03 x 0. 2778 (5) 0. 2765 (16) 0.0013(17)
v 0.1631(2) 0.1631(5) 0. 0000 (5)
z 0. 0332 (5) 0. 0280 (15) 0. 0052 (16)
B 0. 49 (6) 0.63(17) -0.14(18)

2 72 & RAE ZE ) OO R RS 5 L SR oD PLe

(EAERZEDS (20) LLEDOH OB A LT LHTIZ LTV D)

%3 BZEH THIERE L LT & & O OfE A B & BREZE
[ TRE RS AL L 7 IRF O OfE A Rl & o i

ZDOZEDD, RIS E > TIER LB ETO
HEREELIEETH D EEXLND.

FBEZ SBIC LT 21003, v A7 ERE2 S 618 15,
HONITZ Ty MRV EHERT DR EDOLRPMLETH
L EEbNS.
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Improving Spatial Resolution of DEM
using Slope and Aspect by Super-Resolution Technology
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1. [FCHIC

DEM (A% &8 7 V) 1X i\ o fRhe e & DI g o
FENT 23 AIREC, B fRREL. 0D 7= 6D 0D 5% BT i <o i 7 1
DOBRFE R ENTOILTWA. T, REFEIC L 5 BRE
B DOISH & LT, DEM D@ fFRelbniidZ 5 Tins.
Bl 21X, BT Chen et al.(2016) %> Xu et al. (2019) , ik
TOFHE(2019) R H EIED (2021) 72 E¥dy . ARRFFE T,
HRARM 17 IZ SRCNN (Super-Resolution Convolutional Neural
Network, Dong et al.(2014) ) % i\ C, DEM O3 fi#hE% 5 m
26 1m~EmoafRRetd 2 FIEERE L.

2. BNt FEET—42

SRCNN (X CNN % F TR BE O & & s fif {5 B oo T
BORRMEZ BT 2 2 L2k 0, BREE O S D&
IR DS 2155 FiETH 5. SRONN [ZH I H (1 —
FIA R 9x9, 7 4 VH —H64), M~ v B (11,
32), FHEEE(SxS, D) o&EHIE LD 3 BOEIAKLE TR
N5 (FE11X).SRCNN O 7 L— AU — 27 (Z1% TensorFlow,
a7 7477 VIZiE Keras, 7’07 7 LB Python %
AW, ERRE(RICIZ, DEM ZEHEH WS DTtz
DEM 7> BAEAE AL & AR %2 R T HSV O BZEMET v
WAL, SIRRE(L LT, DEM % EEHE 4 5 7207
EERW, F=FITEERBAR L TWA55MEE 1 m
@ DEM (JLJE IR, 2020) A 200 X200 m OFPHIZHSE L= b
D&, FEINT Sm OSfFREIZ L2 b O & %528 HIZ 9000
v b, FMHIC 1000 & > b E1ER L THWE.

FE O E LT, 5m 2fifaE? DEM % Bicubic 1£IT &
D1 mBEBICHEILZDEM ZHE L. Znétd 1l m
SIRBED 2 FEFHD DEM ORI &R R A KD, Bk
Fhr HEH), EEEZ VEFE) 12514 T, SCEE) 2 H
FELTHSV (ZEf 57— & % /Ek L, RGB @ 3 ch IZ{EAEH)
IZZ5H L C SRCNN OB Z W, 2 b I3 EgIc i
T2 &4 ch 23 256 FERICEHUL SN TIHERDE L H 720,
0.02°5 1.0 F TOEBTHENE L. T LOFEEHEZIC
SO 5 m /4y fERED DEM Z RIRRICE#B L CTAAL, HE
RBE LTELNEEOREED HSV T — X ) LA &

fEA R AR D, FEETORET—Z L Lz, ZHIZ Sm
A ¥ 2@ DEM ORE @l % 258 Lo i T — & 2% ¢,
[EHEE 7 1 7' F 2 BS-Horizon (3 % 1E1E7>, 2008) @ VB ki
T % Terramod-BS G AIE />, 2012) T 1 m @ DEM ZH#HEE
L7z, F72, WO DICEHEEEZ 63 IER G Ae0
ERE & E D S DEM 23532 075 (65 2 K(e), 6
3 [M(e)) X° DEM O 4 [ELHZ SRCNN I & 0 &4 figaefkd
%05 (8 2 [K(d), 33 K(d) 72 E BT 7.

3. #ER

A REEAL DR R OFI 25 2 IR T. % 2 K(g))> b 3)
W, R SR E AR T HSV 7 — X BRI L2 b D
TdhbH. %1712 RMSE(Root Mean Square Error) & PSNR
(Peak Signal-to-Noise Ratio) Dl &7~ 3". DEM % BN &
IIRREAL Lo RITFRZEN R E WA, TN LMIHE VA
Do, R &R RIS AR L s
LEWZ ERbhrorz. 43 K 3 Rt Al f] 2R3,
RGO EAERIRICE B L7 F MU ORER L, Ehelo
HENBENBES R TE WA I ERbns. 2B, &
SrfERel U R AL &R RHR ) DA & & EHEEH R U 7ol
BT, HORNSEGIEDOTE NN D 5 Z L3 biroTk.

4. BhHYIC

IRBDOREENSIE, HTEOREE N S 0MIE R LT
b aZ LzaiHt T 2MME, ERHORRE(LEE RN
ELTHRTZ L ERiEE T HBMEICE D E NG E D
BARREWRENTZ LD LEEZS. 5%, BEiEn(2021)
RPN HD LIRS FETORFBLETH D, A
7213 JSPS £t 21K11905 OBk E 2% T7-bDTH 5.

B1FR moRREL ORI

il SRCNN
) o BRI
Bilinear | Bicubic | D> f @ﬁg;% R
Horizon PR erramod-BS

RMSE(m) | 0.252 0.283 0.248 0.451 0.250 0.239

PSNR(dB) | 77.99 77.00 78.13 72.94 78.08 78.47




Aspeé 4 Low-resolution

“Q | Aspect & Slope
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il &
v A
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’ SV

Resize Feature Non-linear
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| B SRCNN
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High-resolution
Aspect & Slope

(output) I DEM
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W2 A RREALOE] (SRR 2 m). (a) %82 1 m @ DEM, (b)5 m @ DEM, (c)Bicubic fiffl, (d) i/ fiaeb it & L&), () 4y
RAERS B (BRI BLE &N LR, () B0 RAER: B (BRI BLEE N DEHEE) , (2) 4fFEE 1 m o HSV Hif4, (h)5 m ¢ HSV Hifg,

() B e bR R HSV Eif%.

@ (b)

m =0
%3 RO 3 WILFR . (a) 72f#EE 1 m @ DEM, (b)5m D
DEM, (c) Bicubic #filf], (d) o fifselbit i GEm), (o) morffaE
(LRSS (R T - ' EARE DFF), () Aofifae bl 5 (R
FNL - B LA D HEE) .
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Changes in geological boundary surface due to differences in interpolation
methods for alluvium
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1. [FLC®HIC

A, E LA DT D TARFEEICB N T, FHEEE
BB - ARG D Wt ET VA EAT HZ LTk
Y, e TEERE - HERFEHLELRE 72 It W T =woeET Va2 H
WCBREMOEWRIEE 2 RS T 2B AP ED b
TW5. U - R 2 FAERRIC OV TS =)otk
HZMERH Y, EHL@EE (2020) 12X ->T [CIM A K
T4 v (R) F1RLER] & L TR ET L OMER
FiER ENFTEHIN TS, FHA KT A 2 TiE, =kooHt
BET NVEVERRT BRI 2 SR im oMM Gk &
L T, NURBS, #i#i{b5i#, Minimum Curvature, Kriging
ENWEAGIE LTEFOENTWA. L, BEREHEE 5L
DEAEIZ SN TN SN TWRVIRILTH D .

T T, AFETIIMBETE CEESINZA—V V7R
BRERA S LD, MBI HIEIC L o T EOREHERERICE
{ERNEC 0% Lz, [CIM A RT7A4 2 () # 1R
] BT O DHIMFIETH D REELEE,
Minimum Curvature, Kriging ® 3 fli¥H & HifF 72 & DA
IZFIH &N 5 IDW 2272 4 SO iE%E v & O
HEEAE TN E DY 8 D D2 Ll LTz,

2. ®HRELI=T—4

WREBODAAT D e R E Lz, dRE LR —
Vo 7T —200%% % 1 R@OICKHEE/HRE & HITRL
7. S RHPAIT 2.5kmx2.5km OFPATH 0, HEEICH W=
A=V 713243 RTHS.

RREHEAELEE/TA—4
WS RS I AW E, WECER LY
N =T B X ORISR E Lo T A —X 2Rd. 728,
FHRIEHE TR 5mx5m, #7-%% 500x500 & L7z,
- Kriging : Surfer(GOLDENSOFTWARE,2021) % fiv>, #f
BN T DORT A —F % iz,
drift type : none, data : all
* Minimum Curvature : Surfer(GOLDENSOFTWARE,
202D % UV, HEEIZIZLLFO/RT 2 =& & [T,

Residual : 0.01, Iteration : 100000,
Relaxation factor : 1
« BoBEALIFE : Terramod-BSGRAIE >, 2012) % VY, HEE
WZITLL T DRI A—=F W,
Mx : 50, My : 50, a: 100
« IDW : Surfer(GOLDENSOFTWARE,2021) % f 7=, #
TIXLLF DT A—F .
weight : 4, smoothing : 0

4. HERR

HEE L7255 miiX 28 2 @I L, R—U > 7 osifg
ERS1EST jﬁob\TUrﬁl%ﬁfﬁJz LR E5E 2 MOITRL,
HERRER—V THSICBITDE DDA NS T 0%
% 2 KR,

W R IFZ W TR OFEERIZB W T H R E 22 bIER
HHENRV. EA RS TACBWNTY, IDW A& HAR—
VWS RS Z L BT, RO A 2T, — 7,
SEHEBNIHEE TIEIC L > TEDOBIRDNRE L B b,

5. EhHYIC

AWFFEClE, WEEEICBT 2R — U 7 PR R 2%
Gl L 4 >0 FEE A THERRICED X ) 7oE
WRBH B Lz, EORER, A—1U > 7SO L WG
NETIZREBEOME 2 RT 2, R—U o 7 HS N 2R WS T
WERELSEBRD Z LRtz 5%, FHEETIED/AT R
— 2 BB SETEBER EDLBEITV, Il R E B
D_EEITHITETHD.

Mk
GOLDENSOFTWARE(2021) : Surfer.URL : https://www.go
ldensoftware.com/products/surfer. (FEZXH : 2021/5/17)
E 122184 (2020)CIM AL A KT A > (R), HEWE,

120 p.
IRARIETE - B~ 51 - AR E —(2012)Terramod-BS : BS-
Horizon % #Hl7iA A T2 HUE B R HEE - 327~ Visual Basic
7'v 77 A, vol.23, no.4, pp.169-178.
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1. Introduction

Geological/geostatistical domain definition plays a
pivotal role in mineral resource modeling. Machine
learning (ML) techniques, such as cluster analysis, has
been gained notoriety in earth science for their versality
to furnish tools to handle sparse information in wide
areas. ML and field studies can act in concert to improve
the understanding of geological phenomenon.

This study aims to apply hierarchical clustering
analysis (HCA) to a real geochemical data set from a
low-sulfidation gold deposit. Such type of deposits
account for significant occurrences of Au and Ag, besides
base metals (i.e. Cu—Pb—Zn) (Pirajno, 2009). HCA can
yield categories that assemble data with similar
characteristics, chemical-wise. As it turns out, veins and
veinlets, where higher Au—Ag concentrations are hosted
in this deposit, can be identified. Highlighting these
features aids effective field survey and provide elements
to carry out geostatistical models in order to delineate
target areas for future exploration in the study area.

The next sections introduce the study area and set out
the methodology and its perks to the current study case.
Besides, the results are presented and discussed.
Although the methodology is applied to a specific
environment of this study, HCA can be widely used for a
myriad of geological contexts.

2. Study Area and Dataset

The Sirawai deposit, Mindanao, Philippines was
selected as a case study area. The target zone is set in a
200 m x 210 m hilly field, elevation 280-330 meters
above sea level (masl), where 56 drill sites (black dots)
collected samples to analyze Au, Ag, Cu, Pb and Zn
grades (Fig. 1a). This field is marked for several
subparallel sulfide-quartz veins of 300—500 m length,
which their strike 20-30° NW and dip 60-70° SW with
the 1.0-5.1 m width and the average 2.5 m can be
observed. Such structures host the greatest Au and Ag
grades in the area.

The proposed methodology uses Au and Ag grade
measurements, given in g/t, in varied depths. Fig. 1b
shows the location of 56 drill sites and the length of the
drill holes, 46 vertical holes (5 — 50 m depth) and ten
inclined holes (70 m length) at dip 60°. The samples are
separated by 1 m interval. Both precious metals are
correlated in this deposit (linear correlation coefficient o
= 0.69). Au grades varies from nearly zero to 183.3 g/t
(average 0.46). Ag presents wider variation, from 0.01 to
1141 g/t (mean 12.75 g/t). According to the highest values

of log (Au), the main occurrences of Au—Ag mineralized
bodies are situated in the middle study area.

@ Drill Sites
Topography
e 330

285

log(Au) (g/t)

. 1.98
™ 155
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-0.16
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-1.02
-1.45
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= 230

Figure 1. Dimension of study area and its spatial distribution of
drill sites. (a) Detailed topography of the study area with 56
drill sites (black dots), and (b) 3D representation of the drill
sites and holes lengths and log (Au) concentrations.

3. Methods

3.1. General structure of methodology

The proposed methodology assembles Au—Ag available
data into relatively homogeneous groups or clusters. The
members of a cluster are at once alike and at same time
unlike members of other groups. To attain this goal,
firstly, Au-Ag data are log-transformed, and their
correlation is statistically verified. In sequence, HCA is
applied to assign samples that are Rich, Intermediate
and Poor in Au and Ag grades. The following subsection
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briefly describe the main HCA characteristics and the
cluster number selection criterion.

3.2. Hierarchical Clustering Analysis (HCA)

HCA is an unsupervised machine learning technique
which joins the most similar observations, then
successively connects the next most similar observations
to these. The similarities of all pairs of observations are
calculated in a square matrix. Those pairs that share
more similarities are merged, and the matrix is
recomputed. Such procedures are run by averaging the
similarities that the combined observations have with
other observations. This process iterates until the
similarity matrix is reduced to 2x2 (Davis, 2012). The
“elbow” method is used to select the optimal number of
clusters. Such method consists in graphically observing
the magnitude of inertia considering number of clusters.
Inertia is the sum of squared distances of samples to
their closest cluster centers.

4. Results and Discussion

The point after which the inertia start decreasing in a
linear fashion is deemed the elbow point (Fig. 2a). Thus,
for the given data, we conclude that the optimal number
of clusters is three: Poor (purple), Intermediate (yellow)
and Rich (green) (Fig. 2b).

Poor cluster is impoverished in both precious metals
and represents roughly 31% of the samples. Gold grades
range from 0.001 to 0.2 g/t (mean 0.02 g/t) while silver
values vary from 0.01 to 5.0 g/t (average 1.85 git).
Cluster considered as Intermediate occurrence of these
metals has minimum grades approximately 0.1 g/t and
its maximum grade is 0.8 g/t, mean 0.11. Intermediate
grades of Ag ranges from 0.9 to 74 g/t, mean 8.07 g/t.
These samples are the most representative among the
data, approximately 57%. The most enriched samples in
Au and Ag are encompassed by cluster Rich and
accounts for nearly 11% of the total data. Au minimum
grade is 0.15 g/t and reaches 183 g/t, averaging 3.54 g/t.
Ag ranges from 5.9 to 1141 g/t, mean 67.65 g/t.

Cluster Rich is more conspicuous in shallow parts over
the area. However, in the central region of the study
area its occurrence takes place in deeper parts, which
suggest the nested geological structures (i.e. veins and
veinlets). Impoverished samples (cluster Poor) are
relegated to deeper portions and more predominant in
peripheral zones of the study area. These extreme
clusters have no direct contact in the entire area. Cluster
Intermediate plays as a buffer zone between Rich and
Poor clusters.

We interpret the cluster Rich as possible evidence of
the sulfide quartz veins in central area and deeper zones.
When this cluster takes place in shallow zones and
adjacent regions of the study area, it can be soil enriched
by weathering. Cluster Intermediate is regarded as
hydrothermal alteration halos when it is situated near
Au-Ag rich veins whereas regions or zones slightly
affected by hydrothermal activity, otherwise. On the
other hand, Cluster Poor stands for the regions or zones
where hydrothermal did not take place or its influence
was weak.

5. Conclusion
The HCA application is demonstrated to be effective

28

for classifying the samples of precious metals (gold and
silver) grades. In addition, this methodology aids to gain
insight into vein continuities in subsurface. HCA can
contribute to (a) yield categorical data and (b) support
the construction of geological models using geostatistical
methods, e.g. sequential indicator and pluri-Gaussian
simulations as de S4 et al (2021).

Acknowledgement: We sincerely thank Dr. Hiroshi
Takahashi of Itochu Mineral Resources Development
Corp. for providing the geological and metal analysis
data of the Sirawai mine.
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1. Introduction

In Japan, it is recognized that much of the geothermal
water resources are channeled through fracture zones
that occur along tectonic lines or faults. Many wells that
produce thermal water (e.g. onsen or hot spring bath
water, heating water, and high-temperature water and
steam for power production), either source the thermal
water from permeable sedimentary or volcanic strata that
cover the fracture zones in the crystalline basement, or
directly from faulted crystalline rocks. There is always a
significant interest in the hydro-physical properties of
such fault zones, because it can help with modelling and
calculations of water flow and heat transfer.

2. Data Sources and Methods

Permeability to gas or water is recognized as the main
physical property of rocks for controlling the rate of fluid
flow through low-porosity rocks. Porosity of rocks is
directly related to the poro-elastic or storative properties
of any aquifers in rocks, and also correlated with
permeability. However, the sampling and results of these
properties depend on the scale of investigation and
various methods exist (Fig. 1).

One of the major sources of information is the drill core
from exploration boreholes and wells. At Kyoto University,
we have been testing the drill core from active fault zones
and from granitic rocks, using practical N2 gas probe
permeameter directly on spots on drill core (Scibek, 2019;
Scibek and Annesley, 2021).

One fault is the Tsukiyoshi normal fault at Mizunami,
Gifu (granite), part of a pull-apart zone in a small basin.
That research site has been studied by JAEA and Kyoto
University for two decades, as an analog site for
radioactive waste repository in granitic rocks.

The second research site is the drill hole and drill core
from the Nojima fault zone on Awaji Island, Hyogo. That
fault cuts granitic rocks on the edge of Osaka basin, is
linked to the active fault system in that region, recently
displaced during the 1995 Kobe earthquake. The
exploration hole was drilled after that disaster to study
the fault structure and properties.

3.Example from Nojima fault

Form our studies on active faults, such as Nojima fault
at NIED drill hole from Awaji Island, we study how the
rock deformation and alteration appear to relate to rock

porosity and permeability. The more detailed results
allow us to map the rock permeability continuously along
the drill core, correlate it to detailed rock deformation and
mineralogical properties, porosity, and in-situ interval

Fault zones as water conduits
from bedrock to sedimentary
basin

Damage zone (FDZ)
1' ‘\
1 Fault

i i
[ Protolith |IF62JF|F[SZ |[ Protolith ]

Matrix permeability

* small volume

* small parts of fracture networks
& microscopic

fault rock
outcrop

Drillhole

drillcore
N\ samples

" Bulk permeability
', *larger volume

+ *fracture networks
of whole parts of
fault zone

In-situ hydraulic
tests in fault
zones and host
rocks (basina
and underlying
crystalline
basement)

Figure 1. Conceptual diagram of permeability and porosity
testing scales on drill core and in-situ in fault zones under
sedimentary basins that may host geothermal resources.
Modified after Scibek (2019, 2020).



hydraulic tests. Such data can be used to relate these
physical properties and to model the hydrogeologic system
there. The local structure, downhole probe porosity
estimates, and our recent rock drill core matrix
permeability results in the NIED Hirabayashi drill hole
can be briefly illustrated (Fig. 2). In 1999, NIED and
USGS tested only a few small core plug samples for
permeability (Lockner et al., 2009).

The downhole Neutron probe gives an initial estimate
of in-situ porosity. Across the Nojima fault zone, the
porosity is surprisingly high, compared to the host granite
(<1% porosity). We noted that a much more porous and
permeable 100 to 200m thick "aquifer" has formed along
the steeply-dipping fault zone over a period of tectonic
activity (Fig. 3). The drill core samples shown const of
weakly pulverized and hydrothermally altered granite of
high porosity at present time, compared to low-porosity
original host granite rock. The porosity type was
examined under digital microscope at 50 to 200 x
magnification directly on drill core at many test spots and
around the test spots.

(a) (b) (c)
Porosity, Neutron-probe, (%)

0 5 10 15 20 25 30 35 40 core plugs, Lockner et
600 |{_ S SN LN S TN v < + 212009
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Figure 2. Example of fault zone properties at NIED drill hole,
Hirabayashi drill site, Awaji Island. (a) Neutron-probe in-situ
porosity, NIED data, and (b) drill core rock matrix permeability
tested by Kyoto University.

4. Discussion

In mature tectonic fault zones, the fault activity
appears to create highly porous and locally permeable
"aquifers" in the crystalline host rocks that the fault cuts.
Later hydrothermal alteration may partly seal the pore
spaces that were created during deformation in parts of
the fault zones. Such "fault aquifers" may exist in
geothermal areas, in addition to channels in fractured
more fresh rocks. Furthermore, porosity can be sensed by
electrical geophysical methods at regional scale, while
permeability is difficult to test and requires many in-situ
and drill core measurements.

Hot spring flow systems along fault zones, and we are
working on integrating historical data with the newest
databases of thermal springs in Japan (Sakaguchi and
Murata, 2020). Thermal spring flow systems in fracture
zones in the brittle crust offer one method of estimating
the permeability of these structures in the brittle crust
(e.g. Muraoka et al., 2006). The work on hot springs

40

Figure 3. NIED Hirabayashi drill core at about 1050m depth.
Photo by authors in 2021 at NIED facility in Tsukuba, Ibaraki.

requires GIS analysis, analytical calculations of upflow
velocity and permeability, and we work toward numerical
modelling of sub-regions.

The regional geostatistical modeling efforts of

geothermal gradients, rock properties, hot spring
occurrence, and structure, will help in the overall
understanding. Regional and world-wide data of
hydraulic properties of fault zones are also available in
various rock types (Scibek, 2020). We use these data to
compare our site-specific results.
Acknowledgement: The authors thank Dr. Kentaro
Omura at National Research Institute for Earth Science
and Disaster Resilience (NIED), Tsukuba, for help with
drill core access and testing.
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