ISSN 0366-5542
CODEN: CCHHAQ

WA 9218 %

WE)E— oo 72T 5%

woH oW A o

ok 4 4 3 H












WEHEMRYE $218%
S N TR M.
Report No. 278

Geological survey of Japan

Katsuro Ocawa, Director

WEY)E— bty 2T 205

Research on

geologic remote sensing system

W
e % i
Edited by

Hiroji Tsu

HE A E T
FR 443 H
Geological survey of Japan
March, 1992






il

% B

BrEOBEMBENEENE 15 & L THERERESE 15 (JERS-1) oMEFEHHARBESTRAS
., EPEEEEN Iy Y e VEBRORFE Y (OPS) LARBIOV—%— (SAR) oBeEY L,
FHERFEMHITS BFor v P EEE S ZROME LT 2 RERAEFRHOT, HEZOMAEIE
LT EL, COM, BEEEETIIINSG I v ¥ VERRROMRI L HED 720 ICIBH 59 L5
o TERMEAR 7o 27 F TREHFEERBMS 27 45 BB FRE7eY =2 Mot
2L ORBARENFSET L & & LIC, TERMNRRTOUAAN L b - 72, MEFAER CIIAEH 59 F
Erb PRORR 7oy 27 bO—RELToO THE)E— vy 723505 28T, £
DIEAICHE L T E 2, AFRTRIBFI S FEPLEKE 70V =7 POKT FTOR 63 FEET
DEEMIC2MOPRBMEE B LU F— 2 A5 o rEr LRERLTE2, 6 DRI ERE
IZIIARTTIEERE T2 IR 2 B L T G N2 DBELHARRVR VAT TN S, 2%
D—HPITFEEHLEBLTARLINTER, LY LA, THLEOHHREERZOWERD L NHER
BlrZeoTWTIRS ARSI N TRV v, Fo, EREHEHE 1 S EREEF I RBRER L. 3TH LW
R 4E 2 AEEFEE AT T, FRAEE ICIIABIEE L v A0V~ —DF7—¥
DR HATE ZBREIC AR > Twb, ZOEI HHEEET S &, WEAERICH T 5 215 0MEE
A COMERELZMYBEHTBELL I LRIEROHZLOTH D), ABEIINE TOWERREE
WMOEHLDT, ZIRETEIRETH 5.,

TR 443 H
iR R AT R A R
®OE R






IS

BA MDA NRT PV s T R—Z + VAT A

B R EE T CEFM - EWH i

AR~ RN B T DML - RIS ORS AR MV & 2O

W fa - EBE Th e ZEUE
HFERE— - FWTEE L0 9

.................. 11
HUE RS A EEERE KRR L ) — X7 DR RA SRR S R~ 2 ML
it oOE - | R — 27
Discrimination of lithology using remote sensing data in the visible and near-
infrared regions
YaSUShi YAMAGUCHI .................................... 39

Yialb—vari—FIlk 3 JERS-1 KL VY OALGHRND OO Y FHllAHE
% I



CONTENTS

Foreword Hiroji Tsu

A spectral data base system for rocks and minerals

Minoru Ural, Isao Sato, Yoshiki Nmvomiva and Hiroji Tsu.........

Visible to short-wave infrared spectra and spectral features of clay and
carbonate samples

Minoru Urar, Isao Sato, Yoshiki Ninomiva, Ryoichi Koubpa,

Yoshinori Mivazaki and Yasushi YAMAGUCHI

Mid-infrared reflectance spectra of GSJ rock reference samples “igneous
rock series”
Yoshiki Ninomriva and Isao Sato

Discrimination of lithology using remote sensing data in the visible and near-
infrared regions
Yasushi YAMAGUCHI

Band combinations for rock discrimination based on the computer-Simulated
JERS-1 optical sensor data
Isao Sato



W EFHEERS $5278%5, p.1-10, 1992
Rept. Geol. Surv. Japan, No.278

BR CTGYMDARIPIL s F=FR—XX e XF A

WA R -EE D -SEES-E RaT

A spectral data base system for rocks and minerals

By

Minoru Ural, Isao Sato, Yoshiki Ninomiva and Hiroji Tsu

Abstract: A spectral data base system is developed for spectral studies of rocks and
minerals. Relational Data Model is adopted for the data base because of its flexible
retrieval. The data base consists of tables corresponding to spectral values, sample
description, results of chemical analysis and results of X-ray diffraction. Using the data
base, these datas can be stored, retrieved and displayed efficiently and flexibly.
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DN, RIS (1992) 2HE LT L 72, B 1RICZ~<Z PVRIEOHE 2R,

W o A L2230HE, FckEE GUET) - &2F 8 UUET) - B8R GRY) - AaB (EF) o
BB CHREE S AUoREREVEE FIRIE (R7) - BEARR - BIER RO SRS RuE TIRE S i 1R
%}, K Clay Minerals Society #F&fiid 2 #Zdk5 1308 B Lov, RBE - @BEE CFEE) ofIK
FELINTIRE SN REBEARBTH D, Fofic, ENORENRELILRRACR O RELFR LD R
B SO EOREER O ETE £, Ak, Rtk 80 B, REBEE B 0METH
5, ABtoRKIE, Clay Minerals Society DIE#ER,+HEHIM AR, 0ok BHIZERNER L
A% mm-2K cm o 0, REEHE HEHIWEEE 10em-20cm DMK TH 5, T sDREHT, BiFE
BECEELHEMTH 2R LM REIES % 510,

AEORBBEOGEE E LT, #BES, HREAE, REORESI LRI N,

&t A~7 P LofllElZiE, GER (Geophysical Environmental Research) #1 IRIS (InfraRed Intelli-
gent Spectroradiometer) 227 b5 UF A -2 HHHEI N, RRICEIZ VIR TF V707 %, BER
gHiiic i3 Kodak # BaSO, #El (Kodak white reflectance coating 6080) # &kEE 2 7' 1 — (Kodak
Laboratory Sprayer 13270) TF7 7 ) MARICIR E 72 3 DpER I N7z, IRIS A7 bS5 Ud A4 —
F IR R & REAERGHR» b OREEEFAEL, SNEGERMPIEHET Y 7227 T4~ B
B 2 IE L CORBHER SR x4 5 Z 4 i R % (Bidirectional Reflection factor) 2558 3 11
72, RETARZ b7 —2 14, #5800 Mok & REMAE, B LU, MERMTEOILRTH 5,

Lotz o—E 2 HRIL L THF % Chemex Labs #ic{kif L THEEAERIE TS X<
Kot (ICP) &z L »Tithbhia, ka7 —2(d Si0, % Ti0, FEn{bZaMis L ollE &t
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B 1K A7 PVAEOEE (HHiEs, 1992)
Fig. 1 The outline of spectrum measurements (Urai et. al., 1992)
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31 F—FR—=R - VAT LDER
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WCHT 27— E0EE N5, 27 bR, 510 253 1,000 S0k Elc BT 5 KEet#E, — Hiakt
REHRE, METBESEOBIE L WEMES, RESEORZEITh b L35 2 7 LR ENS, {LEMe
SR DRI ERERICLE LT — 23, (bR XBEFEORE» LGLNLETF—2THD, B
R MET—IHEL LD,

—%, T2 EZFBALTRARZ PAMREIT ) AHH» 67— FN—2 « P X FLHFEMT N EHAEE
LTLUTOMEEE L LD,

Do LOT— s MBEEFEBRET I 4L, TRETF—IRBPTRETHLI L

7 — 8 DEGk - BN - WIS HHEICITZ 22 &
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Table 1 Items to be stored in the spectral data base of rocks and minerals
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Asterisk (*) indicating the repeating group.
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32 F—F ETNDEE

T R=ZZBITET—F c BT, Vv—va B Ry b8, ) RN R 2
W, BABHDART bV s P R— AT T I RIS R LE N L= s F AR
MLz, 2hid, WEROT—F =2 2Bn T3, REFRGLZBE L WRREHRBEIERE L
DTHD, V=L aFARF—FR—2EHLRFADT TR, 87— 13EBRD TF—70, 12
T TEEING, F—7NEHRENIZEEE SR T4 =LV FOEATHS, 74— FIEIT— 21N
BLUBRBEORDBATHY, HEICHET S, fl2iE, ARESRHABEBE 7 A Figkhizy, *
DEATH D TlEMUEROTIICET 2HE ) 2 TREAZ PAECHT 2%EE) 3&cT7—7
NEtERT 5.

F9, HHIEL (1992) DRRT PNVOWFEEETMICLTHAG - D X7 PV« T—F =212
BTN EWEE 2R L, I omR it - WEINLF—2RELRIRTERY

DR B0 e #IC B 3 A9 E

QRGEZ~7 P NVBEICET AEE

LSBT 2HE

HX FRETAE BT AEE
Thb,

KiZ, THEYVL—Y 3 AT — 9 N AU AT ADTF—7WACER Lz, o, HEHER
FEOGEICH T 2 H 23R 7 — 7, RERA~<Z PVHGEICET 2HH 2R RAR7 PAVBIET—7
N, LSBT A 2SI T — 70 B L X EEPFE B3 A2E P # XKEREFF— 7,
EFRERTN—TIL 2.

Jb—3a P LBIF— g RN— 2 BBET LIS -TETHOT—TNRELIERBC L TRIEL S
v, TRTOMEN R LUERIPHRESN TV EEE, 7-7MEE L EREICH L. #lAT, XEEr
WEICET 2EE &7 — 7V ICEAT 2854, XEREHTHES, SHEESNAEMBLEMNT L7 4 —L
FELTHEMEL SEHE2. - B n 2ERLALLRET 2, Zo, XBEETRGED SHEE 2
NBGMOFEREY n 2L 2L, ETOEREET—TNVITHEINT 2 Z LW TE LW, % 1, S5
Z2e s HME 0 SEDELERICHZY, FoTNESET I LI THRI NG TR S

SAMPLE TABLE
SID
LABORATORY MEASUREMENT CHEMICAL COMPOSITION X-RAY DIFFRACTION
TABLE TABLE TABLE
SID[LID SID[CID SID [XID
LAB_MINERAL REFLECTANCE MINERAL COMPOSITION XRAY_MINERAL
TABLE TABLE TABLE TABLE
LID LID, CID X1D

2R AR DR PV F— g = 20MRR, REUGHRIISBIEGEE RT
Fig. 2 The table connection for the spectral data base of rocks and minerals
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B 23X BR-BHOARI I F—IR—ZADTF—TNBLIF 74—V F
Table 2 Tables and fields for the spectral data base of rocks and minerals

F=TNST 4= B 247 £ 2 (g /A
sam Sample_table
¥sid STRING 20 Sample_ID
name STRING 30 Sample_name
color STRING 20 Color
sdate DATE Sampling_date
nation STRING 20 Nation
pref STRING 20 Prefecture
site STRING 20 Site
latd NUMERIC 2 Latitude degree
latm FLOAT 52 Latitude _minute
lond NUMERIC 3 Longitude_degree
lonm FLOAT 652 Longitude_minute
shape STRING 12 Sample_shape
alt STRING 12 Alternation
lab Laboratory_meas.
*¥lid STRING 12  Measurement_ID
Isid sid STRING 20 Sample_ID
Idat DATE Measurement_date
lequ STRING 12 Equipment
Iref STRING 12 Reference
lprm STRING 12 Parameter
Itre STRING 12 Treatment
lamp STRING 12 Lamp
labm Lab_mineral
Itid 1id STRING 12 Measurement_ID
lmin STRING 20 Detected mineral
Xray Xray
¥xid STRING 12 Measurement_ID
xsid sid STRING 20 Sample_ID
xdate DATE Date
xequ STRING 12 Equipment
xprm STRING 12 Parameter
xtre STRING 12 Treatment
xraym Xray_mineral
xxid xid STRING 12 Measurement_ ID
xmin STRING 20 Detected_mineral
chem Chemical_comp.
%cid STRING 12 Measurement_ID
csid sid STRING 20 Sample_ID
cdate DATE Date
cequ STRING 12 Equipment
cprm STRING 12 Parameter
sio?2 FLOAT 62 Sio2
tio2 FLOAT 62 Ti02
al203 FLOAT 62 Al203

*{FEDT 4N EPLRF—THBIL 2R T, BROMICEINL 74 N FRTF—T N7 4 = PRI LR
T A=W FEMRY V=Y ar Yy 7 ICH D I L ERT, 24 7H STRING, NUMERIC #7:(1 TEXT 4. &3
OWNLT 4 =N FOEXE4 PRI TRY, 2475 FLOAT 0a, E20MONDMIET7 4 — NV FOER &/ M
TR L. 1D RADBEL T ERT,

Asterisk (*) indicating the primary key. The field in the REF and the field in the TABLE/FIELD are in a clearly
statement relationship. When the TYPE is STRING, NUMERIC or TEXT, the LEN means the field length in byte.
When the TYPE is FLOAT, the tens and units in the LEN mean field length in byte and number of fraction in the field.
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B2k X
Table 2 (continued)
F=TNST7 4= B 247 o 2R
fe203 FLOAT 62 Fe203
feo FLOAT 62 FeO
mno FLOAT 62 MnO
mgo FLOAT 62 MgO
cao FLOAT 62 Ca0
nale FLOAT 62 Na20
k20 FLOAT 62 K20
p2ob FLOAT 62 P205
s FLOAT 62 S
C FLOAT 62 C
tro2 FLOAT 62 Zr02
h2op FLOAT 62 H20p
h20m FLOAT 62 H20m
co2 FLOAT 62 C02
s03 FLOAT 62 S03
loi FLOAT 62 LOI
bao FLOAT 62 Bal
norm Norm
nsid STRING 20 Sample_ID
ncid STRING 12 Chemical_comp_ID
ab FLOAT 62 Albite
ad FLOAT 62 Andalusite
al FLOAT 62 Alunite
an FLOAT 62 Anorthite
ap FLOAT 62 Apatite
c FLOAT 62 Corumdum
cc FLOAT 62 Calcite
ch FLOAT 62 Chlorite
cm FLOAT 62 Chromite
dp FLOAT 62 Diaspore
en FLOAT 62 Enstatite
fr FLOAT 62 Fluorite
gi FLOAT 62 Gibbsite
ke FLOAT 62 Hematite
hi FLOAT 62 Halite
il FLOAT 62 Ilmenite
ka FLOAT 62 Kaolinite
1i FLOAT 62 Limonite
mg FLOAT 62 Magnesite
mi FLOAT 62 Microcline
mo FLOAT 62 Montmorillonite
ot FLOAT 62 Magnetite
PP FLOAT 62 Pyrophyllite
pr FLOAT 62 Pyrite
q FLOAT 62 Quartz
ru FLOAT 62 Rutile
sd FLOAT 62 Siderite
se FLOAT 62 Sericite
th FLOAT 62 Thernardite
z FLOAT 62 Zircon
at FLOAT 62 Others
cond TEXT 12 Condition
com TEXT 20 Comment
ref Reflectance
rsid STRING 20 Sample_ID
rid STRING 12 Measurement_1D
wavel FLOAT 103  Wave_length

rref FLOAT 62 Reflectance
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v, F=T7ARE 1 ERBICEILHRE AT FVIE T — 7N, LEST T — 7B LXK RE
Wr—7NeaE L, E1EOXEIIHR R LEMEZRT,

TRl I DT — 2 2RE T — 7, RETRA<Z FRIETF =70, REIZA7 bVET—7
Ny RKEFRAT N ARG T — 7, ALEGHT T =70, ST — 7, XET -7 B X
X BRI T — 7N D 8 DD TN —T71ar 2, B2 RICHEI LS4 - BPDRA=T P v - F—
I R—ZADBRRETRT, T, B2ECHEFLALBR EWDRRT L F—FR—2ADTF =TI
BXU7 4= FERT. FrzicllEZEmB 28N 25480, 2olEEBICET LT -7V E{ERL,
DT —F =BT RUE L,

33 F—FR—R + VAT LADFEH

Fe P R—R c VAFLAREHRT IO, T—IR—Z c VAT LADRIFHTT—FN—R - VAT
AR REMEERHE T AN T —F R—AEHL AT ARHELL, COBE, F—y—2-
VAT LAWEMTNEBEON, 1) ~4) RWET LTI R—REH AT AIHFET S5, 5) D T
T — 8 DE/HARBRRPARETH DI L) EMET LD Lr o7, ZD2H, F—F =R -
VAT LRI NEHEON, 1) ~) 2WETET—IN—REHWL AT LD—2TH 5 UNIFY
FRAL, 62, BETFT—F0OZRENERRETELTIEANOT 075 A 2M%EL, 7—F~—
R VAT LABRERLI,

ERLF—FR—2 + Y AFALTIE, F—PREEHFEN—2THb SQL TF—22MET L2 &
HTED, E3FIE, XBEFICI>THF ) F A b SR e mEL, 440+ bogF
EAZGIEICHESS, Biubs, KE2A<7 FVoBlESES, 24 ), FOSHEHBRERT 20

SAMPLE NUMBER : KAG-2 MEASUREMENT NUMBER : 50433

[}
g COMMENT : KAOLIN POORLY CRYSTALLIZED
e ! ! d l L Absorption
g L | NO. WVL.  ABS.
o A 2212 31.8
20 I . 2 1419 294
0 0.5 1.0 1.5 2.0 2.5 3.0 3 1.402 259
. : , : : 4 1.916 8.4
5 2391 8.4
6 2.542 5.7
7 1.822 45
100 | 4 8 1.841 40
9 1.503 35
10 1.524 32
1 0.969 2.9
80 - 4 12 1.244 2.8
13 1558 2.8
14 1.544 2.8

Reflectance Factor
N
(=
T
1

20 S

1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0

Wavelength (micrometer)

3 H—REFR~7 b L DFERE
Fig. 3 An example of single spectrum display
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Dawr P, BIW, FOMBEHEZRT.

F—F OB B HIRIZOWTE, T RN—AFHI AT LAOMEEFERAT L2 EI2E-T,
B - HESNATF—SMICA S = FRI N, MHIZIT) S EHTES,

A AEEE OB - BEETF — S N—AFHWL R T LAOMBERHERATIZ L2k - T, BT
ST ENTES,

TRI S AP LEDT—FMEICOWTIE, MR LT — FIRE L RIS HLT BEEHEHL TTH
ZEWNTES.

BT — 2 DERGEBERRIZOWTE, HAEQELZ A, 2HHO7Tw /I L8R LE. FH—
13, BIXKUCRT LY ICHMEBRSICTHIET 5 K82 <7 P AES L IRIGEDIE & RIE Z2 KR L,
RN EBEZRNEDZ LD LERTLIIENTES, CLLDIRINEDNNE LRI
Yamaguchi and Lyon (1986) O ik TRE L2 D TH 5, by —207ar5 4, £4IRmT L
RN DL DREFZEF BT 2EHRORE R <7 P2 Fl—EEM EICEL D AbhwE S I

N T T T ]
50093
Y
O
[
@]
<
o
4]
z
< $0263
B~
Q
.
i 50330
m
&,
80347
24
(=)
{en)
$0349
S0350
! | 1
0.5 1.0 1.5 2.0 2:9

WAVELENGTH (MICROMETER)

Sample-ID Spectrum No. Mineralogy,locality Reflectance at
' 1.0um 1.7um (%)

860312-15:57 S0093 Sericite, Ibaraki 836 844
870218-S10  S0263 Calcite,Fukuoka 72.1 668
KINBARA-4  S0330 Montomollironite,Niigata 67.6  55.7
SUDGC-5 50347 Pyrophyllite,Nagano 60.t 514
SUDO-7 S0349 Kaalinite,Aichi 477 384
SUDO-8 S0350 Alunite,Hyogo 247 224

54 HWHORYE A=Y b VOERE
Fig. 4 An example of multi spectral display
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B 3% A0 F4 b EELEURBORES LURERKRA () Hska = FH (b) REHEALS

Table 3 An example of retrieval commands and the results for samples containing kaolinite

select unique sam.Sample_ID,sam.Site,lab.Measurement_ID,Kaolinite

from sam,chem,norm,xray,xraym,lab

where sam.Sample_ID = lab.Sample_ID and norm.Sample_ID = sam.Sample_ID and
xray.Sample_ID = sam.Sample_ID and xray.Measurement_ID = xraym.Measurement_ID
and xraym.Detected_mineral = 'kaolinite’

order by norm.Kaolinite desc/

(a)
sam Sample_ ID Isam Site {lab. Measurement_ID! norm Kaeolinite
KGa—1 {Washington County 150431 { 90. 92000
KGa-2 1Warren County 150433 | 30. 568000
860818F2 1Goshogake 150178 ! 71. 25000
860819F1 {Fukenoyu 150177 | 70. 569000
851021-T1 1Goshogake 150061 ! 64. 00000
870216-S5 {Komatsu—jigoku 150236 ! 62. 46000

(b)

TIFLLTERT R LN TED, HHEDKE AT PR ETFICT L LTERRLID, ZOR
P HIERGT AT PV OMKHEER FAISE Z L AT EL N, oz, JHBRIRSTRRZ PP
HRERATEZOMMEZ BHE TR L7z,

4. HE

F—TNEYL—L a3 FARF =2 —ADE 1 ERBICED2, 54 o x<7 bV - 57—
S % 8D F =T NI N—TaIF Lz, Zolic, MECHEEBICT— B Vv—T71kdh, 4%
FHRENIZFLVWHEFECL 2T -2 I RRICHIETEL EEZ LA, —F, T—7NEwF£L<
oo lileHF =9 R—2ZERRT B, F—7NDREEEHEEITILENFH Y, REHFEREE -7,
CHIEH LT, B3R @ DL IS, HECTLNIRBOFHELERT L2 LICL > TREOEMES
2R L 7,

A3, XRREEFICE W T XERE DT Y 2 METHE L L - 7272, XRELZ AL - i A
RZ M T NR—RIHBIT B T E L -T2, XIFHE LS T — 9 N—R BT 52 & H5T
T, XEBREEIC L 280 HEIHES L SR OWENTREL 25 L EZ 6115,

5. EL W

B BN AR FVOWRET D 202, BR HEHDOART P TSI R—R VAT LT
BE L) 56 - BHORRIZ PV - F—F =R » YAFAPBET LI LI2L-T, FWAMESE
HTER SN2~ b« F—2 2T - XRTHZ EWREE LY, B - SBPIDR~7 Pk
(LA D ER BOMBREZET b0 -7z,
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B HHDRRT PV TR VAT LAERERT LAY, T8 - ETNELTTF—
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AF AL 5T, 2EOBEHIHT 3 222 PAEB L UERMUERO TR LTSRS T — 5
ZERML, DREIEW - RET L E0TEL,
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Visible to short-wave infrared spectra and spectral features of
clay and carbonate samples

By

Minoru Ural, Isao SaTto, Yoshiki NiNnomiva, Ryoichi Koupa,
Yoshinori Mivazak! and Yasushi Yamacucur

Abstract: Bidirectional Reflection factor in visible to short-wave infrared (0.5 gum-2.5 gm)
were measured in natural surface of clay samples and carbonates. X-ray diffraction
analysis and chemical analysis were done to confirm the detected mineral with spectral
measurements. Most of clay samples were collected in some geothermal areas, metal
mining areas and clay mines in Japan. Carbonate rocks were collected in carbonate mines
in Japan. The observed spectral minima of natural surfaces according to OH, H,O and
COs absorption were corresponding to published spectral minima of powdered samples. In
the moist samples, level of reflection was decreased and spectral features of mineral were
covered with water absorption especially near 1.4 and 1.9 ym. It was found that the
spectral features near 2.2 um were more detectable than ones near 1.4 and 1.9 gm in the
moist samples.

% B

NE— by I L 2REEEOEMER L LT, W ~EiERARIMNE (0.5-2.5 gm) 281 281
REBIBE DG A7 bVEREL, 60, L¥FFIPXMENTEC L 2EWORELTL /2. Tha
LT, WR~EIREFRIMRIC BT 2HL - REHES LR AT FAVORIZOWTHEELL, ok
B WBUEDAE IR FORER . —F L7zps, IR ZN 2R ECH AT LEORKEHRE»ET L,
1dum BEF LY pm R B O TEEWARDOREF AR VO E2ECET I bz, Ly
L, KGHEAFAETH 2.2 um HORF A7 PN OBBIZRIBTTRET S 2 Z L br -2,

l. 2 & & §

BACSEMORE R P E) B— by Ly 2L DEWEEEORBRE L LTI RTH 5,
BRI, I8~ R F MK (0.5-2.5 pm) (3, KEBEOBE ZANF -2mKEL DL L, RADEN—DIZ
BH1zd b, pht - RERIE S DRI R 2~ P E2RT I ¥ b, EH 3N T 5, Hunt and
Salisbury (1970) Z- 12 X » T, #hd - KEMES 2 SV EZROEL SO KET R =7 P LI

* MRS, SRR, o iR

Keyword: reflectance, visible, short-wave infrared, clay, carbonate
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s, TnSORUEITIBHESNHBPFERINTwE D) - by 7 TS L5 R4t
27 MNWERRELEHEZ LMD, 0D, REEMTT 52 L% Rt - REBEEA DG R~ 7
FVDRIERIT, B 51, (LESPXREITEIC L 2HPOFREEITVY, ThzF—s—RiE
BLTE&R GBI, 2ORRND—2 & LTRERZ by a7 (liFFiEe, 1989) zHifkL, &
L2, A7 PV 7 — 2 220 (B, 1989) L7z, ARE T, Iheskic L O~ EilkEdh
SMEIC BT AL - REBEE OREE R ML EZDFHRIZOWTHEREL,

2.1 e

ST LEENS, ZIREE GURTE) - S F R GUED - S8 CRE) - Kol (BR) ol
Bl TIRE S ALK E R, FORIR (B37) - BEARIE - B S IR 0 SRLRIIR TR S R R
£, KE Clay Minerals Society 2243 212k a0k, B Loy, R - \WER CERES) AKX
AEILTHRE S RRBEARBTH Y, Zofic, ERORENRE LU BRI LR
Bd LR EOR Lo EE L TE A, BB, Raakl0 80 M8, HRERIE AU # 30 (8
THh b, REOFAKIE, Clay Minerals Society ofE#effi kIR, Mok aleH3ERNE
L7z EAH mm ~ #em O LMK, RERES FEEHIRE 10em ~20cm DMK TH 5. Zit s DEHL,
BIFIE CHEE YT b R L8R REES % & 0.

2.2 RETA <7 P VORE

R REHEREF FETRICE, KR oo, ZHMEREE doa (6, ¢ 7 0, ¢} B LU H MRS
128 Rr (8, ¢, 6, &) HFEnbs, ZN6DEE, wihd, R 1 OEKTHA.

KR pa ZAGTRGTERE @2, KEHSEREZ O3 34U

Spectro-
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LA

e

Sample
Reflectance
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O

Digital data for
personal computer

&

X-ray diffraction

g1 RET 227 b VHIE OWEE
Fig. 1 The outline of spectrum measurements.
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_ B
PL = g, (1)

TEREND, REE pr 23RDB7HITE, RIZAST 22 THOMRERS LR 2 RETR & RE 3
BUEND D,

ZHIEMERSEE doa (6, 1 0, ¢) (L, 0, ¢ FHELLDAGHGTRE dPr (8, ¢) L, 60, ¢ F
S RETT 5 X EHETHR 2 oy (6, ¢7) LTt

dei (6, ¢')

dpa (6, ¢ 5 0, ¢') = d®;, (8, ¢) -

TEREND, —H, 6, pHAPLOKHRE Ex (6, ¢) BLU 0, ¢ FHUTKEHS 5 MEHRE L (¢,
¢ 13, RetmohmiEs dA, Uikt do' ey

Eito, ) =208 9 1 (g, gy = GBI ) (3)

THEEIND, -T, THAEREE dor (6, 65 6, ¢7) I

(0, 4 0, ) = L 0 cos ()

TRINSG,
TGRS Ry (4, ¢ 0, ¢7) 13, EAIBKEFEOZ FuEREEE don (6, ¢ &,
¢, RBOZHmEIRGEE dow (6, ¢ 6, ¢) 2FTHE

Ri6, 6: ¢, ¢) =Soulbd, Z

7¢)
don (6. b Gr ) (5

THRING, ZOK;, WMBHORFHBEHE— DS TUEZT- 7284, ZhHmiERSHEER R (4, ¢
¢, ¢ 13, EEWEBEEDOKERE L Lo (6, ¢), ABOBRSEREE Lu' (6, ¢) 2T

. ’ T Lll’ (als ¢,)

Ry (8, ¢, 0’¢)__—Lm’(0', &) (6)
THERING. - T, ZHMEKGMEE R (6, ¢ 5 0, ¢) (I 2IHERGHE & Ry iR 2 Jl
ETHILICL->THLNS,

AR T, MEBEOMA E, MEEREIKE 5 SRR EHER & L " EER MR RL (4, 65 0,
¢) FRE L, B, RWXTIE, ZHRAMEREHRE R (6, 65 6, ¢') ZRFFA<=Z PV ERT
5,

Ratz~27 b LDWEIZIE, GER (Geophysical Environmental Research) #t IRIS (InfraRed Intelli-
gent Spectroradiometer) 27 b w5 IF A —F BRI, REICIZS » TRT 7 07 %, BERG
Ricl: Kodak #to BaSO, #¥} (Kodak white reflectance coating 6080) % &EikklE 27 v — (Kodak
Laboratory Sprayer 13270) T7 7 Y WHIZKR EfHiFT 2 b i L7z, SE2XICARI ba o P4 A —
OB A RT. LTIz IRIS OE %K.

Spectral Bandwidth: 2nm in 350nm to 1.0 ym region,4dnm in the 1.0 to 3.0 xm region.

Spectral Range: 350nm to 3.0 pm.
Field of View: 3 X6 degrees.
Scan Time: 1.5 minutes to longer than 10 minutes.

BB & OBIHEICAHI E % &< CIRISE X, 4 60cm 00t S 12104 €992 R & THUC LI 2 B L,
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REFZ~Z bV EFE (3F 132) 15
# 1% (LHINTE
(a) Haydn (Van Olphen and Fripiat, 1979) O #55 & 4@ Chemex Labs D#5F
(b) HoO+, H,O—, -550 35 X UF 550-1000 D1 % Byt L TIEBAL L 7234
Table 1 Comparison of chemical analysis.
(a) Comparison with Haydn (Van Olphen and Fripiat, 1979) and Chemex Labs in this study.
(b} Normalized without H,0+, H,O—, -550 and 550-1000
(@)
KGa-1 KGa-2 SWy-1 STx-1 SAz-1 Syn-1 ‘PFI-1
MH CH MH CH MH CH MH CH MH CH MH CH MH CH
Si02 4420 44.15 4390 4357 6290 57.68 70.10 62.11 60.40 51.75 49.70 47.05 60.90 55.46
T102 1:39 1.51 208 241 0.09 0.10 0.22 020 024 0.19 0023 0.01 049 043
A1203 39.70 38.71 38.50 37.72 19.60 17.86 16.00 13.84 17.60 1540 38.20 3592 1040 9.44
F6203 0.13 025 098 1.1t 335 3.67 065 073 142 139 0.02 006 298 3.13
FeO 0.08 001 0.15 0.02 032 020 015 002 0.08 0.02 0.01 040 0.17
MnO 0.002 0.006 0.01 0.009 0.01 0.099 0.08 0.058 0.03
MgO 0.03 003 003 005 305 249 3.69 320 646 537 0.014 0.22 10.20 895
Ca0 0.07 0.05 168 154 159 1.55 282 3.2 0.11 198 1.79
Nay,0 0.013 0.14 0.11 153 160 027 043 0.063 023 0.26 046 0058 0.20
K,0 0050 0.25 0.065 0.18 0.53 077 0.078 047 0.19 0.30 0.40 0.80 0.89
Li,O 0.25
Py0q 0034 0.05 0.045 0.06 0.049 0.06 0.026 0.04 0020 0.04 0001 002 0.80 0.66
o, 0.62
S 0.02 0.05 0.04 0.10 0.11
F(§) (0.287)
FC ) 0.76)
Subtotal 85.63 85.17 85.77 84.98 93.16 86.60 92.82 82.60 89.39 77.89 88.57 84.26 89.18 8i.15
H20+ 16.73 16.72 6.06 5.91 0.59 12.65 6.63
HZO- 0.30 0.67 9.22 15.83 18.98 6.53 11.94
-550 12.60 12.60 1.59 3.32 7.54 8.75 8.66
550-1000 __1.18 1.17 4.47 3.22 237 240 1.65
Total 99.41 102.20 99.54 102.37 99.22 101.88 99.36 104.34 99.30  97.46 99.72 103.44 99.49 99.72
MH : Haydn(Van Olphen and Fripiat, 1979) CH : Chemex Labs in this study
F(§): fluor by Thomas, not included in total ; F(" ) : fluor included in ignition loss.
(b)
KGa-1 KGa-2 SWy-1 STx-1 SAz-1 Syn-1 PFI-1
MH CH MH CH MH CH MH CH MH CH MH CH MH CH
§i0, 51.62 51.84 51.18 51.27 67.52 66.61 75.52 75.19 67.57 66.44 56.12 55.84 68.29 68.34
TiO, 1.62 1.77 243 248 0.10 0.12 024 024 027 024 003 001 055 053
AlyOq 46.36 4545 44.89 4439 21.04 20.62 17.24 16.76 19.69 19.77 43.13 42.63 11.66 11.63
FeyOg 0.15 029 1.14 131 3.60 424 070 088 159 1.78 0.02 007 334 386
FeO 0.09 001 0.17 002 034 023 0.16 0.02 009 0.03 0.01 045 021
MnO 0.00 0.01 0.01 0.01 0.01 0.11 0.10 0.07 0.04
MgO 0.04 004 003 006 327 288 398 387 723 689 002 026 11.44 11.03
Ca0 0.08 006 18 178 1.71 188 3.15 4.01 0:13 222 220
Na,O 0.02 0.16 0.13 164 185 029 052 007 030 029 055 007 025
K50 0.06 029 0.08 021 057 0.89 0.08 057 021 0.39 0.47 090 1.10
Li,O 0.28
P205 0.04 006 005 007 005 007 003 005 002 0.05 000 002 09 081
o, 0.72
S 0.02 0.05 0.04 0.11 0.12
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0C 100.00 100.00

MH : Haydn(Van Olphen and Fripiat, 1979) CH : Chemex Labs in this study
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FJ60cm DF B IZANT buF VA A -2 ERELTUEEZERB L. Jol, REOKM 6, ¢ B&
Y27 b0 ZOF A=K ¢, ¢ FHELLL» -7, A7 P2RAET SHEMEIE, X~<7 b
FUF A =7 % 60cm DOESITRE L7234, #13X6em TH 5, WE L2 RKEEES GER HAEid
5V 7 =TT A v - IEERE & IE LIRS R G R 03 2 205 i K 81 4% 2% (Bidirectional
Reflection factor) #FH& L 7>,

2.3 {2
TTIE, ALFEoMoER S RE 16) 2% REHCOWT, RBlo—eBRILLTAF S
Chemex Labs # (2 (K L CHAEAEEIET 3 X2 hatit (CP) £ k- T2 %47 - 7=

B 2R ML/ NVAREOMNSEE L8 (A+HE, 1984)
Table 2 Minerals for Norm calculation (Igarashi, 1984)

Symbol  Name of mineral  Chemical composition

ab Albite NaZO R A1203 € 68i02

ad Andalusite A1203 * Si0,

al Alunite K50 - 3Al,05 - 4505 - 2H,0
Anorthite Ca0 - A0 - 25i0,

ap Apatite 10Ca0 - 3P,04 - HyO

C Corumdum Al,O4q

cc Calcite Ca0 - CO3

ch Chlorite 5MgO - Al,04 - 35i0, - 4H,0

cm Chromite FeO - Cry04

dp Diaspore Al,Og - Hy0

en Enstatite MgO - SiO,

fr Fluorite CaF,

gi Gibbsite(Boemite) A]203 . 3H20

he Hematite Fe,04

hl Halite NaClt

il Ilmenite FeO - TiO,

ka Kaolinite A1203 - 2810, - 2H20

L Limonite F6203 + Hy)O

mg Magnesite MgO - COq

mi Microcline K50~ AlyOq - 65i0,

mo Montmorillonite  Na 54 - MgO - Al,05 - 4510, - 4H,0

mt Magnetite FeO - Fe,0Oy

PP Pyrophyllite Al,0; - 45i0, + H,0

pr Pyrite FeS,

Q Quartz Si0,

ru Rutile T102

sd Siderite FeO - COq

se Sericite K50 - 3A1,04 - 6Si0, - 2H,0

th Thernardite NayO - S04

Z Zircon ZIO2 g Si02
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F 3R XBEHTERBRBOWME T £ ¥
Table 3 Parameter for X-ray diffraction measurements.

Target,Filter Cu,Ni
Voltage,Current 40kV,100~140mA
Full Scale Count 4000cps

Time Constant 0.2sec

Scanning Speed 8° 26 /min

Chart Speed 80mm/min

Angle Range 70~2" 20
Divergence Slit 1°

Scatter Slit 1°

Receiving Slit 0.3

ARl DS HT DREEE R e T 5 72912, Clay Minerals Society #5383 24 2 7 Lico\WT, AR5
Bl X 4 Tl A% S 72458 (Van Olphen and Fripiat, 1979) % ik L 72 (5 1 £ (a)). KGa-1, KGa-2
IZOWTIIWHED LI H,0+ 8 L OHO—DEZBRVT 1%LHI—E L Tw 3, Syn-1iconwT
12, 3%LIIC—E LT3, SWy-1, STx-1, SAz-1, 3 k¥, PF1-1122wT{Z, Van Olphen and
Fripiat (1979) ® 4 Hrific Ik L T A B DSl SI0,%* 5%-9%, ALO;s 78 1%-3%47% <, H,0+ &
H,O— %0 2 7=fifi{2-550 & 550-1000 % A0z 72fEIC R LT 7%-10% 2\, 24U, okt Lc£T
DEEHZ DT H RO R 65 Z LR, BB EREMTHL 2 v 6, RB»HEESIC 8%
~15% 7RG ERILL 2D D EEZ LD, RGEEMETIUL, MEOSHEIZ L 2 BUPIC—3T
5 (1% (b).

(LT A & T HiE (1984) D HiER M LTt/ Vv a2 itE Lz, AR TR, $2Ri
TRYEEA (@b) LT 30 2 5 RICT b s, 2ok, REfic s Unogimrashitvwb
WAL, ZO0HEOEMDENPICEBEINIGEAVFSLOTEELET S,

2.4 X#ElRr

FCIC XA EHT A & AL aUet B R) % B CRBHT D W T XM 2 £ Lo, X#ETE, fh
SOIZDITHHRILL 728 w7 2 HF T () WMo XEERPTEE (RAD-1A) 2 1/ L TREH LT
o7z, X#F+— ORS00 LOAR L EREROBEXRF r— M e Ehab¥ bl iz d
> TRGET HHMIESEIC & ¥ OFEMZ T IZAT - Twiev, B 3 RICXBET 7 — 5 WERD /35 £
&R,

B4k XIREHT TR S o8 & RETR =2 b vde bR S 2o ol

Table 4 Minerals detected with X-ray diffraction and minerals detected with spectra.

mo ka pp se a «ca

X 13 25 6 16 7 28
R 19 18 6 15 1 27
X&R 7 16 6 11 1 27

X/(X&R) (%) 54 64 100 69 14 96
R/(X&R) (%) 37 89 100 73 100 100

X: numbers of samples detected with Xray diffraction

R: numbers of samples detected with reflectance factor

X&R: numbers of sample detected both with Xray diffraction and reflectance factor
mo: montmorillonite, ka: kaolinite, pp: pyrophyllite, se: sericite, ca: calcite
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3. Mt REIRE DRI =7 b DR

RS IE, AN OH #B L HO 2 &40 K E R IMR IS B A 5 R 2 7R/
(Hunt, 1979), F7z, REEESIE, BEEENIC CO, 22 ET 720 ICERED IR I 2RI £ 75
3 (Hunt and Salisbury, 1971), % 5 DMIEIZE W T L 16 ORI HE$ 5 2 L 5T /2,
LUFiz, &HMORG R~ P AOFEE RS,

31 £ &) a+A4 b (montmorillonite: R* (Al, Mg) ,Si30,, (OH) ,+nH,O)

ErENOFA FORE AT Fvid, 191 pm, 142 pm, 2.21 pm fHSEICSEZE 2RISR S5,
BEIRFECT)uFA P ESDRBOREZARZ M TH B, RBIRDEZETHED, KOBEKT
H BIEDIRNIRIL A 1.9 gm fHEH LU 14 pm RIS R S, TAXELT) 0+ POBRIGHEE

~
O
I
Q
<
I S0432
4]
Q §0235
Z
<
B
Q
s3]
é 50434
m
4
2]
=
S0330
1 1 1
0.5 1.0 1.5 2.0 2.5
WAVELENGTH (MICROMETER)
Sample-ID  Spectrum No.  Locality Montmorillonite Reflectance at H,0+
contents (%) 1.0pm 1.7pum (%) (%)
STx-1 50432 Gonzales county, Texas, 38 795 744 591
USA
870216-S4  S0235 Yutsubu, Oita, Japan 34 308 23.7 10.30
SWy-1 S0434 Crook county, Wyoming, 29 65.2 69.0 6.06
USA
KINBARA-4 S0330 Odo, Niigata, Japan 28 64.7 557 4.96

HIK ErE)oFd OREART P

FRGERA~7 PAEL D EbYWED BTz 7 b LA o &HE BRI R(1984) CHE L7,
Fig. 3 Spectra of montmorillonites.

The spectra are displaced vertically. The mineral contents are calculated with Igarashi (1984)
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KAt R 27 b e (Gl

3.2 AA 1)+ 4 b (kaolinite: Al,Si,0,, (OH) ;)

AFVFA PORE R bv (8 4R) 13 1.4 gm F15E 2.2 pm (HEICEEE RIS 7L oy bR
Hild, 512 0.95 um FHEIC/NE RN 7V v bR LIS, REDIKRGT 2 EATWEHBAIL, 14
am B IULI pm ISKIC X BIEDILGRAA R 53, AV F4 Mok 3 14 um 7Ly bt
TELL DD, 22um D7 vy MIRMTATEETH 5,

134)

E=b

HEVHETH S,

<4
2 50431
Q
< S0433
49
m
Q
Z
<
5
&} S0178
—
i
m
~
S0177
L
<§I S0061
S0236
| 1 1
0.5 1.0 1.5 2.0 268
WAVELENGTH (MICROMETER)
Sample-ID  Spectrum No.  Locality Kaolinite Reflectance at H,O+
contents (%) 1.0um 1. 7um (%) (%)
KGa-1 S0431 Washington county, 91 86.6 87.3 16.73
Georgila, USA
KGa-2 50433 Warren county, Georgia, 91 80.0 79.7 16.72
USA
860819F2 S0178 Goshogake, Akita, Japan 71 43.1 229 12.09
860819F1 50177 Goshogake, Akita, Japan 71 74.1 60.4 10.58
851021-T1  S0061 Goshogake, Akita, Japan 64 64.8 35.6 10.60
870216-S5  S0236 Komatsujigoku, Oita, Japan 62 64.1 37.3 10.46

FAR AV PORERRT P
BEREZARZ PVBELZ D EbEVWE ) LTIy 7 b Uk, So0EHRIZTA-16(1984) THEL 72,
Fig. 4 Spectra of kaolinites.
The spectra are displaced vertically. The mineral contents are calculated with Igarashi (1984)
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3.3 ¥ A (pyrophyllite: Al,Si,0,, (OH) ;)

1.40 pm FHREZIEE 288 < SR GIBUN A R S s, Zofliz, 217 pm, 1.92 gm, 2.09 pm & & UF 0.953
am (RSN R 55 (85 K). REHCEZNEkgEI DL WIDr», KITED 1dum B IV
1.9 pm 2 B1F DNED TR RN D HE T FEE T\,

S0347

S0343
S0344

REFLECTANCE FACTOR

S0333

S0345

10%
—>

S0346

! ! !
0.5 1.0 1.5 2.0 2.5

WAVELENGTH (MICROMETER)

Sample-ID  Spectrum No.  Locality Pyrophyllite ~ Reflectance at H,O0+

contents (%) 1.0um 1.7um (%) (%)
SUDO-5 50347 Shinyo, Nagano, Japan 94 60.1 51.4 5.04
SUDO-1 50343 China 94 453 40.1 5.24
SUDO-2 S0344 China 94 392 339 5.28
KINBARA-7 S0333 Mitsuishi, Okayama, Japan 76 494 37.7 4.10
SUDO-3 50345 China 48 45.0 47.0 2.60
SUDO-4 50346 China 43 542 51.2 2.61

85X ForaREA~s b

HREANZ PVGEL Db wE S BTk 7 b Lk, Sio& B RIZE+#E01984) THE L.
Fig. 5 Spectra of pyrophyllites.

The spectra are displaced vertically. The mineral contents are calculated with Igarashi (1984)
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1370)

3.4 fRER: (sericite: K, (Al, Fe**, Fe?t, Mg) , (Si, Al) ;0. (OH, F),)
2.20 gm B LU 1AL pm FHEIZRRBL RIS S5, k2 ELE(3, 14 pm B LUV 1L9 ym £

SEIZIED IR AT R 55 (5B 6 X)),

REFLECTANCE FACTOR

10%
«—

50340

S0093

50342

S0339

L 50331
50341
0.5 1!.0 1I.5 2'.0 215
WAVELENGTH (MICROMETER)

Sample-ID  Spectrum No.  Locality Sericite Reflectance at H,0+
contents (%) 1.0pm 1.7um (%) (%)
M86101113  S0340 Abeki, Aomori, Japan 38 420 354 2.2
860312-15:57 S0093 Hitachi, Ibaraki, Japan 37 83.6 844 2.58
M86101114 S0342 Abeki, Aomori, Japan 35 392 339 2.76
M86101115  S0339 Abeki, Aomori, Japan 35 336 243 3.47
KINBARA-5 S0331 Murakami, Niigata, Japan 32 62.3 63.2 2.52
M86101206 S0341 Hokuroku, Akita, Japan 31 495 469 2.34

B 6N MERBORGR<Z P

ERHARZ PAEEL N Ebr v LRIy 7 b LA, EWo&H BIZEH1984) TRHE L,

Fig. 6 Spectra of sericites.

The spectra are displaced vertically. The mineral contents are calculated with Igarashi (1984)

21
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3.5 HiIF A A (alunite: KAl (SO,) » (OH) 6)

14 gm -15 gm 12 CRRIEDEV 77 L o PRS2, 2Oz, 217 gm, 2.33 gm, 177 gm
fHEICBIAT R 55 (5 7TR). KINBARA-3 EMIZAGEAA U FA FE2ETLHABTH S, ki2L b
L4 pm B L1019 pm 251 BIRD RO PRI T2 .

T T
& I
=
B K
<
23
4a]
O
Z
<
I
Q
=
% S0329
~ 50350
1 1 1
0.5 1.0 1.5 2.0 243
WAVELENGTH (MICROMETER)
Sample-ID  Spectrum No.  Locality Alunite Reflectance at H,O+
contents (%) 1.0pum 1.7pum (%) (%)
KINBARA-3 S0329 Kampaku, Tochigi, Japan 53 82.5 77.2 14.96
SUDO-8 S0350 Tochibara, Hyogo, Japan 47 247 224 6.40
FITR MTIAGORERRT bV
HBRE AR VT Y AbBuwE Y LTy 7 L, S Ef RIS FE(1984) THIFL 22,
Fig. 7 Spectra of alunites.

The spectra are displaced vertically. The mineral contents are calculated with Igarashi (1984)
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3.6 FiEA (calcite: CaCO,)

FiEAE 2.35 gm fHEIC COs 12 & 2RI R S5, ZDic 2.55 pgm, 217 um, 2.0 gm, 1.88
am SRR LN (B8, REHCEZNERGEDP DL WIzHH, Kizkd 14dum B LULI
um 2B BIEDIR IO R8I T\,

REFLECTANCE FACTOR

10%
>

134)

50263

50262
50276

S0273
50258

S0255

0.5 1.0
WAVELENGTH (MICROMETER)

135 2.0

2.5

Sample-ID  Spectrum No.  Locality Calcite Reflectance at H, 0+

contents (%) 1.0pum 1.7pum (%) (%)
870218-S10  S0263 Tsunemi, Fukuoka, Japan 99 72.1 66.8 0.16
870218-S9  S0262 Kanda, Fukuoka, Japan 98 78.2 76.6 0.12
870219-S8  S0276 Kokura, Fukuoka, Japan 98 56.7 57.5 2.58
870219-S5  S0273 Kokura, Fukuoka, Japan 97 858 77.1 0.14
870218-S5  S0258 Kanda, Fukuoka, Japan 97 583 529 0.14
870218-S2  S0255 Hiraodai, Fukuoka, Japan 97 69.2 65.4 0.20

# 8K TN AT b
B A2 P ATEL ) b £ BTy 7 b L, SEMOSHREA R84 TRE L7,

Fig. 8 Spectra of calcites.

The spectra are displaced vertically. The mineral contents are calculated with Igarashi (1984)
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4. % %

4.1 WXy oL i

FeBr b et 8 AUSHEL Y REBSESEIO B L AN OITEIZL O L B ) ThE. THLDMK
WAED % < 13, OH #£-H,0 55U CO; HEDMIU & - TS 7%, SOOI L - THID ISR
AL E R 5 T B,

/N WA AL E (mm)
EARI TS b 191 142 221
AF NS4 b 2.21 140 142 217
FTooh 1.40 217 1.92 2.09 0953
HRERE 220 141
MFAL 217 148 1.43 233 177
Ui A 235 255 217 2.0 1.88

S S DRI E (2, Hunt (1979) OfEE & —3T 5.

4.2 IRGFORE A7 Pz B KT TiE

BDORETZ <7 FViE, FOV 7T NICEETNLRGE HEKEOFL) CKRESBEINER
B, EWORGEIAR7 PV EKGRICHET2EREIT L7, T, HERZECHEB2H1I7A, &
NTHEBIME IS, Ko, ChaRRILLT6ESL, 19%-50%nkE AL, BE LT 24 MRl L
72tk RETA~RZ PAVERIE L2, MERE, 8RB W TIE 141 wm, 2.20 gm £ 12 BH 70 Rl
DROENE BN EZN RGP ZBIZL 72> T, Ld gm B LU 1.9 gm FHEISRDBILE A b

100 ~570915-55

o
(=]

TN N O .

L/ o T I 2 o e o

Reflectance factor (%)
[=))
(o

40 [ -
20 [ o
G
0 0.5 1.0 15 2.0 25 3.0
Wavelength (um)

B9 KM HEFEEDHENC1.0%~50%0KTE ML 12 HAEDKE R ~7 Fv
a: 1%, b: 2%, c 5%, d: 10%, e 20%, f: 50%

Fig. 9 Spectra of samples containing sericite added 1.% to 50% humidities.
a: 1%, b: 2%, c: 5%, d: 10%, e: 20%, f: 50%
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Count

0 0.1 0.2 0.3 0.4 0.5 0.6

Weight reduction W= ™,

Yo
W, Initial weight
w, : Weight after Air dried 68 days
Total nubmer of samples is 35
Average of weight reduction is 22.5%

B0 FHEERIC L 2N oRER
Fig. 10 Weight reduction for Air dry.

H, CNOOWERHFICEITLBEGORE 227 L OE# 2 BWIET2S 2.20 xm fHEIC B 2 RIUZ
BATRETH S GEOR). —F, 1dum BL LY pym UADEEICHBCTL, RypEOBMIzZEE-T
REHRED AL L, ZOWPBREIRERMCBTARE W (FEIX). MR 2502 » A EWEgE e
WADWMLERDTET20%L ETHY), 0% FBZ 2880525 E10K)., Lizh -7, (G
BT ML OREHREIL, RGOBBIZL > TEHEORSBEEFETT 228, ldum BL19
pm FHEIE BB T T ORE 2R PV OBEPBCIRINE I L AHZ LN 3,

4.3 XHREHT 2 SR S U720 & BT R =7 bV SIRHE & 728 o Tk
EYEVOFA L, AAVFA L, Fooh, BER WEEARBLUCTMAEERRIZLT, X
PTHN S IIeEM & G2~ 7 b ATHI S g2 sRHE I i L7z, £3, 2388w,
XiF v — oM RELDGEMPEZTNLDPE ) PHELL, KIS, KEIZX<7 burs, UTFosk
HETHRELDUMDEZTNL Y S HE LR,
1) 1.91 gm, 142 pm 35 X0 2.21 gm TSGR H 2 L DIZE YT ) 4 |
2y 221 pm B L 217 g IZFREE DSBS B D b DA A ) F 14 b
3) 140 gem FLIZIEFR 108 < SLWIRIRAS S 0 2.17 gm, 1.92 gm, 2.09 gm 35 L 08 0.95 pm (SIRILAS
HbHbNIIEa TR
4) 220 gm B L 141 m IZBLGIRILA H D, 1.9 gm FHEISIZHATRIL v b D F 7213 2.20 gm
2GRN B ) Z DI ZBEATRIL D e v b D (3R E 5
5) 1.48 ym, 1.43 gm, 1.77 ym 5 L 2.33 gm (28 IRILAH 5 L DIZHIT AL
6) 2.35 gm B LU 255 pm IZH RIS H B L DI H IR
EARICXFENT LT )R b, AX0FA L, Eoon, BER WEALRBIUCHRG
B BB, RETR T P SRISEARE 2 N7 R, XARRIF B &g R~< 2
F DT TR E MR X &R B L UX&R/X, X&R/R2RT,
FEoo LB LCHMAIZ D0 TUIXREITORES E KT 2 ~<2 iz & 24585 95% LIk o i i
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BC-F LA, U3, EorOBLUOHRAVEBIIRARZ PVERTIEE, KOREZRT PV
DHEBEHE Y T T oTe®, AT COHERRGTH o7z LrZLbid, A+ )74+
ZoWTIE, XEREHFOFER & RETZ7 PV OFERIT 64% 5 L1 89%DEIA T8 L7z, ZHd, &
AN F A POREARI P BB E ZFNERGOREANT PG YIZE->THEWEINS LD,
AFNFA4 D22 pm FITEENARS P ERT I L RBNE—HERTLEZ LMD, E
vEVuFA MIOWTIE, XEBEITOMSE L KE A7 PVoiERIZ 54% 8 L 37%DENIAET—E
L7z, ShiBEr®) )4 PORERANI FAFRBICE TN EKFDOREZART P EEIZTE-T
BwEdhieoi, HRMEW—BERTEFLIONE, I, K2k b 14um B LKLY pm 5D
IEDEGIRIND 726512, 1.91 gm 5 £ U8 142 pm DO AIPRM T E L & ), BERCBRA SR
By Zv, HERICOWTIE, XBEFTOME LR A7 PRI 69%B LU 13%0E AT
L7z, K& ELFUCERIIZBYTE, T o4 EBERORGAZ PAV2HBIT L2 L1
BHLWEEZHNE, BIFAGIEOWTIE, BRED DL, BRO D DHERITHTWE W,

o EED

JEeE—bLr vyl 2 BEEEORBEER & LT, H-EEERME (05-25 gm) i BT 55
o REBEEORE A =7 FARHEL, & 5iT, LFOHeXBRIFEC & 28MoRIE LT - 72,
CRAEFRICLT, TH-ERERIMRICZBIT 28T REBIES ORET R N2 PV E 2T ORIZ oW T H
L7y

CORER, BB ENTT 52 Lk CHIE LRRE R PAORIGEONE (IREFEOBREE % Hv
722 PVHEDRERE L. UL, RBHCE ZN K5 S WA T2 KEREHET
L, 14um B L1 pm fHEIC B TIEMARRD RET A7 VO EB BT b o 72,
COBATH, 22umBORE AT FOEEIZ 14 pm B XU L9 wm B ORRRIT i L TR
BEBTHD I Lhibir o1,

E
W B OMSHEE K - SFEFFR - HEREAR - ARRERICERELRM S LUt 77— D
—WERBEL TR EF LA CITEHOBRERLET.
X Wk

Hunt, G.R. (1979) Near-infrared (1.3-2.4 zm) spectra of alteration minerals - potential for use in
remotesensing. Geophysics, vol.44, p.1974-1986.

and J.W. Salisbury (1970) Visible and near-infrared spectra of minerals and rocks: L.
Silicate minerals. Modern Geology, vol.1, p.283-300.

and (1971) Visible and near-infrared spectra of minerals and rocks: II.Carbonates.
Modern Geology, vol.2, p.23-30.

FA A (1984) $EEHE D 2V AFE, #E = 2 —X, vol.353, p.37-47.

Van Olphen, H. and J.J. Fripiat (1979) Data handbook for clay materials and other non-metallic
minerals. Pegamon Press, 345p.

W 12 (1989) HBL-HMOKEIRA T AT -5 L EnFRY 7 b7 (PCSPEC), #/EFAERTHT

B, 1989-139, 16p.

AERE Ty TEFH - HTEHE— B LD 5 (1989) M ~BiERIMNRICEITS

B EMORE AT MV - A nr, WERER, 369p.
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Mid-infrared reflectance spectra of GSJ rock reference samples
“igneous rock series”

By

Yoshiki Nivomiva and Isao Sato

Abstract: High resolution laboratory spectral measurements of thermal emissions show
that reststraulen bands in the thermal infrared region observed for igneous rocks have a
trend of systematic shift related to SiO, content. Multiband satellite sensors of the thermal
emission from the earth’s surface with much higher spatial resolution than the existing
ones will start to operate in this decade, and should be able to detect these bands.
Quantitative estimation of SiO, contents of the igneous rocks on the surface of the earth
or the other planets by remote sensing technique will be possible. The authors present
mid-infrared reflectance spectra of Geological Survey of Japan (GSJ) “igneous rock
series” reference samples as the basic data in order to understand the variation of
surface’s SiO, content measured from space. These spectra are measured with a Fourier
transform infrared (FTIR) spectrometer equipped with a “diffuse reflectance” accessory.

The results from this study are as follows:

(1) Reststraulen bands are observed in the spectral region from 8 to 14 zm for all
samples. These bands systematically shift to longer wavelengths as the composition of the
sample changes from acidic to ultrabasic. The correlation between the wavelength at the
reststraulen maximum and SiO, content is very weak. This suggests that the value of the
wavelength at the maximum alone is insufficient for the estimation of the SiO, content.
Some nonlinear analytical approaches, for example, an approach applying an artificial
neural network to the multiband data in this spectral region, can determine the spectral
estimation of SiO, content with moderately high accuracy.

(2) Christiansen spectral minima are observed at the wavelength just shorter than the
reststraulen region for all reflectance spectra of GSJ “igneous rock series” reference
samples. The systematic shift of the spectral minima related to the compositional changes
are recognized for the samples with the SiO, content of 60 95 or lower, however, the
correlation is not strong. The Christiansen spectral minima for the samples with the Si0,
content of 60 % or higher seem not to correlate to the SiO, contents.

* A ERER
Keywords: remote sensing, thermal infrared, reflectance spectra, igneous rocks, silicate minerals, SiO, content,
reststraulen bands, Christiansen frequency, FTIR, diffuse reflectance, TIMS, ASTER, Kirchhoff’s law



28 OB WA O Ok 5 (E278%)

2 B

HHERFEI 0 B ARG % S AR A R B < ORI A HEAEIRE £ o — 13, 1990 SRk & BiE
2, BREMAEIEDLNTDE, TOTF—2 EHMERT 272007 — 2 £ LT, WEREE A
HEREE “CREE T ) — X7 OWBERSMERIRGT A7 RV ERTE L7, JE AR PSR B LD R
N R 7 )R F e vy BIREUS D) 2R R MM TR Y, oRREEMA LOTER Y, XS
Fvir GEANZHEETY Y AEFREERNICHET 2700120, #E Y FF—2 I8 LTH BN
BTN DY) XL 2MHT DUEFDBIH S,

Lig Lt ®ic

WEYE—-FRry o 22BWT, CRETEICHY ST E RSN, W - ERIEE (0.4
~25um) THbH, COREFMTHAEN L 2~ PUEUL, S TICHET 2 BB IEEDE B
R, BEITE FNBKEEIA F v REEA A L OF TREEOBFIRENIGER T % LN TH S (G. R. Hunt,
1977), Z et LT, oI AR AMER & BRI IERASA D EIC H 72 5 R T H 2 Bkl 8~14
am) FHAVIHEY E— bty 7, FORREFEREHINTERLOD, WHESHIZEL:
ZEf] s fiEE (L00m FRELLT) 28 7 2R EEMSGA e -y — 2 LT, ZHX7 PR E H—
3y FTEMT 5 LANDSAT Thematic Mapper D8 6 /Xy FaslE—D b DT~ 72, HAE, EZEm
Srfffe (100m Hitk) T oSy FTRUT 28050 ) €= bty v 7id, He aRlaERilia BT
FHEZED TV AFIRTTH 5, HZERB ot o — & LTiE, 2 F Tiz, TIMS (Thermal Infra-
red Multispectral Scanner ?#% ; Kahle and Goetz, 1983) Z {2 LWL ORI TE Y, ZoiHs
BISHANDECHEME PRI TS, HEAERE O o —I3, 7ox 211, 199841 NASA 2k -
THHLETFLNETEDOHRPETF v b 74 —L~DERPREL, HERIFETHHEPTH S
ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer?ng ; i, 1991) 53
D, TORHEME L7222 OFEBZLTEITHNTW S, WEFFICE VTS, =HBEHmeE L
U CHERIM TR SN2 KA BN T, BRiMAMO 27 F v, v ) 2608 L HEE S
En) 2k, EEIW LM I ATV (2x 21, Lyon, 1963).

B IME A AT PRSI 2.5~25 pm) DEBRARZ PV, AW OREERTICE CFIH
BENTBY, ZORERMBIIFELS T2, 468 - MO EBZA <7 PviconwTh, & Y
ELTELDWMENITHOATED, A7 FIVICEHMEI ARy F EREEDORBRIM L 2IC3INT
w3 (722 213, J. M. Hunt et al., 1950 ; Miller and Wilkins, 1952). Sadtler (1973) {3, #DEKRK &
EZBANT MA Y a Tl ®B3iT L7z, Lyon et al. (1959) (%, BEMED KA DERZ L7 PAPL, B
EEAR - BADSA T LEHER2ERT2FELMIM LA, J. M. Hunt and Turner (1953) (&, fil
BE~OHEFERNE LT, HHREOFBBZ <R bV LR 2 TS 2 R 20 TR L2,
22120, BRARZ PRV E-PECP VI TRETAREIRTETH LT, FRETHEH A<
ZhVICET AL E2 {3, COBEIRLEDHTEL.

BAO - ECOWT, YE— MRy IFERROTEINTE 2B A7 PVRREZ~<=7 by
DUIE « WL, w2t (Fl2(E, Coblentz, 1905 ; Simon and MacMahon, 1953) % 1314,
1960 4E(C o 7 K o7l 2 3 I iE RIS 5 72, Lyon (1963) 1d, KRS DMBLAEETE D 6B EE 0%
AT B0 > T, BARIMERD BB R T FILRRKEF R~ P ICBRIS IS, SI-0 fifEERIREIC
ERT27m— FobE—2 GBI F) oEERIFRERMICY 7 M9 58 %2 7R L7z, Lyon (1965) (%
F72, BEHOAGIZOWTERS AT b2 EHEMICAEL, BBARI PRRE A7 bV
WTERD LD L EHEC, SR IbIctE- TR N> FAY 7 M52 L&)k L7, Hovis and
Callahan (1966) I3, V> < 22D KBUE - 587 & FHE Lok 2 b4 4 X4 7 iconT, Bk
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RNESUHFMEBORKET 227 P AWEL, BEF Y PN A/FEE WL Licd Y, A
RFDMMDOKREDEHDEE ) E—b o> 72k T2y By 7 TE 50 fE2R L7, Aron-
son et al. (1967) (1, WL OHPDEWITD T, W« ERIEEK (15~200 pm) OREFZ~<7 b2
E L, RO~ v €Y 7DD FTREM: £ F 5 L7z, Conel (1969) 13, #RAL L 7z s:BRE 8 0 %
B BHWIIEH AT PZBWT, BB Y FOTCEERMIZBRMENIE—7 (2 ) XF 5 v
L E—7) DEER, SPOFRFEICBITIEELEBREL LS L ER LA, Murcray ef al. (1970)
2, RATHRCTHOEEDKST R <7 PN FBIET LV RAFL2BFL, 6 HTF—% 2RiG LA, Salis-
bury et al. (1970) (¥, D7 — % DR %47 -7z, Logan et af. (1973) i3, WF¥4 X, HFREE, £
51, MBDEEM ¥ OB 2 R E T A — F DBHIMERD AT FIATE 2 255R D W THRETL,
TN AF v e BHEREEBEOREICBITAEHALERE T 52 L&A L7, Vincent ef al. (1975)
13, V{OPOKRBEITOWTIE LBFIMEB ORI AX7 P v En bRy 70302 58070
TR <7 PAZEREL, (LESHPSELNDE 16 /b E X2 FULOBIZIEIER 28 AR R
WHbHZrERLE, Salisbury ef al. (1987) &, HEHGEMEPFLET 22 DMWORG R~ b
NEHEL, FOF—F 274 V2 NERTAZE L, Salisbury ef al. (1988) 13, #&7Ek% HWT,
ZLDRBEDEIRFGT 227 PN ZRIEL, 74 Y2 AERTHRE L7z, Walter and Salisbury (1989)
13, 1L tiiiEsr bk 53 SCEFM flii3 KA DA DELICEE L2 227 b roZ{bE @
MM ERT o & ##4E L7z, Bartholomew et al. (1989) (3, BB L2 EET 572002, HIAKE
DREEZPLLET 0L 22DER[ICOWT, FAHARZ baf—2EHTRERA~<Z MLl
ae L7z,

Pk k5 EEBENZRLETLMED S/ LNLIFEREL2ZT T, W 2rn#kA) E— T
LTV AT ANBERBRINT, INLDV AT AL > THEIALT— 213, BALo BB E -
KEDBEDPHELEE LTEEINTWRIZ LML ST, HOHRICHT2HREMDNT I L TER,
72k 21X, Vincent ef al. (1972 a), (1972b) (I, BGFRIMEMIC 2 X FEFHT 5 2% v+ — 2 HZEHIC
LT, EEN I & IR S N T A 2 LT ER, Lyon (1972) {3, #hsbakat %
ZEHEICIER L THhR D R~ 27 PV ERME L, (L5 - SRR & oBfR %77 L72. Prabhakara and Dalu
(1976) 1Z, Nimbus-43ERELRIfEA 1488k & LB L5 CHUG R N2 F— 7 2 HWT, 9 um i
B AHBETORF RN £~ v FE2ER L2, ES LT — 2 133EE IOV 2 5@ (3
100km) TH-72I2 b Bb 6§, 6Nz~ 7IIFHCEER - B 2B TR G IHEE L ik
M %% L7z, Kahle and Rowan (1980) (3, #HIMEIKIC 6 F % v AN EF OB REI O X X +
F—I2 L > THBERLERT— 2 2 AW TEH~ Y v 7247w, RS & IBERES 02 O A
e h¥, HEMESOMSNTE S L EmR L7 Kahle and Goetz (1983) 13, H®oWF5Ek L+ 213 TH
a3k TIMS CTHEGLAEGRF— 2 28T L, U AEGHROBICE b7 - THBH Y Foik
EXNV 7 T2 LI EBERMAL THEMESHET W, 2 UF Sy FEFHR) E— T 22y 7DE
RFvven®EmRLiz, Z0%Y, TIMS THESNCEGBT -2 2 BT 2L ORIEL 3N, 20
EVGEHERINBE AR E N T WA (72 k 2(E, Kahle, 1987; Lahren et «l., 1988; Kahle et «l.,1988),
TIMS DI 2 ZF7T, HABRNOSEMTRIE L F 30 FBRAZ X »F+—TH 5 ASTER 0
BAFEA, BAEED LTV 5 (3, 1991),

%513, G.R. Hunt and Salisbury (1974, 1975, 1976) #A8%E L 72— E D hHAR27 v V54 7
FVICEFNDEKREAEDKGTRA~T F vk, Salisbury ef al. (1988) #2833 L 72 K # o h ok B
ARZINTATZNDT 4 VINTF—FEHT, AL=a—Fndhy b7 —2HENZ2RETLZL
2D, REAOBFMESICBITARFARZ PA2LY )V AEREZTMT 2 X742l
(Ninomiya and Sato, 1990), F/2HEH LI, FENRBWTEL SO REZ~7 PVEHEEL, 20
WEF—7 2 EROV ) 2 EARTUIATARZHERLT, VE— b I T b ) AEH
HETHT27200MEZED TS, REETIE, GS] BHHEERE “kkE ) —X" (Ando ef
al., 1987) 122V THIE L7z R RIRIMES BT 2 =2 P v &R L, WEHKRCOWTEREL ML 5,
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2. XN bRy 7O

R FECL BN E— ey vy I TCRRBIS N AT ML, =7y FOEEICHY
TBE75 7 MBICIR o RBET A2 PV TH B, MEOEES TS 2 S, Bt A7
P LIRETER RS MV E EREICEEST LN TE D, T, wAFo8r FEGRA) E— bt
Y ITOEMTFT— 5 E LTRHIET A LA UNELT— Y IREETH S, LrLer6EREICBITS
IR THOMGRME T, BERED 5DOMSHREIIEFICTH DT, HELE LEFRL L OKRFEE
AAEREIICHE o T LEY, KBRS ERL2RDH B LIFMLY, 2, B2 HEICLTET 2
BAHBWTH, BARKESHEFDRE 2 EMICR—RECR O L 3RH#TH 5, L LEoBRBic
L, EHEAICKSTERRBELCHET 52 L3 LW,

BT, WMkEE a, BETEE e, REIFER r, EBEE t LRI LLBE, BTHORKEBIZBT X
ey 70BN, AR TEZ LN,

atr+t=1. (1)
W 2R ECEEREICB T RERRFEITE LT VDT
t=0. (2)
7, BCPHRRIEICEB W T,
a=e. (8
@, ), GRLH,
et+r=1 (4)
WFELNB.

@RI, HECBOTHETEBENDD 212, R REREIFECICHTE TS 2BRICHD 2k
ZERT 5.

RETROME FEIZAETTH 20T, BN REEROWE L LT, T- & BEZESME
HTF— 2 2552 bW TES, 72770, BhiNRo KERMEICIDEREr BEE 2 50T, HiEH
BHACA D, o T, ERENICBLTEOHWARZ M RNET 2B ICIIRERORED, Hit
DEKRRIEIC H BB R WET A HBHEOMESBL TWE, 2NEL LY, PAF /Ny F#

FANVE— b2 IDEBEF—F L LTHETHS. JI TR, ERENICBWTHA - DK
HHERRT7 PV BUELHEREMET 2.

w
W

i

1Kz, BRMEN 2 S THRMRAERORETEZ 7 PN ERRIET 5 72O D EEREE O %
N

SHFERER L LT, =4 50y 2 87— ) BHEFSTEE (FTIR) 2 v 2, o5t ic ik
RGTRISE BB A 2 853 5, AECH RSB TE, WEOKKS AT, BERNZ 05256
16 DFHM THET B EHTE L, ZORRICIL, 2HEORMBIEFEINTHS, 1205
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TGS (BEE=7"1) > ) #MET, 5 124 MCT (kiR F 3 *Nw‘“)wv) W Th 5. TGS W
MBITEETEMEL, 2.17 2 5 25 pm (4600 A & 400cm™) il & FEBICEE 28>, MCT #ssmod
BRI 2.17 & 5 16 gm (460070 5625cm™) TH 5. 72, MCT *ﬁ%ﬂ%ﬂi, TR ERRE
WHLTHERT 2 LE»H 505, TGS st LT, T8 @mBETH 2,

VRO ST E FIfHR EE O RERIE, WHMERTH S, T4obb, B - EXFNEFNE2EHE LA
2HEOHEMEEZ AV A2 Ic LD, RBRE TS L7t e, K& 230 A coRmicErd 5,
B L0kld, RERmMZHEWT, £ 1mm OERISKSN S, —lRIZ, CORTY—MIZBVWTELIE
BWETE LW, T, MEINDE A2 bid, AREFRRBRE2RETILDLIEZWI R0, T
Bz Rt 5728, 35ARE2» LB ORBEREL, FN6D2ART PADEYE, ZoHEAEE
DARZ PN ELTRESRS,

HEZARZ P izlE, RAFDRBELDRLBILREZEOMI S Foes & LTHET 2, Copisr
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Table 1 A list of sample code, petrographic description and SiQO, content of GSJ rock
reference samples, “igneous rock series” (Ando et al., 1987).

FHa-F | EES Y AEHE (D)
1G-1a TEC 5 & AkRE 72.19
1G-2 5% 76.95
1G-3 T EARSE 67.10
JR-1 s (BEG) 75.41
JR-2 wALE (BWnA) 75.65
JA-1 ZlE 64.06
1A-2 EliES 56.18
JA-3 Zlls 62.26
JB-1 EA %= 52.17
IB-2 YRE 53.20
JB-3 ZRE 51.04
IGb-1 HAhwg 43.44
IP-1 DAL AE 4239
JF-1 ER 66.64
JF-2 A 65.20
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measured by Salisbury ef al. (1988).
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Discrimination of lithology using remote sensing data

in the visible and near-infrared regions

By

Yasushi Yamacucur*

Abstract: The author investigated possible techniques for discrimination of lithology using
remote sensing data.

Reflectance spectra of typical rocks and minerals measured by a spectroradiometer were used in
the examination to simulate hypothetical sensor response patterns. As a result of a comparison
between two different types of spectroradiometers in terms of their spectral resolution to resolve
characteristic spectral features, the author decided to use the spectroradiometer with spectral
resolution of 2-4 nm using gratings as dispersion elements.

Reflectance spectra of some minerals exhibit characteristic absorption features in the visible
and near-infrared regions. Particularly, phyllosilicate and carbonate minerals have diagnostic
absorptions in the 2.2 and 2.35 ym regions respectively. Typical rock types lacking significant
amount of these minerals show flat featureless spectra. The author has developed an expert system
for mineral identification from reflectance spectra in order to facilitate spectral measurements.
Feature coding was employed as a manner of patter recognition of the spectra.

Calibration techniques to convert digital numbers to reflectance of surface materials were
compared using the Airborne Imaging Spectrometer data, because remote sensing data are usually
provided to us as digital numbers on magnetic tapes. Calibration using field spectra is the best
technique, if we can find good field calibration targets. Lacking field spectral measurements, the
Log Residual would produce superior results in areas which are not dominantly composed of one
cover type. In areas containing one dominant cover type, the Least Upper Bound Residual would
probably be the best. For the purpose to collect field spectra in order to perform reflectance
calibration, the author has developed a new field radiometer, which has two motor-driven filter
wheels and can contain up to eight filters in each wheel.

Using hypothetical sensor response patterns simulated from the reflectance spectra of rocks
and minerals, possible techniques for discrimination of lithology using the optical sensor data of
the Japanese ERS-1 (Earth Resources Satellite) were examined prior to its operation. The author
has proposed two spectral indices, linear combination of three SWIR bands, as to be useful for
lithologic mapping, i.e., Alunite Index and Calcite Index. Spectral indices to estimate the propor-
tion of vegetation and phyllosilicate and/or carbonate minerals within a single pixel have been
also proposed. The HSI color transform applied to the three SWIR bands is another possible way
to express sensor response patterns.

The author applied these techniques to the real data of a test site in Queensland, Australia,
obtained by an airborne multispectral scanner, whose bandpasses are quite similar to those of the

ERS-1. The reflectance calibration using field spectra was failed due to the difficulty to find good

*Geothermal Research Department
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ERS-1, image processing, infrared, multispectral scanner, Nevada, Queensland, radiometer, reflectance,

remote sensing, satellite, spectral index, spectroradiometer, spectrum, SWIR, VNIR
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calibration targets. The Log Residual, on the other hand, succeeded in normalizing the original
data, and thus was employed as a calibration technique instead. The spectral indices images
successfully showed the epidote-rich zone, hydrothermally-altered areas, and distribution of
vegetation. The HSI color transform image also successfully displayed colors corresponding to the
SWIR band response patterns. As a result, the proposed techniques with an appropriate calibra-
tion method can create images which are useful for lithologic discrimination and easy to interpret

geologically.
1. INTRODUCTION

1.1 Previous Studies

Remote sensing has been widely utilized in various application fields including geology,
geography, cartography, agriculture, forestry, oceanography, climatology, environmental studies,
urban planing, and so on. The term remote sensing was just invented in early 1960’s when the
conventional terms such as “photograph” or “aerial” appeared to be too limited to cover newly
developed fields, e.g., multispectral cameras, infrared films, nonphotographic scanners, and
opportunities to observe the Earth from the space. Clonceptually, remote sensing is a valuable
technique used within both science and technology (Curran, 1987). For a comprehensive
definition of remote sensing, some or perhaps all of the following elements need to be considered:
(1) the noncontact acquiring, collecting, or recording, (2) from regions of the electromagnetic
spectrum that include but exceed the visible region, (3) through the use of instruments, (4)
located on mobile platforms, (5) and the symbolic transformation of collected data, (6) by means
of interpretive techniques and/or computer-aided pattern recognition (Fussell and Rundquist,
1986).

Geologic application of remote sensing in the above sense was given a big boost by
launching of Landsat (called ERTS at that time), which was the first Farth observation satellite,
in 1972 by the United States. The Landsat carried an Earth observation sensor called MSS
(MultiSpectral Scanner), which provided a synoptic view of the Earth surface. Conventional
photogeologic interpretation of the MSS images still occupied a major part of geologic applica-
tion, but a new approach which utilized spectral information for lithologic mapping was also
introduced. One of the most successful results in the early studies was provided by Rowan e¢ al.
(1974). They employed MSS band ratios to enhance sensor response patterns and successfully
demonstrated that a color composite image of the band ratios could delineate distribution of iron
-oxide minerals associated with hydrothermally altered areas in Goldfield, Nevada, U.S.A.

Many studies using the MSS data were carried out while Landsat 1, 2, and 3 provided the
data of the Earth surface. Band ratios have been the most widely employed technique in many
application fields. Another popular method is the principal components analysis, which trans-
forms original data into a new orthogonal coordinate system by choosing the axes mathemati-
cally to maximize variance of all the data. The principal components analysis can reduce
dimensionalitiy of the original data, and thus is believed to be useful for data compression.

An important new approach was proposed in agricultural application. Namely, Kauth and
Thomas (1976) developed four spectral indices using the four MSS bands to assess vegetation,
i.e., “brightness”, “‘greenness”, “yellowness”, and “nonsuch”. Richardson and Wiegand
(1977) also developed a two-dimensional perpendicular vegetation index using the two MSS
bands. Jackson (1983) showed that these indices are special cases of a class of spectral indices,
formed by linear combination of n spectral bands, in n-dimensional space. The spectral indices
in n-space are similar to the principal components analysis, but chooses the transformation axes
to represent specific spectral features.

As the spectral coverage of the MSS was only in the 0.5-1.1 xm wavelength region, spectral



Discrimination of lithology (Y. Yamaguchi) 41

approaches in geologic application were limited to mapping of iron-oxide minerals (Rowan et al.,
1974) and discrimination of rock types using total brightness in this spectral region (Goetz and
Rowan, 1981). In 1982, Landsat 4 equipped with TM (Thematic Mapper), a new Earth
observation sensor, was launched. The TM has seven spectral bands, two of which are in the
short-wave-infrared (SWIR; 1.3-2.5 yym) region. The importance of the SWIR region has been
stressed in geologic remote sensing since Hunt (1977, 1979) proposed its potential. He measured
reflectance spectra of many different types of rocks and minerals using a high-resolution
spectroradiometer in laboratory (e.g., Hunt and Salisbury, 1970; Hunt e «f., 1971a, 1971b, and
1973). As phyllosilicate and carbonate minerals have characteristic absorptions in the 2.2 ym
and 2.35 ym regions respectively, sensors including the SWIR bands should be useful for
discriminating certain rock types. For instance, the band ratio between TM Band 5 centered at
1.65 ym and Band 7 centered at 2.22 4 m was reported to be sensitive to the existence of clay
minerals, and thus useful to detect hydrothermally altered areas (Abrams et al., 1977, 1983,
Prost, 1980; Goetz and Rowan, 1981; Podowysocki et af., 1983).

Application of the spectral indices had been restricted to vegetation analysis until Elvidge
and Lyon (1984) developed the Mineral Absorption Index using TM data. Elvidge (1985) and
Miller and Elvidge (1985) proposed new spectral indices for lithologic discrimination using the
TM data. They also made a comparison of ratio-based and baseline-based techniques, and
concluded that the latter was more useful.

Recently, rapid technological advances have made it possible to build sensors with more and
more speciral bands (e.g., Collins ¢t al., 1981; Marsh and McKeon, 1983; Goetz ¢t al., 1985). The
Airborne Imaging Spectrometer developed by NASA can provide almost a continuous spectrum
of a surface material and allow us to identify some mineral species that used to be possible only
in laboratory. Some calibration and data processing techniques have been proposed for the AIS
data (e.g., Goetz ¢t al., 1985; Green and Craig, 1985; Roberts ¢t al., 1985 and 1986). On the other
hand, new field spectroradiometers have been also developed in early 1980°s. Efforts to develop
expert systems, which will be installed in a field spectroradiometer and can tell us the minerals
in real time, are being made in these days (e.g., Yamaguchi and Lyon, 1986; Horsfall e al.,
1987).

1.2 Context of Investigation

The goal of this study is to develop techniques for lithologic discrimination using remote
sensing data in the visible and near-infrared regions. The author places special emphasis on the
SWIR region, which has been considered one of the most important ranges in the electromag-
netic spectrum for use in geologic remote sensing (Hunt, 1979).

A recent notable trend in remote sensing activities is that the countries other than the United
States have started developing Earth observation systems. The Japanese ERS-1 (Earth
Resources Satellite) is one of the satellites planned by these countries, and is scheduled to be
launched in early 1992. The ERS-1 will be equipped with both an eight-band optical sensor and
an L-band SAR (Synthetic Aperture Radar). The SAR is expected to provide the Earth surface
images even for cloud-covered areas and will be useful for structural mapping such as faults and
foldings. The optical sensor, on the other hand, includes four bands in the SWIR region and is
expected to be able to distinguish clay from carbonate rocks that is very difficult by the Landsat
TM (Yamaguchi, 1987; 1988).

Many techniques have been developed for lithologic discrimination using the Landsat MSS
and TM data. As mentioned in the previous section, the TM has two bands in the SWIR region
and has already proven its potential for discriminating certain kinds of rock types. However, due
to the increase of the SWIR bands in the new sensors, the techniques developed for the MSS and
TM might not be applicable. Therefore, development of new techniques for lithologic discrimina-



42 Report of Geological Survey of Japan, No. 278

tion using the new sensors is indispensable at the moment.

Another major problem of the current image processing techniques is that the images
created by these methods are beautiful mathematically but are often difficult to interpret
geologically. It is necessary to develop a technique which can provide an image whose geologic
meanings can be easily interpreted by a geologist. This dissertation is directed towards develop-
ment of such techniques for lithologic discrimination using the visible and near-infrared data
obtained by a spaceborne or airborne sensor.

In Chapter 2, the author descibes characteristics of reflectance spectra of typical rocks and
minerals along with terminology and equipments used in this study. An attempt to build an
expert system for mineral identification with reflectance spectra is also shown. In Chapter 3, the
author makes a comparison of some calibration techniques from digital numbers recorded on a
magnetic tape to reflectance of surface materials. In Chapter 4, development of a new field
radiometer, which will be used for reflectance calibration, is described. In Chapter 5, the author
discusses possible techniques for lithologic discrimination using reflectance data of rocks and
minerals obtained by a spectroradiometer. The techniques proposed are applied to the airborne
multispectral scanner data in Chapter 6 in order to evaluate their usefulness in the real data.

2. SPECTRAL FEATURES OF ROCKS AND MINERALS

2.1 Electromagnetic Radiation

Electromagnetic theory had been established since Maxwell’s theory and modern quantum
theory succeeded in explaining the dual nature of electromagnetic energy, which sometimes
behaves as waves, whereas in the other situations displays the properties of particles. Maxwell’
s theory deals primary with the propagation and macroscopic optical effects, i.e., all electromag-
netic radiation is energy in transit and can be regarded as a wave motion. It consists of
inseparable oscillating electric and magnetic fields that are always mutually perpendicular to
each other and to the direction of propagation whose rate is constant in a vacuum. On the other
hand, quantum theory is concerned with the atomic-molecular absorption and emission aspects
of electromagnetic radiation, and gives us an important idea that each different material has
discrete energy levels with different values and arrangements (Hunt, 1980).

As a result of understanding the nature of electromagnetic energy, many different phenom-
ena that had previously been regarded to be independent were realized as just one form of
electromagnetic radiation forming the continuum of energy. The electromagnetic spectrum may
be defined as the ordering of the radiation according to wavelength, frequency, or energy, and
has been divided into some regions. The name and extent of each region were made somewhat
arbitrarily. Figure 1 shows the names for these regions along with their extent of wavelength,
frequency, and energy. At the short wavelength end of the spectrum, the types of radiation are
named cosmic ray, gamma ray, and X-ray. Microwave and radiowaves are at the long end.
Ultraviolet, visible, and infrared rays are located between them. Notice that the visible region,
which human eyes can detect, occupies only a small portion of the spectrum.

The infrared region is subdivided into near infrared (NIR; 0.7-3.0 ym, sometimes called as
VNIR including the visible region), mid infrared (MIR; 3.0-15 ym), and far infrared (FIR; 15
-1000 zm) ranges respectively. Recently, the name of short-wavelength-infrared (SWIR) range
is often used for the region between 1.3 and 2.5 ym, and its importance has been stressed in
geologic remote sensing (Hunt, 1977; 1979). The atmospheric window between 8 and 14 ym
corresponds to the maximum radiation from the Earth surface as described in the following
section, and thus this region is called thermal infrared (TIR) range showing surface temperature.

There are two well-known important laws indicating nature of electromagnetic radiation,
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both of which can be led mathematically from the Plank’s law, although historically they had
been found earlier than the Plank’s law. First one is the Stefan-Boltzmann law. All matter
whose temperature is above absolute zero degrees K (-273.15 degrees Celsius) emits some form
of clectromagnetic radiation. Here, we introduce the concept of a blackbody, which is ideal
matter capable of absorbing and re-emitting all electromagnetic energy that the matter receives.
The total energy (H) emitted from a blackbody is a function of its absolute temperature (T):

H = AXT*, )
where A is the Stefan-Boltzmann constant (5.7 X 10-8 Wm=2K~*). Therefore, the total radiant
energy emitted from an object rises rapidly as its temperature increases.

The second law known as the Wien’s displacement law gives the dominant wavelength (R,,)
at which a blackbody emits the maximum amount of the electromagnetic radiation:

R, = 2898/T, (2)
where T is the absolute temperature of a blackbody. Thus, the sun which can be regarded as

a blackbody at 6,000 degrees K has the maximum radiation at about 0.5 g m in the visible region.
As temperatures of most of the Earth surface materials fall in the range between 0 to 30 degrees
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Fig. 1 The electromagnetic spectrum. The nomenclature for different parts of the spec-
trum, and relationship between wavelength, frequency, and energy.
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Celsius (273 to 303 degrees K), their maximum radiation occurs at about 10 gm. This is the
reason why the region between 8 to 14 ym corresponding to an atmospheric window is called
as thermal infrared (TIR).

In 1990, M.Plank succeded in mathematically describing the spectral distribution of
radiation emitted from a blackbody. This important rule is well-known as Plank’s law of
radiation, in which the spectral radiant exitance can be expressed as a function of wavelength
and absolute temperature of a blackbody. The two laws mentioned above, the Stefan-Boltzmann
law and the Wien’s displacement law, can be mathematically led from the Plank’s law, although
they had been known ealier historically.

Remote sensing is a technique to measure electromagnetic radiation as defined above, but
the electromagnetic region used for remote sensing has been limited to visible to microwave,
because radiation generators and/or detectors with practical intensity and sensitivity for regional
studies are available only in these regions at present. In this paper, discussions focus on the
visible and near infrared regions whose wavelength ranges from 0.4 to 2.5 pm.

2.2 Measurements of Reflectance Spectra

2.2.1 Terminology

By measuring electromagnetic radiation from an object, we can know some physical
properties of the object. In some cases, it is possible to identify material forming the object from
characteristic patterns of electromagnetic radiation in terms of wavelength. Remote sensing is
a technique to measure such electromagnetic radiation in a regional scale. In the VNIR to
SWIR regions, most of radiant energy from an object on the Earth consists of reflection of the
sun light at the surface of the object. A sensor on an aircraft or a satellite measures intensity
of such radiation. The followings are definitions for radiometric terms after Slater (1980).

Radiant energy, Q, is energy traveling in the form of electromagnetic waves, measured in
joule.

Radiant flux, ®= dQ/dt, is the rate at which radiant energy is transferred from a point or
a surface to another surface, measured in watts (joule/sec).

Radiant intensity, I = d®/d(Q, of a source is the radiant flux proceeding from the source
per unit solid angle in the direction considered, measured in watts per steradian.

Radiance, L = d*®/dQ) dA cos 8, in a given direction at a point on the surface being
sensed, is the radiant flux leaving an element of the surface surrounding the point and
propagated in directions defined by an elementary cone containing the given direction, divided
by the product of the solid angle of the cone and the area of the orthogonal projection of the
element of the surface on a plane perpendicular to the given direction. Radiance is measured
in watts per square meter and steradian.

Trradiance is the sum of the direct solar flux incident on the surface, per unit area of the
surface. Thus, irradiance is measured in watts per square meter.

Reflectance is the ratio of reflected radiant flux to incident radiant flux at a surface or a
point. The incident and reflected radiant flux must be measured in all directions. Thus, it is
not easy to measure reflectance unless a sophisticated laboratory equipment is available.

Reflectance factor is the ratio of reflected radiant lux leaving an element of the surface in
directions defined by a cone with an arbitrary solid angle containing the given direction, divided
by the reflected radiant flux leaving a perfectly diffuse surface (commonly designated as a
Lambertian surface) in the same direction defined by the same cone. Therefore, the reflectance
factor measured by the cone with the solid angle of two pai means reflectance.

Bidirectional reflectance factor is the special case of the reflectance factor, that is, geometric
relation to an illumination source is taken into account. As shown in Fig. 2, the bidirectional
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ILLUMINATION

Fig. 2 Geometrical quantities referred to in the bidirectional reflectance factor.

reflectance factor depends on (1) the angle of incidence, 8, of the flux at the surface, (2) the
azimuthal angle ¢ of the plane of incidence with respect to a direction across the surface, (3) the
angle to the surface normal from which the flux is detected, §’, (4) the azimuthal angle ¢’ of
the plane of reflection, (5) the solid angle subtended by the source at a point on the surface, and
(6) the solid angle subtended by the entrance pupil of the sensor at the surface.

In most cases to measure ‘‘reflectance’ of geologic targets such as rocks and minerals using
a spectroradiometer or radiometer, the bidirectional reflectance factor is actually measured
instead of the reflectance as defined above. In this paper, the term reflectance will be often used
instead of the bidirectional reflectance factor just for convenience. Usually, a “white” standard
plate is used for reference. The bidirectional reflectance factor can be obtained by rationing
radiant flux from a target and radiant flux from the reference. Materials used as reference are
magnesium oxide, barium sulfate, fiberflux, or halon, all of which have almost 100 9, reflectance
over the spectral range of the VNIR and SWIR regions. In this paper, barium sulfate coated
on an aluminum plate was used as the reference standard.

2.2.2 Description of Spectroradiometers

Field spectroradiometers have been recently developed, which can be used to facilitate
geologic mapping (Yamaguchi and Lyon, 1985). In addition, these spectroradiometers are also
used to provide ground truth data for airborne or spaceborne imaging systems. However, when
we discuss and compare spectra, we have to take into account some of the problems which arise
with use of different equipments with varying specifications. The difference in spectral resolution
is the major problem to be discussed.

Before comparing the spectra measured by two different spectroradiometers in the next
section, specifications of the spectroradiometers tested are described in this section (Table 1).
One is US-based Geophysical Environmental Research (GER) Inc’s IRIS (InfraRed Intelligent
Spectroradiometer). It has three gratings as dispersion elements, which are rotated by a stepping
-motor. Its spectral range of a measurement covers 0.35 to 2.5 xzm with 820 channels (in normal
scan mode) and spectral resolution is 2 nm in the 0.35 to 1.0 gm region and 4 nm in the 1.0 to
2.5 ym region. It is a dual beam system that looks at two targets (reference + sample)
simultaneously, so that it can avoid the effect of illumination changes on reflectance calculation.
According to the manual, it can take from 1.5 minutes to over 10 minutes to obtain a spectrum
depending on the scan rate factor and light level. As it took from 4 to 7 minutes in the
measurements, the author mounted the optical head on a tripod to look down at targets.
Spectrum data are dumped onto a cassette tape after each measurement. Data in the memory
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Table 1 Specifications of the two spectroradiometers.

Dispersijon
Element

Channel
Range
Spectral
Bandwidth
Measurement
Time

Data Record

Dispiay

grating

820
0.35-2.5 (3.0) pm
a) 2 nm (0.35-1.0 um)
b) 4 nm (1.0 -3.0 pgm)

1.5 - 10 min.

casette tape

chart recorder

circular variable
filter (CVF)

256
0.4-2.5 um
12-37.5 nm

a) 3.0 % (0.4-1.2 pm)
b) 1.5 % (1.2-2.5 pm)

4 sec.

bubble memory

liquid crystai display

can be plotted on the strip chart.

The other spectroradiometer is Australian-based Geoscan Pty. Ltd.’s PFS (Portable Field
Spectroradiometer), which obtains a spectrum using a circular variable filter (CVF) as the
dispersion element. Its spectral range is from 0.4 to 2.5 ym with 256 channels, and spectral
resolution is 12 to 37.5 nm (3.0 9, in the 0.4 to 1.2 ym region and 1.5 %, in the 1.2 to 2.5 gm
region), which is not as good as that taken by the IRIS (Fig.3). The PFS is a single-beam system,
and thus we need to measure a standard target first (which is stored in memory), and then direct
it to other targets in the reflectance mode. It takes 4 seconds for a measurement, much faster
than the IRIS. A large number of spectra can be averaged automatically, if we move the field
of view over a wide target area. This function helps to obtain good groundtruth data for
inhomogeneous ground targets. The internal “bubble” memory can store about 200 spectra,
which can be downloaded with a serial port to a portable computer. Any spectrum taken is
immediately shown on the liquid crystal display (LCD) and also any spectrum in the bubble
memory can be recalled and plotted on the display at anytime.

Spectral Bandpass IRIS vs. PFS
40
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Fig. 3 Spectral bandpass of the two spectroradiometers; the IRIS and the PFS.
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2.2.3 Effect of Spectral Resolution

Over 500 field and laboratory spectra have been obtained by using both the IRIS and the
PFS, and some of the more interesting spectra of standard minerals and hydrothermally altered
rocks of Singatse Range, Nevada, U.S.A. (Section 3.2.2), are shown here. The IRIS spectra were
convolved to the equivalent resolution of the PFS in order to make a comparison.

In reflectance (actually bidirectional reflectance factor as shown in the previous section)
measurements using a barium sulfate plate as a reference standard, a two-beam spectror-
adiometer measures the radiance from a target material and the standard, and takes a ratio
between them. A single-beam unit performs the two spectra consecutively. Consider that a
spectroradiometer obtains an output .S in the channel centered at wavelength 10. S, is given
by:

S,w = LAO/LSAO
S“R (1) X E (L) X F () X G(1) di

5 (3)
SRs(/l) X E(X) X F(1) X G (1) da,

where Ljo and Ls,, are the radiance of the target and the standard, R (1) and Rs (1) are the
reflectance of the target and the standard respectively, E (1) is the irradiance from the
illumination source, F (1) is the spectral responsivity of the spectroradiometer, and G (1) is
the goniometric factor in the measurements.

If we assume that Rs (1) = 1, F (1) = 0 when 1 <<, or A >, (1, <2,, Ag— A, =
As—Ao) and E (1) and G (1) are constant when 1, <A < 1,, the above equation can be
simplified as:

Sx0 = SiR (1) X Fn (1) dA, (4)

where Fn (1) is the normalized spectral responsivity of the equipment. There is no way to
know the “intrinsic’ reflectance R (1), because the responsivity Fn (1) of the equipment
always smoothes out the R (1), This is a convolution process and we can express it for whole
range of the measurement by using a superposition integral:

16@ ¥
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Fig.4 Correlation between the PFS spectrum and convolved data from the IRIS spectrum.
Spectra are of the hydrothermally altered rock, including alunite (Fig. 6). The
linear regression line is:
Y =098 < X -2.36, R*= (.958.
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s (1) :SZT@—A) X R@do=T (1) X R (1), (5)

where § (1) is the output and 7 (1) is the transfer function of the spectroradiometer, which
is equivalent to Fn (1), and v is the integration variable. The narrower the bandwidth of T
(1) and the sampling interval, the closer the output S (1) becomes to the “intrinsic”
reflectance R (1),

To compare the spectra taken by the IRIS and the PFS, this relationship was applied by
convolving the IRIS spectra. It was presumed that the IRIS spectra could be used as R (1) and
the transfer function 7 (1) of the PFS had a Gaussian shape. The output for each PFS channel
was calculated from the IRIS data and compared with the output of measurement by the PFS.
Figure 4 shows scatter plot between data of the convolved spectrum and data of the “real”
spectrum, which seems to be good enough.

In Figs. 5 to 8, three spectra for each sample are shown; an IRIS spectrum, a convolved
spectrum from the IRIS spectrum and a PFS spectrum. All the spectra were taken indoors under
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Fig.5 Spectra of well-crystallized kaolinite. Comparison between the IRIS spectrum (top),
a convolved spectrum from the IRIS spectrum (middle), and the PFS spectrum
(bottom).
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quartz-halogen illumination. We get spectra with almost same quality in the field except for
“noisy” data in the atmospheric absorption bands (1.4 and 1.9 ym) when we used the sun as
a source. We eliminate this problem by using artificial illumination (a portable quartz-halogen
lamp) even outdoors in daylight.

1) Kaolinite (Fig. 5)

This sample is a well-crystallized kaolinite from the Clay Mineral Society standard collec-
tion. Kaolinite has very strong hydroxyl (O-H) bands centered near 1.4 and 2.2 ym as discussed
in the next section. The IRIS can resolve O-H doublets in the 1.4 and 2.2 4ym absorptions.
Although the PFS spectra cannot show the doublets, these spectra can be identified as kaolinite
by their absorption peak wavelengths and spectral shape. The convolved spectra and the PFS
spectra now look very similar.
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Fig. 6 Spectra of a hydrothermally altered rock, including alunite. Comparison between
the IRIS spectrum (top), a convolved spectrum from the IRIS spectrum (middle), and
the PFS spectrum (bottom).
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2) Hydrothermally altered rock, including alunite (Fig. 6)

These spectra of the hydrothermally altered rock sample, which is collected in an argillic
alteration zone in Geiger Hill, three miles north of Virginia City, Nevada, clearly indicate alunite.
A doublet in the 1.4-1.5 ym region and a small absorption at 2.3 gm are obvious in the IRIS
spectrum, while they are not clear in the PFS spectrum. In the above case, deconvolution
techniques (roughly opposite to smoothing) have been successfully applied to recover this
doublet from the relatively “low-resolution” PFS data (Zhu and Lyon, unpublished data). As
alunite has a characteristic absorption at 1.76 gm (Hunt, 1979), even the PFS can identify it in
the field despite the relatively low resolution.

The scatter plot (Fig. 4) shows a good correlation wavelength-by~wavelength between the
convolved spectrum from the IRIS data and the PFS spectrum. Both now have 256 data points.

3) Gray clay, including montmorillonite (Fig. 7)
This gray clay sample is strongly altered Tertiary dacitic ash-flow tuff in the Singatse
Range. Strong absorptions at 1.4, 1.9, and 2.2 4 m suggest montmorillonite (Hunt and Salisbury,
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Fig. 7 Spectra of a hydrothermally altered rock, including montmorillonite. Comparison
between the IRIS spectrum (top), a convolved spectrum from the IRIS spectrum
(middle), and the PFS spectrum (bottom).
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1970). As these absorption features are very broad, the PFS spectrum is as good as the IRIS
spectrum.

4) Hydrothermally altered rock, including sericite (Fig. 8)

This rock sample is hydrothermally altered quartz monzonite porphyry, which is located in
a quartz-pyrite-sericite alteration zone in the porphyry copper system at Yerington, Nevada.
Sharp absorptions at 1.4 and 2.2 ym and a broad absorption at 2.35 to 2.4 ym indicate sericite
(Hunt and Salisbury, 1970). The absorption at the 1.4 ym in the PFS spectrum is not as sharp
as in the IRIS spectrum due to the smoothing effect of the CVF. However, the spectral shapes
of the PFS data is similar to the IRIS data and may be enough to identify it as sericite.

Spectra taken by the two different spectroradiometers show good correlation. The IRIS with
its higher spectral resolution can provide detailed spectral features such as the O-H doublets of
kaolinite and alunite. However, the PFS with a relatively lower resolution has a much shorter
scan time, and can give spectra with enough quality to indicate certain kinds of minerals whose
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Fig. 8 Spectra of a hydrothermally altered rock, including sericite. Comparison between
the IRIS spectrum (top), a convolved spectrum from the IRIS spectrum (middle), and

the PFS spectrum (bottom).
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spectra have broad absorption features or characteristic bands. For example, alunite, montmoril-
lonite, and sericite could be identified by the PFS spectra, with sufficient accuracy or to permit
real time field identification.

The use of both spectroradiometers in the field results in the maximum efficiency of effort.
The faster, less specific PFS can be used to pinpoint areas of interest for more detailed, higher
-resolution work by the IRIS. In the measurements of the reflectance spectra shown in the next
section, the IRIS was used in laboratory under quartz-halogen illumination.

2.3 Reflectance Spectra of Rocks and Minerals

2.3.1 Introduction

Some of the minerals which commonly exist at the Earth surface exhibit characteristic
spectral features in the VNIR and SWIR regions. For instance, human eyes can detect spectral
patterns of some minerals in the visible range as diagnostic colors that often help us identify
mineral species. A rock as an assemblage of minerals shows a composite of the individual
spectra of its constituent minerals. Spectral signatures of minerals are produced as a conse-
quence of either electronic or vibrational processes and can be explained by the crystal field
theory. Evidence for electronic processes appears primarily in the visible range, whereas
evidence for fundamental vibrational processes is evident in the MIR and FIR regions. In the
VNIR and SWIR regions, there is an overlap of features due to electronic transitions, and
excitation of overtone and combination tone vibrations (Hunt, 1980).

One of the most significant and important spectral signatures in 0.9 to 2.5 ym concerning
application to geologic remote sensing is vibrational features due to Al-O-H, Mg-O-H, Fe-O
-H, H-O-H, and Si-O-H, which are commonly observable in the spectra of phyllosilicate
minerals including hydroxyls. Another characteristic vibrational feature is an absorption due to
CO; in the SWIR range. Electronic features in 0.4 to 1.7 4 m region due to Fe?*, Fe®*, and Mn3*
are also important and applicable to remote sensing particularly for detection of iron oxides. On
the other hand, vegetation indicates diagnostic spectral patterns in the VNIR and SWIR regions
due to chlorophyll and water, and often obscures spectral signatures of rocks and minerals within
the same field of view observed by a remote sensor.

Reflectance spectra of typical minerals, rocks, and vegetation were obtained using the IRIS
spectroradiometer (Collins et al., 1981). As described in Section 2.2.2, the spectral range of the
IRIS is 0.35 to 2.5 ym, with 820 channels in the normal scan mode. Spectral resolution
(bandwidth) is 2 nm in the 0.35 to 1.0 ym region and 4 nm in the 1.0 to 2.5 gm region. The
measured samples of typical clay minerals were provided by the American Clay Mineral Society
and the American Petroleum Institute. Rock samples are mainly of the Singatse Range and
Carlin District, Nevada, U.S.A.

2.3.2 Phyllosilicates
1) Kaolinite; Al,Si,O,,(OH),

Figures 9 and 10 show reflectance spectra of kaolinite from various localities. Kaolinite has
very strong hydroxyl (O-H) bands in the near-infrared, centered near 1.4 and 2.2 ym (Hunt
and Salisbury, 1970). There are diagnostic O-H doublets in the 1.4 and 2.2 ym absorptions.
Usually, the 2.2 4m doublet is asymmetric and the right minimum is deeper than the left one.
If a kaolinite sample is poorly-crystallized such as (f) in Fig. 9 or impure due to the other
minerals, these doublets become less clear and finally appear as a single absorption. The
reflectance curves show a sloping background from 2.2 4m region toward a longer wavelength
due to a strong O-H absorption at 2.6 ym. As kaolinite does not contain constitutional water,
the absorption band near 1.9 4m shown in (c), (e), (f) in Fig. 9 and (b), (c) in Fig. 10 is due to
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adsorbed water.

2) Dickite; Al,Si,O,,(OH),

Dickite is a chemically identical monoclinic form of the triclinic kaolinite. Reflectance
spectra of dickite (Fig. 11) look quite similar to those of kaolinite. However, the interval width
and the peak height between two minima in the 1.4 ¢m doublet are larger than those of kaolinite.
Moreover, the 2.2 m doublet is symmetric and clearer than that of kaolinite.

3) Halloysite; Al,Si,O,(OH), 2H,0O

Halloysite has a two layer dioctahedral structure and exists in two forms; one (metahal-
loysite) with the kaolinite structure and the other a hydrated form. Thus, halloysites may contain
constitutional interlayered water molecules unlike kaolinite and dickite (Hunt et af., 1973).
Although reflectance spectra of halloysite (Fig. 12) are somewhat similar to those of kaolinite,
they show significant fall-off in reflectance toward 2.6-2.7 ym due to presence of molecular
water. The 1.4 ym doublet is clear and similar to that of kaolinite. The 2.2 ym doublet is
asymmetric and not as clear as that of kaolinite.

4) Montmorillonite; (Na, Ca), ;,(Al, Mg),Si,0,,(OH), nH,O
The montmorillonite group can absorb water molecules between the sheets. Thus, there are
characteristic absorption bands at 1.41-1.45 and 1.90-1.94 ym due to presence of molecular

e =

20

X

2

bt il 4 At &k || ST

U DR 1O S VN DU S (N, (W P Sobebosne e o 4 s_pe ) oo w b )
05 10 15 20 25 05 10 5 20 25
Wavelength (pm) Wavelength (pm)

Fig.9 Reflectance spectra of kaolinite (1). Localities Fig. 10 Reflectance spectra of kaolinite (2). Local-
are as follows: a) Washington County, Geor- ities are as follows: a) Riverside, California,
gia, b) Warren County, Georgia, c¢) Dry b) Macon, Bibb County, Georgia, ¢) Mur-
Branch, Twiggs County, Georgia, d) Ione, freeshoro, Pike County, Arkansas, d) Mesa
Amador County, California, e) unknown, f) Alta, New Mexico, e) Bath, Aiken County,

unknown. South Carolina.
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water (Figs. 13, 14, and 15). These features are asymmetric, usually with a steeper slope on the
shorter wavelength side. There is another band near 2.25 ym due to AlI-OH bending mode
(Hunt et al., 1973).

5) Pyrophyllite; Al,Si, O,,(OH),

There is a diagnostic very sharp absorption at 1.39 y4m (Fig. 16). The 2.17 4m band is also
clear. The other weaker absorption features are at 1.0 and 2.3 gm. The 1.9 gm absorption
indicates absorbed water in the sample.

6) Talc; Mg,Si,O,,(OH),

There is a sharp absorption at 1.39 ym (Fig. 17) similarly to pyrophyllite. Another
diagnostic absorptions at 2.32 and 2.39 ym make it possible to distinguish talc from pyrophyl-
lite.

7) Muscovite; K,(Al, Fe3+, Fe2*, Mg),(Si, Al);O,,(OH, F),

The strongest band is at 1.4 gm, and the next one is at 2.2 gxm (Fig. 18). A broad
absorption at 2.35-2.36 ym is also characteristic to muscovite (or sericite).
8) Illite; KAl,(OH),AlSi,(O,0H),,
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Fi;g, 11 Reflectance spectra of dickite, Localities are Fig. 12 Reflectance spectra of halloysite. Localities

as follows: a) Cusihuriachi, Mexico, b) Red
Mountain, Colorade, c) San Juanito, Mexico.

are as follows: a) Huntington, Emery
County, Utah, b) Bedford, Lawrence County,
Indiana, c) Utah, d) Sparuce Pine, Mitchell
County, North Carolina, e) Huron, Lawrence
County, Indiana.
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Fig. 13 Reflectance spectra of montmorillonite (1).
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Fig. 14 Reflectance spectra of montmorillonite (2),
Localities are as follows; a) Upton, Weston
County, Wyoming, b) and c) Amory, Monroe
County, Mississippi, d) and e) Clay Spur,
Wyoming, f) Catawba, Roanoke County,

15 Reflectance spectra of montmorillonite (3). Local-
ities are as follows: a) Little Rock, Pulaski County,
Arkansas, b) and ¢) Chambers, Apache County,
Arizona, d) High Bridge, Kentucky, e) Cameron,
Coconino County, Arizona.



Wavelength (pm)

Fig. 18 A reflectance spectrum of muscovite.
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Fig. 19 A reflectance spectrum of illite, whose
locality is Silver Hill, Montana.

There are strong absorptions at 1.9 and 2.2 ym, and a weak one at 2.36 ym (Fig. 19).

2.3.3 Carbonates
1) Calcite; CaCQO,
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Fig. 16 A reflectance spectrum of pyrophyllite. Fig. 17 A reflectance spectrum of talc.
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The strong absorption at 2.35 ym due to CO; is diagnostic to calcite (Fig. 20). There are
also less significant bands at 1.88, 2.0, and 2.16 ym. The absorption at 1.4 4m in Fig. 20 (¢) and
(f) might indicate water as fluid inclusions in the crystal.
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Fig. 20 Reflectance spectra of calcite. Localities are as follows: a) calcium carbonate
powder for chemical analysis, b) Jerritt Canyon, Elko County, Nevada, ¢) Yerin-
gton, Lyon County, Nevada, d) Carlin Mine, Eureka County, Nevada, e) and f)

Jerritt Canyon, Elko County, Nevada.

R L —T T v e TN 1
100'—//"'”“”““\‘“‘*“\,/\/\—‘100
Sk .
o r -
o r -
€ &l
,f, f— -
S [ ]
e ]
o ]
o — <

0_ o dodvege vp o3 g f g g g @ 0 g -

05 1.0 15 2.0 25

Wavelength (pm)

Fig. 21 A reflectance spectrum of magnesite (magnesium carbonate powder for chemical
analysis).
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2) Magnesite; MgCO,

The reflectance spectrum (Fig. 21) was measured for pure magnesium carbonate powder. It
looks quite similar to the spectrum of calcite. However, the absorption minimum due to CO, is
located at 2.298 ym, which is slightly shorter than that of calcite.

2.3.4 Sulfates
1) Alunite; KAL(SO,),(OH);

Alunite is one of the minerals easily identifiable from its reflectance spectrum. There are
a diagnostic doublet at 1.42-1.50 ym, and absorptions at 1.76-1.78, 2.16-2.18, and 2.32-2.34
um due to Al-O-H (Fig. 22). The absorption at 1.9 4m in Fig. 22 (b) is due to absorbed water.

2) Gypsum; CaSO, 2H,O

There are strong absorption bands at 1.45 and 1.96 ym, and less strong ones at 1.75 and
2.23 pm (Fig. 23). On the right (longer wavelength) slope of the 1.45 ym band, two weak
absorption features can be recognized in 1.48-1.55 ym. The other weaker absorption features
are at 1.0 and 1.2 ym.
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Fig. 22 Reflectance spectra of alunite. Localities Fig. 23 Reflectance spectra of gypsum. Localities
are as follows: a), b), ¢), and d) Nevada, e) are as follows: a) moistened powder of cal-
Geiger Hill, Washoe County, Nevada. cium sulfate for chemical analysis, b) Yerin-

gton, Lyon County, Nevada, c¢) and d) Gyp-
sum Mine, Lyon County, Nevada.
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Fig. 24 Reflectance spectra of quartz. a) white
milky quartz, b) quartz crystal.
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Fig. 26 Reflectance spectra of hematite (a and b),
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County, Nevada.
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2.3.5 Other Minerals
1) Quartz; Si0O,

Pure quartz is spectrally featureless in the VNIR and SWIR regions. However, quartz
crystal often contains fluid inclusion, which exhibits absorption features of water or hydroxyls.
The spectra of quartz crystal (Fig. 24) clearly show absorption features at 1.4 and 1.9 ym due
to presence of molecular water, and a broad shoulder at about 2.25 ym due to Si-O-H.

2) Epidote; Ca,(Al, Fe®*),5i,0,,(OH)

The strongest and characteristic absorption feature is at 2.35 gm (Fig. 25). There is a small
absorption at 2.26 ym on the left slope of this absorption. The other weaker features are at
1.55, 1.84, and 1.95 ym. There are broad absorptions at 0.6 and 1.0-1.1 ym due to iron.

3) Iron oxides and iron hydroxides

Iron oxide minerals in this case include hematite (Fe,O;) and goethite (FeOOH). They have
broad absorption features at 0.8 to 1.0 ym (Fig. 26). The absorption minimum of hematite
exhibits a shorter wavelength than that of goethite. Spectra of goethite show shoulders at about
0.6 ;m on the slope toward the ultraviolet range where a charge transfer band creates a strong
absorption (Hunt et al., 1971a). The other features in the region whose wavelength is longer than
1.0 ym are due to hydroxyls and/or water in the samples.
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Fig. 28 Reflectance spectra of dolomite (a, b, Fig. 29 A reflectance spectrum of a fresh surface of
and c) and ankerite (d and e). Local- granite, which was collected near Lake Tahoe,
ities are as follows: a) Lee, Massa- California.

chusetts, b) Ossining, New York, c)
Joplin, Missouri, d) Cumberland, Eng-
land, e) Quijotoa, Arizona.
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2.3.6 Various Rock Types
1) Limestone

The definition of limestone is a sedimentary rock containing at least 50 weight percent of
calcite, so that reflectance spectra of limestone (Fig. 27) are similar to those of calcite. But
limestone often contain non-carbonate elements such as silt and clay, which obscure diagnostic
spectral features of calcite. Although the 2.35 ym absorptions of limestone samples are still
recognizable, they are less clear than those of pure calcite (Fig. 20).

2) Dolomite and ankerite; Ca(Mg, Fe, Mn)(CO,),

In the above formula, if Mg > Fe, the rock is called dolomite. Whereas, if Mg < Fe, the rock
is called ankerite. Spectra of dolomite and ankerite (Fig. 28) indicate the absorption minima at
2.324 to 2.329 ym, which is slightly shorter than that of calcite or limestone at 2.35 ym.

3) Granite

The spectrum of a granite sample (Fig. 29) is almost featureless, because quartz and
feldspar, which are major rock forming minerals of granite, are spectrally featureless in the
VNIR and SWIR regions. The broad absorption at 2.35 ym might be due to biotite.

4) Basalt, andesite, and tuff
Most of the spectra of these volcanic rocks (Fig. 30) are also featureless like that of granite
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Fig. 30 Reflectance spectra of volcanic rocks. a) Fig. 31 Reflectance spectra of sandstone (a) and
and b) basalt, (Carlin, Elko County, shale (b, ¢, d, and e). All samples were
Nevada), ¢) andesite (Yerington, Lyon collected in Carlin, Elko County, Nevada.

County, Nevada), d) and e) rhyodacitic
tuff (Yerington, Lyon County, Nevada).
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because of the same reason described in the explanation of the granite spectrum. However, if
the sample is weakly weathered [Fig. 30(e}], there are hydroxyl and water bands at 1.4, 1.9, and
2.2 gm.

5) Sandstone and shale

A spectrum of sandstone reflects the type of sand grains. In this particular case, most of
the sand grains consist of quartz, thus the spectrum [Fig. 31(a)] is almost featureless except a
weak absorption at 2.35 gm, probably due to mica. Shale is a fine-grained sedimentary rock,
and often contains phyllosilicates. In this case, the spectra of shale [Fig. 31(b-¢)] exhibit very
weak absorption bands at 2.2 and 2.35 ym due to a small amount of phyllosilicates.

6) Chert
The spectra of chert (Fig. 32) look like those of quartz (Fig. 24), i.e., absorption bands due
to molecular water at 1.4 and 1.9 ym, and a broad band due to Si~-O-H at about 2.25 yzm.

2.3.7 Vegetation
1) Green leaves

Vegetation shows a quite different spectral pattern compared with those of rocks and
minerals. Fig. 33 shows a reflectance spectrum of green leaves. The most significant feature is
a high plateau in the near infrared region with a steep slope from 0.6 to 0.7 ym so called “red
edge”. There is a small peak in the green region of the visible range due to strong absorptions
of chlorophyll in the blue and red regions. Broad and strong absorptions at 1.4 and 1.9 ym in
the SWIR range are due to molecular water in plant cells.
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Fig. 32 Reflectance spectra of chert. Localities are as follows: a), b), ¢), and e} Carlin,
Nevada, d) Waterloo, Colorado.
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Fig. 33 A reflectance spectrum of green leaves. Fig. 34 A reflectance spectrum of lichen.
2) Lichen

Lichen often covers rock surface and makes it impossible to obtain information on the rocks
beneath. The reflectance spectrum of lichen (Fig. 34) exhibits a more up and down pattern than
that of the green leaves. This pattern indicates a reflectance spectrum of cellulose, which is
obscured in the spectrum of the green leaves due to higher concentration of water.

2.4 Identification of Minerals by Spectral Features

2.4.1 Feature Extraction

We can identify most of the important clay minerals from their VNIR and SWIR reflectance
specira, because they have some characteristic absorption features as shown in the previous
chapter. The advantage of the spectral method is its quick and easy field operation compared
with the X-ray diffraction method, more widely used in mineralogy and petrology. However,
similar to the X-ray method, sufficient prior knowledge of spectral features is necessary to tell
mineral species apart. This section shows an example of an “‘expert system’ by which we can
determine the possible minerals in measured samples without needing “‘expert” knowledge of
mineral spectroscopy. The system consists of four portions: a feature-extraction program, a
feature-coding program, a code-matching program and a data file of the codes.

The process of mineral identification from spectra by eye is a type of pattern recognition,
employing diagnostic spectral features in their reflectance curves. The wavelength position of an
absorption minimum and strength of an absorption are fundamentally important items to
characterize each absorption, and represent the styles and strengths of the O-H bondings in the
clays.

In order to compare strength of absorptions, we need to define their relative strengths,
usually considered to be the depth from the shoulder to the bottom. However, it is not easy to
find precisely where the shoulders are, thus the depth determination can be subjective.
Moreover, the depth, which is a percentage of the reflectance values, can depend in turn upon
the average reflectance of a spectrum. If the average reflectance is low, then the depth of an
important absorption can be too small to be detected. For the purpose of identifying these
important absorption wavelengths, the shape of their absorptions is often more important than
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Fig. 35 Upper: A reflectance spectrum of alunite and a hull. Lower: A hull-quotient curve
derived from the upper. Note that the common sloping background in the raw
reflectance is removed in the hull-quotient curve, thus the absorption features are
enhanced. The hull-quotient is calculated only in the range from 0.4 to 2.5 zm.

the absolute measured value. This is a factor which we must introduce next in the systems.

The concept of “hull-quotient” (Green and Craig, 1985) was applied to help avoid these
problems. A hull is defined as the lowest convex curve lying above the given spectrum, and hull
-quotient is given by taking the ratio between raw reflectance and hull values (Fig. 35). The
algorithm is as follows:

Step 1: Find the maximum reflectance value in a spectrum.

Step 2: Calculate a slope of a line from the maximum to each data point whose wavelength
is longer than the maximum. Choose the point with the largest slope. Substitute this point to
the maximum, and repeat to choose the next point with the largest slope until the last point. Do
the same procedure for the data points of shorter wavelength than the maximum, but choose
sequentially the point with the smallest slope.

Step 3: Link the maximum and the data points chosen in Step 2. The line drawn represents
the hull (Fig. 35).

Step 4: Take ratio between raw reflectance and the hull value for each channel. The result
plotted is the hull-quotient curve (Fig. 35).
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This method can remove the common sloping background (due to water at 2.7 ym), thus
enhancing the absorption features with significant shapes regardless of their raw reflectance
values. Notice the effect beyond 2.2 ym shown in Fig. 35.

Next step is to pick up absorption minima in the hull-quotient curve based upon reasonable
criteria. Meaningful absorption features (in a typically-noisy spectrum) are regarded as those
with sufficient depth and width. We can use following algorithm to detect them.

Step 1: Pick all local minima. All the data points with a negative slope to the left and a
positive slope to the right are chosen and marked.

Step 2: Assign the widdh of a window, e.g., four data points. Look at the reflectance of data
points, which are a “half-window’ width, left and right from the data points marked in Step 1.
If both the left and right points have larger reflectance than the center point does, mark the
center point again.

Step 3: Assign the threshold depth, e.g., five percent. Check the depth of the data points
marked in Step 2. If the depth is larger than the threshold, pick up the data point as the
minimum of an absorption.

This algorithm can detect absorptions from reflectance data without smoothing even if the
data have small noise fluctuations. The smaller the window width and threshold depth are, the
more numbers of shallow minima are picked up, which then may include meaningless noise. On
the other hand, large window widths and threshold depths allow us to pick only major
absorptions. Empirically the window width and threshold depth were set at four data points (out
of 820) and five percent respectively. The number of minima detected usually ranges from two
to ten, and rarely more than twenty. The absorptions are automatically arranged in order of
depth.

2.4.2 Feature Coding and Matching

Pattern recognition criteria could be described in computer programs by using “IF
-THEN” statements. However, it is not easy to make a description of these criteria perfectly by
“IF-THEN” statements, because of complexity and diversity of possible patterns of absorptions.
Moreover, if we need to add new minerals to be identified, we have to modify the program.

The author proposes a new method, feature coding and matching, for quick and efficient
pattern recognition of reflectance spectra. Coding of absorption features can relieve such
difficulty in describing criteria for mineral identification. Coding is a manner of expressing the
sequence of pattern of absorption features in a spectrum, by their wavelengths and order of
strength with a single string of symbols.

Due to the variety of possible chemical substitutions and the degree of crystallization of
samples, and/or accuracy of an equipment, each absorption position for a mineral has some
variable wavelength extent. For instance, Alunite is expected to have a diagnostic absorption at
1.762 ym (Hunt e al., 1971b), but the wavelength of this absorption had the range of 1.762 to
1.774 ym in our measurements. Therefore, it is more appropriate to use a window with a certain
range of wavelengths than an exact wavelength of an absorption.

Sixteen windows were selected over the wavelengths where diagnostic absorptions may
occur (Fig. 36). Each window has a hexadecimal-type symbol (0, 1, 2, 3 ... E) listed in Table
2. The range of the windows used is from 1.3 to 2.5 ym, where most of important absorptions
of clay minerals appear. The location of windows was chosen so that different patterns of
absorptions could be discriminated effectively. These will vary with spectrometer type (e.g., GVF
or grating) and also with its wavelength calibration. For example, if there are Al-O-OH
absorption doublets at about 1.4 ym (Hunt and Salisbury, 1970), minima may occur in both
window “1”’ and ‘27,

A code is given to each spectrum according to the following rules.
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Fig. 36 Locations of fourteen windows (Table 2), in which diagnostic absorption features
may occur. A reflectance spectrum of alunite is also shown.

1) The symbol of a window in which each absorption is located is given in order of
absorption depth.

2) An absorption which belongs to no windows is ignored.

3) One code for absorptions in one window. If we have more than two absorptions in one
window, only the strongest absorption is coded.

4) The number of symbols for one spectrum is set arbitrarily at six. This could easily be
enlarged.

Table 3 shows examples how coding is performed. As sample-1 has absorptions at 2.210,
2.197, 1.397, 1.415, and 2.380 4m in order of depth, it can be coded as “A912D”, Sample-2
has absorptions at 1.930, 1.415, 1.423, 2.220, and 1.625 ym. As the second and the third ones
are in the same window, and the fifth one belongs to no window, this spectrum is expressed as
ST2AC.

Table 4 shows a list of codes of clay minerals to be identified. Because of chemical and
physical variability, any mineral can have more than two codes. In a few cases, different
minerals can have the same code, that means we cannot discriminate them from the spectra data
processed in this manner. As this list is stored as a data base file separately from the
identification program, we can modify it easily whenever required. It is easy to add a new
mineral or to edit a correction to the codes. Mixtures of “end-member” minerals will show

Tabel 2 Wavelength positions of selected windows.

Window Wavelength (pm)
b 1.380 - 1.406
Z 1.405 - 1.430
3 1.430 - 1.470
4 1.470 - 1.510
B 1.680 « 1.670
6 1.740 - 1.780
7 1.900 - 1.950
8 1.950 ~ 1.980
9 2.100 - 2.200
A 2.200 - 2.250
B 2.250 - 2.320
C 2.320 - 2.360
D 2.360 - 2.390
E 2.390 - 2.410




Discrimination of lithology (Y. Yamaguchi) 67

progressive changes in their codes.

Alunite (Fig. 22) has diagnostic absorptions at 1.76-1.78, 2.16-2.18, and 2.32-2.34 ym and
characteristic doublets at 1.42-1.50 4 m, but all their depths are very similar. In order to identify
alunite, it is necessary to have the 2.16-2.18 ym band, 1.76-1.78 ym band, and the 1.42-1.50
um doublets. And if alunite is moistened, it can have a molecular water band at about 1.9 gm.
Thus, the many codes for alunite consist of “9”, two symbols among “2, “3”, and 4",
followed by “6” and/or “C”, and the symbol “7”’ can be inserted at any position between
them.

Calcite (Fig. 20) has a characteristic strong absorption at about 2.35 ym and is coded as
“C”. The absorption of magnesite (Fig. 21) is at slightly shorter wavelength than that of calcite
and is coded as “B”. Talc (Fig. 17) has an absorption at 2.31-2.32 ym, which is very close to
those of calcite and magnesite. However, as talc also has another diagnostic strong absorption
at 1.39 ym, it is coded as “B1” or “C1”. Similarly, epidote (Fig. 25) has the strongest
absorption at 2.35 ym and weaker ones at 1.55, 1.95, and 2.26 4 m, among which the absorption
at 1.55 ym is considered to be diagnostic of epidote. Thus, epidote is coded by “C” first and
followed by one or two symbols among “57, “77, “8”, and “B”, including at least “5”".

Gypsum (Fig. 23) has strong absorptions at 1.45 and 1.96 ym and relatively small ones at
1.75 and 2.23 gm. Sometimes small two absorptions at 1.48-1.55 ym on the slope of the 1.45
um absorption can be picked up. Among them, the 1.45, 1.96, and 1.75 ym bands are
diagnostic. If a sample with gypsum is moistened, the absorption at 1.96 4m can shift toward
1.9 ym.Thus, the symbols “3”, “8”, and “6” must be in the codes, “4”, “5”’, and “A” can be
in the codes, and “8 can be substituted by “7”.

Kaolinite (Figs. 9 and 10) has diagnostic doublets at 1.4 and 2.2 ym regions if well
~crystallized, but only one absorption for each region is resolvable if poorly-crystallized. In the
2.2 ym doublets, the absorption with longer wavelength is always deeper and survives in spectra
of poorly-crystallized samples. So the code of kaolinite must have “A” and at least one symbol
from “1”” or “2”, and can have “9”. If the sample with kaolinite is moistened, there is a
molecular water band at 1.9 ym. In case that the 1.9 ym absorption is the deepest, it is very
difficult to discriminate kaolinite from montmorillonite unless there are doublets at 1.4 or 2.2 zm.

Table 3 Examples of spectral coding and code matching.

(a) Sample-1
absorptions
wavelength(um) depth(%) order window

1.397 67.5 3 1
1.415 65.2 4 2
2.197 70.3 2 9
2.210 B1.T i A
2.380 43.8 5 D

(b) Sample-2
absorptions
wavelength(um) depth(%) order window

1.415 51.5 2 2
1.423 48.7 3 2
1.625 19 5

1.930 73.9 1 T
2 .1220 33.0 4 A

=====> Code is "T2A".
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Table 4 List of spectral codes of typical minerals.

Mineral

Alunite 9236,
3296,
3946,
92376,
97246,
94276,
97436,
23976,
37496,
43876,
47296,
29376,
37946,
49376,
47926,
942C6.,
439C6.,
493C6.,
9237C6.,
7924C6.,
9742C6,
9374C6.,
9437C6,
7329C6,
3749C6.,
4379C6,
2497C6,
7293C6.,
3792C6,
3974C6,
4937C6.
7492C6,
932C76,
239C76,
429C76,
294C76,

Calcite i

Epidote Cchb,

C875,

9326,
3496,

79326,
92746,
79346,
94736,
73296,
34796,
72496,
42796,
73926,
39746,
72946,
49726,
934C6.,
249C6.

4396,
4936, 2946,

9246,

97326,
92476,
97346,
94376,
37296,
34976,
27496,
42976,
37926,
39476,
27946,
49276,
943C6.,
429C6.,

9426,
2496,
4926,

79236,
93726,
719426,
93746,
72396,
32796,
74396,
24796,
72936,
39726,
749386,
29746,
923C6,
239C6,
293C6,

9346,
4296,

97236,
93276,
97426,
93476,
27396,
32976,
47396,
24976,
27936,
39276,
47936,
29476,
932C6.,
329C6.
392C6.,

9436,
2936,

Cc57,
C7B5.,

294C6.,
7932C6.,
9724C6,
9472C6.,
9347C6.,
7239C6.,
3729C6.,
3479C6.,
4397C6.,
7429C6.,
2793C6.,
3972C6.
3947C6.
1294C6,
4792C6,
924C76,
329C76.,
293C76.,
492C76

Cb8.
CB75,

492C6.,

C5B,
C88B5.

9732C6.
9274C6,
9427C6,
7943C6.
2739C6.
3279C6.,
3487C6.,
T249C6,
4729C6.,
2973C6.,
3927C6.,
7493C6.,
2794C6.,
4972C6.,
942C76.
349CT76,
392C76.,

7923C6,

C75,
CB85

9723C6,
9372C6.,
9247C6.,
7934C6.
9743C6.
2379C6,
3297C6.,
T7439C6.,
2748C6.
4279C6,
2937C6.
7394C6.
4793C6,
2974C6.,
4927C6.
934C76.,
439C76,
394C76.

85,

CBS,

2396,

3926,
92736,
19246,
94726,
79436,
23796,
73496,
43796,
74296,
29736,
73946,
49736,
74926,
924C6,
349C6,
394C6.
9273C6.
9327C6.,
7942C6.
9734C6.,
9473C6.
2397C6.,
7349C6.,
4739C6.
2479C6.,
4297C6.,
7392C6.
3794C6,
4973C6.
2947C6.
923C76.
943C76,
249C76.,
493C76,

C785.,

(continues)

Thus, the code “7” of the 1.9 4 m window should not be the first symbol of the kaolinite codes,
unless there is at least one pair of doublets. Dickite (Fig. 11) has a different code of “29AED”,
halloysite is often “A217”; if dried out it becomes “21A97C”.

Montmorillonite (Figs. 13, 14, and 15) has three major absorptions at about 1.90-1.94,
1.41-1.45, and 2.2-2.23 ym in order of depth, and its codes can be given as “72A”, “73A”,
“723A7, or “732A”. Code “A72” is also commonly found. Nontronite is a Fe?* type of the
smectite group minerals and has very similar looking spectra as montmorillonite. But its
absorption at 2.29 ym is slightly longer than that of montmorillonite at 2.2-2.23 y4m, and is
located in the different window “B”. So the codes of nontronite can be given by substituting
“A” by “B” in the codes of montmorillonite.

Pyrophyllite (Fig. 16) has strong absorptions at 1.39 and 2.17 gm, so that it is coded as *91”
or “19”. Other codes of “198C” and “19C"" may occur.

Muscovite or sericite (Fig. 18) has sharp absorptions at about 1.4 and 2.2 ym and a less
sharp one at 2.35-2.36 ym. If the sample is moistened, it may have a molecular water band at
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Table 4 (continued)

Mineral Codes

Gypsum 386, 836, 376, 736, 38A6., 3486, 3586, 3846,
3856, B83A6, 8346, 8356, 3TA6., 3476, 3576.
3746, 3756, T3A6., 7346, 7356, 34586, 38456,
348A6, 358A6. 83456, 834A6., 835A6, 384A6.
385A6, 34856, 34576, 37456, 347A6, 357A6.
73456, T34A6, T35A6, 374A6., 375A6, 34756

Kaolinite 1A, 2A, Al, A2, 12A, 1A2, 21A, 2A1., Al2,
A21, 1A9, 2A9., A91, A92, A19., A29., TIi12A.
172A, 12TA, T1A2., 1TA2, 1AT2, T21A, 271A.
217A, T2A1., 27A1, 2AT1, TA12, ATI2, A172,
TA21, AT21., A271, T1A9, 1TAS, 1AT9., T2A9,
27A9., 2AT9., TA91., A791., A9T1, TA92, AT92.
A9T72, TA19, ATI19., A1T9., TA29, AT29., A279

Magnesite B

Montmorillonite T2A, T3A, T23A, T32A

Nontronite 728, T73B, 723B., T732B
Pyrophyllite 91, 19
Sericite 2A, A2, 2AC., A2C., 2AD, A2D., 2A7TC. A27C,

T2AC, 27TAC, TA2C, AT2C, 2A7TD, A27D. T2AD.
27TAD, TA2D. AT2D

Talc B1, Ci

1.9 ym. Thus, the codes of sericite consist of <27, <77, “A”, and “C” or “D”. And “7”
should not be ahead of “2” or “A”, if there is not “C” or “D”. Surface weathering in field
samples shows as a code modification towards that of montmorillonite (illitic).

Identification of minerals can be done by matching the spectral code of measured sample
with the spectral codes of important index minerals in the data file. Even if a code of a measured
sample has six symbols, it is not necessary that the sequence of symbols matches the codes in
the data file. It is possible that only the first two symbols match one of the codes in the data
file. In the data file, the codes are stored in order of symbol numbers. Therefore, matching of
the code of the measured sample is started with the codes of the same number of symbols in the
data file. If we cannot match them, the code of the measured sample is truncated by removing
the last symbol. Then code matching is carried out again with the codes in the data file. This
process is repeated until the matched code is found, or “no-match” is indicated. The name of
that index mineral whose code is same will be displayed on screen. If there is no mineral with
the same code as that of the sample, we have two options. One is to leave the sample
unclassified, and the other is to add the code of the sample to the data file as a new data.
Presently there are about 400 codes in the data base.

Here are two examples of code matching. Sample-1 in Table 3 was coded as “A912D”.
There are no such codes composed of five symbols in the data file. So let us truncate the last
two symbols, and we will get the code “A91”. We can find the same code in the data file, and
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it is the code of kaolinite. Thus, sample-1 is identified as kaolinite. Sample-2 in Table 3 has
the code of “72A”. Look for the same code composed of three symbols in the data file, and we
can find that montmorillonite has the same code.

2.4.3 Discussion

The mineral identification system described above has been tested for laboratory spectra of
about 300 rock samples from Virginia City, Singatse Range, and Carlin districts, Nevada, U.S.
A. For the minerals with diagnostic absorptions such as alunite and gypsum, the program could
determine them without any problems. The minerals with the strongest absorption at the
wavelength longer than 2.2 ¢m, such as calcite and epidote, could be easily identified as far as
the absorption is sufficiently prominent (deeper than the threshold value). However, discrimina-
tion between calcite and epidote became difficult, if the diagnostic absorption of epidote at 1.55
pm was not clear (because of mixing with the other minerals).

It was sometimes difficult to discriminate kaolinite, sericite, and montmorillonite especially
when the samples were naturally moistened, because the wavelengths of the absorptions are
almost same. Only the strength of absorptions can be the key to be used in this system. But
it is basically impossible to discriminate them in some cases, because the same codes are given
to different minerals. One possible solution is to employ a description of absorption shapes along
with its wavelength. For instance, absorptions of montmorillonite are relatively broader and
asymmetric-right (Figs. 13, 14, and 15), whereas kaolinite and sericite have relatively narrower
and symmetric absorptions (Figs. 9, 10, and 18). But discrimination between kaolinite and
sericite is still difficult unless the diagnostic doublets of kaolinite or the absorption at 2.35 gm of
sericite is clearly observable. It is even hard by visual observation. Thus, it is the limit of the
spectral method, which might be determined by physical properties of these minerals in this NIR
range and/or the spectral resolution of the equipment.

Lastly, the problem of mixtures has to be considered, as most of rock samples consist of a
mixture of minerals. If two minerals are mixed, their joint spectrum shows the spectral features
of two minerals according to the mixture (Hunt, 1979). In one test case, one spectrum showed
a mixture of alunite and kaolinite, but was identified as kaolinite. In order to apply the spectral
coding method to identify minerals in a mixture, we have to create spectral codes of possible
mixtures of minerals.

Spectral coding is a very efficient data compression tool (from 820 data points to 5-6 codes).
Although the number of minerals to be identified is limited to fifteen at present, the concept of
spectral coding would be useful in a more sophisticated and complete expert system. An
advantage of the coding method is its flexibility, in that we can readily change the identification
criteria and can add new minerals by modifying the data file. In future, field spectroradiometers
with expert systems would tell us the minerals in real time operation.

3. REFLECTANCE CALIBRATION OF
MULTISPECTRAL SCANNER DATA

3.1 Significance of Reflectance Calibration

The author discussed diagnostic features in reflectance spectra of rocks and minerals in the
previous chapter. Theoretically, reflectance is independent of illumination conditions, and thus
indicates physical or chemical properties of the material measured. Reflectance measurements
can be performed by ratioing radiance from a target and a reference standard, both of which
are measured simultaneously or sequentially with a short interval assuming constant illumination
conditions.
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However, an airborne or spaceborne remote sensor measures radiance only from a target,
which is then transformed into quantitized integer numbers through electronic processes in each
spectral band. Eventually, we obtain digital number (DN) values recorded on a magnetic tape,
e.g., integers with 6 bits or 8 bits dynamic range. People rarely care about the meanings of the
DN values that often leads an image processing result which looks beautiful “mathematically’
but is difficult to interpret geologically due to the lack of “physical calibration” of the DN
values. It is obvious that calibration of the DN values into the numbers with physical units will
allow us to obtain more meaningful results geologically from remote sensing data. Usually,
calibration factors to convert DN values into radiance are available from a data book published
by the agency which is responsible to build and calibrate a remote sensor prior to launching. To
use such calibration factors is one possible way to perform “physical calibration” of DN values
into radiance, but further transformation from radiance to reflectance is still needed in some
cases.

The purpose of this chapter is to investigate the use of field spectral measurements and
laboratory-based techniques as a means of calibrating DN values to percent reflectance.
Airborne Imaging Spectrometer (AIS) data provided by NASA were used to make a comparison
of the techniques. The author evaluated effectiveness of each method by comparing the
calibrated inter-band patterns, as the AIS has enough spectral bands to draw a reflectance
spectrum of the target.

3.2 A Test Case Using AIS Data

3.2.1 Description of the AIS System

The Airborne Imaging Spectrometer (AIS) is an instrument built by NASA in 1983 to test
the imaging spectrometer concept with two-dimensional infrared area arrays of the type which
will be used on the Shuttle Imaging Spectrometer Experiment (SISEX) planned for 1991 and
High Resolution Imaging Spectrometer (HIRIS) planned for 1995. The AIS employs a 32 by 32
element mercury telluride array to sample the spectral region from approximately 0.9 to 2.4 ym.
Five grating positions are available. Four sequential grating positions can be collected, sampling
data either in the “tree mode” (0.9 to 2.1 gm) or the “rock mode” (1.2 to 2.4 ym). Stepping
through the four grating positions produces 128 channels of continuous spectral data sampled
at wavelength intervals of approximately 9.6 nm. As shown in Fig. 37, a 32 pixel wide swath,
approximately 300 meters wide, is collected perpendicular to the flight direction (Jet Propulsion
Laboratory, 1985; Goetz et al., 1985).

The data collected by the AIS are severely affected by wavelength specific atmospheric
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Fig. 37 Concept of the Airborne Imaging Spectrometer.
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absorptions and decreased incoming solar irradiance at longer wavelengths (Fig. 38). These
factors result in a reduction of the overall brightness and dynamic range of the data in the
atmospheric absorption regions and at longer wavelengths. In the next section, techniques are
tested to perform solar normalization and atmospheric correction.

Four flight line of data in the “rock mode” were acquired in the vicinity of the town of
Yerington, Nevada, and adjacent Singatse Range on July 25th, 1984. The four flights, flight 407,
409, 410, and 411 covered a variety of targets ranging from mine dumps and clay altered areas
to alfalfa fields. The data collected along each flight line were processed through a number of
steps. First, the data were screened for bad data or line drop-outs. Line drop-outs were located
by comparing digital numbers in one cross-track line to digital numbers in the previous cross
-track line. An appropriate threshold value was selected empirically, and if the difference
between the first line and the previous line was greater than this value, the running average for
that channel was assigned to the present pixel. Second, screened data were selectively processed
using one of the four calibration techniques tested. Finally, the processed data were destriped
by equalizing the downflight sum of each channels for each of the 32 cross-track pixels in a
flight.

3.2.2 Geology of the Test Site (Singatse Range, Nevada, U.S.A.)

The studied area is located in the Singatse Range at Yerington and Ann Mason, western
Nevada, U.S.A. The Singatse Range is at the western edge of the Basin and Range Province
and encompasses an area of 12 km N-S by 6 km E-W. Proffett and Dilles (1984) published a
detailed geologic map of this area, and Dilles (1983) reported a detailed study on the hydrother-
mal rock alteration. Figure 39 is a simplified geologic map. Major lithologic units in the Singatse
Range are Triassic-Jurassic metavolcanic and metasedimentary rocks, Jurassic intrusive rocks,
and Tertiary volcanic rocks.
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SOLAR IRRADIANCE CURVE OUTSIDE ATMOSPHERE
SOLAR IRRADIANCE CURVE AT SEA LEVEL

EA (Wm? gm)
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WAVELENGTH ( gz m)
Fig. 38 Solar irradiance curve (after Slater, 1980).
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The Triassic-Jurassic metavolcanic and metasedimentary rocks are distributed in the
southern Singatse Range forming an overturned syncline with the E-W trending folding axis.
Lithologically, they consist of andesitic volcanics, quartzitic sandstone, evaporite (gypsum and
anhydrite), limestone and volcanic siltstone, andesitic to dacitic tuff and tuff-breccia, volcanic
sandstone and limestone, calcareous argillite, dolomitic limestone, and andesitic volcanics from
lower to upper. These rock units are intruded and metamorphosed by the Middle Jurrasic
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intrusive rocks.

The Middle Jurrasic intrusive rocks compose the widest distribution in the central portion
and are named Yerington Batholith. The Yerington Batholith is composite and strongly
differentiated from early granodiorite to quartz monzonite to porphyritic quartz monzonite and
finally to quartz monzonite porphyry, with a successive decrease in the volumes of intrusions.
The entire batholith was emplaced within one million years at 169 Ma. Quartz monzonite
porphry dykes which originate from the porphyritic quartz monzonite below form major swarms
with NW-SE trend and cut the older rock units. Porphyry copper mineralization formed
contemporaneously with the emplacement of the porphyries. Large areas of the Yerington
Batholith are hydrothermally altered that provide good targets of extensive remote sensing
studies (Lyon, 1986).

After structural tilting and erosion of the Mesozoic formations, a series of ash-flow tuff
sheets was deposited. Five major Oligocene tuffs were recognized; the Guild Mine Member and
the Weed Height Member of the Mickey Pass Tuff, the Singatse Tuff, the Bluestone Mine Tuff,
and the tuff and breccia of Gallagher Pass, from the oldest to the youngest. Lithologically, the
first three are quartz latites, the Bluestone Mine Tuff is rhyolitic, and the last one is dacitic. In
early to middle Miocene, basin-and-range normal faulting began. Movement along the faults
resulted in steep (average 60 degrees) westward tilting of all older rocks (Proffett, 1977; Proffett
and Dilles, 1984).

3.2.3 Linear Regression Using Field Measurements

All four flights were calibrated to spectra measured in the field. Four homogeneous,
unvegetated targets were located in the AIS imagery. These targets consisted of two mine
dumps, a paved road, and an outcrop of Tertiary tuff. Six to thirteen spectral measurements
were made at each site using the IRIS Spectroradiometer described in Section 2.2.2. The spectral
data were collected between 10:00 AM. and 3:00 P.M. in May, 1985. All spectra were
standardized to a barium sulfate plate. The number of spectra collected varied depending upon
the homogeneity of the target which was assessed visually at the time of collection. Six spectra
were collected over the pavement and the Bluestone Mine dumps which showed little spectral
variability. Nine were collected over the Yerington Mine dumps. Thirteen were collected over
the tufl. In all cases, spectra were collected randomly in an effort to best characterize the target.

Field spectra were despiked in the laboratory to remove artifacts generated by the spectro-
radiometer in the atmospheric absorption regions. Spikes were removed by interpolation across
the spike, usually a region 4 to 8 nm wide. Despiked field spectra were averaged in order to
produce one spectrum for each target, and to model the pixel response for that target. Finally
the modeled spectra were convolved to the 9.6 nm AIS spectral equivalent using a Gaussian filter
transfer function.

Raw data values were extracted from the AIS imagery over the four calibration targets.
Between 5 and 19 pixels were extracted for each target and averaged. Next, the averaged pixel
value was plotted against the averaged and convolved field spectrum. Least squares regression
was used to produce a best fit line. The R? values ranged from a low of 0.849 to a high of 0.992.
The average R? value was approximately 0.95. The slopes and intercepts of the regression
equations (Table 5) were used to convert each AIS digital number to percent reflectance.

Several assumptions were made regarding the data analysis. First, the field spectra were
collected 8 months after the flight. It was assumed that the target conditions had hot changed
markedly during this time. Secondly, the four targets were located on three flight lines. It was
assumed that atmospheric and solar conditions had not changed markedly from one flight to the
next.
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Tabel 5 Wavelength of the AIS channels and regression coefficients for reflectance
calibration. Reflectance is given by the following equation:
(Reflectance)=A X (DN)+B

CHANNEL WAVELENGTH REGRESSION COEFFICIENTS R2

(pm) A B

1 1.168 0.0197 Ll -5 0.972

2 1.644 0.0165 =817 0.968

3 1.736 0.01562 -5.11 0.973
4 1.828 0.0156 -6.91 0.976

& 1.192 0.0151 =5.23 0.975

6 1.201 0.0148 -4.43 0.974
T 1.211 0.0146 -3.82 0.974

8 1.220 0.0141 -8.75 0.976

9 1.229 0.0137 -2.99 0.976
10 1.238 0.0141 -3.95 0.963
11 1.247 0.0151 -4.54 0.969
12 1.267 0.0166 -6.34 0.971
13 1.266 0.0167 -4 B2 0.970
14 1 278 0.0167 -4.40 0.969
15 1.284 0.0168 -4.,82 0.968
16 1.293 0.0182 -5.35 0.977
17 1.303 0.0193 =5 .33 0.870
18 1.312 0.0228 -7.04 0.966
19 1.321 0.0272 -8.43 0.964
20 1.330 0.0368 -12.88 0.973
21 1.340 0.0583 -20.06 0.961
22 1.349 0.1035 -29.70 0.951
23 1.358 0.1775 -48.03 0.951
24 1.367 0.2264 -60.33 0.907
28 1.376 0.2089 ~B3.88 0.890
26 1.386 0.2032 ~-47.82 0.849
27 1.395 0.2292 -58.80 0.908
28 1.404 0.2112 -52. 10 0.922
29 1.413 0.1781 -41.25 0.886
30 1.422 0.1474 -32.06 0.954
31 1.432 0.1180 -24 .15 0.935
32 1.441 0.0918 -20.36 0.959
33 1.453 0.0792 -14 17 0.939
34 1.462 0.0732 -14.60 0.946
35 1.471 0.0617 “11 .24 0.950
36 1.481 0.0541 -10.59 0.959
3T 1.490 0.0401 -6.05 0.951
38 1.489 0.0305 -4.59 0.952
39 1.508 0.0291 =391 0.958
40 1.518 0.0279 -4.74 0.963
41 1.527 0.0275 -5.40 0.968
42 1.536 0.0282 -7.08 0.968
43 1.5456 0.0280 ~8. 57 0.968
44 1.555 0.0296 -T.52 0.967
45 1.564 0.0305 ~7.94 0.965
46 1573 0.0307 =T 0.960
47 1.583 0.0309 -6.52 0.968
48 1.5692 0.0324 ~7.82 0.969
49 1.601 0.0317 -6.88 0.970
50 1.610 0.0334 -8.70 0.968
51 1.620 0.0331 -8.56 0.975
B2 1.628 0.0336 -9.06 0.976
53 1.638 0.0351 -8.82 0.975
54 1.647 0.0354 =101 0.980
55 1.657 0.0365 =11.08 0.978
56 1.666 0.0370 -11.70 0.979
57 1.675 0.0368 -1l B8 0.979
58 1.684 0.0374 =19.¥ 0.980
59 1.694 0.0386 -18.18 0.984
60 1.703 0.0395 -13.40 0.985
61 lisE] 2 0.0414 -14.40 0.985
62 1.022 0.0439 -15 .52 0.990
63 1.3 0.0450 ~15.24 0.988
64 1.74 0.0482 ~16.42 0.992

(continues)
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Table 5 (continued)

CHANNEL WAVELENGTH REGRESSION COEFFICIENTS R2

(pm) A B
65 1.748 0.0448 =181,:32 0.980
66 15157 0.0457 -11.85 0.979
67 1.767 0.0480 -10.56 0.976
68 1.776 0.0571 =12.27 0.968
69 1.785% 0.0700 =13 86 0.970
70 1.79% 0.0975 ~18+.93 0.970
71 1.804 0.1495 =28:.83 0.970
{2 1.813 0.1780 ~-29.68 0.957
73 1.822 0.1855 -26.48 0.945
T4 1.832 0.2024 -31.91 0.977
5 1.841 0.2071 -31.43 0.963
76 1.850 0.2122 =28.63 0.948
T 1.860 0.2604 -33.95 0.929
78 1.869 0.30i18 =~37T...35 0.925
79 1.878 0.3076 -35.22 0.923
80 1.887 0.2908 -32.58 0.932
81 1.897 0.2402 -24.08 0.918
82 1906 0.2500 -29.50 0.925
83 14915 0.1884 -17.84 0.883
84 1./92b 0.1831 -19.36 0.920
85 1.934 0.1332 -10.64 0.871
86 1.943 0. 1272 =il I /i d3) 0.894
87 1.952 0.1111 =T . 82 0.905
88 1.962 0.0954 -4.30 0.892
89 1.971 0.0853 -4.65 0.912
90 1.980 0.0806 =5.28 0.920
91 1.990 0.0897 -8.05 0.934
L 1.999 0.1040 -8.68 0.917
93 2.008 0.1038 -6.38 0.915
94 2.017 0.0909 -5.46 0.940
95 2. D2 0.0815 -6.82 0.948
96 2.036 0.0806 -8.32 0.958
97 2.048 0.0847 -6.04 0.951
98 2.057 0.0857 -6.06 0.948
89 2.067 0.0849 -5.59 0.958
100 2.076 0.0874 ~ .85 0.963
101 2.085 0.0800 -5.57 0.964
102 2.095 0.0784 -5.67 0.967
103 2.104 0.0792 -6.34 0.965
104 2.113 0.0786 -6.34 0.967
105 2.123 0.078T -6.44 0.965
106 2.132 0.0793 -6.69 0.869
107 2.141 0.0814 -6.35 0.968
108 2.161 0.0853 -7.05 0.865
108 2.160 0.0892 -8.25 0.967
110 2,169 0.0910 -8.49 0.964
111 2.178 0.0930 -8.45 0.968
112 2.188 0.0831 -7.80 0.952
113 2,19 0.0921 =8.37 0.957
114 2.206 0.0980 -10.74 0.963
115 2.216 0.0921 -8.51 0.942
116 2.225 0.0963 -8.88 0.941
17 2.234 0.1091 =9.86 0.925
118 2.244 0.1144 =9.13 0.951
119 2.253 0.1211 =9..183 0.850
120 2. 202 0. 1226 -9.56 0.947
121 2. 202 0.1243 -10.19 0.937
122 2.281 0.1269 -9.59 0.943
123 2.290 0.1324 -10.86 0.962
124 2.300 0.1346 -10.86 0.954
125 2.309 0.1408 -12.50 0.949
126 2.318 0.1424 =12. 18 0.9689
127 2.328 0.1515 -14.04 0.960
128 2..337 0.1601 -13.78 0.960
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3.2.4 Calibration Techniques Without Ggoundtruth

Three laboratory-based techniques without groundiruth were also tested. These were the
Flat Field correction as defined by the Jet Propulsion Laboratory (Goetz et al., 1985), the Least
Upper Bound Residual and the Log Residual proposed by Green and Craig (1985).

The Flat Field correction was applied by dividing the raw data value for a flat, non
-absorbing spectrum into every pixel along a flight. Geologic background and field spectra were
utilized in selecting the optimal Flat Field spectrum. A pixel located on an alluvial fan was
selected as the best Flat Field spectrum along the four flight lines.

The Least Upper Bound Residual and Log Residual processing techniques rely on the
theoretical relationship between irradiance, topography, reflectance, and radiance. The relation-
ship can be modeled multiplicatively as follows:

Xa=T; Ra I, (6)
where X;; = The radiance of a sample 7, at wavelength A,
T; = A topographic factor, which accounts for topographic variation in illumi-

nation and is assumed constant for all wavelengths.
R, = Reflectance for a sample 7, at wavelength A,
I, = Irradiance for a specific wavelength interval.

Rearranging this formula and transforming it into log space results in the following:
log(Ry) = log(Xy) —log(T;)—log(l,) (T

The value X is equal to the digital number value for a sample at each wavelength. The
topographic factor T is estimated by calculating the average of the 128 channels for each sample.
The value for I varies depending upon whether a Least Upper Bound Residual or a Log
Residual is being applied. For the Least Upper Bound Residual, the value I equals the highest
real digital number value throughout the image. For the Log Residual, the value [ is calculated
as the average digital number value for a channel throughout the entire image. Thus, for both
techniques, there will be 128 values of I.

Finally, a fourth value, the image average, is added to each calculated value of reflectance.
This value, which equals the average brightness for all samples at all wavelengths (one value per
image), is used to standardize each processed flight. In addition, it should also be noted that the
averages used in the calculations are equal to the average of the logarithms, and not the
logarithms of the averages.

3.3 Discussion

Figure 40 shows AIS spectra extracted from the same pixel on flight 407 which have been
interpreted as containing kaolinite. Figure 41(a-e) shows AIS spectra of an alfalfa field extracted
from flight 411. Figure 41(f) is an AIS spectrum extracted from flight 411 over stubble. The true
merits of the four techniques can be best evaluated in terms of noise, the number of processing
artifacts, the effective removal of atmospheric absorption features, normalization of solar
irradiance and spectral interpretability. Table 6 contains a summary of the results for the four
processing techniques over the two targets.

A number of improvements can be made with regard to the level of noise in the Flat Field
spectra and Least Upper Bound Residuals. The Flat Field spectrum, which was divided into
each pixel, was derived from one pixel over an alluvial fan. According to Conel (verbal
communication, Jet Propulsion Laboratory, 1985), an increase in the number of spectra averaged
to produce the Flat Field spectrum will raise the signal to noise ratio within it. This should
reduce the amount of noise in the resulting Flat Field processed data.
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The Least Upper Bound Residual data may be improved by better screening for anomalous
data values in the raw AIS data.The algorithm used to remove bad cross-track lines did not
remove all of the anomalous data. Anomalously bright data, which are not removed from the
raw data, result in an erroneously low calculation for the Least Upper Bound Residual. This
phenomenon was particularly severe in the atmospheric absorption regions where the highest
real data value tended to be very low. A second screening process, based upon the upper
percentiles, may greatly improve the calculated result. Instead of using the maximum value as
the Least Upper Bound, the 99.5th brightest value could be used. If all of the anomalously
bright data were restricted to the 0.5 percent highest values, this technique would effectively solve
this problem.

The Log Residual technique worked very well over the sparsely vegetated kaolinite [Fig.
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Fig. 40 Raw and processed AIS data for a pixel on flight 407 interpreted as having
kaolinite. Plots of digital numbers (DN) vs. wavelength (WL) in nanometer. a)
unprocessed data, b) calibrated by field spectra, c) calibrated by the Flat Field, d)
calibrated by the Least Upper Bound Residual, e) calibrated by the Log Residual.
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40(e)]. However, over the alfalfa field [Fig. 41(e)], the technique performed very poorly.
Figure 41(f) shows the Log Residual spectrum for a stubble field adjacent to the alfalfa fields on
flight 411. Comparing Fig. 41(e) to Fig. 41(f), it becomes evident that the former is the mirror
The
average spectrum along flight 411 is an alfalfa spectrum. Any ground target which is not

image of the latter. This is caused by the average spectrum used in the calculations.
dominantly composed of this cover type will show absorption features where alfalfa has peak
brightness and peaks where alfalfa absorbs. This problem may be solved by substituting the
average spectrum from another flight line into the calculations for this flight.

The calibrated result may have problems in the atmospheric absorption regions. The most
evident problem is in the 1.8 to 2.0 ym region. The alfalfa spectrum [Fig. 41(b-e)] has an
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Fig. 41 Raw and processed AIS data for a pixel on flight 411 made up of green alfalfa (a-e).
Plots of digital numbers (DN) vs. wavelength (WL) in nanometer. a) unprocessed
data, b) calibrated by field spectra, ¢) calibrated by the Flat Field, d) calibrated by
the Least Upper Bound Residual, e) calibrated by the Log Residual. f) shows a Log
Residual spectrum for stubble on flight 411. Note that e) is a mirror image of f).
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anomalous peak in this region. The fact that this spectral shape is present in all four processed
spectra suggests that the problem may be in the unprocessed AIS data. Actually, the alfalfa had
raw data values which were nearly twice as large as the pavement in the 1800 to 2000 nm region.
A typical vegetation spectrum should be darker than pavement in this region. Thus, it was
concluded that the problem was in the original AIS data.

In light of recent findings at the Jet Propulsion Laboratory, the most likely explanation is
second order overlap from the shorter 800 to 1200 nm regions (G. Vane, verbal communication).
The AIS contains a blocking filter designed to block all wavelengths of light shorter than 800 nm.
Thus, light in the 800 to 1200 nm range may add to the 1600 to 2400 nm regions in the form
of a second order contribution. This phenomenon would be particularly bad for vegetated areas
because vegetation is strongly reflective in the 800 to 1200 nm region and vegetation is strongly

Table 6 A comparison of the calibration techniques.

1) Sparsely vegetated area

PROCESSING SOLAR ATMOSPHERIC SPECTRAL
TECHNIQUE CORRECTION CORRECTI{ON NOISE ARTIFACTS INTERPRE-
TABILITY
Flat Field good moderate high numerous moderate
Least Upper good improvedX very numerousX moderate/
Bound highk good
Residual
Log good good mode- moderate excellent
Residual rate number
Field very very low few good
spectra good good

calibrated

PROCESSING SOLAR ATMOSPHERIC SPECTRAL
TECHNIQUE CORRECTION CORRECTION NOISE ARTIFACTS INTERPRE-
TABILITY
Flat Field good moderate very numerous moderate/
high good
Least Upper good improvedX very very moderate/
Bound highX numerousX good
Residual
Log good moderate high very very poor
Residual high
Field very very low f ewXx good/
spectra good good excel lentXxx

calibrated

* Line drop outs and anomalous data influenced this result-removing these data may produce a
marked improvement.
* % An anomalous peak occurs in the 1.8-1.9 gm region. The peak is present in the raw data
(compare Figs. 40 and 41)
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absorbent in the 1800 to 1900 nm region. Based upon the results obtained in the unvegetated
area, this is not a marked problem where vegetation cover is low. Furthermore, second order
overlap is not a problem in unvegetated pixels located in heavily vegetated flight lines if the data
is calibrated using field reflectance measurements; the second order contribution is incorporated
into the best-fit line established between percent reflectance measurements and uncorrected AIS
digital numbers.

The results of this study suggest a number of strategies for image processing of data with
a large number of spectral dimensions. Of the techniques used in this study, calibration using
field spectra is the best. In addition to the advantages shown in this study, the standardized
result may be compared to standardized data collected on different dates or with different
sensors. However, difficulties in selecting calibration sites, special instrumental requirements and
the number of hours required to measure the spectra make the technique very difficult to employ.
In addition, it is not always possible, or desired, to collect field measurements prior to analyzing
the data. Therefore, effective laboratory-based techniques are important as a means of
analyzing this data.

As a result, this study showed that AIS data calibrated to field spectra were less noisy,
contained the least number of artifacts and were easier to interpret than AIS processed using the
Flat Field correction, Least Upper Bound Residual or Log Residual. All four techniques
normalized the decrease in brightness due to a reduction in solar irradiance at longer wave-
lengths. In addition, all four techniques reduced atmospheric absorption features in the
atmospheric absorption regions. Lacking field spectral measurements, the results suggest that
the Log Residual technique would be the most effective of the three laboratory based techniques
in areas which do not contain a dominant cover type. In areas which contain one dominant
cover type, the Least Upper Bound Residual would probably be the best.

4. DEVELOPMENT OF A FIELD RADIOMETER

4.1 A Field Radiometer as a Groundtruth Equipment

Field reflectance measurements are indispensable for the “‘ground-based” reflectance
calibration of imagery as discussed in the previous chapter. If we can assume linear nature of
the relationship between the recorded digital numbers in a magnetic tape and ground
reflectance, it is easy to convert the digital numbers into reflectance using field targets with
enough spatial distribution (Marsh and Lyon, 1980; Conel and Alley, 1985; Roberts ¢f al., 1985
and 1986). Kepper ¢t al. (1986) reported that a reflectance calibrated image was composed of
fewer image units than an uncalibrated image and these units corresponded more closely to the
mapped geologic formations.

In the case of the AIS data, the IRIS spectroradiometer with spectral resolution of 2 to 4
nm (Section 2.2.2) was used to provide ground reflectance, because the AIS has high spectral
resolution of 9.6 nm. However, spectral resolutions of the other airborne and spaceborne
multispectral scanners are not as high as that of the AIS. For instance, the bandpasses of the
Landsat TM range from 60 to 210 nm in the VNIR region, and those of the optical sensor of
the Japanese ERS-1, which is planned to be launched in 1992, are 60 to 130 nm (Table 7). In
these cases, we do not have to use a high spectral-resolution spectroradiometer as a tool to obtain
ground reflectance data, because it takes longer time for data acquisition and subsequent
convolution processes. Instead, a field radiometer with the equivalent bandpasses to the
airborne or spaceborne sensor should greatly help collect field reflectance data.

It has been also required to evaluate capability of the ERS-1 sensor prior to its operation.
Spectral measurements using a field radiometer with the ERS-1 bandpasses will be the most
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Table 7 Bandpasses of the Japanese ERS-1 optical sensor.

Band Bandcenter (nm) Bandwidth (nm)

1 560 80

2 660 60

3 810 100 stereo
4 810 100 stereo
5 1650 110

6 2060 110

7 2190 120

8 2340 130

efficient way to get enough hypothetical sensor responses for statistical investigation. After the
satellite becomes operational, the field radiometer will be able to provide groundtruth data in
various applications. Some field radiometers have already been developed as groundtruth tools
for the Landsat remote sensors, but some modifications have been desired in their specifications.
For these reasons, the author has developed a new field portable radiometer as a part of the ERS
-1 project (Yamaguchi et al., 1988).

4.2 Development of a New Field Radiometer

4.2.1 Specification of the Radiometer

There are some user requirements for a field radiometer. First of all, it has to be portable,
i.e., it has to be operated in field by batteries and its weight should not be too great. The newly
developed radiometer consists of the optical head and the control unit as shown in Pl. 1.1. The
radiometer can be operated by the DC 12V battery, which is rechargeable from AC 100V or
200V power supply and lasts about 3.5 hours in case of continuous measurements. Voltage of
the battery can be checked by the analog-meter on the control unit. A lap-top personal
computer (NEC PC-98LT) is used for control of the radiometer and can work about 4 hours in
field with its internal battery. As the total weight of the radiometer including the control unit
and the computer is about 15 kilograms, two persons are needed to carry and operate it in field.

This radiometer has two filter wheels in the optical head as shown in Fig. 42. Each wheel

| PbS detector

silicon
detector

Fig. 42 The optical system in the optical head of the radiometer. Notice two filter wheels
and only one aperture for observation.
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Fig. 43 Transmittance curves of the filters installed.

can contain up to eight interference filters and corresponds to the silicon and lead-sulfide
detectors respectively. Therefore, up to eight spectral bands in the VNIR region and another
eight bands in the SWIR region are available. At present, three filters in the VNIR region and
four filters in the SWIR region whose bandpasses are similar to those of the ERS-1 optical sensor
(Fig. 43) have been installed. The filter wheels are automatically rotated by pulse motors in order
to accomplish shorter measurement time. During field operations, illumination conditions are
always changing. Thus, the shorter the time necessary for a measurement, the less influence
from fluctuations of the illumination conditions. It takes about twenty seconds to perform one
continuous measurement for the seven spectral bands.

Other requirements for a field equipment are easy operation and a reliable recording
medium. It is also desired that a measured result can be checked immediately in field.
Otherwise, we can not recognize a failure of measurements until returning to a laboratory from
a field survey. For these reasons, it was decided to use a lap-top personal computer for control
of the radiometer. The optical head is connected to the computer through the control unit by
RS232C interface (Pl. 1.1). We can easily operate the radiometer using the computer keyboard
and can check the result immediately on the liquid-crystal display. Measured data can be
recorded on a 3.5-inch floppy disc.

An important advantage of this radiometer is that there is only one observation aperture in
the optical head. Generally speaking, geologic targets such as surface rocks or soil are quite
inhomogeneous even within a field of view of a radiometer. Thus, it is important to carry out
a spectral measurement in the same field of view exactly for the different spectral bands when
we discuss a spectral response pattern of a particular target. Many of the previously developed
radiometers measure a target with different fields of view using multiple apertures. If there is
significant inhomogeneity in the target, such systems might cause a problem that each spectral
band measures different areas with different spectral properties. In order to avoid it, the optical
head of the newly developed radiometer has only one objective aperture and sector mirror (Fig.
42) as to guarantee the same field of view to all the spectral bands. The field of view can be
checked through the sighting telescope. When we start a measurement, the light path to the
telescope is closed automatically and the incident rays is directed to the filters and detectors. The
radiometer also has four different types of irises as shown in Table 8. The most appropriate iris
for the measurement is chosen by rotating the iris wheel.

4.2.2 Calibration Using a Standard Lamp
An optical bench (P1. 1.2) has been prepared for the purpose of performing absolute energy
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Table 8 Shape and size of the irises in the radiometer.

iris no. shape size (mm) field of view (degrees)
1 square 8 %
2 square 4 x
3 square 2 %
4 circle {1
8 rectangle 15
6 (closed) -

calibration of the radiometer. An officially-calibrated irradiation standard lamp is mounted on
the optical bench, a distance of fifty centimeters from a standard reflection plate (Fig. 44). This
is the same material as the reference plate being used in field measurements, i.e., an aluminum
plate with thin coating of barium sulfate on the surface.

Using this optical bench, we can easily get calibration factors to convert readings obtained
by the radiometer into absolute energy values. Calibration factors are stored on a floppy disc
as a data file and are called when energy conversion is required. An integrating sphere with
barium sulfate coating on its internal surface is also prepared. It will be possible to monitor
irradiance from the sun using the calibration factors and the integrating sphere equipped at the
objective aperture of the radiometer. This capability will allow us to evaluate the satellite data
and correct atmospheric effects after the satellite sensor becomes operational.

50cm ||
=i
lamp K reflection
e i5° plate

radiometer

Fig. 44 The arrangement for calibration of the radiometer using the optical bench.
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Fig. 45 A reflectance spectrum of kaolinite powder obtained by a high-resolution spectro-
radiometer and the bandpasses of the optical sensor of the Japanese ERS-1.
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Table 9 Comparison of the response to kaolinite powder. Notice that these measurement
results coincide well each other.
(a) Measurement results obtained by the new field radiometer. An average of ten
measurements.
(b) Hypothetical response patterns convolved from the reflectance data obtained
by the high-resolution spectroradiometer. An average of four spectra.

Band 1 Band 2 Band 3 Band 5 Band 6 Band 7 Band 8

(a) 79.99 86.00 86.78 89.39 79.92 54.34 54.89

(b) 82.27 88.02 91.60 95.03 83.00 54.04 56.10

4.2.3 Reliability of the Radiometer

Some measurements have been carried out as a test of the radiometer. Firstly, the
repeatability of measurements and the effect of temperature were examined by changing the
temperature at 0, 25, and 40 degrees Celsius. The dark current did not exceed 0-+1 percent of
readings in any cases. It was also shown that the fluctuation of the measurements was not more
than two percents of the readings when measured over the white reference plate in any cases of
the three temperatures tested.

Next, reliability of the radiometer was tested by comparing the measurement results to the
spectra obtained by the high-resolution spectroradiometer over the same targets. Fig. 45 shows
the typical reflectance spectrum of kaolinite; an important clay mineral in hydrothermally
-altered areas. This spectrum was then convolved into the hypothetical response pattern
through the filters installed in the radiometer by multiplying the filter transmittance curves (Fig.
43). The same target was also measured by the new radiometer. As shown in Table 9, these
two response patterns coincided sufficiently well. Namely, kaolinite shows high responses except
the Bands 7 and 8 in the SWIR region because of the characteristic absorption at 2.2 ym due
to the existence of hydroxyl. Many other measurements have also shown good coincidence
between the response patterns obtained by these two methods. Consequently, it can be
concluded that the newly developed radiometer would provide reliable spectral data as the
ground truth to the ERS-1 optical sensor, probably also to the other remote sensors.

4.3 Discussion

A new field portable radiometer has been developed as a groundtruth equipment for the
optical sensor of the Japanese ERS-1. As a result of the preliminary investigation, it has been
shown that the radiometer worked sufficiently well with enough reliability in spectral measure-
ments. It will be possible to get enough sensor response patterns for statistical investigation of
the ERS-1 sensor prior to its launching. After the satellite becomes operational, this radiometer
will be used to collect groundtruth data in various applications.

The filter wheels in the radiometer can contain up to sixteen filters, more than the seven
spectral bands of the ERS-1 sensor. So, such usage as identification of clay minerals using filters
with the specific bandpasses around 2.2 ym might be possible in future. This is another possible
application of the radiometer as an useful field tool for exploration geology (e.g., Gladwell ¢ al.,
1983).
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5. COMPARISON OF VARIOUS TECHNIQUES FOR
DISCRIMINATION OF LITHOLOGY

5.1 Introduction

In this chapter, the author examines possible techniques for discrimination of lithology using
multiband data taken by an airborne or a spaceborne system. We will deal with the optical
sensor of the Japanese ERS-1 (Earth Resources Satellite) for examination because of its expected
capability of lithologic discrimination by the SWIR bands (Fig. 46). Reflectance data of typical-
minerals and rocks obtained using the IRIS speciroradiometer (Section 2.2.2) and stored in a
spectral data base were used prior to aciual measurements by the satellite sensor, because the
ERS-1 sensor is currently being manufactured. The reflectance spectra were converted into
hypothetical sensor responses following Jackson (1983). Namely, the reflectance for a particular
ERS-1 band was obtained by summing the product of the spectra and a response function at
each spectroradiometer channel of a spectrum and dividing this sum by the response function
values. The response function of the sensor was assumed to be rectangular in shape, i.e., 1009
spectral response within each bandpass shown in Fig. 46 and Table 7 and no response for the
rest of the spectral ranges.

This is, of course, a crude assumption, and it will have to be substituted by the real response
function as soon as it becomes available. Moreover, atmospheric effects and other sensor
parameters, such as the signal/noise ratio, are not considered in this paper, because many of
them have not been available yet. These parameters do affect the capability of the sensor and
are expected to decrease the separability in discriminating different materials, but are assumed
not to change the result of this chapter, whose purpose is to develop an approach for the ERS
-1 sensor data. Consequently, the hypothetical sensor responses of each band are given by
simply averaging reflectance values within each bandpass. By using the simulated SWIR bands
data, three typical techniques; band ratios, spectral indices and HSI color transform, were
compared in terms of the capability to discriminate different rocks and minerals.

Another assumption made is that the recorded digital numbers (DN) are linearly related to
the ground reflectance. Conel and Alley (1985) deduced linear nature of the relationship
between the DN values of aircraft scanner image data and the ground reflectance. Marsh and
Lyon (1980) showed that the surface and satellite data are highly correlated within defined
contrast constraints after the satellite DN values are corrected for between-band gain differences
and compensation is made for atmospheric attenuation and scattering. If we assume the linear
relationship, it will be possible to calculate coefficients in the linear regression between the DN
values and the ground reflectance using field reflectance measurements over spatially uniform
targets. Therefore, the results derived from consideration in reflectance will be applicable to the
“reflectance calibrated” DN values.

Figure 47 shows simulated sensor response patterns of typical minerals, rocks, and vegeta-
tion. Vegetation has a quite different pattern from the others, especially in the visible to near
-infrared bands, i.e., low in Bands 1 and 2, and high in Band 3 (and 4). As the bandpasses of
the visible to near-infrared bands are almost equivalent to Landsat TM Bands 2, 3, and 4, we
can apply data processing techniques developed for the TM data, particularly for the purpose
to discriminate vegetation from rock and soil (e.g., Crist and Cicone, 1984; Elvidge and Lyon,
1985a). Note that the patterns of the minerals and rocks in the visible to near-infrared bands
are similar, whereas those in the last three SWIR bands are significantly different. This fact
confirms the importance of the SWIR bands as expected (Hunt, 1979), so that our discussions
will focus on the SWIR bands.

In the SWIR bands, andesite and granite in Fig. 47 have flat reflectance patterns, whereas
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the minerals show right-sloping patterns, except alunite in Band 8. The minerals have
characteristic absorptions in the 2.1-2.35 ym region due to hydroxyls and/or carbonates, and
their SWIR spectra generally have background reflectance that decrease toward longer wave-
lengths (Fig. 46) due to existence of absorbed water and/or hydroxyls at 2.7 ym in the all
minerals as shown in Section 2.3.

In such data with a sufficient sampling rate and high spectral resolution (Fig. 46), pattern
recognition of a spectral shape is a powerful and practical method to identify a mineral as
discussed in Section 2.4. Wavelength position and relative strength of diagnostic absorption
minima in a spectrum are the keys to identify a mineral. However, due to the limited number
of bands in the ERS-1 sensor, such a pattern recognition technique cannot be employed.
Moreover, we must take into account the fact that DN of a pixel obtained by a satellite sensor
is a result of mixed reflection from different materials within an instantaneous field of view. Even
in a bare rock and soil area without vegetation cover, the Earth surface observed by a satellite

ERS-1 bandpass
12 5 8
T RN, s NS = 7E B
a

Reflectance

i1 PR R PO S

0.4 2.5

Wavelength (pm)

Fig. 46 Reflectance spectra of typical minerals, rocks, and vegetation from 0.4 to 2.5 ym.
The top column shows the bandpasses of the Japanese ERS-1 optical sensor. (a)
kaolinite; (b) montmorillonite; (c) alunite; (d) calcite; (e) andesite; (f) granite; (g)
green leaves.
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is usually composed of a mixture of different minerals. In the next section, we will discuss
possible data processing techniques that enable us not only to discriminate among different rocks
and minerals but also to quantify to some degree the concentration of a component in a mixture.
The technique to separate vegetation using the ERS-1 data will be discussed in Section 5.3.

5.2 Comparison of the Techniques for Multiband Data

5.2.1 Band Ratios

Band ratios are the most widely employed and computationally simple method of data
processing to evaluate multiband data. Previous authors have described many ratio-based
image processing techniques (e.g., Rowan et al., 1974; Goetz and Rowan, 1981). The ratio
between TM Band 5 centered at 1.6 ym to TM Band 7 centered at 2.2 ym was reported to be
sensitive to the existence of clay minerals, and thus useful to detect hydrothermally altered areas
(Abrams et al., 1977 and 1983; Prost, 1980; Podwysocki et al., 1983). As the center of the ERS
-1 Band 5 is located at almost the same wavelength as that of the TM Band 5, and the Bands
6, 7, and 8 of the ERS-1 are three, nearly-equal subdivisions of the TM Band 7, this technique
may be applicable to the ERS-1 data.

Figure 48 is a cluster plot of ERS-1 Band 5 vs. ERS-1 Band 7 for the sensor responses of
typical minerals and “unaltered rocks”. In this particular case, the word ‘“‘unaltered rocks™ is

20%

Simulated Sensor Response

e

1 2345 6 7
Band

0 -

Fig. 47 Simulated response patterns of typical minerals, rocks, and vegetation to the ERS-1
optical sensor in reflectance: (a) kaolinite; (b) montmorillonite; (c) alunite; (d)
calcite; (e) andesite; (f) granite; (g) green leaves.
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Fig. 48 A cluster plot of Band 5 vs. Band 7 for the sensor response patterns of typical
minerals and unaltered rocks: () kaolinite; ( ®) montmorillonite; (1)
alunite; (M) calcite; ( &) unaltered rocks (andesite, granite, etc.).

used for the rock samples lacking a significant amount of phyllosilicate and carbonate minerals
which have characteristic absorption features in the SWIR region, i.e., including fresh basalt,
andesite, dacite, rhyolite, welded tuff, granite, sandstone, shale, and chert. The typical minerals
analyzed are powder or fresh surfaces of rocks provided by the American Clay Mineral Society
and the American Petroleum Institute. Spectral measurements of the unaltered rocks are done
on fresh or weathered surfaces of the rock samples.

Generally, data points with a certain band-ratio plot on a straight line with a zero y
—intercept. In Fig. 48, most of the unaltered rocks plot on or above the Y = X line, whereas the
others plot below it. Therefore, it is obvious that we can easily separate these minerals from these
unaltered rocks by means of the band ratios. However, it is also clear from Fig. 48 that the ratio
values of the minerals overlap each other. The plot of Band 5 vs. Band 6 or 8 also shows similar
relationships. This fact suggests that the band ratios including the Band 5 may not be useful
for discriminating among clay minerals nor separating hydrothermally altered areas from
carbonate rocks.

Figure 49 shows cluster plots of Bands 6, 7, and 8 for the minerals and the unaltered rocks
shown in Fig. 48. For instance, kaolinite and montmorillonite plot around the Y = X line in Fig.
49(b), having band ratio values of nearly 1.0. On the other hand, alunite and calcite plot above
and below this line, respectively, because they have higher and lower Band 8/7 ratio values than
1.0, respectively. Three ratios are available among the three SWIR bands (Bands 6, 7, and 8),
but the combination of any two ratios is enough to describe all the possible patterns in the case
of the three bands. Figure 50 shows a cluster plot of the two band ratios of 7/6 and 8/6 for the
typical minerals and the unaltered rocks. Most of the data points have values below 1.0 for both
band ratios, because of the general negative slope of the SWIR spectra toward longer wave-
lengths.

The ratio-based data processing techniques should be adequate for discriminating these
minerals, because the clusters of alunite, kaolinite, and calcite are separated by this process.
Even a simple strategy such asparallelepiped classification (Lillesand and Kiefer, 1979) should
be able to separate these minerals. However, there is a basic problem if we apply the band ratios
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Fig. 49 Cluster plots of Band 6 vs. Band 7 and Band 7 vs. Band 8 for the sensor response
patterns of typical minerals and unaltered rocks. See Fig. 48 caption for symbols.

to a mixture (Elvidge, 1985; Miller and Elvidge, 1985). Miller and Elvidge (1985) pointed out,
at mapping limonite stain in TM imagery, that the use of the TM Band 3/1 ratio in raw TM
data may result in the overestimation of limonite stain on bright rock and soil materials and the
underestimation of limonite stain on dark rock and soil. Atmospherically corrected TM data
may exhibit the reverse condition, overestimation of ratio values on dark substrates and
underestimation of ratio values on bright substrates. As our discussions are based upon the
reflectance data, they correspond to the atmospherically corrected case in Miller and Elvidge
(1985), Therefore, it is clear that we have the same problem that the mixing of pure minerals
will result ratio values not proportional to the concentration of a component in a mixture. In
order to avoid this problem, the author proposes the application of a “‘base-line”” data process-
ing technique, a kind of the n-~space spectral indices (Jackson, 1983), which are discussed in the
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Fig. 50 A cluster plot of the band ratios of 7/6 and 8/6 for typical minerals and unaltered
rocks. See Fig. 48 caption for symbols.

next section, to be used instead of a ratio-based technique, as was proposed by Elvidge (1985)
and Miller and Elvidge (1985).

5.2.2 Speciral Indices and Principal Components Analysis

The concept of the spectral indices was initiated by Kauth and Thomas (1976), who
proposed four indices called “‘Brightness”, “Greenness”, “Yellowness”, and “Nonsuch” using
the four Landsat MSS bands. Richardson and Wiegand (1977) developed a two-dimensional
perpendicular vegetation index (PVI) using two bands of the Landsat MSS. Jackson (1983)
showed that these indices are special cases of a class of spectral indices, formed by linear
combinations of n spectral bands, in n-dimensional space. Application of n-space indices had
been restricted to vegetation analysis until Elvidge and Lyon (1984) developed the Mineral
Absorption Index (MAI) for assessment of hydroxyl-bearing minerals, and Miller and Elvidge
(1985) proposed the Iron Absorption Index (IAI) for iron-oxide staining. Both groups success-
fully showed that the n-space indices allowed quantitative interpretation of many spectral
features that were analyzed previously through the use of the band ratios.

A spectral index can be defined as a value measured by projecting a data point onto an axis
with an appropriate unit vector direction. In a three-dimensional case, the second and third
indices are deviations of each data point from the previously established baseline which repre-
sents a background (Jackson, 1983). Thus, it is essential to choose an appropriate baseline when
we apply this technique to multispectral data. In this paper, reflectance values are used to
calculate the indices instead of DN values of real satellite data.

In order to establish such a baseline, let us look at the three-dimensional shape of the data
structure in Bands 6, 7, and 8. Figure 51 shows cluster plots of Band 6 vs. Band 7, and Band
7 vs. Band 8 for approximately 600 spectra of rocks and minerals. About 100 of them are of
pure minerals including kaolinite, montmorillonite, alunite, calcite, halloysite, dickite, illite,
epidote, muscovite, and pyrophyllite as shown in Section 2.3. Most of the others are various rock
types collected in Nevada, U.S.A., including hydrothermally altered rocks, unaltered volcanic
and sedimentary rocks, and carbonate rocks. Note that the data points are highly correlated in
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Fig. 51 Cluster plots of Band 6 vs. Band 7 and Band 7 vs. Band 8 for the sensor response
patterns calculated from the approximately 600 spectra of rocks and minerals.

these plots. The three-dimensional shapes of the data structure is like a “raccoon tail”’, with
decreasing point density outwards from its axis. The “best fit” line to the axis has a slope
slightly less than 1.0, because many of the measured samples include clay minerals, which have
the negative slope for the SWIR bands. A sample with a constant reflectance in the three bands
would plot on the line:

Band 6 = Band 7 = Band 8. (8)

Data points which plot apart from this line represent the spectra with unequal reflectance in the
three bands, presumably showing the samples with characteristic absorption features. Therefore,
the (1:1:1) line given by Eq.(8) is defined as a baseline, from which we can calculate deviations
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Fig. 52 Three-dimensional concept of the (1:1:1) baseline in Bands 6, 7, and 8.

of each data point as the spectral indices. Figure 52 shows the three-dimensional concept of the
(1:1:1) baseline. The first index measured along the baseline is comparable to the soil brightness
of Kauth and Thomas (1976), and is the average brightness of a target measured in the three
SWIR bands.

If we apply principal components analysis to the data in Fig. 51, the first axis (the best fit
line) is very close to the baseline defined by Eq.(8). A fundamental difference is that the baseline
-based technique chooses the axes to represent specific spectral features (i.e., to indicate specific
targets of interest), whereas the principal components analysis chooses the axes mathematically
by maximizing variance of all the data. The axes chosen by these two techniques do not
necessarily coincide with each other.

To compute the second and third indices, we assign the second and third axes with
appropriate directions. In Kauth and Thomas (1976), the second axis was chosen to indicate a
cluster of green vegetation, and the third axis was fixed automatically to be orthogonal to both
the first and second axes. In our case to discriminate rock types, the second axis should be
chosen on the basis of the data points representing a characteristic mineral, and will be
perpendicular to the baseline.

Figure 53 is a schematic diagram of a plot viewed along the direction of the baseline toward
the origin for the possible sensor response patterns. Each three-bar diagram represents a certain
band pattern in a subarea or on a boundary of two subareas, and the hexagon indicates the
possible data limit corresponding to the outer surfaces of a cube defined in the reflectance space
(Fig. 52). A data point on the baseline would plot at the center of the hexagon. This plot
suggests that the view from the baseline direction may be a very efficient way to discriminate
different response patterns in the three-dimensional space. Figure 54 shows the same view for
the data points of the typical minerals, i.e., projection of the data points onto a plane perpendicu-
lar to the baseline. (This view is very similar to the projection onto the plane including the second
and third axes chosen by the principal components analysis as mentioned before.)

The second and third axes should be parallel to the plane shown in Fig. 54. If we abandon
orthogonality of these axes and intend to choose them to indicate characteristic minerals, they
are not necessarily orthogonal each other, nor is the number of the axes limited to two. However,
only a “two-index” content of information excluding the first index (brightness) is meaningful
in the three-band case, and selection of two orthogonal axes is the most efficient way to extract
available information. Here, two axes indicating the averages of the clusters of alunite and
calcite were chosen for computing the spectral indices, because these two axes cross at about 90
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Fig. 53 Sensor response patterns in the plane orthogonal to the baseline shown in Fig. 52.
Each three-bar diagram represents a possible pattern of Bands 6, 7, and 8 from left
to right, in a subarea or on a boundary between two subareas. The hexagon
indicates the data limit defined by the outer surface of a cube in reflectance space
shown in Fig. 52.

degrees (Fig. 54). As explained in the next section, hue values in Table 11 are measured around
the baseline for the average of each mineral cluster. Thus, the angle between these two axes is
given by subtracting the hue value of alunite from that of calcite, and we get 93 degrees, which
is assumed to be close enough to 90 degrees to assure the orthogonality. The author names these
two indices Alunite Index (ALI) and Calcite Index (CLI).

Band 8
127 B
a
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~Band 7
*
Band 6

n | |
|

98 ot —

193 221

Fig. 54 A cluster plot in the same plane as Fig. 53 including the point (100,100,100) for
typical minerals and unaltered rocks. Arrows indicate the axes of the Alunite
Index and the Calcite Index. Numbers are the x and y coordinate values on the
projected plane. See Fig. 48 caption for symbols.
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Fig. 55 A cluster plot of the Alunite Index and the Calcite Index for typical minerals and
unaltered rocks. See Fig. 48 caption for symbols.

Figure 55 shows a cluster plot of the proposed two indices for the typical minerals and the
unaltered rocks. As shown by Jackson (1983), an index can be formed by a linear combination
of the three bands, whose coefficients are given in Table 10. Namely, the i-th index value A(i)
for each data point is given by

Af) = 2 CG, §) X RG), (9)

where C(i,j) is the coefficient of the i-th index for the j-th band, and R(j) is a sensor response
in the j-th band. The data points of alunite and calcite have large values in their indices,
whereas those of kaolinite and the unaltered rocks show large and small values in the both
indices, respectively.

The data points of montmorillonite plot close to those of the unaltered rocks, because the
response pattern of montmorillonite in these three bands is similar to that of the unaltered rocks
(Fig. 47). Spectral indices in four-dimensional space, constructed by using the Band 5 along with
the Bands 6, 7, and 8, might be better for discriminating montmorillonite from the unaltered
rocks. This will be discussed in Section 5.4.

These preliminary results indicate that spectral indices are more useful than band ratios for

Table 10 Transform coefficients of the three SWIR bands for the spectral indices.

Coefficients

Index Band 6 Band 7 Band 8
Brightness 0.58 0.58 0.58
Alunite Index 0.62 -0.77 0.16

Calcite Index 0.54 0.26 -0.80
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analyzing simulated ERS-1 data recorded in Bands 6, 7, and 8. An important advantage in
utilizing the spectral indices is that the indices are proportional to concentration of certain
components in a mixture, if the spectrum of the mixture can be formed by linear mixing of each
component’s spectrum. Moreover, it may be possible to determine a fixed linear transformation
to aid in viewing the data regardless of scenes (Kauth and Thomas, 1976). A black-and-white
image showing intensities of the spectral index proposed in this paper or a color composite image
made by assigning the spectral indices to color primitives will greatly help the detection of
spectral features, and thus will be quite useful for lithologic mapping.

5.2.3 HSI Color Transform

The “‘raccoon tail-like” shape of the data structure with a hexagonal data limit (Figs. 51
and 53) reminds us of HSI or HSV color models (Gillespie, 1980; Foley and Van Dam, 1982),
which describe color using three physiological parameters; H (hue), S (saturation), and I
(intensity) or V (value). We employ the HSI model [Fig. 56(a)] here.

(a)

1
)
}/ D 100 Band 7

100 (b)

Band 6

Fig. 56 (a) HSI color model after Foley and Van Dam (1982). (b) Perspective drawing to
show relation between the three parameters of the HSI model and the three SWIR
bands in reflectance space.
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Table 11 Three parameters of the HSI color transform for the averages of the typical
minerals and the “unaltered rocks”.

Mineral Hue(degree) Saturation Intensity
Kaolinite 63 0.50 0.63
Montmorillonite 89 0.10 Q.81
Alunite 16 0.18 0.63
Calcite 109 0.24 0.63
Unaltered rock 275 0.02 0.28

Figure 56(b) is a perspective drawing to show the proposed correlation of the band response
in reflectance space to the three parameters of the HSI color model. It is natural to assign the
baseline to the axis of intensity, namely the brightness corresponds to the intensity, normalized
to range from 0 to 1. For instance, the response with the maximum reflectance in the three
bands:

(Band 6, Band 7, Band 8) = (100, 100, 100), (10)

corresponds to I = 1, the top of the hexagonal bipyramid in the HSI model [Fig. 56(a)], which
contains the maximum-value color (white). Hues are often described by a “‘color wheel”, and
thus directly correspond to the angle around the baseline, ranging from 0 to 360 degrees.
Usually, color starts with red at 0 degree of the hue. In this case, let us assign the direction
indicating the band response pattern of

(Band 6, Band 7, Band 8) = (100, 0, 100), (11)

which is close to the direction showing the cluster of alunite, to 0 degree of the hue (red), so that
the clusters of kaolinite and calcite are located roughly in the directions of yellow and green,
respectively. Finally, saturation is defined as a normalized deviation of a data point from the
baseline, ranging from 0 on the baseline (I-axis) to 1 on the outer surfaces of the cube defined
by the possible data limit in reflectance space (Fig. 52). Table 11 shows the H, S, and I
parameters for the average of the clusters of alunite, calcite, kaolinite, montmorillonite, and
unaltered rocks.

Once the values of the three parameters are determined, we can transform them into
appropriate DN values in red, green, and blue (RGB) space to create a color image. The
transform function can be either linear or nonlinear. It is also possible to enhance different band
response patterns by setting intensities constant.

The HSI color transform will enable us to display different minerals or rock types by easily
interpretable colors. For instance, hydrothermally altered areas including alunite, kaolinite, or
montmorillonite will be shown by red to yellow color. Carbonate rocks including calcite will be
greenish in an image. The more concentration of the minerals, the purer (or more vivid) color
will be displayed. On the other hand, unaltered rocks with a nearly constant reflectance would
be gray, because they plot on the baseline in reflectance space and have almost 0 saturation
values. As a result, we can conclude that the HSI color transform will be able to provide a color
image which geologists can easily interpret for the purpose of lithologic mapping.

5.3 Effect of Vegetation

5.3.1 Vegetation Contribution to the Total Absorption

As clay and carbonate minerals have characteristic absorption features at around 2.2 ym
in the SWIR region due to existence of hydroxyls or carbonates as shown in Section 2.3, their
sensor responses to Bands 6, 7, and 8 of the ERS-1 are significantly lower than those to Band
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Fig. 57 A spectral mixing model for a single pixel: (a) No vegetation and no clay or
carbonate minerals; (b) No vegetation and B X100 % concentration of clay and/or
carbonate minerals; (c) 100 % vegetation cover; (d) A X100 9 vegetation cover and
BX100 % concentration of clay and/or carbonate minerals in the substrate.
Relative proportion of the minerals in this pixel (RMIN’) is given by (1—A)XB.

5 centered at 1.65 ym. Vegetation also shows the similar response pattern, because its spectra
has back ground reflectance that decreases toward longer wavelengths due to the presence of
water in plant cells. If reflection from vegetation and minerals are optically mixed within an
instantaneous field of view corresponding to a single pixel, the total absorption in the SWIR
bands should consist of the two components:

Total absorption = Vegetation component + Mineral component (12)

This problem was recognized in processing of TM data. For instance, Elvidge and Lyon (1985a)
succeeded in filtering out the vegetation contribution to the total absorption for the purpose of
delineating argillic alteration areas using the 1.65/2.22 ym (TM Bands 5/7) and the 0.83/0.66
um (TM Bands 3/2) ratios. Subsequently, they used baseline-based indices instead of band
ratios (Elvidge, 1985; Elvidge and Lyon, 1985b), ie., the total absorption index (TABS), the
perpendicular vegetation index (PVI), and the mineral absorption index (MAI).

These indices measure the “total” absorption due to each component in a pixel. As shown
in Fig. 57, if we introduce the proportion of each element in a single pixel, Eq. (12) is modified
to:

TABS = RVEG X MVABS + (1 — RVEG) X RMIN X MMABS, (13)

where TABS is the total absorption index, RVEG is the proportion of vegetation in a single pixel,
and RMIN shows the concentration of the clay and/or carbonate minerals in the substrate.
Both of the RVEG and RMIN range from 0.0 to 1.0. MVABS stands for the maximum
vegetation absorption indicating the maximum TABS value for a pixel with 1009, cover of
vegetation,whereas MMABS represents the maximum mineral absorption indicating the maxi-
mum TABS value for a pixel with 1009, concentration of clay and/or carbonate minerals. We
assume that there are pixels showing the MVABS and MMABS in the area of interest. In order
to know the RMIN, rewrite the Eq. (13) to:

RMIN = (TABS—RVEG X MVABS) / (1—RVEG) X MMABS). (14)

Let us also assume that the RVEG can be estimated by the following equation using a vegetation
index:

RVEG = Vegetation index of the pixel / Maximum vegetation index. (15)
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Fig. 58 A cluster plot of Band 5 vs. TABS defined in the four-dimensional space including
Bands 5, 6, 7, and 8 for the simulated ERS-1 sensor response patterns of typical
minerals, rocks, and vegetation:

(O )kaolinite; ( @ )montmorillonite; ( [])alunite; (M) calcite; ( A ) unaltered
rocks; (V) green leaves; (W ) sagebrush; (X ) lichen.

Combining Egs. (14) and (15), the RMIN for each pixel can be calculated. So, it is important
to choose an appropriate vegetation index and the other spectral indices for estimating the
RVEG, RMIN, and TABS.

5.3.2 Estimation of Total Absorption

The band ratio of Band 5 over the average or minimum value of Bands 6, 7, and 8 is
equivalent to the band ratio of Landsat TM Band 5/7, which is widely accepted for assessing
argillic alteration areas or carbonate rocks. However, as discussed in Section 5.2.1, the mixing
of two components will result in ratio values not proportional to the concentration of a compo-
nent, if we assume a linear spectral mixing model that a spectrum of mixture can be formed by
linear mixing of each component’s spectrum. Therefore, spectral indices, linear combination of
spectral bands, should be more appropriate than band ratios.

A spectral index can be defined as a value measured by projecting a data point onto an axis
with an appropriate unit vector direction. Usually, the first index in n-space spectral data
indicates the average brightness measured along the previously established “‘baseline” which
represents a background (Jackson, 1983). In this case, let us use the equal reflectance line as
the baseline (Band 5 = Band 6 = Band 7 = Band 8) in the four-dimensional space of the four
SWIR bands. The total absorption (TABS) of each data point is defined as the deviation from
this baseline following Jackson(1983):

TABS = 82 (G() X Band (1)) / i‘ G()?, (16)
where G(i) = Band (i) — 0.25 X 82 Band (j). (16")

Figure 58 shows a plot of the TABS vs. Band 5. It is clear that vegetation and the clay/



100 Report of Geological Survey of Japan, No. 278

carbonate minerals indicate higher TABS values than unaltered rocks. A simpler substitutional
way is to calculate the TABS in the two-dimensional space using Band 5 and the minimum value
among the Bands 6, 7, and 8 responses:

TABS = 0.7071 X [Band 5 — Minimum (Bands 6,7,8)], (17)

As the TABS values given by these two equations were very close, we might be able to use Eq.
(17) instead of Eq. (16) for practical use.

5.3.3 Comparison of Vegetation Indices

Many spectral indices have been developed to reduce multi~dimensional data to a single
number for assessing vegetation. Perry and Lautenschlager (1984) reviewed various vegetation
indices and concluded that for practical purposes several widely used indices were equivalent.
If so, we should employ a simple vegetation index. Here, the author discusses the “greenness
indices”, which can be defined by choosing an appropriate axis direction and formed by linear
combination of spectral bands following Jackson (1983). In the case of seven spectral bands, it
is possible to define 127 different greenness indices with different band combinations out of the
seven spectral bands including seven cases for each band.

The effectiveness of the greenness indices has been accomplished by evaluating the statisti-
cal separation of the vegetation cluster from the rock cluster for each index. The vegetation
cluster includes 7 green leaf samples, 2 sagebrush samples, and 5 lichen samples, whereas the
rock cluster includes 21 kaolinite samples, 14 alunite samples, 16 montmorillonite samples, 8
calcite samples, and 28 unaltered rock samples (such as fresh granite and andesite). The
separability employed here is defined as follows:

Separability = (AVE, — AVE,) / (STD, + STD,), (18)

where AVE and STD represent an average and a standard deviation respectively, and the suffix
numbers correspond to the two clusters.

Figure 59 shows computed separabilities for the 127 cases. Notice that those cases with
more spectral bands did not necessarily give higher separabilities, and the two band case showed
the highest separability. This indicates that the spectral bands with similar band responses to
both the vegetation and rock groups might decrease the separability, and thus such bands should
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Fig. 59 Statistical separations between various greenness indices calculated for the green
vegetation cluster and those for the rock-mineral cluster. The x-axis represents
band numbers used in the calculation of the greenness indices. A total of 127 cases
is plotted.
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Table 12 Ten cases with the highest statistical separations between greenness indices
calculated for the green vegetation cluster and those for the rock-mineral
cluster. The rock-mineral cluster includes clay minerals, carbonate minerals,
and unaltered rocks.

ORDER TOTAL BANDS BANDS USED SEPARABILITY
1 2 2, 3 3.74
2 3 2, 3,5 3.59
3 3 1, 2, 3 3.14
4 4 Vs 124 Bus B 2.87
5 4 1., 2, 3, 6 2.75
6 5 1, 2, 3, 5, 6 2.69
7 4 lo-2e B T 2.60
8 2 1. 3 2.59
9 4 2, 3, 5, 6 2.52

10 3 2, 3, 6 2.47

not be included to form the greenness index for vegetation discrimination. Table 12 shows the
ten cases with the highest statistical separations. It can be concluded that the spectral index
using only Bands 2 and 3 is the most appropriate for assessing vegetation (Fig. 60). This result
is in harmony with Elvidge and Lyon (1985h) where the typical vegetation indices were
compared using the concept of signal-to-noise values. This two-dimensional index is well
known as the perpendicular vegetation index (PVI), which was originally developed for Landsat
MSS by Richardson and Wiegand (1977) and has been shown to be applicable to TM by Crist
and Cicone (1984). In this particular case using reflectance values, the PVI is defined as:

PVI = 0.7071 X (Band 3 — Band 2). (19)

Consequently, the PVI given by Eq. (19) was chosen to give the RVEG for each pixel and thus
to estimate RMIN using Eq. (14):

RVEG = PVI / MPVI, (15%)

where MPVI indicates the maximum perpendicular vegetation index.
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Fig. 60 A cluster plot of Band 2 vs. Band 3 for typical minerals, rocks, and vegetation. See
Fig. 58 caption for symbols.
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Fig. 61 A cluster plot of RVEG vs. RMIN for typical minerals, rocks, and vegetation. The
MPVI, MVTABS, and MMTARBS are 39.6, 18.2, and 46.0, respectively. See Fig. 58
caption for symbols.

5.3.4 Evaluation of the Newly Developed Indices

Using the TABS given by Eq. (16) and the PVI given by Eq. (19), we can estimate the
RMIN and RVEG in Egs. (14) and (15°). The MVABS in Eq. (13) can be given by choosing
the maximum TABS among the pixels with high PVI, whereas the MMABS is assigned to the
maximum TABS among the pixels with low PVI. Figure 61 is a cluster plot of the calculated
RVEG vs. RMIN. The typical minerals show low RVEG and a wide range of RMIN values.
Unaltered rocks have low RVEG and RMIN (less than 0.2 for each). On the other hand,
vegetation exhibits low RMIN and a wide range of RVEG values, especially, green leaves show
high RVEG. In this particular case, the MPVI, MVABS, and MMABS are 39.6, 18.2, and 46.0
respectively.

The range of RVEG and RMIN is between 0.0 and 1.0. In cases where RVEG and RMIN
are smaller than 0.0, they are automatically reset to 0.0. In cases where they are larger than 1.0,
they are reset to 1.0. Figure 62 shows the equal RMIN lines in the cluster plot of PVI vs. TABS.
The possible extent of the RMIN satisfying the condition is the triangle defined by the lines of
RMIN = 1.0, RMIN = 0.0, and the Y-axis. Coordinates of the three corners of this triangle
are as follows:

0, 0), (0, MMABS), (MPVI, MVABS). (20)

It is expected that the RMIN values depends upon estimates of the MMABS, MVABS, and
MPVI. In Fig. 62, the relation between PVI and TABS for vegetation looks non-linear, i.e., the
TABS is saturated for the green leaves with high PVI values. Such saturation in TABS might
result in the underestimation of RVEG and the overestimation of RMIN for each pixel, so that
it is necessary to assign a threshold PVI value, which is used as the MPVI instead of the real
maximum among the PVI values. Figure 63 shows another RVEG vs. RMIN plot with the
different MPVI value of 20.0, visually estimated from Fig. 62. It seems more reasonable in Fig.
63 than Fig. 61 that almost all of the vegetation except lichens plot on the X-axis. Anyhow, we
have to pay special attention to selecting appropriate MPVI, MVABS, and MMABS in order
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Fig. 62 Equal RMIN lines in a cluster plot of PVI vs. TABS with the same conditions as
in Fig. 61. The possible extent of RVEG is in a triangle defined by the lines of
RMIN=1.0, RMIN=0.0, and the Y-axis. See Fig. 58 caption for symbols.
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Fig. 63 A cluster plot of RVEG vs. RMIN with the threshold PVI value of 20.0, which is
used as the MPVI. The MVTABS and MMTABS are the same as those in Fig. 61.
See Fig. 58 caption for symbols.

to get accurate estimates of RVEG and RMIN when we employ the method developed in this
paper.

5.4 Discussion

In Section 5.2.2, the author have developed two spectral indices for lithologic discrimination
using the three SWIR bands of the ERS-1, i.e., the Alunite Index (ALI) and Calcite Index (CLI).
These indices calculate deviation of each data point from the 1:1:1 bascline in the three
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Fig. 64 A cluster plot of ALTand “montmorillonite index” in the four-dimensional space
including Band 5 along with Bands 6, 7, and 8. See Fig. 58 caption for symbols.

-dimensional space defined by Bands 6, 7, and 8. Figure 64 shows these indices for typical
minerals and vegetation. As pointed out in Section 5.2.2, it is difficult to discriminate montmoril-
lonite from unaltered rocks and vegetation. The author also mentioned the possibility of
including Band 5 in the calculation of the ALI and CLI. However, as shown in Fig. 64,
recalculated indices including Band 5 exhibit worse separabilities among the minerals than those
without the use of Band 5 (Fig. 55). As discussed in Section 5.3.3, only two bands were necessary
for the vegetation index. In both cases, additional bands only result in decreased separability.
Montmorillonite can easily be distinguished from vegetation using the PVI, and from unaltered
rocks using the TABS developed in this paper. As a conclusion, Band 5 is used to give the
TABS, but should not be involved in discrimination among different rock types.

One of the other possible indices using the spectral bands of the ERS-1 is the iron
absorption index (IAI) developed by Miller and Elvidge (1985). However, as the ERS-1 does
not have a band equivalent to the TM Band 1, we have to use the ERS-1 Band 1 equivalent
to the TM Band 2 instead. Therefore, the usefulness of the IAI using the ERS-1 Bands 1 and
2 is not as good as that of the IAI developed for TM.

Figure 65 is a flow diagram showing the possible sequence of data processing for surface
mapping using the spectral bands of the ERS-1. First, the TABS and PVI are calculated by the
Egs. (16) and (19). Then, RVEG and RMIN in a single pixel are given by using the Egs. (14)
and (15). Finally, the pixels with high RMIN are subdivided for further lithologic discrimination
using the ALI and CLI by using the Eq. (10). Such combinations of the spectral indices should
help us to perform surface mapping using the ERS-1 data. The HSI color transform applied
to the three-dimensional data structure is another possible way to express the sensor response
patterns in the SWIR bands, and will be able to create a color image useful for visual interpreta-
tion.

Although these discussions are based upon reflectance data obtained by a spectro-
radiometer, it can be concluded that the spectral bands of the ERS-1 allow us to discriminate
surface materials more effectively than with Landsat TM data. Specifically, the ERS-1 will allow
for the separation of clay minerals from carbonate minerals in the 2.0-2.4 4 m region. Before we



Discrimination of lithology (Y. Yamaguchi) 105

P VL Vegetation
(24 8% MPVI RVEG

MVTABS RM 1 N—y

MMTABS
TABS

(B By Ty 8)

AL i Argillic areas
(65 T 8D

CL1 Carbonate rocks
( 1By Ty B

TAI Iron oxides

1, 29

Fig. 65 A flow diagram showing the strategy for discrimination of vegetation and rock
types using the spectral indices developed in this paper.

apply these techniques, preprocessing such as reflectance calibration of DN values recorded in
a magnetic tape has to be carried out. Calibration techniques discussed in Chapter 3 and/or the
field radiometer shown in Chapter 4 would help to perform such calibration.

After the sensor parameters become available, we should take into account of them for more
quantitative investigation of the possibility of surface mapping by using the ERS-1 data. Effects
of the sensor parameters such as sensitivity, noise level, and calibration factors may be discussed
hereafter. Atmospheric effects are another major problems to be considered. Despite these
considerations, the result of the investigation indicates that the ERS-1 sensor would be quite
promising for lithologic and vegetation discrimination.

6. APPLICATION OF THE CONCEPT TO THE AIRBORNE MSS DATA

6.1 Description of the Geoscan AMSS System

The author applied the image processing techniques discussed in the previous chapter to
image data obtained by Geoscan AMSS MkI (Airborne Multi Spectral Scanner Mark One) prior
to actual measurements by the Japanese ERS-1 optical sensor, which is currently being
manufactured. The AMSS MkI, an airborne scanner built by Geoscan Pty. Lid. of West
Australia (Honey and Daniels, 1985; 1986), has quite similar bandpasses to those of the ERS-1
sensor. As the main concern of the Geoscan is mineral exploration, they determined the
bandpasses of this scanner strategically in order to maximize capability of lithologic discrimina-
tion and alteration mapping.

The AMSS MKI has 13 spectral bands; 5 in the VNIR, 4 in the SWIR, and 4 in the TIR
(Table 13). A big advantage of this scanner is that all spectral bands are coregistered with the
same spatial resolution. Thus, we can combine different information obtained by the bands in
different spectral regions, i.e., VNIR, SWIR, and TIR, to perform more accurate surface geologic
mapping. Of the 13 spectral bands, the VNIR and SWIR bands have similar bandpasses to
those of the optical sensor of the Japanese ERS-1, except a point that the AMSS lacks the 1.6
um band. Roughly, AMSS Bands 2, 3, 4, 6, 7, and 9 correspond to the ERS-1 Bands 1, 2, 3
(or 4), 6, 7, and 8 respectively.

The imaging field of view is 90 degrees, i.e., 45 degrees from nadir on each side of the
aircraft, and the instantaneous field of view is 5 milliradian. Therefore, ground resolution is
about 10 meters in case of 2,000 meters altitude. Swath width is 512 pixels before panoramic
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Table 13 Bandpasses of the Geoscan AMSS MkI.

BAND BANDPASS

1 0.45 - 0.5
2 0.5 - 0.6
3 OrBs = @7
4 0.83 - 0.87
5 0:93 = @97
6 1.98 -~ 2.08
1 2L1e = 219
8 2.205 - 2.235
9 2.3 = 2
10 8.5 = 8.9
11 QLT - 10.1
12 10.8 = 11.2
13 11.5 = 12.0

correction. All spectral bands are recorded simultaneously as 8-bit data in a band interleaved
by line format on 9 track 1600 bpi CCT’s. Real time color display in aircraft is also available.
Nominal signal to noise ratio is 10/1. The aircraft as a platform of the sensor is an unpressurized
Beechcraft Queenair at altitudes up to 10,000 feet above terrain (Honey and Daniels, 1986).

6.2 Description of the Test Site

(Ravenswood, Queensland, Australia)

6.2.1 Topography and Climate

The image data provided by Geoscan Pty. Ltd. were of three test sites in Australia. The
author chose the Ravenswood test site as a target of this research, because of interesting geologic
setting and accessibility to the area, and carried out a field survey in September, 1987.
Approximate center of the studied area is 20°05’S, 146°40’E, in Queensland, Australia (Fig. 66),
and is located in the northeast corner of the 1:250,000 Charters Towers topographic sheet, or in
the northwest corner of the 1:100,000 Ravenswood topographic sheet. Figure 67 is a map
showing the selected area for image processing and locations of the ground calibration targets.

The studied area is gentle hilly terrain with low topographic relief, and the height ranges
from 210 to 350 meters. Pandanus Creek, a branch of Burdekin River, cuts the studied area
from northwest to southeast, but had no water in September, 1987. There is an abandoned town
of Silver Valley, once the center of gold mining in this region. The climate of this area is
considered semiarid. Vegetation cover is approximately 10 to 30 percents, mainly of eucalyptus
trees about 2 to 5 meters tall (Pl 1.3). There was only a little shrub in 1987 due to low
precipitation in the recent few years.

6.2.2 Geology

The description of geology in and around the studied area follows explanation notes for the
1:250,000 geologic map of Charters Towers (Clarke and Paine, 1970). Figure 68 is a simplified
geologic map of the Ravenswood area from the 1:250,000 sheet. The oldest rocks in the
Ravenswood region are Cape River Beds of Cambrian or Ordovician age, which crop out in the
south and east of the target area. The main rock type is sericite schist, quartzite, phyllite, and
metavolcanics. Lenses of acidic and minor intermediate volcanics in the Cape River Beds are
called Mount Windsor Volcanics, which thicken eastwards. The Cape River Beds are regarded
broadly as Cambrian to Ordovician based upon an Upper Cambrian age for the Mount Windsor
Volcanics (Rb/Sr method), and are intruded by Ravenswood Granodiorite Complex.
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Ravenswood Granodiorite Complex of Middle Ordovician, and Upper Silurian or Lower
Devonian age occurs widely in and around the Charters Tower Sheet. Hornblende-biotite
granodiorite and tonalite, which are the initial most widespread phase of the Complex, occupy
most of the studied area. Isotopic dating by the Rb/Sr whole rock method has shown two
conflicting results; an isochron of 454+30 Ma for most of the specimens collected from the
Ravenswood Granodiorite Complex, and an isochron of 394+ 30 Ma for some of the specimens.

Tuckers Igneous Complex of late Carboniferous or early Permian age intruded into the
Ravenswood Granodiorite Complex as stocks and bosses, and has yielded K/Ar ages of 277-282
Ma. In the western portion of the studied area, biotite-hornblende granodiorite of the Tuckers
Igneous Complex forms a small rugged hill.

In the south of the studied area, lacustrine and fluviatile deposits of sandstone, minor
conglomerate, and siltstone disconformably overlie the Pre-Tertiary rocks. They occurred
before the main period of lateritization, probably in the Lower Tertiary, and are overlain by
Sellheim Formation.

Sellheim Formation composed of sandstone and conglomerate borders the Burdekin River
well above the present flood level. A Pleistocene age is indicated by fossil wood from grits on
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Fig. 66 Location of the studied area in Queensland, Australia.
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the right bank of the river.

A large amount of gold has been produced in this area. Although all mining of the main
production period had ceased by 1916, there are revivals of gold exploration and mining these
days. The lodes occur within the Ravenswood Granodiorite Complex almost without exception.
The deposits occur near the roof of the Ravenswood Granodiorite Complex as simple or
composite tabular bodies occupying fissures, and have a simple mesothermal mineral assem-
blage.

6.3 Image Processing

6.3.1 General
The dimension of the original data provided was 512 pixel wide and 2500 line long, and the

0 2 4 6 10km
b — 4 l ? =

Fig. 67 The test area for image processing. The shape of the area is not complete
rectangular due to geometric distortion of the image. Numbers indicate locations
of the ground calibration targets.
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flight altitude was approximately 6,000 feet, so that the image swath and the ground resolution
at nadir are about 4 kilometers and 10 meters respectively. The author selected a subarea for
image processing with the dimension of 512 pixel wide and 1024 line long that corresponds to
a surface area of approximately 4 by 8 kilometers as shown in Fig. 67.

Radiometric preprocessing had already been done by Geoscan prior to image processing by
the author. Generally the raw digital data recorded by the scanner has two major components;
the energy reflected and emitted from the target area, and energy either scattered or emitted into
the instantaneous field of view by the atmosphere. Thus, it is necessary to correct the raw data
for the atmospheric backscatter contribution. It is assumed that the atmospheric contribution
is additive. The procedures developed by Geoscan involve determining the mean, down the
whole image, of the digital radiance for each pixel, smoothing the profile of the radiance using
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Fig. 68 Geologic map of the Ravenswood area after Clarke and Paine (1970).
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a cubic spline, then applying a D.C. offset to each radiance value, for each band, for each pixel
(Honey and Daniels, 1986).

The author did not applied geometric correction to the image data in this case. The most
significant systematic geometric effects are the tangent theta distortion due to the constant
angular rotation rate, which results in a variation in the lateral translation rate of the instantane-
ous field of view across the surface; and the panoramic distortion which is a combination of the
tangent theta effect, and the increased pixel size on the surface away from nadir. These effects
can be modeled from the information on altitude, scan rate and instantaneous field of view
(Honey and Daniels, 1986). However, such correction is not vital to this particular case, which
focuses on a spectral response pattern of each pixel.

Plate 2.1 is a common false color image of the studied area assigning Bands 4, 3, and 2 to
red (R), green (G), and blue (B) respectively. Histogram equalization was applied in order to
achieve better visual expression (histogram equalization is applied to all images displayed
hereafter, except to those created by HSI color transform). In this color assignment, vegetation
demonstrates reddish color. Plate 2.2 is a false color image assigning Bands 6, 7, and 9 in the
SWIR region to RGB. These bands roughly correspond to the ERS-1 Bands 6, 7, and 8
respectively. This image is not colorful, because data values of these three bands are highly
correlated.

6.3.2 Reflectance Calibration by Field Measurements

The author has discussed significance of reflectance calibration in Chapter 3. Roughly,
there are two different ways to perform reflectance calibration; one is linear regression using field
measurements, and the others are techniques without groundtruth. The former is tested in this
section, and the Log Residual technique representing the latter will be discussed in the next
section.

As discussed in Chapter 3, there are some restrictions to apply the reflectance calibration
using field measurements to image data. In a strict sense, field reflectance measurements have
to be done simultaneously to data acquisition by an aircraft or satellite sensor in order to avoid
any unexpected changes of surface conditions. However, the author assumed that the targets
had not changed markedly during the period between the data acquisition and the field survey,
as he visited the test area more than one year after the data acquisition. Moreover, the author
measured reflectance spectra of the rock and soil samples in laboratory, because he could not
bring a field radiometer to the test site. The next important condition is to choose field targets
with enough spatial distribution in terms of the pixel size. However, it was extremely difficult
to satisfy this condition in this particular case, because most of the area is more or less covered
with vegetation. Five calibration targets, whose locations are shown in Fig. 67, were chosen, but
none of them are completely vegetation free.

Figure 69 shows reflectance spectra of the rock and soil samples collected at the calibration
targets. These spectra were obtained by the IRIS spectroradiometer after the manner described
in Section 2.2. Then, the reflectance spectra were convolved to the AMSS MEkI spectral
equivalent by the procedure described in Sections 2.2.3 and 5.1 assuming a rectangular filter
transfer function for each bandpass shown in Table 13.

Raw data values were extracted from the AMSS imagery over the five calibration targets.
Table 14 shows statistics of the extracted pixel values for each target. Next, the averaged pixel
values were plotted against the convolved field spectra (Fig. 70). Least squares regression was
used to produce best fit lines. Table 15 shows coefficients of the best fit lines and correlation
coefficient R%. Note that the R? values for the VNIR bands are not high. The Band 1 showed
negative correlation, probably due to Rayleigh scattering in the shorter wavelength and/or
spectral inhomogeneity of the targets. The SWIR bands showed higher R? values ranging from
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Fig. 69 Reflectance spectra of the ground calibration targets: 1) Granodiorite (Tuckers

Igneous Complex); 2) Hydrothermal alteration including sericite; 3) Pale red soil;
4) Red soil; 5) Epidote-rich granodiorite.
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0.893 to 0.985. Finally, the slopes and intercepts of the regression equations were used to convert
each AMSS digital number to percent reflectance.

A false color image of reflectance calibrated data looks almost same as that of uncalibrated
data, because the reflectance calibration only removes intercepts and linearly stretches the data.
In order to check whether the reflectance calibration is appropriately done or not, let us make
an assumption that adequately calibrated data should plot around an 1:1 reflectance line in
interband plots. In other words, reflectance of the surface materials in the studied area should
be highly correlated as a whole, and the slope of the best fit line between responses of two bands
should be very close to 1.0 as shown in Section 5.2.2.

Figures 71 and 72 are cluster plots of Band 6 vs. Band 7, and Band 7 vs. Band 8, before
and after the reflectance calibration respectively. It is difficult to find a significant improvement
as a result of the calibration. Table 16 shows slopes and intercepts of the best fit lines and
correlation coefficients among the three SWIR bands before and after the reflectance calibration.
The slope between Bands 7 and 9 after reflectance calibration is 1.086, which has been slightly
improved from 1.149 for the uncalibrated data. However, in the case of Bands 6 and 7, the slope
values became even worse, from 0.7703 to 0.7482, which is not very close to 1.0. This result
means that the assumption made should be rejected.

We can conclude that the reflectance calibration was not adequately done in this particular
case. A major reason might be spectral inhomogeneity of the calibration targets. As described
before, it was difficult to find calibration targets with a spectrally homogeneous material, because
most of the area is more or less covered with vegetation, mainly eucalyptus trees in this case. The
reflectance measurements were done only for rock and soil samples, so that the spectra do not
represent the response of each pixel. Consequently, it was decided that the reflectance calibra-
tion using field spectral measurements was not applied to the image data in this study.

6.3.3 Log Residual

As the MkI AMSS is radiometrically uncalibrated, it is not possible to convert the digital
values representing radiance in each of the channels to an absolute reflected or emitted radiance
value (Honey and Daniels, 1986). Therefore, we need to employ another technique to “cali-
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Table 14 Statistics of the pixels extracted as reflectance calibration targets. N indicates

1) Granodiorite (Tuckers lgneous Complex) N = 208
Band Mean Standard deviation
1 102.8 17.5
2 80.2 16.8
3 63.1 14.8
4 55 .5 12.8
5 55.4 19.3
6 e 14.0
7 78.9 13.6
8 72.6 14.4
9 B65ib) 6.6
2) Hydrothermal alteration N =9
Band Mean Standard deviation
1 225.8 11.9
2 215.0 0.0
3 297 8.2
4 21i51.:2 13.9
5 213.4 2.6
6 216.4 14.3
i 198.3 30.2
8 204 .8 30.6
9 200.8 33.9
3) Pale red soil N = 88
Band Mean Standard deviation
1 124.5 15.5
2 148.7 16.1
3 145 .2 16.9
4 114.8 10.0
5 119.4 8.3
6 149 .6 19.1
7 147 .4 14.8
8 156.7 18.6
9 142.9 18.1
4) Red soil N = 169
Band Mean Standard deviation
1 125.1 17.1
2 146.6 16.1
3 148.7 16.0
4 106.5 1.7
5 106.5 15647
6 145 .1 14 .4
7 140.0 14.6
8 148.3 16.4
9 138.3 15.9

(continues)
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Table 14 (continued)

5) Epidote-rich zone N = 988
Band Mean Standard deviation
1 118.1 20.7
2 110.3 18.2
3 93.4 16.3
4 73.9 10.8
5 67.4 17.3
6 69.9 16.2
4 79.7 141
8 ojiue] 15.1
9 64.6 16.0

Table 15 Coefficients of the best fit lines and correlation coefficients between the pixel
value (DN) and ground reflectance (GR). The best fit lines are:

(GR)=A x (DN)+B.

BAND A B RZ
1 -0.035 19.4 -0.238
2 0.25 -13.5 0.958
3 0.23 -5.6 0.885
4 0.20 2.6 0.886
5 0.22 6.4 0.984
6 0.26 13.9 0.951
7 0.25 8.1 0.985
8 0.21 9.4 0.893
9 0.24 5.5 0.941

Table 16 Coefficients of the best fit lines between the SWIR bands. A best fit line is:
(Band N+1)=AX(Band N)}+B.

1) Band 6 vs. Band 7

Before reflectance calibration / After reflectance calibration

0.7703 28.05 0.932 / 0.7482 4.78 0.932

2) Band 7 vs. Band 9

Before reflectance calibration / After reflectance calibration
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Fig. 70 Digital number (DN) of each spectral band versus reflectance (RF) for five ground
targets. Coefficients of the linear regression lines are shown in Table 15.
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Fig. 70 (continued)

brate” the image data instead of the reflectance calibration discussed in the previous section, if
we try to apply the image processing techniques developed for reflectance data in Section 5.2.
The Log Residual technique discussed in Section 3.2.4 is applicable to this case, because the
studied area is not dominantly composed of one cover type. The Log Residual normalizes each
pixel value of each band by using the average of ecach band in the spatial dimension and the
average of each pixel in the spectral dimension.

Figure 73 shows cluster plots of Band 6 vs. Band 7, and Band 7 vs. Band 9 after applying
the Log Residual. These plots do not show highly correlated nature of pixel values any more.
This means that the normalization process of the Log Residual has removed out not only
interband mean differences but also brightness changes due to a topographic effect.

A color composite image of Bands 6, 7, and 9 after the Log Residual processing is shown
in P1. 2.3, which demonstrates more colorful patterns than PL 2.1 of the same band combination.
For instance, the yellowish area in the northeast of Pandanus Creek indicates the epidote-rich
zone in Ravenswood Granodiorite Complex. The area surrounding the epidote-rich zone and
the linear reddish anomaly in the southwest of Pandanus Creek suggest hydrothermally altered
areas with phyllosilicate minerals such as sericite or kaolinite. Therefore, this image itself is quite
useful for discrimination of lithology. However, the author considers the Log Residual as a
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Fig. 71 Cluster plots of Band 6 vs. Band 7, and Fig. 72 Cluster plots of Band 6 vs. Band 7, and
Band 7 vs. Band 9. Note high correlation Band 7 vs. Band 9 after reflectance cali-
among these three bands. bration using ground targets.

preprocessing technique for the reflectance calibration prior to the next procedures; calculation
of spectral indices and HSI color transform.

6.3.4 Spectral Indices

The author proposed spectral indices for discrimination of lithology in Sections 5.2.2 and 5.3
using reflectance data. In this section, the author will use the data set normalized by the Log
Residual in order to calculate the spectral indices; Alunite Index (ALI) and Calcite Index (CLI).
Coeflicients for each band to form the indices are the same as those proposed in Section 5.2.2
based upon an assumption that the Log Residual can provide an interband pattern which
imitates a reflectance pattern of each pixel in a relative sense. The indices are given by the
equations;

ALI = 0.62 X (Band 6)— 0.77 X (Band 7) + 0.16 X (Band 9) (21)
CLI = 0.54 X (Band 6) 4+ 0.26 X (Band 7)— 0.80 X (Band 9). (22)
Plates 3.1 and 3.2 are black and white images of the ALI and the CLI respectively. The brighter



Discrimination of lithology (Y. Yamaguchi) 119

on the image, the higher index values.

The ALI image indicates a semicircular high anomaly in the southwest of Silver Valley and
a linear anomaly in the east of Pandanus Creek. The former surrounds a circular dark area,
which is a hill composed of an epidote-rich alteration zone in granodiorite. The latter corre-
sponds to a hydrothermally altered zone in granodiorite. A reflectance spectrum of the sample
collected in this zone (Fig. 69) suggests presence of sericite. These anomalies were not shown in
the published maps, but were confirmed by the field survey in 1987 by the author.

The CLI image (Pl. 3.2) apparently displays different patterns from the ALI image. There
is a broad high anomaly in the east of Pandanus Creek, where the ALI ranges low to high. The
western half of this anomaly has low ALI values and coincides well with the epidote-rich zone.
The rest of this anomaly and another anomaly in the west of Pandanus Creek are high in the
both ALI and CLI. These anomalies might indicate phyllosilicate minerals such as kaolinite or
sericite according to the hypothetical response patterns of typical minerals shown in Section
5:2.2.

Perpendicular Vegetation Index (PVI) was also calculated using Bands 3 and 4 in order to
assess vegetation. Raw data of Bands 3 and 4 were used, because interband calibration is not
necessary in calculation of such a spectral index in two dimensional space. Only selection of an
appropriate rock-soil baseline is vital to index values.

Elvidge (1985) chose ground targets without vegetation and extracted pixels for each target
from the imagery. Then, linear regression was used to establish rock-soil baselines. However,
as explained in Section 6.3.2, it was very difficult to find such calibration targets in this particular
case. A rock-soil baseline was, thus, established somewhat arbitrary on a cluster plot for Band
3 vs. Band 4 (Fig. 74). The best fit line in the plot is;

(Band 4) = 0.5633 X (Band 3) + 35.29. (23)

The slope of this line should be slightly larger than the rock-soil baseline, because pixels
representing vegetation plots above the best fit line. Taking into account the fact that vegetation
cover ranges approximately from 10 to 30 percents in this area, the following rock-soil line was
determined by visual interpretation of Fig. 74;

(Band 4) = 0.678 X (Band 3) + 19.6. (24)

Coefficients for each spectral band to form the PVI were calculated following Jackson(1983).
Consequently, the PVI is given by the equation;

PVI = — 0.56 X (Band 3) + 0.83 X (Band 4). (25)

A PVI image is shown in Pl. 3.3. Relatively dense vegetation along Pandanus Creek and its
branches indicate high PVI values. On the other hand, the epidote-rich zone with high CLI
values has low PVI.

In order to combine information on lithology and vegetation, a color composite image was
made (PL. 4.1). Namely, the PVI, ALI, and CLI are assigned to RGB color primitives respective-
ly. Areas with relatively dense vegetation, which is reddish in the image, are distributed along
drainage. Areas with bluish color means high CLI values, and well correspond to the epidote
-rich zone in the east of Pandanus Creek. Greenish areas indicate high ALI values, but they
seem to be more widespread than expected. This might be caused by the normalizing effect of
the Log Residual. As shown in Section 5.2, vegetation has a upper convex reflectance pattern
in the three SWIR bands. If there are significant amounts of vegetation pixels in the processed
area, the normalization effect of the Log Residual enhances even a flat response pattern to lower
convex, which will have a high ALI value. The cyan anomalies, which indicate pixels with high
values in both the ALI and CLI, are thus more important. We can find two significant cyan
anomalies, which suggest hydrothermally altered areas with phyllosilicate minerals; the area
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Fig. 73 Cluster plots of Band 6 vs. Band 7, and Fig. 74 A cluster plot between Band 3 vs. Band 4.
Band 7 vs. Band 9 after normalization by
the Log Residual. Note that the high
inter-band correlation has been removed.

surrounding the epidote-rich zone in the east of Pandanus Creek and the linear anomaly in the
west of Pandanus Creek. The latter has been confirmed by the field survey.

6.3.5 HSI Color Transform

The HSI color transform is another candidate to express characteristic band response
patterns for lithologic discrimination. HSI color images were created according to the way
proposed in Section 5.2.3. First, raw data of Bands 6, 7, and 8 were used as input. The gray
axis was the (1:1:1) equal reflectance line in Section 5.2.3, but the best fit line found by linear
regression was used instead because of the failure of the reflectance calibration in this case.
Therefore, the concept of the technique is almost equivalent to those of Gillespie et al. (1986).
The zero hue (red) is assigned to the direction of the band response pattern of

(Band 6, Band 7, Band 9) = (255, 0, 255), (26)

which is close to the direction showing the cluster of alunite. Saturation and intensity were fixed
to 1.0 and 0.5 respectively for all pixels in order to achieve maximum color enhancements.
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Plate 4.2 shows the HSI image created. Some anomalous areas can be found by yellowish
color, particularly around the epidote-rich zone. However, it is unreasonable that the vegetation
along Pandanus Creek is reddish color. According to the concept discussed in Section 5.2.3,
yellowish and reddish colors should indicate alunite and kaolinite type alterations respectively.
As the interband correction was not applied in this case, the colors in the image means nothing
but differences of relative strength in the raw data. In other words, this image can show some
lithologic boundaries by differences of colors, but it is difficult to tell the meanings of the colors
displayed on the image.

Next, the Log Residual data of the Bands 6, 7, and 9 were used for the same processing of
HSI color transform. The gray axis is again the best fit line obtained by linear regression, and
saturation and intensity are constant 1.0 and 0.5 respectively. Plate 4.3 is the HSI image created.
In this case, unlike to PL. 4.2, vegetation is displayed blue. The epidote-rich zone is displayed
as greenish color that is reasonable according to the concept proposed in Section 5.2.3. Yellow
color corresponds well to the hydrothermally altered areas. One problem is the widespread
reddish color. The reason is the same as described in the previous section that the Log Residual
technique enhances a flat response pattern due to its normalizing effect in vegetated area. At
any rate, the HSI color image of P 4.3 is different from Plate 11 in the point that the meanings
of the colors are interpretable geologically.

6.4 Discussion

The author applied the image processing techniques for discrimination of lithology proposed
in Chapter 5 to the airborne multispectral scanner data. The reflectance calibration using field
measurements was not successful, because the author could not find good calibration targets.
Instead, the author employed the Log Residual technique discussed in Section 3.2.4 as an
interband calibration method in a relative sense, and successfully normalized the data. It is
concluded that the Log Residual can be substituted for reflectance calibration to some degree,
particularly in the cases that an image processing result is required before a field survey or
calibration targets are difficult to be found.

The spectral indices, the ALI and CLI, have provided reasonable results. This fact means
that both the preprocessing by the Log Residual and the calculation of these indices were
adequately done to the data in this case. The HSI color transform also gave a sufficient result.
The important point is that the color images shown in Pls. 4.1 and 4.5 can be interpreted
geologically from the colors displayed. Whereas the HSI color transform from the raw data
shown in PL 4.2 and the principal component analysis simply provide colorful images which are
difficult to interpret geologically. As a result, adequacy of the techniques proposed in Chapter
5 have been proven.

7. CONCLUSION

I. The author compared two spectroradiometers in terms of spectral resolution and
efficiency in spectral measurements of rocks and minerals. The spectroradiometer using gratings
as dispersion elements can resolve characteristic spectral features such as absorption doublets of
kaolinite and alunite. Whereas, the spectroradiometer using a circular variable filter (CVF) can
obtain a spectrum in a relatively short time, but can not resolve such doublets due to lower
spectral resolution. The author chose the former to be used in this study.

2. The author measured several reflectance spectra of rocks and minerals, some of which
exhibit characteristic absorption features in the visible and near-infrared regions. Particularly,
phyllosilicate minerals including clay minerals have diagnostic absorptions in the 2.2 4 m region.
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Carbonate minerals and epidote have a diagnostic absorption in the 2.35 ym region. Typical
rock types lacking significant amount of these minerals show flat featureless reflectance spectra
in these spectral region.

3. The author developed an expert system for identification of minerals using the visible
and near-infrared spectra. Feature coding was employed as a manner of pattern recognition of
the spectra. A spectroradiometer with such an expert system will allow us real time identification
of minerals in field.

4. The author examined calibration techniques to convert digital numbers recorded on a
magnetic tape to reflectance of surface materials. The linear regression method using field
spectra is the best way if we can find good field calibration targets. Lacking field measurements,
the Log Residual would produce superior results in areas which are not dominantly composed
of one cover type. In areas containing one dominant cover type, the Least Upper Bound
Residual would probably be the best technique.

5. The author developed a new field radiometer in order to provide groundtruth data for
reflectance calibration. This radiometer has two motor-driven filter wheels, each of which can
contain up to eight filters and corresponds to the silicon and lead-sulfide detectors respectively.
Preliminary investigation has shown that the radiometer provides reliable spectral data.

6. The author proposed possible techniques for discrimination of lithology using the optical
sensor data of the Japanese ERS-1. The two spectral indices, linear combination of the three
SWIR bands, will be useful for discrimination of lithology, i.e., Alunite Index (ALI) and Calcite
Index (CLI). The HSI color transform applied to the three SWIR bands is another possible way
to express sensor response patterns, and allows us to create a color image useful for interpreta-
tion of different rock types.

7. The author proposed the following equations to estimate the proportion of vegetation
(RVEG) and clay and/or carbonate minerals (RMIN) within a single pixel based upon a linear
spectral mixing model:

RVEG = PVI / MPVI
RMIN = (TABS—RVEG X MVABS) / (1—RVEG) X MMABS)

where PVI indicates the perpendicular vegetation index formed by Bands 2 and 3, and MPVI
is the maximum PVI value. TABS is the total absorption index defined in the four-dimensional
space of the four SWIR bands, and MVABS and MMABS represent the maximum TABS values
for a pixel with 100 percent vegetation cover and that with 100 percent concentration of the
minerals respectively.

8. The author applied the proposed techniques to the airborne multispectral scanner data
of Queensland, Australia. The reflectance calibration using field spectral measurements was
failed due to the difficulty to find good calibration targets in the test area. The Log Residual,
on the other hand, succeeded in normalizing the original data, and thus was employed as a
calibration technique instead. The images of spectral indices, the ALI and CLI, calculated on
the normalized data by the Log Residual successfully showed the epidote-rich zone and
hydrothermally-altered areas. The Perpendicular Vegetation Index (PVI) image exhibited a
good result for assessment of vegetation. The HSI color transform image created from the three
SWIR bands also successfully displayed colors corresponding to the SWIR band response
patterns.

9. We will be able to performed discrimination of lithology using the techniques proposed
in this study, ie., the spectral indices and the HSI color transform along with appropriate
calibration techniques such as the linear regression using field spectra or the Log Residual.
These techniques can create images which can be easily interpreted by geologists.
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1 A field unit of the radiometer. An optical head
on the tripod, a control unit (left), and a lap-top
computer (bottom right) with a printer (bottom
left).

2 The optical bench for
calibration of the
radiometer. The
stabilized power sup-
ply (left), the officially
calibrated irradiation
standard lamp (cen-
ter), and the standard
reflection plate (right).

3 Typical land-
scape in the test
area. Eucalyp-
tus trees are the
predominant
vegetation,
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Band combinations for rock discrimination
based on the computer-simulated JERS-1 optical sensor data

By

Isao Sato

Abstract: Computer-simulated data are used to evaluate the band combinations of the
optical sensor (OPS) carried on JERS-1 for the purpose of rock discrimination as a
pre-launch evaluation. Stepwise discriminant analysis based on the computer simulated
data are used to select the optimum band combination for rock and mineral discrimina-
tion. The results of the discriminant analysis are as follows:

(1) Bands 2 and 3 of the OPS are effective to delineate vegetated regions.

(2) The short-wavelength infrared bands (bands 7,8,6, and 5 in order) of the OPS
effectively contribute to discriminate non-altered rocks, various altered rocks, and carbon-
ate rocks.

(3) The OPS has high capability to extract the carbonates- and alunite-rich rock
regions.

The results will be a guidline of the optimum band selection for the purpose of rock
discrimination and also should be practically verified by real JERS-1's OPS images
acquired during the data verification and/or operational period.

® E

JERS-1 #1852 1 (OPS) d B N> iz oW T, BRBIOSEH
LEDL ) By FHAEI—IRINCELTH 22k, ERETHNE LEY DAL -850
FEMRE T — 7 2 BICHEMKY 32 v—2 2 v LA2BR DNET— 2 2 Hv, BB pisk
Prick Digat Lz, CofERD> 6, OPS Bl x> F 2 8 L U8 3 3EAEDHHICEIRNTH %
2k, EIERANEO BN S F 5~8 PIRBIES, 2 OBEIEME L UIEEEE DA
RO &, FLTRBIBES EMANSCEDBINIZECRT vy v VEFHLTWE I L ER
7,

* Hu T

Keywords: Japanese Earth Resources Satellite-1, the Optical Sensor (OPS), band combination, rock discrimina-
tion, computer simulation, sensor response, stepwise discriminant analysis, LOWTRAN-5 code, reflectance
factor
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L Lt ®»

bAED 1992 4 2 Hiz4TH EIFTFEOMBREEEE (JERS-1: Japanese Earth Resources Satellite-
1) icB# & N5 v (OPS LWERR) 13, WL RFME S L EE R AR Toh LiEEO R
% T ODBM NS FTHIERKRT BT 22 4 TES, &8, OPS (23BN x> F4 (¥ F 3
ERILIEEE) 289T, £ T8 DDAy FEALTWS, # 1%#&2 JERS-1 E D TEALH#HT
, B2FIC OPS OFZFHA Sy FOHME%ESRT. LANDSAT o TM (Thematic Mapper) & »
LT 5 £, JERS-1 0 OPS OFF#ls— ik IS G 5B 12 B W TRIL O & WiRI & s MEIR 0%
Y EEA, TM @ 280 FIgkt L, 4350 FIZHZTWA I EThd. Z0EEERIMEED KT
FREUT B TR Ze U 2 iR § IREBIR S OB 2 &0 aE L % Y oA om LI iR & o
NTw5, — RISy TREFBRBETZOEL2BMEMNIC L > THM Y FOREV T LbNE, 20
LAz, BEOFEUD L o HIZBIT 2 F BB RO RG22~ b VRS CICBT 2SR
BHEITLOD, MR TRHEMICLEY I av—Y a v F— 2 OFMEIC L - T B B
YEOHRARD LN I LICED, DL AV IAb—aryF—2 L LTIIER e FIck B
VEIalb—YarF—HERNTENTHDH, MM LLVERESA LT 5% EIREHCEY) %
Bt RO - ThH, PENVOF—STISERPPPLE VI RIEFSHL., #2C, SE#kicL s
2ab—YarF—SHEBICHAEI NS LIS D, I TCREEORFATEERHA L. RRET
I3 OPS DL D2 F 4 2 &30 FOFERFHEO—BE LT, ERETHUE L/ -Erx05
B EORERFT—2 2HHALT, OPS o0&y FTHBET—2 TH b DNz HEIC LY

B 1 # HWEREEREGE JERS-D nEEL#T
Table 1 Major specification of the Japanese Earth Resources Satellite-1 (JERS-1).

LTS 1 KB FHYE R oE
R EE #570km
BB W98
Gl 440
e Bl ] FHI1 03 040t
FEREDE 75km

ESiG B2

B2 & HFL 4 (OPS) DBl Foflik
By Py FERB L MLEREE pm TRT.
Table 2 Observation bands specification of the optical sensor (OPS).
The bandpass and center wavelength of the observation band are shown in micrometer.

AV FES| AT FER| PRE]| Y Rl
1 0.52-0.60 0.56 800 m
2 0.63-0.69 0.66 60 nm
3 0.76-0.86 081 | 100nm
4 | 0.76-0.86 0.81 100 n m
5 1.60-1.71 1.655 | 110nm |
6 2.01-2.12 2065 | 110nm
7 2.13-2.25 219 | 120nm
8 2.27-2.40 2335 | 130nm
LSRR HW18m-24m
#LY Y M 6 bits T
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1 Conceptual Diagram of the process to output DN values from a optical sensor.
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LTRAZEUA Y FOBERRPRE, 2T E2OMEERINLR T LELERS. LrLld
5, kY ORREMORK, HEOBRERSAHEORWENOITBE s> F 2 EHIRICHEPT
CEIZMEETH B, £ 2 TEN S FOBRPEY T2 bk T 7% 5 7%\, JERS-1 D OPS
oy FizonTh, BEORLLWED A7 FVFHECHET AW E ToinL v 7—2
DR R 2 K U T BR8Ny Pt 5T E N, £OER, > FORENEE T O3 3
Hex e BRELE, BAIMRIB L THEADOFERCL > TERTRETH D, RFETIIELALTER
MDRETA=T P T —2 %5 JERS-1 ¥t o HOZBR S FToHO DNEZAEBIC LTy 3
2b—Yarl, Bohi: DNEF—S DL 28F - SO ORE 2174 - 12,

Kt D HBETHS DN AP B LN2 ETOT oL, UTokiicxziond
(B 1E). KiE»6DRITHIRKRT 288 U THENFIET 5. ZOBICKEERIZHBRAR R TREE
B L TW B k3R, “BLRE, Vv, BBIRLEORGITL - T, —HOZAN F—HIRL &
n, 2 RKEFTFRREHIFELTVIZT oY AEL L > TREEN S, KEH TR KD
9 biFEAED ) RS (REXR) B L UMBEANEREE LKL > THHRTGOWE»RE I N5 &,
WEOMBRLREAR, KTRETHRE 5 REFFFEICH-> T, KBS LKA, solgHRIEZND—
ARG & 7 - TR FORIREMBICIEN B, fHa L HE T oMBRER © 80l L Twv 2%t 913,
WEREGCRE SN, BUHBRARATRNS SUEELIN T r 2 CRELTE ke 2 vy
RICE>TEZ HFEATERL, MIBE~LE, ok d3nibic3 R i TRITS R
FIRRKAPTHALIN AT L DL H D, 2067 L L BLENIC 2 W EDER O i3k TREE B 5
BNRLDOPRRPTHRILL2 DL H S, Zok) izt hm~my ) KR P THRILR ka2
WRRAF PP AL, o FOBE Tld CCD (Charge Coupled Device) #H! & A5 ARk ICALE &
NTBY, TOFRFEMCITBR SV FOMBRTRO N2 T 4 NG IHEENT S, 74 0Pk
YHDORERANAG LT &2 S LBE Y FHEgOXD A EZMBFETF~NERIEE, ZLT740
S BB LR IMEETICL > TREERINTT e/ E8EGT L LS. ZOAH 7+ b ok
MILEFOERDBREIZL > TREZ T/ EBAES It vV OESLEETRTLENT, T4 ¥
ZNAEANEE WS BRI — 5 TH 5 DN % 5.

DEDEI) %7 a2 BEICETAALTE2ILFTENITBME S DNEZE ERECEHET L2
EHREIC e B, LA L, KRARHEDOKBIZIER ICELICEA T TUREL T TFNMERIZEMETH 5
DT, FROLDEHENZLTFNE2HW, 512 OPS @ DNftiy 3 2 v —3 a2 » 2 f§i{f{Lt 3 2odicw
{ OPDORE 2 FKIT7.

L DRERATO LR XS HBEHERE L (1) i3, Il Beiius i+ o v5 L, L)
TFTokjicERtEnsg,

L) =1/n)+ [EZ(A) 7 (1)-cos (6)+Es (A)]+p (1)+ 7 (A)+La (X)

72E L,
L (1) D s oYhESEA N T Bl & St EHEE (W/cm?/sr/um)
Ei (1) P REDIMUTHOKRED & D5 EBE R (W/cm?/ gm)
Es (1) DIRZERIC & B BEHIREE (W/cm?/um)
La (1) PR F T v R (W/em?/sr/um)
7 () DRROEEE ORISR )
7 (1) P RADEBE (HiFR-t v )
p (1) M EME D5 M R
fs N IPF RN

L (1) 7% v HE T ORRHE (IFOV) MR H 2 WE CRIFEERDORKE LIzRan ATl
D, REXSNSNRASG VT RAICL RS EEBRTESL LRET S E, ExiE
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L) =Q/zyEi (M) 7 (1)+p (1) +cos (fs)

N
7 (1) D KBOWEND &7 (K-t o i) THEEE
FThbb, md) =) 1)

A

I AST L 723EAY DNAEICER S N BRI B TH2 OME RS MMSPEFREBICESE
T, BTLMESEZE) MME NS, T2 TIEINLOMFRERT 5. MBSO REES)
RIIHMMNZ L0 THDET 2, I51C, ETANFRITIANGD L) kE LT, £DFET/ N
FAESEDHE STV 245, BHE R BT 27207 4 L9 DKIZBHEPD <> Fofg comBM L
B74NETHLETD, IZL, 74P REERDEBREIZL - Ty FEICASDEICA T 2HE
HHT BOTEBH > FROFBEBREIIFEICANL, 2L BB SAF Iy 7oy (F
BoORBRT— S 3RTZFATELZVDT, FIRIRLIEEAN VAV OBAEORKSIEHGHERE D
iz ) OFENT, PSRRI O T o 7 ES 2B 6bits ICB LT 5, Libd b, H55>
FjToeydETHs DNy EIZLITO L I ICRIETE 5,

DN, =F, (R, p)
vy el
R=({f, (A)Ei (1) 7 (1) +p (1) ~cos (65)+dA)/ (z-{Hoy»dh)
EEE
f; (1) 1OPS >4 d sy F § 07415 Bis
fefEL, M7 ANS REL, ZOWMEIRT 4 NI RRERDEBFITREL T 5.

H, COPS kB sy ¥ TB T AR ST o) %ETHE
F(x,p): B LBEET, kXD L5 p By b T x 2ET7{LT 5. OPS Tlt p=6ThH 5.

Fo(xp)= (2P xz=1
INT (x+2°) 0=x=1
0 x=0

Zed, INT (v) BAEI3FEAE v 2BELT 2 LD TH B,

¥ 3% OPS O&BA Y FTCORKDHKGHEE (F AT v -uv TOREHE)
Table 3 Maximum spectral radiance (design value in the case of the High Level Input
mode) for each observation band of the OPS.
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Fig. 2 Extraterrestrial solar spectral irradiance, which is estimated by aircraft experimental data

Transmittance

037
1

F3MX

(Arvesen et al.,1969).
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Fig. 3 Atmospheric transmittance of the path between the earth surface and the sensor, which is estimated

by LOWTRAN-5 code. (Note: 1962 U.S. standard Spring-Summer model atmosphere with 23km visibility is
applied in the transmittance calculation. The sensor altitude is 570km.)
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Fig. 4 Atmospheric transmittance of the path between the sun and the earth surface, which is
estimated by LOWTRAN-5 code,
(Note: 1962 U.S. standard Spring-Summer model atmosphere with 23km visibility is applied in the
transmittance calculation. The solar zenith angle is assumed to be 60 degrees.)
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LEHDFBRICET AT, OPS D7 DDRE ZEM S FIZo0T, B2 b o X —5 THl
E L 72RER DGO FHREMER T — 5 2 T, KBEE L L TIZRREE T 5 KIEKIH A 560
EOBAED HIRETH S DNEEFFIE L7z, ERICEKREREA L LTIL - N3 55480
£<, ZOMCIE DNEIZKRES 22 & TRENS, FRFICHEROE, 4 REMREDE o0& L L7
BORKBINZDT, WAREN b LA B L B2 N2, Lizki-> TRBRIER D 60 EOBAIERMEE L
TELLIEPYVEBECEFEZL5, b, Bllsy FIEDH F < L v T, ¥ 10nm 27 v 7T
iT7e-72, 72, BBEOHEIZIZ LOWTRAN-5 (Kneizys ef al., 1980) % 72, ZOBOKA[ET
i3 1962 AEKEHERER R T (F-F) T, R 23km D LB RO L O L Lz, 82 HIEHEI
V72 KADIMUTOKREIZ & 59 ISR (Arvesen ef al., 1969) %, # 3 RIIEE 570km =& 5
OPS &4 EMEMTORADFERROFEME, F 4 RUIKIG-HEB THOR[DEBLOFFHIE %
N

3. RBRWPEDOFEM & = DGR E L FHBE S B DB

WEME L L TR ORNRE L2EAB LU0EWE, $4RITRT L1227 2 SIS HRERE S
(CAR; FicHIKE, Tofhs L THEIRE LIRS, EIKS, KEA), BEEWTH 204 ) F4
(KAOQ), #8EHE (SER), 24 =7 4 54 b (PYR), Wi-3> 4 (ALU), € €Y a+4 F (MON), #L T
I (UAL; Zil%, ZRE, BE, VELE) Tha, REBES - 2Rz Es88ic Lo
%, OPS OEEEFRIMETOBIN Y FHECHLDAEA MB35 WIUEEDFET 5 &
ZAHEMIBLTWE 2D THD, T, HIBRIHEATHEZINTWAZ L IFELT, HIodRITIT
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4% BEAHRTICRW RSO F ) —a—F, FOERBLUY TN BD—
s

Table 4 The list of category codes, their names and the number of samples for each
category used in the stepwise discriminant analysis.

a—F B F T &R + v IV
VEG green vegetation 6
UAL unaltered rocks 16
CAR carbonate rocks 39
KAO kaolinite 36
MON montmorillonite 10
ALU alunite 8
SER sericite 18
FYR pyrophyllite 13
T OTAL 146

it (VEG; Z48) bz, &8, SRLOMNREZHTIT) TLIERATERR L2 —Fizk-
THRTIEILT 5,

EARISRLAI )R TN ES T ) BICEHECTEL P 720, Bt T 60TT
EBIRNE DV TINBIT LS L L, BRLY I AEIESET 46 MTH B, /5L, *
Y B B PSR BRI IS BT 25806 R LT 54 7 7)) OMARIT L - TR 100 HREIC L > Tw
5Z2t8H5B.

#AF ) AOREN LS RO HRIMERT— 2 28 5 KITRT. & 2 THWCHEREHREIE
Tl <) v 2 % WA U7 AEHEA A A 3 2 M0 4 Z I EHREC T H 5. 4B, BAX TRt
BT — 2 2 RRTLT 200K T —FHFEL LWL ) IS AREICS 7 b 3¥Tw 5, 5ERGHE
T — 7 DY OPS DERBH Y FEDOMIEOBRIIKRD L 5 127 5. REEE G T REESE
(COs%) & A, 2.34 um fITIC Z DREERRIC L 2T H 2, TOMRIVLEIZ N F 8 Lafn L T
5. —F, BBEHIWIERER (OHY) 284, 22um HBEICFOBRINDH Y, 30 FTEMIRL TV A,
N RSN LDERREN L ETIRRO L WIERERICH ), F0HIIL T Ly RELTHER
EEFRLTIEPHFESINS, $, HMARTHRS SEHIMNENAT TORFRD R E 50 1T
BB B, Ny FLINAENRIHMER T — 212835 550nm 22§25 “7)—r A" i, /3>
[ 213 640nm 5 L 08 680nm FHED 7 w7 4 BRI, 23> F 3 & 4 4d 750nm Ll E R RSMNR ToE
RETRFEHDBIITHIE L T 5,

4, BOFNDI2dD Ny FHAE

OPS D 7Bl sy Fizk ) Wiz sy FHARD I B, MroBWEOSHRILICL -T2
NoERBIT B0 FMA Sy FHAEHFEL L EFTHENS, FiC, BN RE LTHEEYS
BIEALHEN T WA TIE, 30 FIZL 4 7 —BRFER2H L 720, ELELG LOXFDzHIc
Ny FHEAEH R S L3 LANDSAT BRI 28052 TH L, LIeH - T, MENrEE
NABEA LA WESEOBE A+ BB T L L LIz, S L IREIESYE T A WIHACEEN
ME1oDAFITNIRZEDNRBALEDTEWMTE DO/ RA 7 TVHMACHEREHELT,
FNFNOBHAET L3 DDAy FORBELHMAEEMIT LA, T%2bb, Z20a I iz OPS
DTODBR <y FTH DNEF— 2 EHOh» b, EWBRA T TV 2EFT 520K LRI H 58
oy FOLDZIELKBRLT, L3208y FObnEROMUL IV, SIUSIRHBIENT £ F
WBZENTED (FFLE, 1983). AW/ HANETY 7 b7 27 & LTI, TERMRHEERE s —
1= & B B PSR BIMRMT (stepwise discriminant analysis) V7 v = 7 Tdh b BMDPTM # i L7,
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BMDP7M Tidw 7 / B RDINIEEEICHED 2 SR B OF HITH W & 4L 5 BRI B0 By
WRIRT 2. F, HNBROMERIRLART, @7/ EX0ONEEECHE S V-7 M %%: 7
APT2ETHDE FIHICL > TEOREFEE2 P L Twa,

B5&I6 DOBAES T ) HACDEHAETOHBMMOERERLIZLDT, ENFNDE
BRMETEEAT ) 2RXGT 20 EBRMIRIRE N L3 20l FL 20N &)
FIYOHMNEELERLIZLDTH S, 4B, HIFTOES T 2) TOHBEERIIHNZ0Y
YINOEIRIEL, T NEFETEHNEEREML CHERBTE S, Lz -T, &4 7T
Z oIS o lTHIUE, 100/n (%) DA THBEERSFHEI N DT, HHIEERNM
POMEINZ 7T ) ICHEYICKH I N T NVELIBETE B,

WEZETHAIE, SV ]2, 3, BICTHPRANICEY T OMBIGENIE . ZOEE» 5,

ERS-1  bandpass

12 34 L) 67 8
o mE .

S0343 Pyrophyllite

m 50349 Kaolinite
S0350 Alunite

50341 Sericite

50282 Talc

REFLECTANCE FACTOR

S0058 Green vegetation
S$0138 Limonite

S0110 Andesite

50276 Marble
S0075 Limestone

0.5 1.0 1.5 2.0 2.5
WAVELENGTH (MICROMETER)

%5 &H T Y HNOREN LSO FHRGHRRT — 4
(8 27 OPS B> F 2RO EBISTT,)

Fig. 5 Spectral reflectance factors for typical targets in the categories used.
(The eight OPS’s bandpasses are shown in the upper part.)
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B5E 6 ODHATORBIHNEITORE 33> FEBIROHA)
1N R &5 CIEKGRINE R 3 D0l v F2RT, &5 7 ) TOEERL ROMIC
AN
Table 5 The result of the stepwise discriminant analysis (in the case of three bands
selection) in the six cases.
The first coloum shows the selected three observation bands in order by the analysis. The values

SELECTED PERCENT CORRECT (%)

BANDS IN CATEGORY CODE

ORDER VEG | UAL |CAR | KAO|MON| ALU | SER |PYR [TOTAL
2,37 100.0| 100.0| 56.4 | 47.2 | 20.0 | 50.0 | 61.1 | 69.2| 59.6

2,37 100.0| 100.0| ---- | 47.2 | 50.0 | 50.0 | 38.9 | 69.2| 59.8

2,337 100.0| 100.0| 76.9 |< 85.9 > | 85.6

278 | e 100.0| 74.4| 80.6 | 50.0| 75.0| 27.8| 61.5 70.0

278 | e 100.0 ----| 77.8| 60.0| 75.0 | 44.4| 61.5| 71.3

1,78 | e 100.0| 84.6 | < 88.2 > | 88.6

NYF2E3 iRk TETHAESNERERANSN, FLT/SY F7TCEREER L/ FTITREDSH
AR R RAT A dEELLND, SN F 2B L3 HHAEZHENT INICLETHD &)
BT 7 nw 7 4 VRIS HIET 2237 F 2 LR O R IMR O B8 KAHR R DL b LAY i
ﬂm‘ﬁén“/ F3ro2ont sy FREDNHS Ny — v htEOHBICFES L TwbbnEEI LN
IR WTIRER TR E AR B > F 2 L 30 DNEG ARG RED EVREDL &
éfﬁ, FooNy FREHEBO L) CIEKRESE T bhwI Eick2EHE2I 605,
WA WEA, Ny 2 (ERidNr R, 7, £LT8HMIERSRS iz, 72, ERES, R
A2 LCEBEMD 3047 ) IEFOHBAR, Sy F L T8 X U8 &7, A LTEz
DEZEM T T, RBEEESE I N AR, NV R2, TBIU8 ol COBENNUF
1HHVIINY F2DYELMEIRENLPIIFOBABHA LA TS, 2 TEEMICZ 583V 7
FUYAELBNY F5HLWIEBEMDOBINDIDICEHMTHLLEEFEL LML F62EL3
SRSy FHASLEIEIREN T W AW L TH S, 2 CREMBHNFNT & o TR T IR
FTHEDLIERL BERICIHDOBI Y FIIRE LA WBADRERERT. BoRrLilEsr
GEVHAICERT 2, BEEMERS LG WBATITHEND LE-> Ty 525, KEEM 2D
F WAL, XV F2, 7, 8 6, BDIEICEIREN, KORXT v 7Ty F2okrhiz, 2h
3, SRR, MR OBEENWE L ORBIESHEEINT 2354, By FoREEIEWIRIZ S

6% 6 DOHBATORRIIH BT O ML RER
1SR I & - TIRKBIK M2 3 OBy FERT. &7 7 2 TOEEREE ROMIC
Y.

Table 6 The detail result of the stepwise discriminant analysis in the six cases.
The first coloum shows the selected observation bands in order by the analysis. The values of

percent correct for each category are shown in the next.

SELECTED PERCENT CORRECT (%)

BANDS IN CATEGORY CODE

ORDER VEG | UAL | CAR | KAO|MON| ALU| SER [PYR [TOTAL|
2,3,71.8,6,5 100.0{ 100.0| 84.6 | 75.0 | 80.0 | 75.0 | 72.2| 69.2] 80.8
2,3,7.8.6,3 1000 | 100.0| -— | 72.2 | 80.0 | 87.5 |77.8 | 84.6| 82.2
2,37,8,5,1 100.0 [ 100.0 [87.2 | <~ 835 > | 870
2TRG5D | = 100.0| 769 [72.2 [80.0 | 75.0 [ 50.0| 61.5] 73.6
278652 | — |1000]| — | 66.7|80.0 | 87.5 | 55.6 | 76.9| 74.3
17856 | - 100.0| 89.7 | < 91.8 > | 921
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K786 52%32k, §7hb OPS OFEERIARO BN Y FOAEHTHLI LERLT
W, COZERINLOBNANY FORL L IEEOLPFIHT L LT, Ny FIEFALZWE
BINOLHEMNPFRLS LI EELRELTWDEEZL B,

F BRI DR R 5, B0 B IREBRA 22 oo 4 7 20 i g U TR E AR o B <
YR o TR 2 ) BSEITE 2 2 TFHEINS, JLZDWTI3, Yamaguchi (1988) 5B
VEABIVHMAOBMIEE : LT 2R ALI (Alunite Index) B L t* CLI (Calcite Index) &<
N6, 7, BOMEHREARTRELTWAZLE—8T 5, Fi, EES LTHEEM2EUEALDH
BIUIWTHETH 2 S HW SN2 5%, BEEMO I bOAFYF L4+, ErEYrFA b, BER, /10
7474 MZowTE, IRSEMAICHNT 5 ERESTETWEFLLNS

5 8B bH bH Ic

JERS-1 DXt o4 ThH 2 OPS OFREBHEI Sy FIzonwT, BABUNOINEILED LS v F
A —RINEY TH 22 %, Fa2DBHA » B X UM OSSR GHEER T — & 7 LBy 2
2 b—33 a7 DNMEZ FHvs, BREEFVHBMITICE DVRE L2, ZoMEE» 6, (D) HEDRIICIE
OPS 0Bl s> F2BLU3I»AEMTH S L, Q) IIFEEE, MrxnTEEY, RERAOFMNZIZ
OPS fElEHRIMEN D 2B > FhHvr R 7, 8, 6, 2L T5DIEICHENIZESLTWEI L
(3) Briz, REEIEE LN LGOBANCIE OPS B3EWRFr v V2B LTWwbEI EERLE,

INLDKERIZ OPS =212k 2 BRAMWMNICE W CRBZBE Y F2RIRT B0 ( FF4
YELTHATMETHL EHEZ LN, LrL, KyIiab—3 3T, REXRSIZF VT VAR
FBICL VS RERL TV, RRAOREFHEZREATHEZ L, FHis2o5327T
¥ ZARAIERADIKIER B S Flz L 2E WL 5 D, MENICTH~ER/MEEO DNz KE {8
W2 v Y OHEBA, L, OPS & 9@l Ny Fo S ni it o 572 J8IB IS I3 =BT — 4
Ik AN ETH D,

OPS OEBMER T~ ICLAERMNTE, BT v 2BMIc LT, THEL VR
2, 3k DAEEL, RICHAELSIOBEEKZ 2 F 7, 8B L6 CHREEE, BHEY, REESHE
L X ERATH5FENEYTHLEELLNS,

72, AFRTIIMFA L T, Ny Flhzllafdbybc ick), CNLOHERS DS 5
B B (BRILEA, 1988) b# 2 Hit b,
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BRRHN T EORGHHRT — 7 IMEREHE RRBLULE BRIAMESHALOEETICH
FIEETHW, L TEHBL T,
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