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Benten-iwa, No Coast, Niigata Prefecture

The Benten-iwa is the name of a small rock reef off the No Coast, east of the Itoigawa City, Niigata Prefecture.
There is the Itsukushima Shrine worshipping the goddess of the sea atop the rock where a lighthouse stands beside.
The volcaniclastic rocks of the Benten-iwa are part of a submarine volcanic edifice which was active around 1 Ma,
the Early Pleistocene. These volcaniclastics are correlated with those of the Eboshiyama Formation distributed around
the Mt. Eboshi. The Benten-iwa is one of the geosites of the Itoigawa UNESCO Global Geopark.

Locality of the Benten-iwa: 37°6"32.4”N, 137°59'34"E.

(Photograph by Ryuta Furukawa, Caption by Hideaki Nagamori)
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Z4 - Article

1944 FE R BHE R V1946 /B ERDFEKAZTLZFIAL /-
REFEEEARAFEIICH T I ETEHERIIOHTE

HEEHREA " - ARG R 5B

Yasuhiro Umeda and Satoshi Itaba (2018) Estimation of time series of the vertical deformations using
the sea level changes at the 1944 Tonankai and the 1946 Nankai earthquakes on the coastal area of Kii
peninsula. Bull. Geol. Surv. Japan, vol. 69 (2), p. 81-89, 5 figs, 4 tables.

Abstract: On the coastal area of Kii peninsula, there is no levering data just before the 1944 Tonankai and
1946 Nankai earthquakes, because the levering by Geospatial Information Authority of Japan have been
carried out around 1930 and 1947. Therefore, it has been impossible to separate the vertical deformations
caused by each carthquake. The co-seismic vertical changes of both earthquakes were obtained from
the sea level changes at the time of both earthquakes by the Hydrographic Bureau. The time series of
the vertical deformations before and after both earthquakes were obtained by combining two kinds of
data by two institutes. The southeastern area of Kii peninsula subsided at the time of the 1944 Tonankai
earthquake and the subsidence continued until the 1946 Nankai earthquake. The upheaval by the 1946
Nankai earthquake recovered the amount of subsidence before the earthquake. Because the tide station
of Kushimoto was broken by the 1946 Nankai earthquake, it was impossible to connect the sea level
data before and after the earthquake. The vertical deformation was obtained by subtracting the long term
change in mean sea level from the yearly average sea level. The continuous vertical deformation was
obtained by superimposing the deformation thus obtained on the time series by the leveling at Kushimoto.

Keywords: 1944 Tonankai Earthquake, 1946 Nankai Earthquake, vertical deformation, Kii Peninsula
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W1k
Table 1

MRS ETABOHFARE. FEEOMOFILIER,

Survey values of vertical deformations due to earthquake. F, O and blank column in survey value means the survey by the fishery

O3 % DILMI 155, 223K IC & 53t 2T,

council, government office etc. and Hydrographic Bureau (HB), respectively.

#HEE (m)

K 5
No. A Survey area Survey value (m) &S
1944 Tonankai | 1946 Nankai | BM. No.

1 57 Toba -0.6 F 03 F

2 B Owase -06 o] ? 0 4777
3 | =EKHEEE™ )| Mikiura (Owase C.) | —0.7 F 0.4 F

4 A (BB ) Tomari (Kumano C.)| -0.6 F 0.6 F 4798
5 = Shingu -0.6 o] ?

6 e o | Katsuura -0.6 F ? F 4973
7 b E Uragami -0.6 F 0.6 F 4979
8 BAR Kushimoto -0.3 F 0.9 F 9221
9 A e Shionomisaki ? 0 0.6 0]

10 AR Susami 0 o] -0.6 o]

11 Bk Shirahama 0 0 -0.3 0

12 X8 Mori 0 F -06 F

13 Bl Tanabe — -06 o | 4928
14 ENm Inami — -0.6 F

15 HFHB Kii-yura — 0 4905
16 TiE Shimotsu — 0 F

17 X Kada — 0 279

MERDICE S TR 0 T3, HEH - % (2011)
iE, KEERA E & RO ERZE SR & E R
12K BARUEHEMREEMAADEDZ LICK 5T, 1946
R 12 K B U EACEARR R O B2 B0 R %
fLaRD 7. AR TRIUEIOBRA LRI, 572D 0k
B2k % ETEH T — 4 2flAadbE T, LR
HIZF T B R O | AR &K 5.

2. & #

2.1 KBEEOEH

KEER T3 1946 F- BB FEE DR A (194741 H) 2
5 APRRED, TR - WEBIC 0T, KEER
T - PERE A FESUZWEE L, 7 ORR A KEKE
BT OREEJE), 1948) D[4 K OB 54 | 1< FCdk L
W5, F-RIERON K No4 [HiflkD F R4 5 F#x
WITHEM NI BE T -2 A ) A b7y FEXRhTn
3. [HlEE E AR R & & e U Z2RiRl o #lE &
BHOZNEDETH 5. [HAEMENTERO L TES)
REBAKNOZE,? S AHICK > TRZEDT, 2[00
WEELHERYFEETH S, [HEHNIZIFEFEAEDH
MT2loMEORIZHIENS XN TELY, T—4K

ANz, AR TIEHAEEE] 2T 5. KEEEH
DO E2» SRFLEOFEME | AhEHE L TH LI
ARL7z. HERT, HEMIIARERICEHR SN TS
£4THD, MEIFEIRNIRLZ, HERT, WHEOH
FEOLIZFE L 2[FHRWEES, [OJIZHTRIG R i
RASDOBERD, 757 3ABBICLIHETSH S
ZLERLTNS,

FEM L, REITHRR S E PRI & 5 KUERIE D
BORME & AR 720, 1 ROLIROMICAKHELAH S % 3
L7z, ZOKEESHFZIIKBERICGEELH ST
BV, FEHRHOSR E L TEEE - BEOHKX D 5
0, ZOHFIZHIEIZRIN U 22 K S [ A R | & 7 [ B
AKiEJE L TRRAINTWEDT, ZONE % FE e
Bt (2016a) D[ FE%E R R G E Y — v 2 12 & - TR
UGt U7z, A bR IR [ AU | L Gl h T
WA, AR TIERE IR A Db TR F 7213
BM.Z W 3.

P D101 ~ 03 mEKBFHEHRIZGL T T\ 5
2, ARETIR03mERKIAEE LTHRHT 5.

2. 2 ELEROER
[E BB & 2 KRR 7 — 2 D & — 4 X —
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Fig. 1 Survey points by the Hydrographic Bureau (HB). The symbol ® indicates the point where bench mark is

near. BM.4783 and BM.4778 are the reference points of Mikiura (Owase C.).

ok O KUEMIRFIECRMIE. BAIE X — L (m). S 2KISHIE.

Table 2 Leveling result at each bench mark (BM.). Unit is meters (m). The table corresponds to Fig. 2.
Area Owase Mikiura Tomari Katsuura Uragami Kushimoto Mori | Tanabe
(Owase C.) (Kumano C.)

Jear BM.No-| 4777 | 4778 4783 4798 | 4799 | 4973 | 4974 | 4980 | 9220 | 9221 | 9186 | 9185
1896 0.000 0.000
1899 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1926
1928 -0.155 [ -0.176 | —0.038 | —0.037
1931 -0.082 | -0.084 -0.092 | -0.115| -0.117 -0.050
1947 -0.659 | -0.457 -0518 | -0.525 | -0.493| -0.171 | -0.107 0.060 0.088 0.108 | -0.376 | —0.489
1967 0.262 0.276 -0.167 | -0.286
1968 -0.494 | -0.285 -0.254 0.226

U (E L, 2016b) TE AR I ATV B2, Kf§T ARUERTHOR & HUS U 72,

W FAKHE N A FRE & U 72 K HE TP E R R (LU Tk
[ K HE SRR | & 72 13 HLAR B OO Bl 2 7R 35 A3 LIS [ AR
Bl L) A, Bl & 0 REAR RS (5 202,
T HEREE, 2016¢) 12k > TATF L7z, KREESOBHRRH
R OB TRBELABAS RV EE b B, BRI
ZN5DBER LI NTHNBEZ 25, F1EDAKYE
MBS EPOICRERL, B0 BN ESHAIIRETD D

AW HBNIE R O &2 &k 7218904 » 5
19684 £ TH 5. KIlZIo T 5 KMESRBEEE 2RI,
ZOWERIIXEZ$E 2RISR L K, £&8, REFIOH
RAEOBCRME A HEHE (Y a) & LT 3.

BT = AR I 3 AREER R RAR A 2D TH 1
ETIFEMIC > T BN, —FROKUELBM.4783 13
Pi283 km Ei T W3 1K), AKIRE DA & K
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Fig.2  Time series of vertical deformations by levering results
at each bench mark. BM.No. in left side indicates the
number of bench mark.

WO h T E 2 L Bk 5 A& kB BAN
H 5. BMAT83 DB BB IX 19474 £ TO3M 4 L » A&
WS, AR TOZEFNZOWTIZIBEDOMD 2> DA%
R (BM.4777 EBM.4778) 3 IZITF U A8 Z LTk b (552
X)), BB —wZERCERZ 7B L 615,
A& R & BEEAKHE ST A SR L 72228, KB 3HE
U 72 K¥EfS 2 5%, A T1.76 km, BAT1.6 km ih
T, FH2lNE, HifERR< S2RTOAKRUETIZDONT,
B4 2 KUE OZ(L R L7248, BRI OGAIXIEIE
RUZEBERLTWD EE L T,
LS 1 % TIEBM.4928, F2&K TIEBMIISS &, K
WHESORFEIIRA TS D, MiHOERIEREZ2.04
kmTH 5. XHIZH 1 £ TORUETITEMIZE > T3
2, KPREEHR (1948) DI (53 XNo.15 [3CH ) THEFED
I A, XHOKUESBMIISe & FE2RKICHL L. ZDK
HE S & A (BML9185) & X[F UHLBOB OB ZMN TH 5.
FoMcakoFEHERmAE R TAS L, 1944FHFE
W LIRT O 1930 F- U & TIdER 2 Atk Emz 5 0,
1946 SR HE DR IZ W 37 h & Bl 28 R CHUh 5.

—77, MiHEE &I 19304EE 2 5 19474 F TOLEHE)IT
Wik > TEBEHTH 5.

3. ETEEERS

3.1 \BARMAZE{LZFIAL - L TEERERS

R CRb R 72 AR HE R B, WK REDZEAL A 63K 5
N-HEIEO LA BT L T AR & (F
5. ZO7HIIF 1944 E R HBHE QBT &, 19464
B EEZOWEADBETH 558, BiHIZONWTIRTHh
DIRGDOAKHE LR & A, [FERRICHRFZIZ DOV TIEZE N,
FeDRUES R A SMFT 2 Z 22k > TRD 3.

BRW il 2 s D W Cadd 4 5 & GE3 R EFIX
DUragami & ZH), Wi CiRR72 189947 5 1931 4F %
TORMERRIZ K B ZHEN A 1944 F- F THi T 7z
EREL, ZOHET 1944 H b EZ AT & THMF$
5. ZOMEAH 32, Uragami D 1944 Bef7 D -0.070 mC
b0, FIFTREMD L — DMK B, KGO
AN K > T 1944 4RI S 1213 0.6 mikFE L T
5 (F1£) 0T, MEEMOE, 5 kBEREEZ5 W80
PHBEHROM T, H3ED 1944 FAf DITIZR L 72-0.670
mTH0, FEIXTIEMOENTH 3.

1946 - F R E R OMIE, BRI & 5 194745
51967 F- DL &, BER T2 1946 4F- % T14E4+
L, 3D 1946 Af 70 0.050 m% £, FHIKTIEA
o7y —OHEE k5. 1946 4 FEIFEFERIZ120.6 m
B L3 (5515) 0T, HEATOMIZBEEEZ510v
72-0.550 m& & D, H3F TIL 1946 BeDr, FIXTidH
MOBATH 3. 1944 EFHIFEHIE DB A 5 19464
MV T TO L TEBNIRNEE D 72 D IR 2>
gLy, BHHEA RN 2 TIRERTHAR.

PLEoFEE2 BT 5103, 200EzhEhoz
RO o> TNBERBERD BHH, BIFRISRLEZLIIZ,
EB o rDOMEOETHP AN LY, Wi, HBIZIE
WHTE LW, EBASHAIZOWT, ko kaewEH
U L TFEBORRS %KD, HIRKVEIRITIRL 2.
FIXCEAUTR R, 7L — Ol & > TR 72
HEMETH S, 7L -0 BILE DBOE X H Gz
DEHRTH A, HRICKIFABEMTHSZ L2503
mOFREREEBROFITFTH 5.

FOPP S O WA T 1944 - HRG U 2 I IS I3 PERE L
T30, ZTOWRERIZILET 5 < 50, 2% 0D 1946
ERHIE TR L 72 L 3bh 5. fLHERE O Pl
DO HEP DI & 7 24 FIERHKN e > T B D
X, 1944 FHH R TIELLRD 6§, 19464
HEE TR L7272 Th 5.

3. 2 ETEHRRIIOEE
HIT £ CUE R Vi b BR A & RV R R O &, Al
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Table 3 Time series values of vertical deformations considering co-seismic changes. Unit is
meters (m). 1944 Be, 1944 Af and 1946 Be, 1946 Af indicates before and after of the 1944
Tonankai and 1946 Nankai earthquake, respectively. The table corresponds to Fig. 3.
Area Mikiura Tomari Uragami Kushimoto Mori

BM.| (Owase C.) | (Kumano C.)
year BM 4778 BM 4798 BM 4980 BM 9220 BM 9186

1896 0.000
1899 0.000 0.000 0.000 0.000
1928 -0.155 -0.038
1931 -0.084 -0.115 -0.050

1944 Be -0.118 -0.162 -0.070 -0.241 -0.057

1944 Af -0.818 -0.762 -0.670 -0.541 -0.057

1946 Be -0.865 -1.138 -0.550 -0.822 0.214

1946 Af -0.465 -0.538 0.050 0.078 -0.386
1947 -0.457 -0.525 0.060 0.088 -0.376
1967 0.262 0.276 -0.167
1968 -0.285 -0.254

1944 Tonankai eq.
Mikiura (Owase C.) l

BM 4778

Tomari (Kumano C.)

1930
(year)

1950

| 1946 Nankai eq.

1970

3D HEIGOLAL OKIEIRIC & B N & 518 L= L T2

Fig. 3

5. AU ARUERIE S Y, 2L — dud i,
U REEE. FEM O BII213 0.3 m DOFREEI Y
TdhH5.

Time series of vertical deformations considering co-seismic
changes (survey values obtained by the Hydrographic Bureau
(HB)). Open, gray and closed circle indicates leveling result,
extrapolated and survey value, respectively. Error bar of 0.3 m
is attached to each closed circle which is the survey value.
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HOZEBAE A S HAIZSRIZ & > TR 224, il
BORITIIERN 2 RWEH P ERH T 5 (Bl 21T,
Thatcher and Rundle, 1979). 1947 %f-5 5 1967/68 4D -
VN 228N E & L ICHAME L 2GE, HEEHRO 2
BRANZSE & NG 2B B B

THANZ DWW TIZ/NRIE A (2002) A3, HBARIZDWTIZHE
J5 (1970) 2SN 084 & &2, MM ORI 4 Hin
LTWBDT, ZhbESEICHIFOLHRIOBEIE
EikAB.

BIFAARIZE4REFBIARTR LS, Zh5XEIC
HONWT, FFHHOBIEAEEHHT 5. #HEFH (1970)
V3T Y53 1T D Ak A2 B & i IE U T 18904 A 5 19424
X TCOHRKDOWEEE 2R 7=, Zhas T/ iEs»
(2002) 1%, AR BT B 19304F A 5 1944 4 5 14 Ui b
EHEAME TOUWFEBOLE %, 5cm OWEEHEE L
7. HIEITCTHME U 721931 4F A 5 1944 4F 5 v s 32 L il
FTIE, ZOZEHHAE(-0.05m/14y) THEITL Tz & L,
1899 4F- % SEHE & U THUE M AT DE-0.096 m& K& 7= (55 4
K DUragami® 1944 BeDf7, FARTED I L — D).
Z DA & KBS & B 1944 FF- TRV Z s O P e
0.6 m& 5\ 7= D2 A HIER % OME -0.696 m ([AZE D 1944
AfOFF, FXITEMOENR) TH 3.

1946 - FEHIRE LI IZ D\ T, /MEIE A (2002) 12 HE
BORNEIIC K O HBEE A, 5 19474 O KUEHIH £
T, WM TIX025 m BEDEEN S > - &HEE L T
W3, ZOAFRHTIZE, 1946 LRI O,
1947 - DKEESTRBIEA 5 025 mEFW\W 2 -0.19m& &
% (E4EKD 1946 Af DT, FARLGDO L —DH). Kig
J& D FAAETIF 1946 4F-FE I FEIFIZ 0.6 mBEE L TW 2 0
T, MWEREETOMEIE, HWEEHOMEAH, S BEER AT
-0.79m (A D 1946 BeD1T, WXDEHDEM) L% 3.

BIEDEIX & 4 5 &, 1944 FE R E N & T
DOFEIIE L AEEDL L V. WEERIOMIZ, RiHiT
13-0.070 m, fEIE L 72 AKHiTIE -0.096 mT, ZDZ130.026
m&fEinrThsd. —J, HmiEhEDRE, miEhEE T
D24EMNZ, FIETIRBRZ 5208, BIERIZKEE,
KELEDbS>TWS, ZREHBEKRORIEH +%
L0 ThS.

HARIZOOWTE R E FRDOFETBIEET - 2.
1944 FERRTIEHE LIRNIE, B (1970) 233K 8 72 AR D
[ 38 (-4.2 mm/y) T 1928 4F- 70 & [ I A & TR A
HITL T2 & LT, MEBEROM -0222 m GE4ERD
Kushimoto @ 1944 BeD 1T, (ESXTIEALED 7 L — D)
IR 7.

P& h 6 A O K L R EE O R IZ & - Tk
BaXh720, MEES» S 1947F D KENR E TD
KANEE & BN F — 23 . KRTIR/ANMRE D
(2002) IZ &K B TD1947F- L TORMEH R E LT,
025 m DEFEBHARIZONTEIRMT 5. HA A

5815 km BTk D, EBHEHRIZELEVDOT, ZORM
IZIEEER S B8 Lmng, ZO/IZONTIEED
SHITHmT AL L L, 22 T3 1946 F-FiE B %
DI, 1947 FE-DKEELEIE 2> 5 0.25 m% 5\ 72 -0.162
m (4K D 1946 Af DIT, HARDEHED T L —DH) & F
5.

1944 - B RGO B2 T 1% & 1946 4F- T W Hb B2 T i D fif 13,
ZNENOMEORG & BHEOEA, S, KEERHOHAE
12K BRTHEIIVIRER (03 m) %, %EXEER (0.9 m) %,
WTREZELG W2 & & B (BF4FKD 1944 A& 1946 Be
DA, FARTHEASTZDODRN).

RO RERFIK (F3X) & KT 5 &, 1944 F- R
MR RT E TOVRRILHMPREE, DIraBIEiceEE 5
THED, EATOE T 51944 Be DB IEHT & %D
0.019 m (Z@EE . —JF, WRMEhELIE O E (58
472T 1944 Af & 1946 Be D35) 1%, MM ORRIZE
BAEZRL -0, MificfiE S hzkEE028 m (58
3T 1944 Af & 1946 Be & D3E) D251 0.54 mE, K
E RTRREESHEE ST,

4. BEROBUT—2% L TEERERIIICERD

AIETC &7z K S ISR RO R IEIC X >
THHEX NI=728, RO & B OMIN 7 — 2 138BH»
B Ko TWA, ZO/TIE, HEEHTE %M T —
S % L IEBNCERLEZS A, it ohifAo L
TEHERVKIZENRE I LIZE-T, BRODOH 2%
BRI E1ES Z & EikAa .

4.1 FHEEKLORAZELEZBRELLTEEZEKD S
Bl X N2 WIN T — 2%, KRR e E Rk 4 2 B
12X BMHEBORELEZT T3, & 5IHEOEK
D¥N T — 212l 5 R OZ B[R RN s &
2k B[ PR ORMEN] EE L oh, Theak
FT52LI2&-T, dABEGBOLTER LS Z &
AHREE XN TW B (FF, 1963). DIEE - 34 (1979) i,
1950 4 LI O WINE 7 — 2 12 104F-0D Low Pass 7 4 L & —
A TRERWIIC & 3 hlfRELRE L 2%, &F
DORITIZ 31T % il ORIAZA & HeE L 7=

K[BIT (2018) 12 kX, HARFOMHRIAN ORIAZE
LRI, 1052 5 20 M OEB 1R b 5 2 & 2344
fighTnsd, ZZTEHRAOMNT — 45256 K[R2T
(2018) D[ H A 7 D1 K K7 D R IHZEALAE I ] 0D 5 52 4F-
BEPEIME 32 L5 2812k 5T, WimiAN ORI
(R TR Rl
BRI 7 — 2%, KRIT (2016) 2 5121925
ELRER AR IR TS, BEFSERTNE Y 2 —
(2016) TIX 1896 4E-2> 5 DN H B DT, Rty 4 —D
F—bR=Upb a8y ya—F L7 5B1969FITT —
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Fak 1944 F i LR A1 % (1944 Be, 1944 Af) L 1946
EFEHE AT (1946 Be, 1946 Af) DIEAMBIEX 1
ToEf e BAO L TABRERYIE, HATIE A — b
(m). FAKUZHIE.

Table 4 Time series values of vertical deformations which the

values of the 1944 Tonankai earthquake (1944 Be,
1944 Af) and the 1946 Nankai earthquake (1946 Be,

1946 Af) are corrected at Uragami and Kushimoto. Unit
is meters (m). The table corresponds to Fig. 4.

Area Uragami Kushimoto
BM.
year BM 4980 BM 9220
1899 0.000 0.000
1928 -0.155
1931 -0.050
1944 Be -0.096 -0.222
1944 Af -0.696 -0.522
1946 Be —-0.790 -1.062
1946 Af -0.190 -0.162
1947 0.060 0.088
1967 0.262 0.276
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Fig. 4 Time series of vertical deformations considering co- and
after seismic changes at Uragami and Kushimoto. The
meaning of open, gray and closed circle is the same as in
Fig. 3.
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Fig. 5 Vertical deformation estimated from tidal data of Kushimoto (small closed circles connected by thin line) was

superimposed on the time series of vertical deformation of Kusimoto in Fig. 4. The meaning of open, gray and

closed circle is the same as in Fig. 3.
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Abstract: The major element XRF analytical program, Bead03, has been prepared for geological samples.
The analytical condition suitable for the samples was optimized considering sensitivity, precision, and the
lower limit of detection. The detailed analytical protocol of Bead03 has been described, and Bead03 has
been successfully used at the shared facility of the GSJ laboratory. Bead03 is generally used without the
need for frequent calibration. As such, any user can perform analysis with a minimum number of steps
and simple operation. Bead03 can also 1) perform overlapping correction of Br La on Al Ka, eliminating
the effect of releasing agent LiBr, and 2) apply curve fitting of backgrounds for Na Ka and Mg K.
The present report also describes the quality of calibration lines for silicate rock samples and analytical

precision.

Keywords: XRF, glass bead, geological samples, major elements, analytical conditions

1. Introduction

X-ray fluorescence spectrometry (XRF) is a standard
technique for obtaining major and trace element
compositions of geological samples (Potts, 1987). For
XRF analysis of major elements, glass beads (or glass
discs) are typically prepared from powdered samples (e.g.,
Norrish and Hutton, 1969; Norrish and Chappell, 1977).

The shared research facility at the Geological Survey
of Japan (GSJ) provides various analytical instruments
(Ogasawara, 2013), including an XRF system. A Philips
PW-1404 XRF was introduced in 1987 as part of the
shared research facility and has been used extensively
to obtain major and trace element data of geological
samples. In 2007, as the PW1404 had been used for 20
years and spare parts became difficult to obtain, a new
XRF, the PANalytical Axios Advanced, was acquired
in order to improve efficient analysis at the GSJ. Since
the introduction of the new Axios Advanced XRF, most
researchers have been using the new XRF, although the
PW1404 is still used to obtain various analytical results.

For major element analysis using the Axios Advanced
XREF, a public analytical program, Bead(03, was prepared

for users in 2007. The Bead03 program requires a
minimum number of steps to obtain major element data.
As such, any user can operate the Axios Advanced XRF
with minimal experience. Due to the extremely stable
condition of the Axios Advanced XRF, calibration of the
analytical program is not required for most users. Users
can check the quality of the calibration by analysis of a
reference rock standard (e.g., JB-1a) before analysis. If
the results are satisfactory, then unknown samples can be
analyzed subsequently. If the results are not satisfactory,
the person in charge of the XRF will check the condition
of the equipment and will perform a new calibration.
In general, a new calibration might be necessary after
more than a half year. The analytical protocol of Bead03
uses only natural silicate rock references for calibration,
although it is possible to extend the calibration range
with standards prepared from chemicals (e.g., Tsuchiya
etal., 1989; Seno and Motoyoshi, 2004; Yamasaki, 2014).
Bead03 has been used for more than 8 years, providing
excellent major element data. This report presents the
results of examination under various analytical conditions
and an optimized analytical protocol of major element
analysis of geological samples with the Axios Advanced
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Table 1 Compositional ranges in routine analysis of geological samples

GSJ Igneous standards

GSJ Sedimentary standards

Target range

(wt.%) Average Min Max Average Min Max Min Max
Si0, 60.02 42.38 76.83 63.24 57.16 76.00 40.00 80.00
TiO, 0.64 0.01 1.60 0.63 0.40 0.75 0.00 2.00
ALO; 13.72 0.66 23.48 14.89 9.91 18.17 0.00 25.00
FeZO; 6.78 0.77 15.06 6.90 4.37 11.65 0.00 15.00
MnO 0.12 0.02 0.22 0.13 0.06 0.27 0.00 0.30
MgO 6.78 0.04 44.60 2.04 1.17 2.73 0.00 45.00
CaO 6.03 0.09 15.02 1.88 0.56 3.66 0.00 15.00
Na,O 2.76 0.02 4.69 1.69 0.41 2.73 0.00 5.00
Ky,0 2.00 0.00 4.71 2.33 1.15 3.01 0.00 5.00
P,0s 0.10 0.00 0.29 0.15 0.08 0.21 0.00 0.30

Average, minimum, and maximum values of GSJ Igneous standards are obtained from 16 standards; JA-1, JA-2, JA-3, JB-1, JB-2,
JB-3,JG-1,JG-2, JG-3, JGb-1, JGb-2, JH-1, JP-1, JR-1, JR-2, and JR-3 (Imai et al ., 1995; Imai et al ., 1999)
Average, minimum, and maximum values of GSJ Sedimentary standards are obtained from 6 standards; JLk-1, JSI-1, JSI-2, JSd-1,

JSd-2, and JSd-3 (Imai et al ., 1996;)
FeZO;: Total Fe as Fe,04

XRF using glass beads. The precision and accuracy of
analysis using Bead03 are also discussed, although a new
analytical program, Bead04, has been used for glass discs
prepared with the TK-4500 fully automatic glass bead
sampler, which is same as Bead03, and calibration lines
were established using standard glass beads prepared with
TK-4500.

2. Specifications and characteristics of XRF
at the GSJ shared research facility

The XRF is used in a wide range of applications in
scientific research and industry. Various options for a
standard model of XRF can generally be selected to meet
the requirements for the specific application. Thus, the
selection of such options is important to perform accurate
and efficient analysis.

Geological samples analyzed at the shared research
facility of the GSJ are typically igneous and sedimentary
rocks. Analysis of carbonate rocks can be performed
with other analytical techniques using acid digestion for
sample preparation. Table 1 shows typical compositional
ranges of major elements of igneous and sedimentary
rocks, estimated from the chemical compositions of GSJ
standard reference materials. For the composition range
of the sediments and sedimentary rocks (Table 1), chert
and carbonate rocks are not included. The compositional
ranges required for analysis using XRF in the GSJ are
indicated in Table 1. The specifications of XRF and the
analytical protocol are selected so as to provide precise
analytical results for the compositional ranges.

Detailed specifications of the Axios Advanced XRF
at the GSJ shared research facility are listed in Table 2.
The Axios Advanced XRF at the GSJ shared research
facility uses a 4 kW power Rh end window-type X-ray

tube. Although X-ray tubes with Sc or Cr anodes are
effective for generating X-rays of major elements of
geological samples (Norrish and Chappell, 1977), modern
wavelength dispersive XRF instruments mostly use Rh
X-ray tubes, which effectively generate specific X-rays of
light elements and heavy elements. The maximum voltage
applied to the X-ray tube is 60 kV. As the tube is a 4 kW
tube, it is possible to apply a tube current of 66 mA at a
maximum voltage of 60 kV. The Axios Advanced XRF at
the GSJ shared research facility has four tube filters, Pb 1
mm (beam stopper), Al 200 pm, Al 750 pm, and brass 400
um. The tube filter can be placed between the X-ray tube
and the sample, eliminating any specific X-ray lines from
the X-ray tube, although with some reduction of X-ray
intensity. The Al filters can be used to reduce background
counts for the analysis of transition elements, such as Cu.
The brass 400 pm filter reduces Rh Ka and K from the
X-ray tube and can be applied to the analysis of Ag, Cd,
and Rh.

A collimator mask is placed between the sample and
the collimator and eliminates any fluorescence X-rays
generated by the sample holder. The Axios Advanced XRF
has six different sizes of collimator mask (Table 2). Three
types of collimators can be selected in the Axios Advanced
XREF. The Soller slit spacings of 150 um, 300 um, and 700
um are those for the very fine, fine, and coarse collimators,
respectively.

The Axios Advanced XRF can accommodate up to eight
analysing crystals. The analysing crystals of the XRF at
the GSJ shared research facility are listed in Table 2.
PX1, PX4A, PX7, PX8, and PX10 are synthetic layer
analyzers prepared by PANalytical Co. PX1 and PX8 have
better diffraction efficiencies than TAP and can be used
to analyze Na and Mg. PX4A is used for the analysis
of carbon. PX7 can be used for the analysis of boron.
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Table 2 Instrument details of the XRF (PANalytical Axios Advanced) at the GSJ

Component Details

X-ray tube Rh end window 4 kW (Super fine tube)

Tube Filter Pb 1 mm (Beam stopper), Al 200 pm, Al 750 pm, Brass 400 um

Collimator Mask 6 mm, 10 mm, 20 mm, 27 mm, 30 mm, 37 mm

Collimator 150 pm, 300 pm, 700 pm

Analizing crystal ~ Ge(111)-C, PE(002)-C, LIF220, PX1, PX4A, PX7, PX8, PX10

Detector Flow Proportional Counter, Xe Sealed counter, Scintilation counter, Duplex (FPC and Xe)

Ge(111)-C and PE(002)-C: curved crystals for high reflection efficiency

PX10 is equivalent to the LIF200 with a higher reflection
efficiency. Ge (111)-C and PE(002)-C (Table 2) are curved
crystals with a higher reflection efficiency than the crystals
of the normal Ge and PET, respectively. In the minimum
specifications, three analysing crystals, i.e., PX1 (or
TAP), PET, and PX10 (or LiF200), will cover all of the
necessary elements analyzed for the geological samples.
The present specifications of the analysing crystals for
the XRF at the GSJ shared research facility provide the
opportunity to analyze any elements heavier than boron
with the maximum efficiency.

The Axios Advanced XRF has three detectors: a flow
proportional counter (FPC), a scintillation counter (SC),
and a Xe sealed counter. A tandem combination of the
FPC and Xe sealed counters, namely, the duplex detector
system of PANalytical, can be used. The Duplex detector
system is suitable for analyzing X-rays with energy from
Ti Ka to Co Ka.

The XRF at the GSJ shared research facility is running
continuously, except during annual maintenance of the
electric power supply. When not in use, the X-ray tube is
kept in standby mode at 50 kV and 20 mA. The standby
mode of the X-ray tube allows a better lifetime of the tube
and quick startup to the analytical mode.

In the glass bead analysis, only one sample holder is
used. The glass beads are placed directly on trays and are
supplied to the sample holder from the trays through an
automatic sample handling system. The sample holder
with the glass bead is then introduced into the spectrometer
for analysis. Although the sample holders have been
manufactured with high precision, their dimensions may
still vary slightly. If multiple sample holders are used, the
distance between the end of X-ray tube and the sample
surface may vary, which could affect the intensity of
fluorescence X-rays. The present Axios Advanced XRF
system eliminates such variation using only one sample
holder. A sample tray accommodates 12 glass discs.
Eight trays can be placed on the sample changer. Thus, a
maximum of 96 glass beads can be placed on the Axios
Advanced XRF sample changer surface. The XRF can
analyze up to 96 glass beads without any user attendance.

3. Sample preparation

A brief description of the sample preparation method for
glass beads is presented in the following. There are three
basic parameters to be selected for preparing glass beads:
the type of flux and other chemicals, the mixing ratio of
the flux and the sample, and the glass making method.

3.1 Flux and other chemicals and sample-flux mixing
ratio

Several types of fluxes are used for the analysis of
geological samples (Table 3). A mixture of lithium
tetraborate and lithium carbonate with lanthanum oxide
(LaO) heavy absorber was classically used (Norrish and
Hutton, 1969, Norrish and Chappell, 1977). Although
LaO was used to reduce matrix effects, advanced software
matrix corrections reduced the necessity of the heavy
absorber. Lithium metaborate or a mixture of lithium
metaborate and lithium tetraborate provides a lower fusion
temperature than lithium tetraborate alone and is suitable
for preparing low dilution glass beads (e.g., Kimura and
Yamada, 1996; Goto ef al., 2002). As the present protocol
of sample preparation uses a 1:10 sample:flux ratio, a
mixture of lithium metaborate and lithium tetraborate is
not required. Lithium tetraborate is more acidic compared
to lithium metaborate and is compatible with basic
materials (Claisse, 1989). Although a mixture of lithium
metaborate and lithium tetraborate is suitable for fusing
silicate rock samples, mixing the flux requires additional
sample preparation work by users. Pre-mixed fluxes are
commercially available, however it may be necessary to
check the composition of the mixed flux for each new
bottles. Based on these considerations, sample preparation
for the Bead03 analytical program uses lithium tetraborate
(Li,B,0;: Merck, Spectomelt A10).

Various sample-to-flux ratios, ranging from 1:1 to
1:10, have been used (e.g., Tani ef al., 2002). Glass beads
with low dilution ratios are typically used to analyze trace
elements as well as major elements, providing higher
count rates of X-rays from trace elements. Bead03 was
prepared for a sample-to-flux ratio of 1:10 to ensure
complete fusion of typical rocks and to reduce the matrix
effect. This ratio also contributes to an efficient weighing
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Table 3 Characteristics of typical fluxes and other chemicals used to prepare glass beads

Flux/Chemical Composition Characteristics

Flux

Lithium tetraborate Li,B,0; Melting temperature: 930°C
Lithium metaborate LiBO; Melting temperature: 845°C

Mixture of lithium

Li,B,0- + LiBO
tetraborate and metaborate 2o 3

Lower melting temperature

Addition of LaO reduces matrix differences

i Li,B,05 + Li,CO; + LaO
Flux with heavy absorber 1,B,0, 1,CO4 a (Norrish and Hutton, 1969)
Oxidizing agent
Lithium nitrate LiNO;
Releasing agent
Lithium bromide” LiBr Br overlaps on Al Ka, Rb Ka
Lithium iodine Lil Strongly hygroscopic, I overlaps on Ti Ka

" used in Bead03 analytical protocol

procedure, as the weight of flux is 10 times the sample
weight.

Lithium nitrate and sodium nitrate (Norrish and Hutton,
1969, Norrish and Chappell, 1977) have been used as
oxidizing agents. An oxidizing agent is effective for
samples that contain sulfide minerals, although ignition
of such samples before the preparation of glass beads
should be sufficient. As such, an oxidizing agent is not
added in the present study.

3.2 Glass bead releasing agent

After fusion of the mixture of flux and sample in the
crucible, melt is quenched to form glass bead. In order
to ensure effective removal of the glass bead from the
crucible, a releasing agent (non-wetting agent) is generally
added. Table 3 lists the characteristics of two types of
releasing agents commonly used in the analysis of
geological samples: lithium bromide (LiBr) and lithium
iodine (Lil). As Br K overlaps Rb Ko, Lil is preferred for
the analysis of Rb, which is an important lithophile trace
element of geological samples. Br La slightly overlaps
Al Ka. Iodine LB2 overlaps Ti Ka. The present analytical
protocol with Bead03 uses LiBr as the releasing agent.
Lithium iodine is more hygroscopic than LiBr, and special
care is necessary in its handling. The present analytical
method is not intended to analyze Rb, and thus LiBr,
which is easier to handle, is selected as a releasing agent.

3.3 Sample preparation procedure

The glass beads for XRF analysis can be prepared by
gas heating, electric heating, or high-frequency induction
heating methods. The GSJ shared facility provides high-
frequency induction heating equipment, a TK-4100 bead
sampler (Tokyo Kagaku Co., presently Amena Tech Co.)

and has been effectively used for the last 17 years. The TK-
4100 bead sampler fuses the mixture of sample and flux in
a crucible to make homogeneous melt and quenches the
melt to form glass beads in the same crucible. A Mettlar
AG204 four-decimal-digit electric balance is used to
weigh the sample and the flux. Lithium tetraborate flux is
ignited before the use at 700 °C for approximately 2 hours
and is kept in a plastic bottle. If the samples contain sulfide
minerals or any reducing components, e.g., carbonaceous
materials, then the samples can be ignited before weighing.

An outline of the procedures for preparing glass beads is
presented here. Using a Mettler AG204 chemical balance,
0.5 g of sample is taken on weighing paper. The weight of
the sample is recorded to four decimal digits. The weight
of the sample need not be precisely 0.5000 g, but rather
approximately 0.5 g. Then, a flux equal to 10 times the
sample weight can be taken on another weighing paper
with precisely three decimal digits, e.g., if the sample
weight is 0.5007 g, then the weight of flux should be 5.007
g. As the PANalytical XRF generally accommodates glass
beads of 32 mm in diameter as a standard, the weights of the
sample and chemicals used are suitable for the preparation
of glass beads of this diameter. It is important to have
the sample-to-flux ratio be precisely 1:10. This weighing
procedure is efficient and requires only one precise
weighing. The sample powder can be placed on flux on
the weighing paper, and mixed thoroughly with a spatula.
Alternatively sample and flux powder can be transferred
to an agate mortar and may be mixed thoroughly. The
mixed powder is transfer into a platinum (95%) and gold
(5%) alloy crucible. Before melting with the TK-4100,
two drops of releasing agent, a lithium bromide solution,
are added from a drop bottle. The lithium bromide solution
is prepared from lithium bromide hydrate (LiBrH,O,
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Kanto Kagaku Co.) for dilution with deionized water. The
weight of added deionized water is twice of the weight
of the lithium bromide hydrate, resulting in the bromine
concentration in the solution being 25.4%. The bromine
added to the flux-sample mixture is approximately 0.018
g, resulting in a concentration of 3,400 ppm of Br in the
glass bead. As the sample is diluted 11 times in the glass
bead, i.c., the sample flux ratio is 1:10, this concentration
is equivalent to 3.74 wt.% in the sample.

The crucible is placed in the fusion unit of the TK4100
and covered with a platinum lid (Pt-Au alloy). The
heating parameters of the TK4100 can be controlled in
three steps. Although the temperature of each step can
be set separately, the temperature settings of the present
protocol are fixed to 1150 °C for all steps. The duration
of the initial heating stage is 120 seconds and that of the
main fusion stage is 180 seconds. This is followed by
180 seconds of fusion with agitation to make the melt
homogeneous without any bubbles. After the third step,
an initial cooling cycle of approximately 20 seconds is
started. The crucible is then transferred from the heating
unit to the quenching station until complete cooling,
which requires approximately 3 minutes on the quenching
station. After the transferring the crucible from the heating
unit to the quenching station, the next sample can be
placed in the heating unit for fusion. Thus, the total cycle
time, excluding the quenching phase, is approximately 8.5
minutes. The parameters were selected so as to maximize
the efficiency of sample preparation and the complete
digestion of typical geological samples. The glass beads
can be kept in a plastic bag with a seal and are stored in a
desiccator until measurement.

The crucible and lid are generally used for a day without
cleaning. After work, the platinum ware can be cleaned by
leaving it overnight, or longer, in a citric acid solution. The
citric acid is sufficient to digest any residual melt stuck
to the platinum ware and is safer than a hydrochloric acid
solution.

4. Optimization of analytical conditions

Various analytical parameters have to be optimized to
perform efficient and accurate analysis with XRF. Table
4 shows the analytical conditions of the present study.
The kV and mA settings for Axios Advanced XRF can be
adjusted quickly without losing stability, as long as the
wattage is maintained unchanged. Tani et al. (2002) used
a3 kW X-ray tube at 24 kV and 125 mA for light elements
from Na to K, at 30 kV and 100 mA for Ca, at 40 kV and
75 mA for Ti, and at 60 kV and 50 mA for Mn and Fe. It is
optimal to use such variable kV and mA settings to obtain
the highest count rates from each element. However, a
high mA setting may affect the lifetime of the X-ray tube.
In the present study, the kV and mA setting for an X-ray
tube is fixed to 50 kV and 50 mA. The 50 kV setting is
sufficient to effectively generate Fe Ka, although such
high voltage is not optimum for light elements. A lower

mA setting for light elements requires longer counting
times, resulting in a longer analytical time. The increase
in analytical time generally does not affect the overall
efficiency of research, although the increase may be
significant in routine analysis in industry. As the X-ray
generator of the Axios Advanced XRF is maintained at 50
kV and 20 mA even when not in use, the increase from 50
kV and 20 mA to 50 kV and 50 mA for measurement does
not require a long wait time.

In Bead03, a tube filter is not used. The sample spinner is
turned on in order to eliminate any variation in the flatness
of the glass disc surface and possible heterogeneity of
the disc. A 27 mm collimator mask is used to transfer
fluorescence X-rays generated from a glass bead sample
with a 32 mm diameter. The collimator for Na and Mgis a
700 pum collimator, and the collimator of other elements is
a 300 pm collimator. Table 4 lists the analysing crystals for
each element. The synthetic crystal PX1 is used for Na and
Mg. PE(002)-C and Ge(111)-C crystals are used for Al and
Si and for P, respectively. Other elements were analyzed
using the synthetic PX10. A duplex detector system is used
for Mn and Fe, and a flow proportional counter is used for
other elements. The pulse height analyzer (PHA) settings
of the detectors listed in Table 4 are specific parameter
values used in the PANalytical XRF.

The Ka lines of the major elements are analyzed in
Bead03. In addition to the major element Ka lines, Br
Lo is analyzed to calculate Br La interference on Al Ka.
The background measurement angles, counting times, and
data reduction for overlapping and matrix collections, and
the final calibration are the most important parameters to
consider. Fig. 1 shows X-ray scans for the major elements.
As the background is curved for the Mg and Na Ka regions
(Figs. la, b), a curve fitting of the background with a
Lagrange interpolation by four background measurements
is applied. The same background measurement data are
used to calculate each background for Na and Mg. The
background counts of the Si Ka and Al Ko are small
relative to the peak counts, and the background curves
are flat (Fig. 1c). Kusano et al. (2015) did not measure
backgrounds for Mg Ka, Si Ka, K Ka, Ca Ka, and Fe Ka
as peak-to-background X-ray count ratios are large. For
the high-dilution glass beads, the backgrounds are largely
a result of the Rayleigh scatter of continuous X-rays with
flux. Therefore, the variation of background counts among
the different sample compositions is relatively small. The
concentration can be calculated by subtracting constant
values as background values. However, it is still better to
subtract measured backgrounds for elements with large
count rates (Fig. 1c, e, f), reducing any small variation
in the background value resulted from the variation of
the sample composition. Bead03 measured only one
background each for Si Ka and Al Ka. Furthermore, it
is difficult to select a background position on the higher-
angle side of Al Ka (Fig. 1c) due to the Br La peak and the
limit of the goniometer. As the background profiles for Ti,
Ca, K, Fe, and Mn show a slight slope, two background
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(c): Si and Al using PE (002)-C analysing crystal.
(d): P using Ge (111)-C analysing crystal.

(e): K, Ca, and Ti using PX10 analysing crystal.
(f): Mn and Fe using PX10 analysing crystal.
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Table 4 Analytical conditions

Element Line Analyzing Peak Background off set from peak (20°) Collimator Detector PHA  Counting time (sec)
Crystal Angles (26°) BGl BG2 BG3 BG4 Peak BG
Si Ka PE 109.0476  -12.9130 300um  FPC 24-78 62 2
Ti Ka PX10 86.1732 -3.0290 4.1336 300pm  FPC 22-71 10 2
Al Ka PE 144.8556  -17.8686 300um  FPC 22-81 20 20
Fe Ka PXI10 57.5188 -2.6482 2.5000 300um  Duplex 11-72 4 2
Mn Ka PX10 62.9826 -2.0874 1.4404 300pum Duplex 11-70 8 2
Mg Ka  PX1 22.9506 -2.0920 2.8790 6.8346 11.5206 700um  FPC 23-83 60 8,10,4,2
Ca Ka PX10 113.1346 -3.7138 3.1282 300um  FPC 27-73 10 2
Na Ka PXI 27.7374 700pm FPC 27-80 60
K Ka PXI10 136.7228 -7.6928 6.1002 300um  FPC 25-75 16 4
P Ka Ge 140.8998 -2.6934 300um  FPC 32-70 16 4
Br La PE 146.4460 300um  FPC 22-78 10
PE: PET (002)-C
PX10: Synthetic crystal replacing LiF200 produced by PANalytical
Ge: Ge (111)-C
FPC: Flow proportional counter
PHA: Pulse height analyser setting
Table 5 Sensitivity and precision of calibration
JB-la Calib.  Calib.  Rerative range of matrix
NetCount Background — Sensitivity BEC LLD Cor. Intercept correction values (%)
(keps) (keps)  (keps/%) (ppm) (ppm) D 15 stds 13 stds
SiO, 51.05 0.021 0.974 221 131 0.99990 -0.0115 4.39 2.90
TiO, 7.93 0.568 6.193 917 52 0.99984 0.0038 10.91 543
Al 04 16.11 0.041 1.115 365 83  0.99991 0.1609 7.07 3.59
FeQO; 294.02 2.893 32.488 891 23 0.99988 -0.0029 12.46 9.66
MnO 406  1.900 27415 693 23099944  -0.0006  12.15 8.46
MgO 16.24 0.982 2.075 4735 77 0.99998 0.1020 1.79 1.60
CaO 47.26 0.308 5.077 606 54 0.99998 -0.0133 8.51 5.08
Na,O 2.18 0.325 0.798 4080 122 0.99924 0.0537 2.04 2.04
K,0 6.91 0.171 4.933 347 30  0.99997 -0.0086 3.44 3.44
P,0;5 0.80 0.056 3.084 180 34 0.99913 0.0012 2.59 2.59

BEC: Background equivalent concentration
LLD: Lower limit of detection
Calib. Cor. : Calibration correlation coefficient

Calib. Intercept D: Intercept (D) value of calibration equation

Relative range of matrix values (%): Relative range of matrix correction values.

15 stds: Relative range of matrix correction values for all 15 standards used for calibration.
13 stds: Relative range of matrix correction values for 13 standards, excluding JP-1 and JF-1.

F6203*Z Total Fe as Fe,0;

measurements were used to obtain background counts.
Background positions of other elements are shown in
Table 4 and Fig. 1.

The performance of the analytical program was
evaluated using various parameters. The sensitivities
for the analyzed elements are shown in Table 5 and Fig.
2a. The sensitivities are expressed as counts per seconds
for 1% of oxides of the elements that are present. The
primary analytical conditions, i.e., the types of collimator,

analysing crystal, and detector, are shown in Fig. 2a. The
sensitivities basically increase from 0.8 kcps/% of Na,O
to 32 keps/% of Fe,O, (Table 5). With the same analytical
settings, the sensitivities are basically a function of the
excitation efficiency of the fluorescence X-rays at the
given kV and mA setting of the X-ray tube; i.e., Fe Ka is
more effectively generated from the sample than Mn Ka
under the same analytical condition (Fig. 2a). Even for
an Fe,0; concentration of 15%, which is approximately
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the maximum value in geological samples, the count
rate does not exceed the maximum limit of the detector.
This indicates that the 50 kV and 50 mA setting of the
X-ray generator is appropriate. The background counts
are low for Al and Si (Fig. 2b). Background equivalent
concentrations (BEC) are calculated from the sensitivity
and the background count rates; i.¢., the background count
rate is divided by the sensitivity (Fig. 2¢). The BEC values
range from 180 ppm to 920 ppm, with high values for
Na,O and MgO of 4,100 ppm and 4,700 ppm, respectively
(Table 5). The lower limit of detection (LLD) values range
from 17 to 88 ppm (Table 5 and Fig. 2d). These values
are sufficient for major element analysis. The signal/
background ratios (S/B = S/N: signal/noise) for JG-1a,
JB-1a, and 1% oxides are shown in Fig. 2(e). The 1%
oxide values are obtained in order to indicate the S/N
ratios independent of the concentrations of elements in
the samples and are calculated from the signal intensities
at the 1% concentration of each element. The 1% oxide
S/N ratios range from 2.1 to 55 (Fig. 2e), indicating that
the analytical parameters are appropriately selected for
all elements measured. As natural geological samples,
e.g., JG-1a and JB-1a, have high concentrations of SiO,
and ALO; (Fig. 2e), the S/B ratios of these elements are
extremely high.

The counting times on peaks and backgrounds are given
in Table 4. These times were optimized considering the
sensitivity and other parameters. The total counts for
1% oxide contents and JB-1la are presented in Fig. 2f.
The total counts for 1% oxide contents indicate the total
counts independent of the concentrations of elements in
the samples and are calculated from the total count of each
element for JB-1a divided by the respective concentrations
of the respective elements. Setting the counting time to
have similar total counts for all of the analyzed elements
is optimal. The total counts for most of elements of 1%
concentration are approximately 100,000, indicating that
all of the elements have similar precision. As the P,O;
concentration of JB-1a is low at 0.24%, the total count
of P,0; is somewhat low at 13,000. Using the above
examination, the analytical conditions of Bead03 have
been optimized.

5. Calibration

Calibration was made using 15 standard reference
samples issued by the Geological Survey of Japan. The
standards used are JA-1, JA-2, JA-3, JB-1a, JB-2, JB-
3, JF-1, JG-1a, JG-2, JG-3, JGb-1, JGb-2, JH-1, JP-1,
and JR-1. Before calculation of the calibration lines,
background and line overlapping corrections are applied.
A lower-angle-side tail of Br La interferes with Al Ka. In
Bead03, this Br La interference with Al Ka is corrected
using measured Br Lo data. Because Al Ka also interfere
with Br La, it may be better to use Br K for correction
of this interference.

The calibration lines were prepared with full matrix

correction using classic theoretical alpha values. The
theoretical alpha values were obtained using the SuperQ
software program (PANalytical Co.). The alpha values
were calculated using the composition of JA-1 as a
typical compositional value among standards. SiO, was
designated as the base component and was eliminated in
order to obtain the alpha values using SuperQ.

The calibration was established by the following
equation:

Ci=Di + Ei x Rj X M -=------ (1)

where

Ci: concentration of component i

D:: intercept of component i

Ei: slope of component i

Ri: count rate of component i

Mi: matrix correction value of component i.

The intercept is the point at which the calibration line
intercepts the Y axis (Table 5), when data are plotted on a
diagram with the count rate (X axis) and the concentration
(Y axis).

The matrix correction values are calculated using the
following equation:

where

aij: theoretical alpha value of component i in the matrix
of component j

C;: concentration of component j.

In the case of the calculation of unknown samples,
nominal concentrations of components are derived
without matrix correction, and further calculations are
then performed using the nominal concentrations until
the differences between the new and previous calculations
become less than 0.01% or until the maximum number of
iterations, 20, is reached in Bead03.

The calibration lines are shown in Fig. 3. The quality
of calibration is expressed with the correlation coefficient
(R) between the reference and calculated values. The
correlation coefficients of all of the elements are better
than 0.999, indicating that excellent calibration lines
have been established. All of the standards are used to
establish calibration lines, with the exception of Na,O of
JP-1. The high MgO content of JP-1 slightly increases
the background of Na,O. As the low Na,O concentration
in the JP-1 was affected by this, the Na,O value of JP-1
was rejected from the calculation of the calibration line.

As the full matrix corrections with theoretical alpha were
applied, the calibrations will work even slightly beyond
the compositional ranges of standards used to establish
the calibration. The effectiveness of matrix correction
is examined with matrix correction values for standard
samples. The relative ranges of matrix correction values
(Table 5) among the standard samples used to establish the
calibration lines are shown in Fig. 4a. The figure indicates
that a maximum difference of 12% will result without the
matrix correction. The relative ranges of matrix correction
values are high for the heavy elements and low for the light
elements. The small variation of the matrix effect on light
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elements, such as Na and Mg, should be largely controlled
by abundant oxygen and boron in glass beads. As oxygen
and boron are major elements in lithium tetraborate flux,
the variations of oxygen and boron abundances among
samples are small, resulting in a small matrix effect among
the samples. Fig. 4b shows the relative ranges of matrix
correction values among the standard samples, excluding
JP-1 and JF-1, and the high MgO and high K,O samples,
respectively. The maximum relative ranges are reduced to
less than 10%. The matrix correction values of Al and Si
for JP-1 are large, thus the relative ranges of the Al and Si
are reduced to less than 4% (Fig. 4b). Similarly, excluding
the high K,O standard of JF-1 reduced the relative ranges
of the matrix correction values of Ca, as the variation of
matrix K,O content significantly influence Ca Koa. Fig.
4b indicates that analytical results will be inaccurate to
several percent without the matrix corrections.

6. Analytical precision

Precision (reproducibility) of analysis was evaluated
with 10 repeated analyses of glass bead of JB-1a (Table
6). JB-1a is one of the 15 standards that can be used
to establish the calibration lines. Thus, the analytical
results should be the same as the reference values used
for the calibration. The mean values of the ten analyses
are approximately the same as those of the reference
values. The standard deviations for each major element
are low (less than 0.028). SiO, and Al,O; show slightly
high standard deviations due to the high abundance of
these elements in JB-1a. Excluding SiO, and Al,O;, these
standard deviations are less than 0.013. The relative
standard deviations are less than 1% for all elements.
MnO and P,Os, which have abundances of less than 1%,
have slightly high relative standard deviations of 0.91%

and 0.99%, respectively. For elements with concentrations
between 1 and 3 wt.%, the relative standard deviations are
between 0.35% and 0.39%. Elements with concentrations
greater than 3 wt.% have relative standard deviations of
less than 0.18%. The precision of the analysis of the
present study is similar to those of Yamasaki (2014) and
Kusano et al. (2015).

7. Discussion on the further improvement of
analytical protocol

The objectives of the present report are the optimization
of the XRF analysis of silicate rocks and the presentation
of a detailed analytical method for use on Bead03.
Although the program has been successfully used for the
last 8 years, it is possible to further improve the program
on several points, as discussed in the following.

7.1 Sensitivity of Na and Mg

The sensitivities of light elements, including Na, Mg,
Al, and Si, are slightly low, especially Na, as compared
to the other elements (Fig. 2a). Bead03 uses a tube setting
of 50 kV and 50 mA. The optimal kV setting of the X-ray
tube is considered to be three to four times the X-ray
energy of the analyzed element. As the X-ray energy of Fe
Ka is 6.40 keV, a setting of 25 kV should be sufficient to
generate Fe Ka from the samples. It is empirically known
that setting the kV value to be larger than the mA value is
better for maintaining the lifetime of the X-ray tube. This
is one reason for selecting the 50 kV and 50 mA setting.
X-rays of any of the major elements from the silicate rocks
do not saturate the detectors at this setting. For example,
the count rate of Fe Ka is still less than 1 million counts/
second. Thus, the setting of 40 kV and 60 mA instead of
50kV and 50 mA may be applied. Furthermore, evaluation

— 101 —



Bulletin of the Geological Survey of Japan, vol. 69 (2), 2018

Table 6 Precision of analysis obtained based on the results of
10 measurements of a glass bead of JB-1a

(wt.%) Rec. Mean  StdDev R.StdD(%)
SiO, 52.41 52.37 0.028 0.053
TiO, 1.28 1.29 0.005 0.388
Al,O4 14.45 14.31 0.026 0.183
Fe,0; 9.05 8.97 0.008 0.092
MnO 0.15 0.15 0.001 0.907
MgO 7.83 7.70 0.011 0.137
CaO 9.31 9.31 0.013 0.143
Na,O 2.73 2.80 0.010 0.356
K,0 1.40 1.41 0.005 0.350
P,0; 0.26 0.26 0.003 0.992
Sum 98.58

Rec: Recommended value of Imai ez al. (1995)
StdDev: Standard deviation
R.StdD: Relative standard deviation

FeZO;: Total Fe as Fe,04

of the lifetime of the X-ray tube with frequently changing
kV and mA settings during analysis is difficult, and a fixed
setting of 40 kV and 60 mA may be optimal for major
element analysis of geological samples.

7.2 Backgrounds for Na and Mg

Backgrounds for Na and Mg were calculated with curve
fitting of four background measurements (Table 4). The
curve fitting of the background for the Na and Mg is
considered to be better than that of the two background
measurements. Based on a detailed evaluation of the
background data, the Al Ka overlaps the lower 20 angle
side of the Mg background and the Mg Ka peak (Fig. 1b).
The Mg Ka peak also overlaps the background position
between Mg Ko and Na Ka. The overlap of Mg will
cause a small problem regarding the measurement of low
concentration of Na,O with a high concentration of MgO,
such as ultramafic rocks, as discussed previously. It may
be possible to reduce these overlapping effects using a
fine collimator of 150 pum, although the sensitivity will be
reduced by the fine collimator. Another possibility is to use
the PX-8 analysing crystal, which has a slightly shorter d
spacing, providing larger dispersion. As the lower 26 angle
sides of the Mg Ka peak and Na Ko have been affected
by Al Ka and Mg Ka, respectively, the background may
be calculated by one background measurement with fixed
slope factors, which are independently obtained samples
without Al,O; and MgO.

7.3 Optimization of counting times on peak and
background

The estimated total count for the 1% concentration of

each element (Fig. 2f) is above 48,000, except for Al Ka,

which is 22,000. Thus, the counting time of the Al Ka peak

can be increased from 20 seconds to 60 seconds, similar

to that of the Si Ka. The total count of P Ka on JB-1a is
low (Fig. 2f), as the concentration of P,O; in JB-1a is
low. The concentrations of P,Os in typical silicate rocks
are low, thus the counting time may be increased from
16 seconds to 30 or 40 seconds in order to provide better
analytical precision. In the present analytical condition,
the analysis of a sample takes approximately 8 minutes.
As the Axios Advanced XRF accommodates 96 glass
beads on the sample changer, it takes approximately 13
hours to complete all 96 samples. The total analytical time
is effective for automatic overnight measurements. The
small increase in measurement time may not affect the
efficiency and can be evaluated.

8. Conclusion

Major element analysis with Bead03 program using
glass bead has been prepared by the optimization of
analytical parameters. The analysis has been successfully
performed at the shared facility of the GSJ laboratory.
The detailed analytical protocol of Bead03 has also been
described. Optimization of the analytical condition that is
suitable for geological samples was performed considering
sensitivity, precision, and the lower limit of detection.
Bead03 is generally used without frequent calibration.
The user can make analysis with a minimum number
of steps and through simple operation. High throughput
analysis is also an important characteristic of this protocol.
Bead03 has also allows 1) the overlapping correction of
Br Lo on Al Ko, eliminating the effect from the releasing
agent, LiBr, and 2) the curve fitting of backgrounds for
Na Ka and Mg Ka. The present report also describes the
quality of calibration lines for silicate rock samples and
the analytical precision.
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Shunichiro Igari (2018) Change of the light nonmethane hydrocarbon blank values in tap water by water
pipe renewal works. Bull. Geol. Surv. Japan, vol. 69 (2), p.105-114, 5 figs, 4 tables.

Abstract: We proposed a method to measure light nonmethane hydrocarbon content in the atmosphere
using distilled water, which was heated and cooled down to room temperature, in 2015. However,
tap water, which distilled water is made from, originally contains some amount of light nonmethane
hydrocarbons and they are not completely removed by a distilling apparatus. Since it is necessary
to carefully consider the pollution by a minute amount of organic matter particularly in organic
geochemistry, knowing their content in tap water is very important.

In January 2015, waterpipes in a building of the National Institute of Advanced Industrial Science and
Technology were replaced. We measured the blank values of light nonmethane hydrocarbons in the tap
water before and after the renewal work. The value increased after the renewal work and then decreased
gradually. But it did not recover to the prior level after half a year. The relation between the blank values
and sampling intervals was also investigated. It is clarified that the longer the flushing interval is, the
lower the blank value becomes. This means flushing a large volume of water before the use is effective to

temporarily reduce the content of light nonmethane hydrocarbons.

Keywords: nonmethane hydrocarbon, tap water, water pipe renewal work
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Fig. 1  Measuring system of light nonmethane hydrocarbons in atmosphere. From Igari (2015). Admitted by Geochemical Society of Japan.
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Table 1 Calculation of the error by the repetition measurements

Sample Date Day of the week  ethane ethylene propane acetylene isobutane n-butane  propylene
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
The 1st measurement 2017/11/9 Thursday 1.01 1.82 0.94 0.30 0.17 0.21 0.24
The 2nd measurement 2017/11/9 Thursday 1.04 1.82 0.96 0.19 0.18 0.21 0.28
The 3rd measurement 2017/11/9 Thursday 1.01 1.70 0.89 0.26 0.17 0.23 0.21
Average 1.02 1.78 0.93 0.25 0.17 0.22 0.24
Standard deviation 0.014 0.057 0.029 0.045 0.005 0.009 0.029
Standard deviation/Average 0.014 0.032 0.032 0.182 0.027 0.044 0.118
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Table 2 Samples and analytical results

No. Date Day of the week  ethane ethylene propane acetylene  isobutane n-butane  propylene
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
1 1-Sep-14 Monday 0.77 2.19 0.42 0.08 0.44 0.28
2 10-Dec-14 Wednesday 1.19 4.98 0.43 0.1 0.4 0.37
3 11-Dec-14 Thursday 0.52 1.87 0.24 0.19
Y, S 12:Dec:l4____Friday ___________ 025 ______ 0.66_______ 0.8 018 _________.
5 21-Jan-15 Wednesday 6.36 40.47 0.99 0.12 0.17 8.84 0.99
6 22-Jan-15 Thursday 2.76 13.73 1.66 0.55 0.16 3.07 0.72
7 23-Jan-15 Friday 5.27 10.52 1.46 0.11 0.3 2.14 1.13
8 26-Jan-15 Monday 5.18 17.96 1.22 0.26 0.16 3.75 0.62
9 27-Jan-15 Tuesday 22 6.83 0.86 0.46 0.23 1.4 0.41
10 28-Jan-15 Wednesday 3.79 8.82 1.05 0.23 1.87 0.34
11 29-Jan-15 Thursday 4.14 2.66 1.56 0.6 0.26
12 2-Feb-15 Monday 3.92 11.78 0.78 2.00 0.41
13 3-Feb-15 Tuesday 1.42 4.80 0.49 0.78
14 6-Feb-15 Friday 3.72 5.54 0.96 0.2 1.26
15 9-Feb-15 Monday 4.83 13.63 0.92 2.36 0.43
16 10-Feb-15 Tuesday 2.37 3.63 0.51 0.77
17 12-Feb-15 Thursday 2.82 6.87 0.65 1.34 0.4
18 16-Feb-15 Monday 4.42 9.51 0.95 0.28 1.44 0.22
19 17-Feb-15 Tuesday 1.86 3.23 0.35 0.84
20 18-Feb-15 Wednesday 1.92 4.00 0.52 1.04
21 19-Feb-15 Thursday 1.68 3.13 0.47 0.68
22 20-Feb-15 Friday 1.22 2.24 0.32 0.82
23 23-Feb-15 Monday 3.02 7.06 0.92 1.56
24 24-Feb-15 Tuesday 1.72 2.88 0.47 0.74
25 25-Feb-15 Wednesday 1.93 3.67 0.52 0.8
26 26-Feb-15 Thursday 1.2 3.31 0.47 0.87
27 27-Feb-15 Friday 1.63 3.48 0.65 0.98
28 2-Mar-15 Monday 2.69 7.34 0.63 1.52
29 3-Mar-15 Tuesday 1.99 3.31 0.67 1.05
30 9-Mar-15 Monday 4.1 47.95 0.92 0.15 1.8 0.75
31 10-Mar-15 Tuesday 2.33 5.53 0.71 0.95
32 16-Mar-15 Monday 4.28 20.22 1.16 0.34 2.36 0.69
33 17-Mar-15 Tuesday 1.68 4.59 0.67 0.57
34 23-Mar-15 Monday 3.69 20.9 0.96 2.14 0.61
35 24-Mar-15 Tuesday 1.8 4.53 0.57 0.16 0.73
36 30-Mar-15 Monday 3.54 18.85 1.08 2.18
37 31-Mar-15 Tuesday 2.00 5.17 0.56 0.91
38 6-Apr-15 Monday 2.88 7.81 1.68 1.06
39 7-Apr-15 Tuesday 1.99 4.28 0.54
40 27-Apr-15 Monday 4.01 22.55 1.46 1.89 0.36
41 28-Apr-15 Tuesday 2.24 8.27 1.04 0.25 0.99
42 11-May-15 Monday 5.23 35.02 1.99 0.34 3.29 0.74
43 12-May-15 Tuesday 2.14 2.51 1.21 0.82 0.85 0.41
44 18-May-15 Monday 3.38 8.75 1.58 0.57 243 0.25
45 19-May-15 Tuesday 1.81 6.01 0.89 0.4 0.29 0.97
46 25-May-15 Monday 3.52 9.08 1.6 0.43 2.44
47 26-May-15 Tuesday 2.12 5.63 0.92 0.55 1.11
48 27-May-15 Wednesday 1.31 3.6 0.53 0.23 0.83
49 1-Jun-15 Monday 1.9 9.41 0.73 0.33 1.37
50 2-Jun-15 Tuesday 1.35 5.35 0.57 0.3 1.04
51 3-Jun-15 Wednesday 1.22 5.5 0.59 0.37 0.91
52 8-Jun-15 Monday 2.35 12.77 0.95 0.24 1.6
53 10-Jun-15 ‘Wednesday 0.85 4.55 0.52 0.22 0.67
54 15-Jun-15 Monday 1.83 15.67 1.1 1.9
55 16-Jun-15 Tuesday 1.08 5.55 0.57 0.33 0.73
56 17-Jun-15 Wednesday 0.77 4.54 0.39 0.68
57 18-Jun-15 Thursday 0.5 3.65 0.29 0.5 0.38
58 22-Jun-15 Monday 1.45 12.63 0.67 1.33
59 23-Jun-15 Tuesday 1.26 5.6 0.74 0.47 0.65 0.36
60* 2017/12/25 Monday 0.58 0.78 0.32 0.56 0.06 0.22 0
Air sample frorm Niigata' 1.86 1.62 1.30 1.15 0.39 0.54

Space:not detected
*: Data from Igari (2012)
Dotted line means renewal work
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Light nonmethane hydrocarbon blank in the tap water
before and after the renewal work of water pipes. a)
ethane, b) ethylene, c) propane, d) n-butane. The renewal
work was done from 10th to 12th, January, 2015. The date
with the scale is Monday. The point with the black marker
means water drain was not done on the day before. The
point with the white marker means 10 L water drain was
done on the day before.

Fig. 3
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H3k LY S E AN K OEEIEA 2 VIRILKET 7 2 o
Table 3 Light nonmethane hydrocarbon blank in the water with vinyl chloride board
Sample Date ethane ethylene propane acetylene  isobutane n-butane propylene
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
Vinyl chloride in degassed water  2017/6/26 0.08 0.37 0.04 0.19
Space: not detected
Fak KEKRBHRINORTOKEKREREIZE ST 7 v > v T ORR
Table 4 Effect of flushing by tap water drain before sampling
Sample Date Day of the week  ethane ethylene propane acetylene  isobutane n-butane  propylene
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
No.48 2015/5/27 Wednesday 1.31 3.6 0.53 0 0.23 0.83 0
After 10 L drain 2015/5/27 Wednesday 0.67 0.33 0.45 0 0.39 0.32 0
After 50 L drain 2015/5/27 Wednesday 0.45 0.24 0.22 0 0.33 0 0
No.56 2015/6/17 Wednesday 0.77 4.54 0.39 0 0 0.68 0
After 1000 L drain 2015/6/17 Wednesday 0.18 0.09 0.11 0 0 0 0
Air frorm Niigata* 1.86 1.62 1.30 1.15 0.39 0.54 0
0: not detected
*: Data from Igari (2012)
2 5
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Ryuta Furukawa and Hideaki Nagamori (2018) Pleistocene volcanic rocks from the eastern Itoigawa
Region. Bull. Geol. Surv. Japan, vol. 69 (2), p.115-124, 8 figs, 2 tables, 1 appendix.

Abstract: Volcanic stratigraphy performed at the eastern Itoigawa region revealed 3 formations of
volcanic rocks of Sarukura, Eboshiyama and Takanomine in ascending order, with subordinating coarse
grained epiclastic formation of Kajiyashiki which is partly interfingered with the Takanomine Formation.
K-Ar datings revealed ca. 1.3—1.2 Ma from juvenile dacite volcanic blocks of the Eboshiyama Formation
and 0.65 Ma from juvenile andesite volcanic block of the Takanomine Formation. Fission-Track dating
resulted in ca. 1| Ma from the Otanigawa Tuff of the Kajiyashiki Formation. As the Kajiyashiki Formation
includes abundant andesite volcanic blocks of the Takanomine Formation, the activity of the Takanomine
Formation started before 1 Ma and at least sustained until 0.65 Ma. Petrological analyses revealed
characteristics of magma in each formation especially shown in SiO,—K,O diagram which depicts
discriminative variation of K-series in Pleistocene epoch.

Keywords: volcano, Quaternary, Itoigawa, Northern Fossa-magna, Pleistocene, andesite, dacite,
medium-K series, K-Ar, Takanomine, Eboshiyama
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Fig. 1 Index map of the eastern Itoigawa
region. Mapped area is enclosed
by bold quadrangle. Urban area
of the Itoigawa City is shown
as solid square. Shaded relief

Wiz :// ; . i 11 - — | map is qsed made .by Geospatial
#36°54'02"N kel f - il R & Information Authority of Japan.
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Fig.2  Volcano stratigraphy of the eastern Itoigawa region and comparison with standardized stratigraphy of the Nishikubiki Mountain
area by Akahane and Kato (1989) and previous remarkable studies. "F." and "M." are abbreviations of formation and member
respectively. *1: Equivalent of the Umikawa Formation. *2: volcaniclastic rocks of the Benten Iwa, east of No River mouth.
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Fig.3 Geological map of the eastern Itoigawa region. Geological structures of the Pliocene and lower Pleistocene strata are described in
Nagamori ef al. (in press) in detail. Terrace deposits in this map are omitted. Mt. Eboshi : Y2111, Mt. Eboshi* : 7111
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Fig. 4 Whole rock chemical compositions of volcanic and intrusive rocks. Normalized SiO, versus K,O concentrations (weight
percentage) are plotted for selected juvenile volcanic samples from each formation dealt here. Bold lines show boundaries of
K-series by Gill (1981) extended toward SiO,=70%. Shaded area shows volcanics of the Umikawa Formation (Suzuki e al.,

1985).
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Fig. 5  Exposure of the Otanigawa Tuff. Vertical section and photo of the Otanigawa Tuff.
Dating sample (3) was taken beneath the pick (60 cm long). tuff.: tuffaceous.
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FelX TLEIEOAREKIEROMICHMETH. A
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B : iRk, SIS o i L (37°02'52"N, 138°00'16"E). HiA — 5 —. Pl: #EA, Hb: @ ANA,
Opx : Rk, Cpx @ HAMA, Qz: A%, v Xid.

Fig. 6  Microscopic images of juvenile blocks from Eboshiyama Formation. A: Plane polarized image of the sample 1 taken
from the branch stream of the Konoura River (37°03'48" N, 137°59'21" E). B: Plane polarized image of the sample 2
taken from the eastern scarp of the Sotoyama (37°02'52"N, 138°00'16"E). Phenocrysts are noticed with abbreviations as
PI: plagioclase, Hb: hornblende, Opx: orthopyroxene, Cpx: clinopyroxene, Qz: quartz, v: vesicle.
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B O R KLEBRORCHEMETE. R4
N B3R (37°02'42" N, 137°57'56" E). EAAKR—F —.
Bidh 0 Pl fHEA, Opx @ RHAKEG, Cpx @ BHEEEA.

Crossed polar image of the sample 4 from the Takanomine
Formation. Sample 4 of the juvenile andesite volcanic block
taken from the Omizo River (37°02'42" N, 137°57'56" E).
Abbreviated notes for phenocrysts are Pl: plagioclase, Opx:
orthopyroxene, Cpx: clinopyroxene.

F1E  K-ArFRINERR

Table 1 Ages of the K-Ar dating
Sample Material K contents  Radioactive “Ar  K-Ar date Non radioactive
P (mesh) (WE.%) (10%cc STP/g) (Ma) (%)
groundmass
+ + +
1 (#60-80) 1.537 £ 0.031 7.72 £ 0.57 1.29 £ 0.10 81.3
groundmass
+ + +
2 (#60-80) 1.524 + 0.030 7.34 £ 0.50 1.24 +0.09 80.0
groundmass
+ + +
4 (#60-80) 1.844 + 0.037 4.64 +0.18 0.65 = 0.03 65.3
Fok T4wvav- b7y s EARNERSR
Table 2 Ages of the fission-track dating
Spontaneous-track B Corr.coe L
. Number of Number of . Induced-track density U standard count R A test U Fission-Track age
Formation Rock type Locality ];T:)(;_?h[;/ zircon crystal in - Method — measured density -Aficient
® sample per ke aeem - pgem®  Ns o py(em®) N, X pl ‘ffd o Nusd r o PO ) (ppm)  Agetlo(Ma)
. . ED2 «
Ka"A‘_, Pl.ln?]ce ijloura 3 800/0.30 (External 30 3'6%, 45 2.12x10° 262668 1538 754 0.462 15 130 1.03+0.16
yashiki lapilli tuff River surface) 10
* Laboratory: Kyoto Fission-Track Co.ltd.
. Pr(xz) : Probability of obtaining the 2 value for v degrees of freedom (v=number of crystals-1)
* 1: Correlation coefficient between p,and p,
l:l,j(}"a?\,‘ - e li-[:.ﬁif:ﬁ’
5, & & PASACERBCE T PR, 1974 5 R, 1975) Dt r s
RIZTA A MR T, LEILEO T4 44 MALE R
5.1 {bEFMERICED BBDFHFR CHAG LEHBL /UM 283, REBEh o %L

RO KA EEhE 32588, LELRE, #2
R KON R e g 135 R A RO O i L oL 2 B
HWIRLZBRMEROZ L =2 FE4X) . HE
JEEHR-E A ) Y L RINDOLREBRILE R OCRLET
HO, BFHIZEMIZH IR R O &SRR & IR
7 BAUREMIC H 5. LRI KIES & BAS
12, FIER AV T ARPIOM A Vo 2O HMSEPH I
D, FAHA M FEERTH 22, KREERILEE TH
e 2o MHBCHERE & 5D (BB 4X) . AHIKORHRMENC H 5

AR AR © i & (R CHUREIPHIC & 0
(FE4X), HeRBUEOHERIHIICIE, §TISEEREO X
UGB E > T Z L amikd 5. &Rkl L T, K
M 35 1) 2 KILEEHAD o LU R e & & 12 B
IO & N B AR 2R3, KA M ORI
Vo LRHNCPORT 5 K5I/ A 5. FEREMOMKI
JEHEFIZZL L Tl D, w7 v RPN EZRETER S
TV Z e amdn, FMllaREE5ROBETSH .
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Fig. 8 Stratigraphy chart of this area compared with ages
determined by fission—track and K-Ar datings.
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Table A1  List of analyzed samples with whole rock element compositions and localities.
. Saru-  Saru-  Saru-  Saru-  Saru-  Saru-  Saru-  Saru- Kaji-  Kaji-  Kaji-  Kaji-  Kaji-  Kaji-  Kaji-
Formation

kura kura kura kura kura kura kura kura yashiki yashiki yashiki yashiki yashiki yashiki yashiki
Sample ID ITGI1 ITG302 ITG303 ITG304 ITG355 ITG357 ITG359 ITG361 ITG306 ITG309 ITG317 ITG379 ITG9  ITG26WH ITG26DE

Northing 37°03'00" 37°02128" 37°02'31" 37°02'10" 37°0225" 37°02'S5" 37°02'34" 37°03'01" 37°03'41" 37°03'09" 37°04'05" 37°04'19" 37°04'52" 37°04'36" 37°04'36"
Easting 138°00'35" 137°58'38" 137°58'34" 137°59'16" 137°59'47" 137°59'47" 138°00'07" 138°00'37" 137°56'03" 137°56'42" 137°57'06" 137°57'01" 137°59'39" 137°57'13" 137°57'13"
SiO, (Wt.%)  53.65 56.03 5740 5409 5449 5461 5354 5324 6096 5836 61.78 6245 6843 6243 6043
TiO, 091 059 076 071 062 062 079 08 062 070 056 052 039 058  0.63
Al, O, 18.26 18.15 18.07 18.90 19.05 18.35 18.27 19.15 17.23 17.53 16.40 16.55 16.49 16.77 17.36
Fe,0, 981 833 820 766 783 773 947 939 679 731 646 591 465 693 749
MnO 017 015 010 017 015 012 017 016 014 013 015 014 010 013  0.15
MgO 430  3.68 228 345 425 457 409 3.68 273 287 246 221 101 263 298
CaO 921 810 715 998 868 882 898 904 594 698 623 597 406 604 676
Na,O 250 255 278 252 236 258 273 28 313 280 305 301 381 279 278
K,0 116 162 231 1.62 132 1.65 131 1.22 199 245 217 237 182 214 186
P,Os 021 028 025 024 030 026 018 023 014 019 018 018 017 019  0.19
total 100.19 9947 9930 9933 99.03 9930 9952 99.84 99.68 99.31 9944 9930 10092 100.63 100.62

L.O.I (wt.%) 0.63 1.30 2.04 2.01 1.90 1.01 0.42 0.59 1.83 1.25 1.78 1.41 1.96 1.07 0.85
Takano- Takano- Takano- Takano- Takano- Takano- Takano- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi-

Formation mine mine mine mine mine mine mine  yama yama yama yama ~yama yama yama yama
Sample ID ITG35 ITG312 ITG324 ITG326 ITG370 ITG370-2 ITG384 1TG14-2R ITGI6R ITGI18R ITG20 ITG22 ITG23R ITG319 ITG337
Northing 37°03'36" 37°02'55" 37°02'48° 37°02'42" 37°02'39" 37°02'39" 37°02'37" 37°04'32" 37°04'16" 37°0426" 37°04'46" 37°04'50" 37°05'01" 37°06'34" 37°03'48"
Easting 137°55'17" 137°57'23" 137°57'47" 137°57'56" 137°56'54" 137°56'54" 137°58'16" 137°59'40" 137°59'38" 137°59'29" 137°59'02" 137°59'08" 137°59'38" 137°59'34" 137°59'21"
SiO, (wt.%) 60.89  62.61 57.69 6234 57.57 55.58 5851 67.86 6042 67.06 60.84 57.16 6696 59.08 61.50
TiO, 0.63 0.51 0.74 0.59 0.72 0.69 0.63 0.37 0.56 0.37 0.71 0.64 0.38 0.59 0.49
AlLO; 17.02 17.15 17.56  16.27  20.34 19.22 17.64  17.08 19.78 16.94  17.78 18.29  16.51 18.14 17.18
Fe,0; 7.21 5.90 7.98 6.55 4.07 5.65 7.59 2.93 6.73 4.36 6.91 7.24 4.39 6.11 6.18
MnO 0.15 0.13 0.15 0.13 0.04 0.05 0.16 0.07 0.16 0.16 0.14 0.16 0.09 0.15 0.15
MgO 3.16 2.12 3.49 2.58 1.86 2.08 3.20 0.26 2.50 0.63 2.45 4.33 0.95 3.17 2.25
CaO 6.75 6.06 7.48 5.70 8.44 9.40 6.95 4.82 4.20 3.63 6.77 8.58 4.08 7.46 5.99
Na,O 2.87 3.28 2.82 3.09 3.21 2.97 2.75 4.20 3.24 3.74 3.42 2.74 4.07 3.08 3.63
K,0 1.98 2.23 1.82 2.43 1.83 1.71 1.63 1.85 1.02 1.81 1.25 0.62 1.82 1.24 1.43
P,0; 0.18 0.18 0.18 0.17 0.26 0.26 0.19 0.19 0.23 0.18 0.21 0.28 0.16 0.26 0.20
total 100.83 100.16 9991 99.85 9834 97.60 99.26 99.63 98.83 98.87 100.48 100.03 99.40 99.29 98.99

L.O.I (wt.%) 0.16 1.77 0.84 1.11 2.19 2.77 1.42 0.26 4.95 2.03 1.47 4.42 1.97 1.93 1.18

Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Eboshi- Nishi-  Nishi- Nishi- Nishi-  Nishi-  Nishi-
yama yama yama yama yama yama yama yama yama kubiki kubiki kubiki kubiki kubiki kubiki

Sample ID ITG349 ITG352 ITG360 1TG360-2 ITG362 ITG363 ITG364 ITG-n35 KTK9 ITG318 ITG329 ITG382 ITG382-2 ITG383 ITG383-2

Formation

Northing 37°03'04" 37°04'18" 37°02'52" 37°02'52" 37°03'25" 37°04'24" 37°03'41" 37°05'57" 37°02'31" 37°02'18" 37°01'00" 37°02'08" 37°02'08" 37°01'45" 37°01'45"
Easting 137°59'31" 138°00'08" 138°00'16" 138°00'16" 138°01'01" 138°00'45" 138°01'10" 137°59'45" 137°56'46" 138°00'07" 138°01'13" 138°02'39" 138°02'39" 138°03'03" 138°03'03"
SiO, (wt.%) 66.36 63.68 61.68 62.14 66.73 64.48 64.19 53.97 58.86 66.06 64.88 68.37 69.30  68.66 69.44
TiO, 0.35 0.46 0.56 0.55 0.37 0.47 0.44 0.90 0.57 0.52 0.47 0.26 0.27 0.27 0.27
AlO4 16.16 16.92 16.94 17.15 15.99 16.69 16.87  20.25 17.77 16.17 15.96 16.00 15.67 15.83 15.57
Fe,0; 439 5.22 6.43 6.02 4.57 5.52 5.02 6.36 5.78 542 5.44 3.56 3.28 3.55 3.33
MnO 0.06 0.09 0.15 0.11 0.16 0.09 0.09 0.13 0.12 0.13 0.13 0.11 0.11 0.11 0.11
MgO 1.31 1.67 2.59 1.90 1.04 1.67 1.61 2.67 3.71 1.89 2.01 0.76 0.78 0.76 0.77
CaO 4.34 5.36 6.11 6.19 4.02 4.96 5.22 10.34 7.17 4.02 4.94 3.81 3.63 3.79 3.62
Na,O 4.07 3.86 3.72 3.61 423 3.94 4.04 2.79 2.79 3.48 3.50 431 4.36 431 431
K,0 1.68 1.51 1.39 1.31 1.88 1.57 1.53 1.10 1.19 1.97 1.72 1.75 1.80 1.73 1.81
P,0; 0.17 0.19 0.19 0.19 0.17 0.22 0.18 0.24 0.21 0.18 0.20 0.13 0.13 0.14 0.13
total 98.90 98.94 99.76  99.17 99.16 99.61 99.17 98.74 98.18 99.84  99.24 99.05 99.33 99.14 99.36

L.O.I (wt.%) 1.30 1.09 3.98 0.41 1.19 1.65 1.42 1.24 2.88 1.66 2.19 0.70 0.82 0.75 0.75

L.O.I: Loss on ignition
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Takayuki Uchino (2018) Detrital zircon U-Pb age of sandstone within the Jurassic accretionary complex
in the Omori area, northeastern Shimokita Peninsula, Northeast Japan. Bull. Geol. Surv. Japan, vol. 69 (2),

p. 125-133, 4 figs, 2 tables, 1 appendix.

Abstract: Jurassic accretionary complexes, which are basement rocks lying under the Neogene sediments,
in the northeastern part of the Shimokita Peninsula of the Northeast Japan, are separately distributed in
the Kuwahatayama, Katasakiyama and Omori areas from the north. Although latest Jurassic to earliest
Cretaceous radiolarian ages have been reported from the mudstone in Cape Shiriya in the Kuwahatayama
area, no geologic ages have been reported from the accretionary complexes in the Katasakiyama and
Omori areas. The U-Pb ages of detrital zircon from sandstone in the Omori area were examined in this
study. Consequently, 154.7 &= 1.5 Ma (10) was obtained as a weighted mean age of the youngest cluster.
Therefore, it has been confirmed that the sandstone was deposited after Late Jurassic.

Keywords: U-Pb age, detrital zircon, Late Jurassic, accretionary complex, Shimokita Peninsula,

Northeast Japan
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Geological index map showing the distribution of the Mesozoic accretionary complexes in Tohoku area.

The distribution of the accretionary complexes (green area) was referred from the Seamless Digital
Geological Map of Japan (1:200,000) V2 of the Geological Survey of Japan, AIST ed. (2017).

AT: Akka—Tanohata Subbelt, KK: Kuzumaki-Kamaishi Subbelt, HEF: Hayachine Eastern Marginal Fault,

ITL: Iwaizumi Tectonic Line.
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Route map around the location of sandstone for the zircon U-Pb dating. Contour lines were referred from

digital elevation model (DEM) data (10 m mesh) of the Geospatial Information Authority of Japan. Broken line
indicates a boundary between the Jurassic accretionary complex and the Neogene sediments.
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750 mALDIRIE (41° 17 31.70” N, 141° 22’ 50.10” E; 55 3 [X])
ICFEMT A BIEIES m QBRI TH 5. BT KL
TWAVWHBEDOREEIZADE T20 mFEEIC RS K
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»5. ﬁ AR L LTIiE, flEER2EL, fEAL
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(Yokoyama et al., 2011; Sakata ef al., 2014). HIEFIZY
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AEARE RS RO IEMEY: 2373 2 72912, 33.0%0.1
Ma% 78 9°0D-3 (& ¥ 1 »*, 2012 ; Iwano ef al., 2013 ;
Lukdcs et al., 2015), 337.1 £ 0.4 Ma% 7x § Plesovice (Slama
et al., 2008) 21 610.0 = 0.9 Ma% 7~ 3 GJ-1 (Jackson et al.,
2004) D2 R FEUEFR R & 3BT L 7=, ICP-MS2 i ¢ &
L 720D-3, Pledovice & U'GJ-1 D INE FHHERIE 2 h 7
N32.6+1.1Ma, 357.8+63Ma, 6200F11.8MaTdH Y,
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Table 1 Instrumentation using a quadrupole inductively coupled plasma mass spectrometry for the analysis.

Laser ablation
Model
Laser type
Wave length
Energy density
Laser power
Spot size
Repetition rate
Duration of laser ablation
Sampling mode
Carrier gas (He)
ICP-MS
Model
ICP-MS type
Scanning (Operation) mode
Forward power
Make-up gas (Ar)
ThO™/Th (oxide ratio)
Data acquisition protocol
Data acquisition
Monitor isotopes
Dwell time
Standards

Primary standard
Secondary standard

New Wave Research NWR-193
Excimer ArF

193 nm

2.0J cm2

43%

20 um

5Hz

20s

Single-spot per grain
0.51 Lmin''

Thermo Fisher Scientific iCAP-Qc
Quadrupole

Standard mode (no collision gas was used)
1400 W

0.63 Lmin '

<1%

Time-resolved analysis

27 s (15 s gas blank,12 s ablation)

A2y Wiy, Wipy, Wopy, Wipy Nepy, B2qy 238
0.2 s for 206pp, 207pp, 208ppy; (.1 s for others

Nancy 91500
0D-3"23* plesovice , GI-1°

*1: Wiedenbeck et al. (1995); *2: Iwano et al. (2012); *3: Iwano et al. (2013);
*4: Lukécs et al. (2015); *5: Slama et al. (2008); *6: Jackson et al. (2004).

% VN3 v QRN U PhER K& 0P U "PhARAR
EH2RIONT. FROMEITIE, TUPHER KD B
MED/NENBULPHER E TR L 72, 72, 7U-""Pb
A T P UL"PHAE R 3 20D BRE I CEHBIT 3 50
FAvaA—FV e LE ZTOME TXRTOY
ravkiFRnarya—&gy VMERERT. ZThoRFO
ava—7 4 7RECFUCPER SR (e 2 2T
L SRR AR 2 ARNTRT. 2Th 6 DRI,
v A0 7 MEOEGHRY 7 FExcel HOT F A V&
Y 2 — LT d BlIsoplot/Ex 4.15 (Ludwig, 2008) % Wy THE
L7,

ERPNE L 22V 3 VR0 5 528550 1018135 7
YT TERDE DT, 2000-1600 Maf}3E & 1300 Maft
HEDFEREFOR T AR 5N S, ZhLUIHIEAAR
D 340-150 Ma (T RAC~ ¥ 2 F4) ORIZHEPR L, i
300-250 Maft} i & 240-140 Mafsf¥TIZ K& & ¥ — 27 3R
Bohd., BEOE—7IEBICEDID/NE — 212571
53, 200-190 Mad ¥ — 7 DI AIEE %D, 160-150 Ma

HEBRRERFROY -2 L 5. ki FHERIZOW
“Ci3, Dickinson and Gehrels (2009) TR &7z, 1o
THEET 220U OB YL VR TR Eh S
LD (“YCI16”) & L7z, ZOHRE, 6l v ILa v »EE
SN, ZTORTREOIMEFEHEAUL 1547+ 1.5 Ma (3%
#1o) Th 5 (F4Klc). F 7z, FNHEHNY 7 | Density
Plotter (Vermeesch, 2012) ® Mixture modeling (Sambridge
and Compston, 1994) 151 Cid, 155.6 £3.2 Ma (&2 20)
Dtk HEROERBE SN WFhOFR TR S
N7 G ISR Y 2 F K& R T

AR M O ER0EL, BEHERFERO T
FROMIFIIZ DA D (Bl 21, Brown and Gehrels, 2007),
KIS OR AL, HBAY 2 TRDBRICHBEL -2
A SN D, ZML g O Nk o U3 R i o B L
Bt 2 5w tR Y o 7 i~ meai i iAd & & A (RER,
1987), RARMILOHNAEZZHER L2550 iE#HT
BV AR RENED & 5.
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Table 2 U-Pb isotopic data for the detrital zircon determined using a quadrupole inductively coupled plasma mass spectrometry.
Asterisks indicate the data adopted as the youngest cluster.

I

AEMEHRE 20184 F69E B2 5

BB v a ik A NEMREATHEE Y 7 X~ BE o rEEIC X AU-PbEIN AT — 2. * 3wk 74

Isotopic ratios Age (Ma)
Grain  *Pb Error 206py, Error 207py, Error 206py, Error 27py, Error Th/U  Remarks
1no. 206py) 26 238 2% 235(5 2% 2385 26 23575 26
1 0.0479 + 0.0072 0.0319 £ 0.0020 0.2107 + 0.0419 202.7 + 12.8 1942 + 41.6 0.31
2 0.0541 + 0.0074 0.0397 + 0.0024 0.2964 + 0.0559 251.1 + 15.6 263.6 + 55.2 0.34
3 0.0586 + 0.0155 0.0475 £+ 0.0040 0.3831 + 0.1338 2989 + 25.5 3293 + 1275 0.51
4 0.0514 + 0.0064 0.0271 £+ 0.0016 0.1917 + 0.0328 1723 + 10.3 178.1 + 32.8 0.20
5 0.0509 + 0.0058 0.0422 + 0.0024 0.2959 + 0.0486 266.5 + 15.8 263.2 + 48.2 0.06
6 0.1078 + 0.0099 03517 + 0.0204 52234 + 1.0160 19428 + 130.2 1856.4 + 711.9 0.46
7 0.0505 + 0.0087 0.0245 + 0.0016 0.1705 + 0.0369 1558 + 10.3 159.8 + 36.8 0.79 *
8 0.1073 £+ 0.0096 0.3370 + 0.0193 49810 + 0.9086 1872.0 + 1235 1816.1 + 6563 0.19
9 0.0563 + 0.0074 0.0296 + 0.0018 0.2293 + 0.0410 187.8 + 11.5 209.6 + 40.8 0.56
10 0.0518 + 0.0125 0.0404 =+ 0.0031 0.2880 + 0.0884 2552 + 19.9 257.0 + 86.0 0.54
11 0.0413 + 0.0138 0.0408 + 0.0036 0.2324 + 0.0937 258.1 + 22.9 212.1 + 91.0 0.46
12 0.0469 + 0.0083 0.0307 + 0.0020 0.1985 + 0.0444 1949 + 12.8 183.9 + 44.1 0.31
13 0.0563 + 0.0143 0.0300 + 0.0024 0.2330 + 0.0727 190.6 =+ 154 2127 + 71.3 0.66
14 0.0559 + 0.0088 0.0417 + 0.0027 0.3211 + 0.0686 263.5 + 17.2 282.7 + 67.4 0.47
15 0.0484 + 0.0055 0.0334 + 0.0019 0.2228 + 0.0359 211.7 + 12.4 2043 + 35.8 0.38
16 0.0487 + 0.0084 0.0362 + 0.0020 0.2427 + 0.0506 229.0 + 12.6 220.7 + 50.1 0.61
17 0.0430 + 0.0092 0.0299 + 0.0018 0.1774 + 0.0441 190.2 + 11.5 165.8 + 43.8 0.58
18 0.0476 + 0.0080 0.0434 £ 0.0023 0.2850 + 0.0591 2737 + 14.9 2546 + 58.3 0.59
19 0.0609 + 0.0130 0.0313 £+ 0.0020 0.2632 + 0.0681 198.9 =+ 13.1 2372 + 66.9 0.45
20 0.0457 + 0.0086 0.0317 + 0.0018 0.1995 + 0.0443 201.0 + 114 184.7 + 44.0 0.24
21 0.0464 + 0.0065 0.0447 + 0.0022 0.2863 + 0.0500 2822 + 14.2 255.6 + 49.5 0.62
22 0.0456 + 0.0122 0.0446 + 0.0031 0.2805 + 0.0914 281.6 + 20.1 251.1 =+ 88.8 0.74
23 0.0514 £ 0.0095 0.0426 + 0.0024 0.3023 + 0.0696 269.1 + 15.7 2682 + 68.3 0.50
24 0.0539 + 0.0076 0.0274 + 0.0014 0.2036 + 0.0348 1743 + 8.9 188.2 + 34.7 0.29
25 0.0537 + 0.0080 0.0244 + 0.0013 0.1805 + 0.0321 155.1 + 8.1 168.5 + 32.1 0.47 *
26 0.0437 £+ 0.0091 0.0308 £ 0.0018 0.1856 + 0.0454 195.7 + 11.7 1729 + 45.1 0.48
27 0.1093 + 0.0123 0.3478 £ 0.0185 52388 + 1.4152 19239 + 1179 1859.0 + 8954 1.48
28 0.0480 + 0.0072 0.0291 =+ 0.0015 0.1925 + 0.0344 184.8 + 9.5 1787 + 344 0.36
29 0.0519 £+ 0.0094 0.0275 + 0.0016 0.1971 + 0.0423 175.1 + 10.0 182.7 + 42.1 0.26
30 0.0537 + 0.0113 0.0368 + 0.0023 0.2728 + 0.0698 2333 + 14.8 2449 + 68.5 0.50
31 0.0470 + 0.0091 0.0450 + 0.0026 0.2918 + 0.0702 283.8 + 16.7 260.0 =+ 68.9 0.69
32 0.0509 £+ 0.0069 0.0344 + 0.0011 0.2416 + 0.0365 2182 + 7.1 219.7 + 36.4 0.67
33 0.1076 + 0.0102 0.3495 + 0.0103 5.1870 + 1.0020 19322 + 66.4 1850.5 + 704.8 0.85
34 0.0479 + 0.0150 0.0420 + 0.0030 02773 + 0.1034 2649 + 19.1 248.5 + 99.9 0.79
35 0.0487 + 0.0088 0.0230 + 0.0009 0.1546 + 0.0304 146.6 + 6.1 146.0 + 30.4 0.60 *
36 0.0460 + 0.0061 0.0275 + 0.0008 0.1747 + 0.0248 175.0 + 5.3 163.5 + 24.8 0.63
37 0.1077 £+ 0.0094 0.3339 + 0.0085 49611 + 0.7540 1857.0 =+ 544 1812.7 + 570.5 0.37
38 0.1116 £+ 0.0092 0.2858 + 0.0065 44014 £+ 0.5317 1620.7 =+ 41.6 1712.6 + 4329 0.18
39 0.0477 + 0.0178 0.0530 + 0.0045 0.3485 + 0.1627 333.0 + 29.1 303.6 + 153.0 0.74
40 0.0435 = 0.0074 0.0338 £+ 0.0013 0.2026 + 0.0387 2143 + 8.2 187.3 + 38.6 0.37
41 0.0374 + 0.0110 0.0308 + 0.0018 0.1590 + 0.0519 195.8 + 11.8 149.8 + 514 0.73
42 0.1090 + 0.0088 0.3335 + 0.0072 50123 + 0.5628 1855.3 =+ 46.2 1821.4 + 4533 0.37
43 0.0438 + 0.0088 0.0277 + 0.0012 0.1670 + 0.0369 176.0 + 7.8 156.8 + 36.8 0.49
44 0.0463 + 0.0067 0.0302 £+ 0.0010 0.1929 + 0.0305 191.7 + 6.3 179.1 + 30.5 0.37
45 0.0502 + 0.0101 0.0241 + 0.0011 0.1664 + 0.0368 153.3 + 7.2 156.3 + 36.7 0.62 *
46 0.0507 + 0.0075 0.0302 + 0.0010 02111 + 0.0346 1919 + 6.7 1945 + 34.5 0.48
47 0.0516 + 0.0092 0.0308 + 0.0013 0.2193 + 0.0441 195.7 + 8.3 2013 + 439 0.61
48 0.0537 + 0.0110 0.0444 + 0.0023 0.3288 + 0.0835 279.9 =+ 14.7 288.7 + 81.5 0.48
49 0.0522 + 0.0094 0.0247 + 0.0011 0.1781 + 0.0371 157.5 + 7.2 166.5 + 37.0 0.58 *
50 0.0476 + 0.0169 0.0456 + 0.0037 0.2990 + 0.1296 2874 + 23.9 265.6 + 123.7 0.36
51 0.1187 £+ 0.0110 0.3009 £ 0.0088 49230 + 0.6477 1696.0 =+ 56.5 1806.2 =+ 507.1 0.09
52 0.1075 + 0.0103 0.3255 + 0.0100 4.8247 £+ 0.7315 1816.4 =+ 64.3 1789.2 + 5574 0.35
53 0.0467 + 0.0117 0.0302 + 0.0018 0.1942 + 0.0563 191.5 + 11.3 180.2 + 55.6 0.52
54 0.0470 + 0.0150 0.0414 + 0.0030 0.2681 + 0.1027 2614 + 19.4 2412 + 99.3 0.66
55 0.0537 = 0.0119 0.0424 + 0.0023 0.3140 + 0.0854 267.7 + 15.0 2713 + 83.2 0.77
56 0.0393 + 0.0085 0.0292 + 0.0014 0.1581 + 0.0390 185.5 + 9.1 149.0 + 38.9 0.30
57 0.1106 + 0.0102 0.2193 + 0.0063 33427 + 0.4188 12783 =+ 40.7 1491.1 + 3552 0.04
58 0.0573 £+ 0.0099 0.0366 =+ 0.0017 0.2894 + 0.0613 2319 + 10.7 258.1 + 60.4 0.74
59 0.0601 + 0.0173 0.0271 £ 0.0020 0.2244 + 0.0753 1722 + 12.6 205.6 + 73.7 0.30
60 0.0452 + 0.0072 0.0255 + 0.0010 0.1588 + 0.0293 162.2 + 6.5 149.7 + 29.3 0.69 *
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Analytical data of the detrital zircon grains from the sandstone: (a) concordia diagram; (b) probability density plot

and histogram for the concordant data; (c) age range (16) of the young zircon grains. The green bar indicates the
zircon categorized as a youngest cluster. The blue line indicates a weighted mean age of the youngest cluster.

Fig. 4
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Table A1 U-Pb isotopic data from secondary zircon standards using a quadrupole inductively coupled plasma mass spectrometry.

Isotopic ratios Age (Ma)
S,?;;Eée *7pp Error 2pp Error *7pp Error *ph  Error
m’Pb 20 238U 24q :35U 20 '_’38U 20
0OD-3 (33.0+0.1 Ma): Iwano et al. (2012); Iwano et al. (2013); Lukacs et al. (2015)
OD-3 1-1 0.0446 + 0.0140  0.00504 = 0.00042 0.0310 + 0.0103 324 27
0D-3 2-1 0.0434 + 0.0133  0.00529 £ 0.00040 0.0316 =+ 0.0101 340 + 25
OD-3 3-1 0.0502 + 0.0144  0.00491 + 0.00032 0.0340 =+ 0.0098 31,6 + 2.0
0OD-3 4-1 0.0467 + 0.0134  0.00508 =+ 0.00033 0.0327 £ 0.0097 327 + 2.1
32.6 + 1.1 (weighted mean)

Plesovice (337.1£0.4 Ma): Slama et a/. (2008)

PSV -1 00553 + 00064 005375 = 0.00315 04095 + 0.0699  337.5 + 203
PSV 2.1 00507 + 0.0057 0.05582 + 0.00258 03899 = 00577 3502 =+ 166
PSV 3-1 00508 + 0.0051 0.05747 <+ 0.00138 04030 + 0.0451 3602 + 89
PSV 4-1 00537 + 0.0064 005829 + 0.00196 04319 + 0.0661 3652 + 126
GJ-1 (610.0 0.9 Ma): Jackson ef al. (2004) 3578 * 6.3 (weighted mean)
GI-1 1-1 00521 + 00058 009822 + 0.00571 07055 = 0.1233 6040 + 367
GI-l 21 00598 <+ 00065 009705 + 0.00450  0.8003 + 0.1243  597.1 + 289
GI-1 3-1 00563 + 00060 0.10154 = 0.00270 07890 = 0.1079 6234 + 174
GI-l 41 00568 + 00067 0.10337 = 000349 08089 = 0.1310 6341 = 224

620.0 +11.8 (weighted mean)
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Notes and Comments

Method for making high-quality thin sections of native sulfur

Takayuki Sawaki'’, Akira Owada' and Eri Hirabayashi'

Takayuki Sawaki, Akira Owada and Eri Hirabayashi (2018) Method for making high-quality thin sections
of native sulfur. Bull. Geol. Surv. Japan, vol. 69 (2), p. 135139, 5 figs.

Abstract: This paper proposes a method for making high-quality thin sections of native sulfur (i.e., highly
transparent and with a very smooth surface) that are suitable for microscopic observation in mineralogical
studies. Generally, native sulfur is too fragile and too easily altered by heating to prepare thin sections for
mineralogical study using conventional methods. The proposed method combines dry and wet polishing
methods with a special abrasive made of zeolite powder. Using this method, 30-um-thick sections of
native sulfur can be made. The proposed method allows more detailed geochemical and mineralogical
studies of volcanic and geothermal fluids and sedimentary environments.

Keywords: thin section, native sulfur, polishing method, zeolite powder

1. Introduction

Native sulfur is generally deposited from volcanic gas
and geothermal water near fumaroles and hot springs. It
is also associated with evaporite and oil-bearing deposits
(Lapidus, 1990). Therefore, native sulfur may contain
geochemical information regarding the fluids in its
crystals.

Thin sections of native sulfur, and other minerals such
as quartz and feldspar, are essential for mineralogical
studies. However, sulfur crystal is very fragile (hardness:
1.5-2.5) and easily damaged by conventional processes
for making thin sections using water with abrasives. Sulfur
crystal is also easily altered by heating; the melting point
of a-sulfur (orthorhombic, stable below 95.5 °C) is 112.8
°C (Katayama et al., 1970). Extra heating on drying up
wet samples must thus be avoided during the preparation
of sulfur thin sections.

Making high-quality thin sections of sulfur crystal
(i.e., highly transparent and with a very smooth surface)
is challenging. This paper proposes a method for making
high-quality thin sections of native sulfur that are suitable
for microscopic observation in mineralogical studies. The
proposed method combines dry and wet polishing methods
with a special abrasive made of zeolite powder. The
proposed method can be used to obtain new mineralogical
information regarding native sulfur crystals.

2. Preparation of thin sections of native sulfur

Native sulfur collected from the Matsuo Mine, Iwate
Prefecture, Northeast Japan, and stored by the Geological
Survey of Japan (Sample No. GSJ M658: Fig. 1) was used.
The Matsuo Mine was one of the largest sulfur mines
in Japan. Its sulfur deposit was found in 1882 (Kawano
and Uemura, 1964). The mine was closed in 1972 (Iwate
Prefecture, 2016).

The native sulfur sample was cut into a chip 24 mm X
32 mm in size using a rock cutter with water. The chip was
dried at40 °C in a drying machine. It was then impregnated
with Epoxy Resin Type 301 of Logitech (Scotland).
The chip embedded in resin was slowly hardened in a
refrigerator for five days in order to prevent damage to
the chip from self-heating during the solidification of the
resin. The resin-coated chip was then dried at 40 °C in a
drying machine (A in Fig. 2).

In order to prevent damage to the sulfur crystals during
grinding, a special holder made of granite, which is much
harder than sulfur crystal, was prepared. The resin-coated
chip was cut into an appropriately sized piece for the
holder using a rock cutter with water. The resin-coated
chip was ground and adhered to the holder (B in Fig.
2) with an epoxy resin adhesive (CEMEDINE Super,
60-minute type).

To shape the smooth surface of the chip for better
bonding to slide glass, the chip with the holder was ground
with abrasive grinding papers (SiC) #180, #320, #500,
and #800 in sequence under dry conditions (i.e., without
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Fig. 1 Photograph of the used native sulfur sample from the Matsuo Mine (Sample No. GSJ M658).

Fig. 2 Close-up views of (A) resin-coated chip of native sulfur and (B) cut chip on
holder of granite with epoxy resin adhesive.

liquids as coolants or lubricants). Dust on the chip with
the holder from grinding was blown off using compressed
air after each grinding process. The chip was reinforced
via impregnation with a resin (Cyanobond RP-X, Taoka
Chemical Co. Ltd.). Then, the chip with the holder was
polished with abrasive grinding papers (SiC) #1,200,
#2,000, and #4,000 in sequence. Dust was blown off and

no reinforcement was used. After these processes, the chip
with the holder was polished with a polishing cloth (MD-
Dur, Struers; $300 mm) and a slurry that included a fine
powder (¢1 um) of natural zeolite (ZEEKLITE Co. Ltd.)
with a polishing machine (Rotopol-35, Struers; speed:
40-50 rpm). The polished chip with the holder was washed
with water, which was blown off using compressed air.

— 136 —



Thin section of sulfur (Sawaki et al.)

The chip with the holder was glued on a slide glass
using CEMEDINE Super (30-minute type). The chip with
the holder was sliced into a 1-mm-thick section using a
rock slicer. The sliced chip was dried at 40 °C in a drying
machine, and then reinforced with Cyanobond. The sliced
chip was ground using abrasive grinding papers (SiC)
#120, #220, #320, #500, and #800 in sequence under dry
conditions. The target thicknesses of the sliced chip for the
abrasive grinding papers were 150, 100, 70, 50, and 40 um,
respectively. Dust produced during grinding was blown
off, and the sliced chip was reinforced with Cyanobond,
as described above. Then, the thin chip, which was nearly
a thin section at this stage, was polished with abrasive
grinding papers (SiC) #1,000 (target thickness: 35 pum),
#2,000 (30 um), and #4,000 (30 pm) in sequence, with
blowing and no reinforcement with Cyanobond. The
thickness of the thin section was determined from the
interference color of quartz in the granite of the holder.
Finally, the thin section was polished with an MD-Dur
cloth and the zeolite slurry for five minutes using a

Fig. 3 Optical micrographs of 30-pm-thick
section of native sulfur taken under (A)
plane-polarized light and (B) cross-
polarized light.

polishing machine (40 rpm). The thin section was washed
with water. The water was then blown off and cover glass
was glued onto the thin section with CEMEDINE Super
(30-minute type).

During preparation of the thin section, frictional heat was
prevented by using a low rotation speed for the grinding
machine, a metallic (not synthetic resin) base disk for the
polishing cloth, and short-duration cloth polishing (3 to 5
seconds per iteration) for the chip.

3. Thin sections of native sulfur

Optical micrographs of a 30-um-thick section of native
sulfur are shown in Figs. 3 and 4. The birefringence (y — o)
of a-sulfuris 0.287 (a.=1.958, y =2.245; The Association
for the Geological Collaboration in Japan, 1981). The
sample looks like carbonate rock under cross-polarized
light (Fig. 3(B)). The sulfur crystals are very dusty,
subhedral to anhedral, and 1 to several mm in size. Some
crystals exhibit growth surfaces.
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Fig. 5 Sliced insect (possibly lady beetle) in thin section (plane-polarized light).

Figure 4 shows many fluid inclusions in the native
sulfur. The dark and round spots are gas-rich secondary
inclusions, which cut through crystal growth surfaces.
The dusty appearance of the native sulfur (Fig. 3) may
be due to the inclusions of various sizes. The gas in the
inclusions could be a volcanic gas, from which the native
sulfur was deposited.

Unexpectedly, an insect (possibly a lady beetle) was
found trapped in the sample. Cross sections of a semi-
spherical shell, three legs, and a compound eye are shown

in Fig. 5. The insect might have gotten trapped and died
during the deposition of the native sulfur in a fumarole.
The soft tissue of the insect was preserved by the proposed
method.

4. Summary

This paper proposed a method for making high-quality
thin sections of native sulfur that combines dry and wet
polishing methods without heating. The study of thin
sections of native sulfur may lead to new information on
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the geochemical and mineralogical properties of volcanic
and hydrothermal fluids and sedimentary environments.
The proposed method can be used to polish metal surfaces
to a high-quality mirror finish without scratching.
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