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Cover photograph

2-1.6 Ma andesite lava domes standing behind the Lake Towada (view from the Mt. Ohanabe)

The Lake Towada, lying on the boundary of Aomori and Akita prefectures, is a caldera lake formed by the volcanic
activity of the Towada volcano after 0.22 Ma. On its periphery, lava and pyroclastic rocks formed by the older
volcanic activity during 2.5-0.6 Ma underlie the eruptive products of the Towada volcano. There are several andesite
lava domes (2-1.6 Ma) such as Mt. Mitsudake, Mt. Towada and Mt. Towari in the east of the lake. Dome
collapse-derived block-and-ash flow deposits are distributed in their foot areas.

(Photograph and Caption by Takashi Kudo)
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Hideaki Nagamori and Mahito Watanabe (2018) Lithostratigraphy and diatom fossil ages of the marine
Pliocene strata in the western area of the Nishikubiki Mountains, Niigata Prefecture, central Japan. Bull.
Geol. Surv. Japan, vol. 69 (3), p.141-151, 6 figs, 2 tables, 1 plate.

Abstract: Lithostratigraphy and diatom biostratigraphy are established for the Pliocene marine strata
in the northwestern area of the Nishikubiki Mountains, Niigata Prefecture, central Japan. Pliocene to
lower Pleistocene marine deposits are divided into the Nechi and Nadachi formations, in ascending
order. The Nechi Formation is composed of massive sandy mudstone, and correlated to the diatom fossil
subzone NPD7Bb. The Nadachi Formation is dominantly composed of massive sandy mudstone with thin
sandstone beds and tuffaceous sandstone, and is assigned to the diatom fossil zones NPD8 and NPD9.
The Nadachi Formation of this area conformably covers the Nechi Formation. The boundary between
the Nechi and Nadachi formations is coincident with the boundary between diatom zones NPD7Bb and
NPD8. The Nadachi Formation in this area is correlative with the Kawazume and Nadachi formations
in the middle to eastern Nishikubiki Mountains. Our result indicates that the unconformity previously
inferred at the base of the Nadachi Formation is absent.

Keywords: Northern Fossa Magna region, stratigraphy, Pliocene, diatom
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Location map of the studied area. Gray squares indicate sampling map on Fig. 5. The Yokokawa Fault is based on Nagamori et al.
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Fig.2  Stratigraphy of upper Miocene to lower Plieistocene in the western Nishikubiki Mountains compared with the standard
stratigraphy of the central to eastern Nishikubiki Mountains and the Niigata sedimentary basin.
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sandy mudstone. However, the Nadachi Formation is distinguished from The Nechi Formation by containing thin sandstone beds.
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1k BURY Z b NPD : EACEREEEEE LA IX 530 T — P (Yanagisawa and Akiba, 1998).
Table 1  Sample list. NPD: Code of Neogene North Pacific diatom zones (Yanagisawa and Akiba, 1998).

Loc.no. Formation Lithofacies Latitude (N) Longitude (E) | NPD
1 Nadachi Formation | Sandy mudstone 37°2'28.54" 137° 52'42.34" x
2 Nadachi Formation Sandy mudstone 37°1'42.63" 137° 52'42.54" 8
3 Nechi Formation Sandy mudstone 37°1'26.94" 137° 52'29.67" x
4 Nechi Formation Sandy mudstone 37°2'16.77" 137°53'54.18" | 7A-8
5 Nadachi Formation Sandy mudstone 37°1'42.42" 137° 53'33.79" x
6 Nechi Formation Sandy mudstone 37°1'28.05" 137° 53'8.92" 7Bb
7 Nechi Formation Sandy mudstone 37°1'10.60" 137° 53'19.96" x
8 Nechi Formation Sandy mudstone 37°312.07" 137° 55'59.87" x
9 Nechi Formation Sandy mudstone 37°4'11.74" 137° 57'26.85" x
10 Nechi Formation Sandy mudstone 37°4'19.20" 137° 59'11.67" x
11 Nechi Formation Sandy mudstone 37°4'7.37" 137° 58'58.54" x
12 Nechi Formation Sandy mudstone 37°3'24.28" 137° 58'48.19" x
13 Nechi Formation Sandy mudstone 37°1'2.89" 137°58'31.43" x
14 Tanne Formation Sandy mudstone 36° 59'39.98" 137° 57'37.89" x
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BT 5B GEIEIZA, 2005 AW F4K, FelxX).
Ko, WHIRIL I T 5 A0k, -
MU OGS RO g isd b s GE6 X)), Hiih
BT, NPDOHHIZHIL & h 2 HE b O e b

2o RERBIZMTTRDONTWS, LirL, RiERE
DILIZFRO 55 KE/SI 2EKINIK (Oop = BHA - H

JII, 19965 H6[X) B 5N TNENWD T, Ao
P TED AR LI B 0 E 5 i, AT
H5b.

6. 2 AHERF

WIS, BHET R OHEE A L > TR s h 28R %
TCIZ, PESER L PRI D RSP IS D W TE ST B,

IR THSEMILPE I BT B S HEE ORI L &
BRI T ic s s R Cnar 5 72 PEERILO
AEPEERIC A0 3 2 BT DTS, IR G K E )
5IKGE BT 2 BURBEIEA 2 6 FICHR S h 5 (B
E4, 2010). 25 OBUREVEIRSE D@L, TR
5Bzt o> CEMEL 2 HAIZH D, HTFOEGH
DL HBE DD, WHEIZE(LT 2 e arfE T &
WZEh6, FFEXOEL TR S 0. KIFROHKE

— 147 —



WREFHAMIZEHE 20184 B 69%& H3E

Hok  HEEMbAEMEK. NPD : ALK TR LA X 57D 32 — F (Yanagisawa and Akiba, 1998).
Table 2 Occurrence chart of diatom fossils. NPD: Code of Neogene North Pacific diatom zone (Yanagisawa and Akiba, 1998).

Sample number

4 6

Diatom zones (NPD)

7A-8 7Bb

Actinocyclus ochotensis Jousé
A. octonarius Ehrenberg

Aulacoseira spp.

Cocconeis spp.

D. surrirela (Ehrenberg) Andrews
Diploneis spp.
Grammatophora spp.

Navicula spp.

N. koizumii Akiba et Yanagisawa
Nitzschia marina Grunow
Paralia sulcata (Ehrenberg) Cleve

S. H. Kang et E. C. Theriot
Stephanopyxis spp.

T. convexa Muchina
T. eccentrica (Ehrenberg) Cleve
T. nidulus (Tempére et Brun) Jousé

T. spp.

Actinoptychus senarius (Ehrenberg) Ehrenberg
Azpeitia nodulifera (Schmidt) Fryxell et Sims

Coscinodiscus marginatus Ehrenberg
Delphineis angustata (Pantocsek) Andrews

Koizumia tatsunokuchiensis (Koizumi) Yanagisawa

Neodenticula kamtschatica (Zabelina) Akiba et Yanagisawa

Pliocaenicus nipponicus H.Tanaka et Nagumo
Shionodiscus oestrupii (Ostenfeld) A. J. Alverson,

Thalassionema nitzschioides (Grunow) H. et M. Peragallo 36 27 49
Thalassiosira antiqua (Grunow) Cleve-Euler 2 2 +

1

10

W + O N a1 o1 =|[ooN
~

[ =S
AN = =N + W

93 16

o o+ N BN =

-y
—_

Total

100 100 100

B, KHIKRO R E, SIREEIESE» 5 & 2 RMkE L,
BRI A 1SS O fRg L O IS & 1 5 %07k
Xy &z,

R U 72 X 5 ICH L AREF ORER 2 5, Ao £
SEREE, HERHUE O N GE R O LRI Rt B, e
FE RIS BT, JIEERE & L EOTREIIMEE A &K <
PIT 3 GEIE - 747, 1985) & &h, JeaORiuci-
XA IR Xy, &g - v (1985) 12, 74
SR L1 S o312 35 N TCYRE & Makivama chitaniidD B
OB TR L, @I pE 3 B8 & I akRE & U 7=
UL, KM% TIX, M chitaniid pE I BEEE 12 2@ UEIC
BOTEWZ &2 5 HIEIZXAIT & L7z, BTk
12803 BIGERE R OB IZH Y 5 g A B e L
TE L.

AW DA TG M CH S A R 2 & 5 RGOS
RiZ, VEHIEA (1966, 1974) R (1980) (= & % Rff &

HEARMNIIE 3T 5. 72770, WHEIED (1966) 1%, P9
M CIRBEAERE L L BOBICIGEE AR 2 en 5,
YL EDBER B AERIBETES Y EE 2. LrL, K
HIRIZ 3 A3 2 44 O FERREHE IR 1IGERE & Al R HEC &
BZENMHENITE ST RS, WHIED (1966) DF
ATABEIFELEWEEZ LN,

PRI L Tid, IR T 7 5 Ox A 5593.6 Ma
EXNB I -4, 19925 FII, 1999) Wi B
J GISR), 1975 5 @i - 34, 1985 5 AR - DI, 1989)
DD JGHER & ) 11585 REG O MR HER HI HERT & BAG S 5.
NIGERE ORI, EBFQ011) Ik 2HERY — 7 v
ZFRDSB-KZABBE XN TV 5B (E6K). ATl
FRIHERS O F 32 13580 S s & OO, PESER 15
I8 & ARITIR U2 S A R OHERT S M > TR D, £
DOWA RO B REHEL, S5 (2011) DSB-KZIZH L h
% IR AY .
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Fig. 6  Stratigraphic comparison of the Nishikubiki Mountains. Tephra names are besed on Kurokawa (1999) and Nagamori
et al. (2010). Ng: Nigorigawa Tuff Member, Arm: Arimagawa Ash, KAZ: Kuwatorigawa Ash Zone, Isc: Isazakawa
Ash, Oop: Osuga Pumiceous Ash, Tn: Tsunako Tuff, St: Seto Tuff, Msp: Mushuiwato Pumice. NPD: Code of the
Neogene North Pacific diatom zones (Yanagisawa and Akiba, 1998).
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Plate 1  Diatom fossils found in the northwestern Nishikubiki Mountains.

1. Thalassiosira convexa Mukhina [sample no. 2]

2. Neodenticula kamtschatica (Zabelina) Akiba et Yanagisawa [sample no. 6]
3. Neodenticula koizumii Akiba et Yanagisawa [sample no. 2]

4. Pliocaenicus nipponicus H. Tanaka et Nagumo [sample no. 2]
5. Shionodiscus oestrupii (Ostenfeld) A. J. Alverson, S. H. Kang et E. C. Theriot [sample no. 6]
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K-Ar ERICE I BEXILUDFIEE

BAZ— " hEF R HIEKX' WWTEE'

Akikazu Matsumoto, Shun Nakano, Ryuta Furukawa and Takahiro Yamamoto (2018) History of Azuma
Volcano based on K-Ar age determinations. Bull. Geol. Surv. Japan, vol. 69 (3), p.153-163, 3 figs, 2

tables.

Abstract: Azuma Volcano, located in Yamagata and Fukushima prefectures, is a large composite
Quaternary volcano group. K-Ar ages by the isotope dilution method were determined for 38
lava samples. The volcano consists mainly of lava flows which have mostly similar petrographic
characteristics. According to the determined age data, the volcanic edifice was divided into 12 units
including Holocene Jododaira Volcano. The volcanic activity of Azuma Volcano began at ca. 1200 ka
from the east and migrated to the west, and at ca. 700 ka, reversely migrated to the east. The latest activity
is occurring at Jododaira Volcano. There is no long dormancy during the activity of Azuma Volcano from

ca. 1200 ka to the present.

Keywords: Quaternary volcano, Azumayama, Azuma Volcano, K-Ar age, isotope dilution method
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I - AR LRI A E S 5 B DUAC O KBk LT d
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DK-ArFAHNE 2170, KILTEB) O BRI 22 [ 12508 %
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DAL T 5. fEkiE, EZEKLOTESNIX 300 ka
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TR, ZORIRNIC & WENIkE L T, BlEEET
FWRIEH A P 31 RIS G B 23 e T % 2
WS I 572,

1. FUBHIC
5%

FEIKIL (B 5O EIKILTE I LRI %
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DRI 53458 5 KD LR KBTS 5. =
DRI I, (RIEPEA 5 HA T 1,800 ~ 2,000
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SIS BE T 2 el Th v, SR
2213 Kawano et al. (1961) R Takahashi et al. (2013) 23,

' PR A IS B AR ARA £ v & — W - KILBFZEERT (AIST, Geological Survey of Japan, Research Institute of Earthquake and Volcano Geology)
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Ebs: Eboshiyama Hyk: Hyokko
Hia: Higashiazumayama Ieg: legatayama

#1 K-Ar AN R O PREU £

Azk: Azumkofuji Hid: Higashidaiten Isk: Issaikyoyama
Naa: Nakaazumayama Nid: Nishidaiten
Nad: Nakadaiten
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f’ W

Nia: Nishiazumayama Tky: Takayama

Shg: Shogen-yama

A 7 V7 T R GRS 1 IR FORENERORMREUNT, B3 58 1 R OGRS, X ORI [ 13t

FERED 50 m DEMT — & %l L 7.

Fig. 1 Localities of rock samples for K-Ar dating collected from Azuma Volcano.
White circles with numbers are sampling localities and their numbers in Table 1. Accurate sites of localities are listed in the table.
50 m DEM data by Geospatial Information Authority of Japan are used for this map.
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1k T3 5 AL 22K-ArfEAORNE ROk
FEEARE DIE 2, HEGAOR (W & EE) ORESIo &A=, MMM AS bERUAEMBRORHE S DY TORT.
GSI RE I A REA S S . PRI NS 1358 1 XN R L 7z,

Table 1  List of lava samples for K-Ar dating collected from Azuma Volcano.
Latitudes/longitudes of samples dated are listed with their bulk SiO, contents, phenocryst assemblages and groundmass textures.
GSJ R Nos. are registered numbers at the Geological Museum, GSJ.

Si0, Phenocryst Groundmass

No. GSJRNo. Lat. (N) Long. (E) (wi%) Pl Ol Opx Cpx Qz Opq texture

1 R109280  37.75571 140.10951 59.6 © O O O A intersertal

2 R109316  37.74300 140.14006 56.8 © © O O A intersertal

3 R109278  37.77993 140.15370 60.5 © O O A\ intergranular

4 R109282  37.76850 140.17001 595 © O O O A intergranular

5 R109288  37.74834 140.16157 605 © © O O A /A hyaloophitic

6 R109287  37.74139 140.17122 603 © A O O A A intergranular

7 R109290 37.72470 140.16070 594 © A O O A intersertal

8 R109289  37.72437 140.16033 59.2 © O O A intersertal

9 R109322  37.72331 140.17141 62.0 © (An) O O A hyaloophitic

10 R109315 37.69122 140.12268 61.9 © O O O A intersertal, Qz-patch
11 R109317  37.67427 140.14770 58.6 © O O A\ intergranular

12 R109328  37.76458 140.21293 587 © O O O A intersertal

13 R109327  37.74796 140.21294 590 © © O O A intersertal

14 R109320  37.72207 140.20381 60.1 © O O A\ intergranular

15 R109321  37.71935 140.20221 63.9 © O O A\ hyalopilitic, Qz-patch
16 R109318  37.71379 140.20507 63.6 © O O A hyalopilitic, Qz-patch
17 R109329  37.68889 140.19441 60.7 © A O O A intersertal

18 R109276  37.78399 140.25473 585 © A O O A\ intergranular

19 R109275 37.77317 140.26666 59.4 © O O A\ intergranular

20 R109293  37.74299 140.24473 563 © (A) O O A intergranular

21 R109296  37.73961 140.23391 588 © A O O A\ intergranular

22 R109303  37.73253 140.23730 58.3 © O O A intergranular

23 R109324  37.72857 140.23495 520 © © O O A /A intergranular

24 R109301  37.73082 140.24694 570 © © O O A hyalopilitic

25 RI109299  37.73131 140.25020 57.3 © O O A hyalopilitic

26 R109334  37.71690 140.26050 58.6 © O O O A hyalopilitic

27 R109332  37.69046 140.23201 61.7 © O O A A intersertal

28 R109333  37.68678 140.24810 61.5 © O O A A hyalopilitic

29 RI109308  37.75329 140.29153 606 © O O O A A intergranular, Qz-patch
30 R109294  37.74725 140.29475 63.9 © O O A hyaloophitic

31 R109295  37.72807 140.28436 61.7 © O O A\ hyaloophitic, Qz-patch
32 R109304  37.70687 140.28818 59.9 © O O A intersertal

33 RI109307  37.75205 140.31298 58.4 © O O A\ intergranular

34 R109306 37.74738 140.31352 58.1 © A O O A intergranular

35 R109305  37.74087 140.31273 62.6 © O O A hyalopilitic, Qz-patch
36 R109309 37.72607 140.31571 59.8 © O O O A A intergranular, Qz-patch
37 R109274  37.70478 140.31998 594 © A O O A intergranular

38 R109273  37.69673 140.33700 603 © A O O A intergranular

P1: plagioclase, Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, Qz: quartz, Opq: opaque minerals
©: very common, O:common, /\: rare
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Table 2 Results of K-Ar age determinations of volcanic rocks for Azuma Volcano.

N GSJR SampleNo. Sample KO Total“Ar Rad. “Ar Nonrad.  Age N GSJR SampleNo. Sample KO Total“Ar Rad. “Ar Nonrad.  Age
% No. (orignal) wt(g (%)  (0°STPmig  “Ar%)  (ka) % No. (original)  wt(g ()  (10°STPmig)  CArh)  (ka)
1 R100280 SRB218 035650 1689 730 290 603 53520 19 R109275 ITY705 035776 1.727 1010 450 956  800£100
2 R109316 AZM370 036964 1415 179 180 899 39020 20 R109293 AZM111 038402 1522 435 109 750 2215
3 R109278 TGD153 049800 1787 209 367 824 64020 21 R109296 AZM263 035811 1453 623 159 745  341%17
4 RI09282 TGD235 049901 1589 101 342 662 66712 22 RI09303 AZMA06 043492 1200 729 193 735  460+20
048250 120 BT B8 OIM oy clos  AZMAO! 035307 09425 939 84 914 27050
Mean 663+ 9
5 RI09288 AZMAG2 037275 1935 755 356 528 571410 24 R109301 TCY323 045610 1647 818 138 832  250+14
6 RI0G28T AZMASO 035305 1789 854 203 762  354+13 25 R109299 TCY321 047840 1238 884 188 787  472+16
(Lower unit of No.24)
7 RI09200 AZM540-2 046574 1667 135 352 739  654%14 6 RI0EEM TOYTS-\ 03535 1619 654 24 63 46+ 7
043875 1667 171 337 803  627%17 041485 1519 580 17 670 %5 6
Mean 643+11 Mean 39% 5
8 R100289 AZM540-1 048458 1554 612 299 951 60070 27 RIG:m2 AZMESS 096084 2395 802 107 867 1438 0
(Lowerunitof No.7) 043261 1544 502 346 931 700460
28 R109333 TCY637 035527 2413 266 4.1 985  53+20
Mean 660140
035265 2413 200 53 973 6815
9 R109322 AZM503 037480 2410 128 266 792 342+ 9 Mean G3212
10 R109315  AZM264 047094 2.103 84.1 27.6 67.2 406+10 29 R109308 ITY630 0.35350 1.952 74.7 20.4 726 326+ 7
048550 2103 882 284 678 418+ 8 30 R109204 TCY132 035127 2193 125 311 751 44011
Mean 413+ 6 34 Riog205 TCY137 035445 2361 636 114 821  150+15
1 R109317  AZMI50 039995 1458 547 126 770 26711 041542 2361 540  14.1 739 186 5
12 R109328 TGD4222 040052 1825 519 79 848 135t 5 Mean 182+ 5
0.39166 1.825 597 8.1 86.5 137+ 6 32 R109304 TCY610 0.35444 1.806 106 124 88.3 21410
Mean 136+ 4 33 Rioo307 TCY629 040817 1649 704 93 866 176+
13 R100327 AZM466 040239 2059 658 124 811 188+ 8 040378 1649 863 113 869 212+ 9
14 R100320 AZM245 035477 1860 729  19. 738 320£20 Mean 198+ 7
34 RI09306 TCY624 034920 1446 142 235 834 50416
15 R109321 AZM247 035609 2769 503 250 502 281+ 7
(Upper unit of No.14) 35 R100305 TCYS2! 034952 2286 113 335 703 454210
16 R100318  AZM240 049235 2478 727 199 727 249 9 36 R109309 TCY635 035571 1945 768  16.1 791 25717
17 R109329 AZM236 0.35659 1933 436 74 830 1197 37 R109274 TCY555 035839 1213 127  46.1 637  1180£30
040934 1933 428 82 809  131x 8
Mean 124 5 38 R10273 TCY550 03749 1616 131 540 588  1040+30
18 R109276  ITY718 034891 1485 110 362 671 75618

The decay constants used in the present study are A;=4.962 X 10"y, 2=0.581x10""/y and “’K/K=0.01167 atom % (Steiger and Jager, 1977).

Errors are at the 1o uncertainty level.
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Fs2d  Jd: Jododaira V.
Ty: Takayama V.

140°22.5' E

Ha: Higashiazumayama V. Nn: Nishidaiten-Nishiazumayama V. Tk: Takakurayama V.
Eb: Eboshiyama V.
Md: Maedaiten V.

Nh: Nakadaiten-Higashidaiten V.
Nho: Odaira PFD of Nh

Na: Nakaazumayama V.
Tg: Tenguiwa V.

Sk: Shionokawa V.
y: Yachidaira Lake Deposits

Is: Issaikyoyama V.
Mns: Machiniwasaka DAD

FoM K-ArFRHIE 123D < EHIRAILOHEX]

AZFEAY -7 OME G IXSH). T3 1Ke i vk, PFD : KIRHERT), DAD: &8 & 72 iR

Fig.2 Geological map of Azuma Volcano based on K-Ar age data.

Black triangles are main peaks and white circles with numbers are the same with Fig. 1. V.: volcanic products, PFD: pyroclastic flow

deposit, DAD: debris avalanche deposit.
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Fig. 3 Temporal and special change of volcanic activity of Azuma Volcano.

Abbreviations are the same with Fig. 2 and Numbers are the same with Table 2. The vertical axis
shows temporal change and horizontal axis shows spacial distribution from west to east. K-Ar
ages are given with error bars at the 1 ¢ uncertainty level.
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Takashi Kudo (2018) Early to Middle Pleistocene volcanic history in the area surrounding Lake Towada,
Northeast Japan. Bull. Geol. Surv. Japan, vol. 69 (3), p.165-200, 15 figs, 7 tables.

Abstract: Early to Middle Pleistocene volcanic history in the area surrounding Lake Towada was
constructed based on stratigraphy, petrology and K-Ar and U-Pb age determinations. The volcanic activity
in this area started at 2.5 Ma after the period of inactive volcanic activity during Pliocene. Andesite to
dacite magma erupted from several eruptive centers and formed volcanic bodies during 2.5 to 1.6 Ma in
the southeastern area. The eruptive style in this period was characterized by formation of lava domes and
dome collapse-derived block-and-ash flows. Subsequently, volcanic activity occurred during 1.6 to 0.6
Ma in the northwestern area. In this period, basalt to andesite magma erupted and formed a stratovolcano.
Simultaneous dacite magma erupted at the northern and northeastern foot of the stratovolcano and formed
several lava domes. Furthermore, andesite magma erupted in the northeastern area and formed an isolated
pyroclastic cone just before 0.76 Ma. There was a volcanic repose time of 0.4 million years between 0.6
Ma and 0.22 Ma. The volcanic activity of Towada volcano has started since 0.22 Ma. The long repose
time shows that the volcanic activity before 0.6 Ma was different from that of Towada volcano.

Keywords: stratigraphy, K-Ar age, U-Pb age, eruptive history, Early to Middle Pleistocene, Lake Towada,
Towada volcano, Northeast Japan
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Fig. 1 Location map of the area surrounding Lake Towada.
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Age (Ma) West <:

> East

0-+
T Eruptive products of Towada volcano (0.22-0 Ma)*
| Hakkoda 2nd-Stage
PFD. (0.4 Ma)**
0.5
T U-Pb:0.72+0.07 Ma —?
Iwalfiske 1 Mizunashisawa PFD.
— Takinosawa F, " Horikirisawa L. - ;
o | Hakkoda 1st Szege Nenokuchi F. ’W‘ ‘
T Zakuramisaki LV. PFD.(0.76 Ma) ?
T K-Ar:0.85+0.11 Ma
K-Ar:0.82+0.04 Ma
1 Nurukawa-
151 — K-Ar: 1.42+0.15 Ma
~ K-Ar1.6840.03 Ma K-Ar:1.71 -'T-0.03 Ma
K-Ar:1.69£0.04 Ma -
K A-1.7140.05 Ma — Towadayama LP.|| Mitsudake L.
T U-Pb:1.59+0.08 Ma __| Utarubegawa PL
2+ K-Ar:1.97+0.15 Ma 9 ’
Takayama LP. K-Ar:2.53+0.07 Ma
25—+ Karasawa PFD.
L U-Pb:2.42+0.07 Ma
Legend L.: Lava
Geological unit LP.: Lava & Pyroclastic Rocks K-Ar: K-Ar age (10 error)
l . . PL.: Pyroclastic Rocks & Lava U-Pb: U-Pb age (20 error)
3+ [ Mainly volcanic rocks LV Lava & Volcaniclastic Rocks  * Kudo (2016)
_ [ ] Mainly sedimentary rocks P.: Pyroclastic Rocks ** Muraoka (1991)
) . ) PFD. Pyroclastic Flow Deposits ~ *** Suzuki et al. (2005)
Major pyroclastic flow deposits  F.: Formation
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Fig. 5
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Block diagram showing the Quaternary stratigraphy in the area surrounding Lake Towada.
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Table 1 Petrographical features of the Early to Middle Pleistocene volcanic rocks in the area surrounding Lake Towada.

Rock Phenocryst (4)

Sample no. Unit name (1) Symbol Occurrence (2) SiOy* name (3) Bl Opx Cpx Fb Ol Opqg Qz
13060204  Iwadake LP. Iw L 51.40 B © + + O +
16052308B Iwadake LP. Iw L 51.82 B © + O tr
14060407  Iwadake LP. Iw L 53.10 BA © O +

15060805 Iwadake LP. Iw L 53.62 BA © + + +
15061110  Iwadake LP. lw L 54.32 BA © O + (tr)

15060804  Iwadake LP. lw L 60.22 A © + + +
13060205A Iwadake LP. lw L 61.43 A (@) + + +
16091705  Horikirisawa L. Hr L 64.03 D © @] (@] @]
13060209  Horikirisawa L. Hr L 64.59 D © @] (@] @]
15061107  Horikirisawa L. Hr L 64.69 D © O O @]
16091917  Horikirisawa L. Hr L 64.79 D e + + +
13052717  Horikirisawa L. Hr L 64.89 D © O O +
16091704  Horikirisawa L. Hr L 64.99 D © O O @]
13091805  Horikirisawa L. Hr L 65.46 D © O O (@]
16091916 Horikirisawa L. Hr L 65.31 D © + + +
13060203  Zakuramisaki LV.  Zk SAL 52.42 BA © + +

13052716  Zakuramisaki LV.  Zk RSAL 52.94 BA © + + +
13052611  Zakuramisaki LV.  Zk L 55.54 BA © O + +
13052718  Zakuramisaki LV.  Zk SAL 56.26 BA © (@) + +
13052719 Zakuramisaki LV.  Zk SAL 58.25 A © O O @]
14060317  Nurukawasawa L.  Nr L 52.77 BA © O + +

14060412  Nurukawasawa L.  Nr SAL 54.13 BA © O + +
14060316 Nurukawasawa L.  Nr L 54.66 BA © + + +
13060502  Oirasegawa P. Or PF 60.12 A o + + +
13060504  Oirasegawa P. Or PF 60.47 A O + + +
14102907 Towadayama LP. TI L 57.25 A © O O + O
14082912 Towadayama LP. Tp BAF 57.51 A © O O +
14102909 Towadayama LP. TI L 57.91 A © O O +
14102910 Towadayama LP. TI L 57.93 A © O O +
14083017 Towadayama LP. TI L 58.24 A © O O + O
16092122 Towadayama LP. Tp BAF 58.45 A © O O +
16092111  Towadayama LP. Tp BAF 58.83 A © O O (+)? +
14090706  Towadayama LP. TI L 58.97 A © O O +
14102701 Towadayama LP. Tl LC 59.29 A © O O O
16092119  Towadayama LP. Tl L 59.35 A © O O O
14090401 Towadayama LP. Tp BAF 59.36 A © O O O
14090402 Towadayama LP. Tp BAF 59.39 A © O O +
14102702 Towadayama LP. T L 59.43 A © O O O
14102211  Towadayama LP. TI L 59.80 A © O O +
14090403 Towadayama LP.  TI L 60.68 A © O O O
16092120 Towadayama LP.  TI L 61.18 A © O O O
14090314 Towadayama LP. Tp BAF 61.19 A © @) @] @] +
15061501 Mitsudake L. Mt L 60.00 A © O @] O
15061502  Mitsudake L. Mt L 60.09 A © (@] @] O
14090708  Mitsudake L. Mt L 60.30 A © (@] @] O
14090709  Mitsudake L. Mt L 60.48 A [©)] O @) O
14060918A Utarubegawa PL. U2 LC (maficinc.) 58.53 A + + + + +
14092305  Utarubegawa PL. u2 BAF 61.58 A © O + tr + +
14061004  Utarubegawa PL. U2 BAF 61.93 A © O (@] (@) tr
14102502  Utarubegawa PL. U1 L 61.95 A © O (@] +
14102505 Utarubegawa PL. U1 L 61.98 A © O @] + +
14102303  Utarubegawa PL. U2 BAF 64.16 D © O O o +
14061001  Utarubegawa PL. U2 BAF 64.97 D © O O o +
13092508  Utarubegawa PL. U2 BAF 67.43 D e + + ? + +
14060918P Utarubegawa PL. U2 LC 67.65 D e + + ? + O
13092504  Utarubegawa PL. U2 SAL 70.26 D e + + + + O
14092302  Utarubegawa PL. U2 BAF 70.44 D © + + + + @]
15111306  Takayama LV. Tk SAL 56.83 BA © (@) O +
13060105A Takayama LV. Tk RSAL 58.67 A © + + +
15111302 Takayama LV. Tk SAL 58.79 A © + + +
15111301-2 Takayama LV. Tk RSAL 59.02 A © + + +
15111308 Takayama LV. Tk LC 59.73 A © O (@] (try +
15111307 Takayama LV. Tk L? 61.30 A © @] + +
14102305 Takayama LV. Tkw WPF 62.37 A © O + + +
15111309A Takayama LV. Tk PF 63.23 D © @] + +
14103001 Takayama LV. Tkw WPF 63.67 D © @] + + +
14082906 Takayama LV. Tkw WPF 63.65 D @) @] + + +

*Whole-rock SiO, content recalculated to 100% on an anhydrous basis. (1) L.: Lava, LP.: Lava and Pyroclastic Rocks,
LV.: Lava and Volcaniclastic Rocks, PL.: Pyroclastic Rocks and Lava, P.: Pyroclastic Rocks. (2) L: lava, LC: lava
clinker, SAL: subaqueous autobrecciated lava, RSAL: reworked subaqueous autobrecciated lava, BAF: block and ash
flow deposits, PF: pyroclastic fall deposits, WPF: welded pyroclastic fall deposits, inc.: inclusion. (3) B: basalt, BA:
basaltic andesite, A: andesite, D: dacite. (4) PI: plagioclase, Opx: orthopyroxene, Cpx: clinopyroxene, Hb: hornblende,
Ol: olivine, Opq: opaque minerals, Qz: quartz. Relative amounts: © > QO > + >tr. (): pseudomorph. ?: obscure by
alteration.
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Table 2 Whole-rock major element chemistry of the Early to middle Pleistocene volcanic rocks in the area surrounding Lake Towada.

Sample no. Unit name (1) Symbol Occurrence (2) wt.% SiO, TiO, AI20; Fe,0;* MnO MgO CaO Na,0O K,0 P,0; Total LOI(3) SiO,**

13060204  Iwadake LP. Iw L 5143 085 1987 1025 0.16 482 1119 223 019 010 101.09 0.1 5140
13060205A Iwadake LP. Iw L 6133 1.07 1558 9.79 0.18 202 624 387 056 0.19 100.82 03 6143
14060407  Iwadake LP. Iw L 53.00 1.04 1692 1173 0.18 572 950 257 024 012 101.00 -0.2 53.10
15060804  Iwadake LP. Iw L 59.24 1.05 1650 8.90 0.17 203 716 345 059 0.19 99.26 0.5 60.22
15060805  Iwadake LP. w L 5237 1.07 1863 11.04 0.18 284 968 264 020 0.11 98.78 0.4 53.62
15061110  Iwadake LP. Iw L 53.67 092 1771 1025 0.17 441 966 256 035 0.14 99.83 0.0 54.32
160523088 Iwadake LP. Iw L 51.03 090 1715 1150 0.23 559 1092 199 022 0.09 99.63 0.7 51.82
13052717  Horikirisawa L. Hr L 6458 0.90 1562 647 013 187 543 419 080 019 100.18 04 64.89
13060209  Horikirisawa L. Hr L 6442 090 1558 6.68 0.15 199 556 418 078 0.19 10041 03 64.59
13091805  Horikirisawa L. Hr L 6546 091 1542 656 013 170 520 427 081 020 10065 03 6546
15061107  Horikirisawa L. Hr L 63.39 091 1549 669 0.12 168 536 405 078 0.19 98.66 0.7 64.69
16091916  Horikirisawa L. Hr L 6413 091 1559 6.79 011 156 503 375 083 0.18 98.88 1.1 6531
16091917  Horikirisawa L. Hr L 63.93 094 1595 681 0.15 195 491 372 080 0.19 99.36 09 64.79
16091704  Horikirisawa L. Hr L 6423 087 1525 6.68 0.15 197 558 375 083 0.18 99.49 0.0 64.99
16091705  Horikirisawa L. Hr L 63.08 092 1534 716 0.15 214 576 371 080 0.18 99.23 0.0 64.03
13052611  ZakuramisakiLV.  Zk L 55.15 094 18.06 996 0.15 347 942 269 034 0.12 10030 04 5554
13052716  ZakuramisakiLV.  Zk RSAL 5277 099 2037 961 015 298 1084 258 021 013 100.63 04 5294
13052718  ZakuramisakiLV.  Zk SAL 56.11 1.02 18.06 8.99 0.14 416 875 255 067 0.18 100.63 1.4 56.26
13052719  ZakuramisakiLV.  Zk SAL 5794 1.02 1657 928 0.16 340 804 326 056 0.18 10041 03 5825
13060203  ZakuramisakiLV.  Zk SAL 5217 080 1913 993 0.16 445 1130 215 033 0.10 10051 0.5 5242
14060316  Nurukawasawa L.  Nr L 5449 1.08 1862 1095 0.16 271 962 277 028 0.12 100.78 09 54.66
14060317  Nurukawasawa L.  Nr L 5230 0.88 17.92 10.76 0.17 543 10.03 234 023 012 100.18 03 5277
14060412  Nurukawasawa L.  Nr SAL 5397 0.77 18.08 957 0.16 5.09 1026 227 041 0.10 100.68 0.3 54.13
13060502  Oirasegawa P. Or PF 5967 098 1604 856 016 320 7.68 289 070 024 10011 14 60.12
13060504  Oirasegawa P. Or PF 6023 099 1635 869 016 277 741 299 067 021 10047 2.1 6047
14083017  Towadayama LP. Tl L 5712 073 1646 923 0.15 445 770 237 070 008 9899 08 5824
14090403  Towadayama LP. Tl L 59.98 0.71 1681 815 0.14 329 697 280 072 009 99.65 1.0 60.68
14090706  Towadayama LP. Tl L 58.03 0.74 17.06 888 0.15 379 751 252 055 0.09 99.30 12 58.97
14102211  Towadayama LP. Tl L 58.64 0.77 17.04 905 0.5 370 6.31 247 075 009 98.96 1.8 59.80
14102701  Towadayama LP. Tl LC 58.08 0.73 1669 886 0.15 375 722 256 070 0.09 98.84 0.6 59.29
14102702  Towadayama LP. Tl L 58.05 0.76 16.78 9.05 0.15 370 6.73 258 071 009 98.58 1.0 5943
14102907  Towadayama LP. Tl L 56.47 0.71 16.73 935 0.15 471 839 237 062 008 9956 03 57.25
14102909  Towadayama LP. Tl L 56.83 0.77 17.04 929 0.15 421 765 242 062 009 99.06 08 57.91
14102910  Towadayama LP. Tl L 56.98 0.76 1662 922 015 428 810 250 060 009 9930 05 57.93
16092119  Towadayama LP. Tl L 58.33 0.74 1697 854 0.13 356 7.68 261 070 0.09 99.34 1.2 59.35
16092120  Towadayama LP. Tl L 59.94 0.74 1637 837 015 347 656 242 072 009 98.82 1.7 6118
14082912 Towadayama LP. Tp BAF 56.50 0.73 1663 948 0.16 429 830 237 066 008 99.19 0.3 57.51
14090314 Towadayama LP. Tp BAF 60.06 061 1643 755 0.13 340 7.16 266 083 0.07 9891 1.0 61.19
14090401  Towadayama LP.  Tp BAF 5812 0.75 1695 898 0.15 383 671 250 073 009 9881 1.5 59.36
14090402 Towadayama LP. Tp BAF 58.15 0.71 16.72 860 0.15 356 746 263 071 008 9878 03 59.39
16092111  Towadayama LP. Tp BAF 58.14 0.71 1669 853 0.14 402 831 236 071 008 9968 03 58.83
16092122 Towadayama LP. Tp BAF 5749 072 1678 847 0.14 407 840 236 069 0.08 99.21 0.3 5845
14090708  Mitsudake L. Mt L 5944 074 1646 839 015 350 7.09 282 0.74 010 99.41 0.5 60.30
14090709  Mitsudake L. Mt L 59.72 072 1629 827 0.14 349 731 280 074 010 99.57 0.1 60.48
15061501  Mitsudake L. Mt L 5923 070 1691 813 0.14 341 743 279 068 0.10 99.52 0.1 60.00
15061502  Mitsudake L. Mt L 5924 075 1659 863 0.15 358 7.03 275 065 009 9945 0.7 60.09
13092504  Utarubegawa PL. U2 SAL 70.01 043 1465 410 010 127 421 388 135 0.08 100.06 06 70.26
13092508  Utarubegawa PL. U2 BAF 67.16 051 1515 553 0.09 197 514 348 1.05 008 100.15 09 67.43
14060918A Utarubegawa PL. U2  LC (maficinc.) 58.30 068 17.14 878 0.14 362 847 273 055 009 10049 1.1 58.53
14060918P Utarubegawa PL. U2 LC 67.33 048 15.00 533 0.12 221 515 341 096 0.07 100.07 09 67.65
14061001  Utarubegawa PL. U2 BAF 6496 057 16.01 627 012 260 596 322 084 008 100.63 1.3 64.97
14061004  Utarubegawa PL. U2 BAF 61.77 063 1657 712 013 337 725 273 081 008 10045 14 61.93
14092302  Utarubegawa PL. U2 BAF 69.65 044 1432 421 010 131 407 377 136 007 99.30 0.4 7044
14092305  Utarubegawa PL. U2 BAF 60.21 062 1655 726 012 319 7.08 261 080 0.07 9851 1.7 6158
14102303  Utarubegawa PL. U2 BAF 63.09 060 1579 652 0.12 259 6.06 308 1.05 0.09 9899 0.5 64.16
14102502  Utarubegawa PL. U1 L 60.84 063 16.06 735 013 334 670 285 095 008 9894 05 61.95
14102505  Utarubegawa PL. U1 L 6121 064 16.03 761 0.13 344 685 261 093 0.08 99.51 0.7 6198
13060105A Takayama LV. Tk RSAL 5847 090 1752 892 0.14 268 859 273 051 011 10056 04 58.67
15111301-2 Takayama LV. Tk RSAL 58.31 091 1725 884 0.14 256 855 249 053 0.11 99.68 0.7 59.02
15111302  Takayama LV. Tk SAL 57.76 097 1667 984 0.15 216 820 285 052 0.11 99.24 0.3 58.79
15111306  Takayama LV. Tk SAL 56.73 0.69 1657 844 0.15 498 919 239 061 0.17 9891 0.7 56.83
15111307  Takayama LV. Tk L? 60.34 089 1633 7.60 0.14 289 7.01 315 070 0.16 99.20 0.1 6130
15111308  Takayama LV. Tk LC 58.84 0.78 1652 856 0.15 367 750 266 061 009 99.36 06 59.73
15111309A Takayama LV. Tk PF 6166 065 1624 752 0.11 314 520 272 096 006 9826 20 6323
14082906  Takayama LV. Tkw WPF 63.18 059 1591 6.73 013 286 639 306 1.01 008 9993 06 63.65
14102305 Takayama LV. Tkw WPF 6119 064 1568 750 0.14 324 652 296 092 0.07 98.87 05 6237
14103001 TakayamalV. Tkw WPF 6268 061 1610 710 0.11 264 580 297 1.07 007 99.16 22 63.67

*Total Fe as Fe,0s. **recalculated to 100% on an anhydrous basis. (1) L.: Lava, LP.: Lava and Pyroclastic Rocks, LV.: Lava and Volcaniclastic Rocks, PL.: Pyroclastic
Rocks and Lava, P.: Pyroclastic Rocks. (2) L: lava, LC: lava clinker, SAL: subaqueous autobrecciated lava, RSAL: reworked subaqueous autobrecciated lava, BAF:
block and ash flow deposits, PF: pyroclastic fall deposits, WPF: welded pyroclastic fall deposits, inc.: inclusion. (3) loss on ignition.
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Fig. 6 Harker diagrams for the whole-rock major element chemistry of the Early to Middle Pleistocene volcanic rocks in the area

surrounding Lake Towada. Boundary lines in SiO, —K,O and SiO, —Na,0+K,0O diagrams are from Le Maitre (1989) and Le Bas

et al. (1986), respectively.
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Fig.7 Route map of the areas surrounding Mt. Takayama. Location of this area is shown in Fig. 3. Base maps are 1:25,000
topographic maps published by the Geospatial Information Authority of Japan.
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TG, (A) EILES - KUfES O&s KBS Ok EBIPYAS) . 14 CE3XRUETX).  (B) FHE:
NI TR D74 A4 MBS Ok EBsFA R & 2L IR, M 10 GE 3 IR O 14 14) . (C) FAREER) AR -
WEDORINSE~TA A4 FEIKAES (Tay 27V P 7y v a7a—HRY). ifle CE3XEVH141X). (D) K
AN ORISERE T 22 ) 7R, 7 GE3K). (B) YISO T4 4 M iREs. His 83X
KROE12K). (F) SEEE - KPS ORIEBUIRES & RBERAMHRAERY. Hi2 (GBE3X, $ 13X ERUE14[K).

Outcrop photographs. (A) Andesite volcanic breccia (subaqueous autobrecciated lava) of Takayama Lava and Volcaniclastic Rocks
at the location 14 (Figs. 3 and 7). (B) Dacite volcanic breccia (subaqueous autobrecciated lava) and silt vein of Utarubegawa
Pyroclastic Rocks and Lava at the location 10 (Figs. 3 and 14). (C) Andesite to dacite tuff breccia (block and ash flow deposits)
of Utarubegawa Pyroclastic Rocks and Lava at the location 16 (Figs. 3 and 14). (D) Andesite scoria fall deposits of Oirasegawa
Pyroclastic Rocks at the location 17 (Fig. 3). (E) Dacite massive lava of Horikirisawa Lava at the location 18 (Figs. 3 and 12). (F)
Andesite massive lava of Iwadake Lava and Pyroclastic Rocks and Mizunashisawa Pyroclastic Flow Deposits at the location 2 (Figs.

3,13 and 14).
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Route maps of the west area of Mt. Towada (A) and the upper stream area of Utarube River (B). Location of each area is shown in
Fig. 3. Base maps are 1:25,000 topographic maps published by the Geospatial Information Authority of Japan.
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Fig. 10 Route map of the area along Nurukawa Stream. Location of this area is shown in Fig. 3. Base maps are 1:25,000 topographic
maps published by the Geospatial Information Authority of Japan.
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I AIETBE A A ZRD 6D T r b, WIKEE L
Eibohs.

BE  AUTEAEFEARIIE TH 5 (1K), BHIR

MfkAR L, Bae UCRRA, HEMA, Romiia &
OAEHI = & (1K), 2aSio, 13 60.1 ~ 60.5
wt% TdH 5 (52%K). N—7—KIZB T, Na0oX
MgOTIEHRIEILVAS - KSR =V SRS & JERIL 72
MUK 2 5D — T, TiO,RP,0s TIHEIAS - KIAIC
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MR 2R3 (36 [X).
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0.76 Mallyif & flfr X 5.

2.10 F~/ O (Nenokuchi Formation)

WER L R (1962) I K BT 7 S JICHk
$5. O, FE - @A 0988) k[T HkEl, FH -
AR (2004) 111/ TSI | & L7, ARig<Tik, 7/0
BORKI MBS 721 T3 &, WIE DL o HERY
Me bz ehn, [/ B O4AKREMHTTS.

ARGE, WY (1939) O BUE KU 1Y 4 5.
WEFEEEAEIFE T XL E — )T (1976) TiE, BEHHON 2
VEREG CIEANZE A, 1972) I2—f{Eh T3,

EH - T b - A (1962) IZFER M A e LT s,
FH - AR (2004) 1%, ARG O RER % AR A R
AN Fit D& T & U7z s

PEROBE : WAWFIR~ 1/ OFHE X O HEL
P2 s 5 B3, IR LT 50 migf
Thb. 7277L, Th3nfimdEcoRETHn, &
ARO[ > TEDEL B2 eHfEshd. 7=
72U, AR COREE, FRAR A TWhaEn=0)
RHTH 5.

BB i e NIEA 128 S . BABIINARES %
o, FRIRX LR CE bR . JURHE AR
HERE & £, 1 DRHE Tl rp A a4 b vafaist
O RN % CGE4XIC-DIWIR) , LT J7 T B A
W R ER O R A 7Ny P ARBATES. /0
~E LIS AR U 22 G0 & JRT S 5 & 5 AE T
HEREL T 5 (B3 IX).

A KON, BERO#HN2) D205
K&, NUIEMOREE D N A Hh S,
N2 @3k r oL D & LFlo B ASENH O ~F 7 Dt
W O 5 12340 %, N1 EN2 O F & [X 5y Jk
WIS 2 TR E T H 0 EPTH S, W& B IRITAF
Jig 2 Bed. N1, N2 RIS CH A 1 KR e R 2 i
BEbhBZEnb, Sy NHIE AR
I OE R UE I LR OBRIZH 5. — 7,
JUFR S 1 KRR HERE I D _EATIZIIN2 D ADFED 5
3. NIRRBEFRETEZEn 5, BAFEORIED,
MRHERE EE 2 6N b, —JF, N2IZOWTIE, Bk
FERELTED, LAnmEpeHkES &0 en
5, K TH-72L LTEITLKENLDTHD, KFIE
TNNROHEI CH D EHZENS.

(1) iRRUE (N1)

PR O & ke L, —8ClE, mnig
B O KILEEEE IS 2 0E S . TeIEEIRG~IREIKE
~EAEAEREL, UL UIEHTEENRET 5. BRI
WIKEE S5, WIRHBIRIE L MfRiibhr 650,
cm UTDEXTHEST A5 ZENE 0D, 3 TIkEX
Beomm LIFOMEREZK L, FHEEREETLILY
b5, £ OBRHEIEZ, ThZThOWBOEX 1l

B L, BT - 72 fg AR g —5TidL v XRICE -
TV EH 5. WEOZ S IIERIREMIED 51
5. REEUBEEREIZE, AkE#EEPayR) 2 — L
FEE e EDFAKES LIFLITRO NG, e, &

XB m DI TRES 2\ IZMIHE I Eh, g
DTFoH AT, MEARBAKTZIERH S, FhIZ)E
EB m LUT oA KUBEIKS OPER R 65 Z &
Ndh 5.

(2) % R UF (N2)

B R O S & Ttk L, LIZULIETRR KOS
ISR S % S . T £ ~ i R oD [ e~ Sl
P50, WIKOED, FREHANRRSNEED, Fv
FNRDE D, RO LD, FELXRHOE DR E, e
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ke & HRE AR, REIE108em DUF Ok - #ixkE
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ENBD, —THE - - bKDd AT THEME
i

FA - AFHSE VAR 2 ke Z &2 5, 0.76
Mafii % DO & Wl X 5 28, 7o ER - FERAERIE
TRETH % (55 K).

2. 11 NBHE1HARRHEREY (Hakkoda 1st-Stage
Pyroclastic Flow Deposits)

SR A0 - o (1988) U - 4% (1990) 1=k 5.

B ¢ 7RI EE 7 S e (R - B,
1990).

D RCEE Ak i3 A7, AL
HE K OMEREMTIC MRS 6 h b (FH3X). EE
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B TH D, KA XOMEE LT, RER, A,
Foptia, WA R OAREHIM A G, < Mic
WAKGEELZERH 5. AREMEEE 4R T 8 O
EARY

R AL IChE T 3 A AL T T Th B
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2.12 %é‘gﬁlﬁ:ﬁz"% - NI BB & (Zakuramisaki Lava
and Volcaniclastic Rocks)

HbJE £ : Hayakawa (1985) (2 & A [ &AM A L] 1ZHk
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DT, Kl TRET 5. A A TN +F1H
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TIZEL TS, HEZREEVWEZIATHLELS LD
150m L EiEd 5.
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GENK). —7, EEBSIRUIREEE KO/ IRETER &
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BRCH— O KL A ~ B AESE Th B, Th
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OHERBBRE AN T, 25 I L IR ERT
B2 10 ~ 15° FRE TRt 5.
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5 2 IROEEIKAMEAE N RO NS, KA ERILE
~ZILEEE, BKG~IKE~REta e har 2L,
RRREIEAL T B LD ELREDEITEHMEL S 5.
BT A~ AR S D, ZORBIRKT m I2ET
5. B HAROBHISENRD ML b 5.
INOAKPHEVESOBEIE S 2 oh 5. 27
L, SiBtEREd 25 RMeaosatlenrsd, —
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FRARES KRS LD, 085 £ 0.11 MadDK-
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EBTHASE BT 1 ~ 0.8 MabH & FllliF X 15 (55 51X).

2. 13 3EYIRB%A (Horikirisawa Lava)
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AN i
Northwest of |

Lake Towada

Hfﬁ?ﬁ#E;7“

e N\ 7

Legend (outcrop)

i [ Massive lava ] Fp%gﬁls?% IHotu/ﬁ&&fgljlffdeposits) o[ Jcravel

I e o[ PR epos o [ g o el
o I R eSS ey o [ Ao Lopiti w8 wtbrecia < [JH Conglomerae

al - él\’sgrréﬁrt]i&lgrbeds of massive lava & ai - Andesite to dacite intrusive rocks n hgﬁéiéyr

Legend (geological map)

Lakeshore lowland and Iwadake Lava & Basalt to andesite lava &
terrace deposits Gravel and sand Pyroclastic Rocks pyroclastic rocks
Eruptive products of Towada volcano ' ' Horikirizawa Lava Dacite lava

Pyroclastics of the Dacite to rhyolite )

caldera forming stage pyroclastic flow deposits Zakuramisaki Lava .

. 2Voloanioiasti Basaltic andesite to andesite

ﬁaé'?,rﬁc%¥&%?f§%§§e°f Basallt mt dacite lava & Roctla(gamc astic Z lava & volcaniclastic rocks
pyrociastics : Volcanic and sedimental

Middle to Late Miocene E rocks Y

Pleistocene fluvial Gravel sand & mud
sediments

F12l HMEACRRO L — b= 7RSO NLE & 55 3 XN FERNCE PR T 0 277 5 T0r D 1 X % i .

Fig. 12 Route map of the northewest area of Lake Towada. Location of this area is shown in Fig. 3. Base maps are 1:25,000 topographic

maps published by the Geospatial Information Authority of Japan.

— 184 —



A EE R st 3k D i S ~ PSSR A LR B s (TR

ENbEHB2605 1K), HAHOWYRR T,
PHE DR LA A U - RK S &, KEEHD 2 ) v
B —=EB KIS PEEE S BRSBTS B 1
KL — b 105 S 120) . A HIHEAEF T a5 L by
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BEIEE - 208G KRTHEL LELLND
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H5. WaE L TRRA, ROia, HREA R OAZE
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2%). N—H—XTIZ, fho= b &IFFRATARE 2
BOMBAERT GE6X). AEEIL, I ILRIIA
WEDOD, HRENMEIZIEFICHE TS S.

ER  BAWEE - KLESO TEE2E Y, e
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2.14 &/ iRJE (Takinosawa Formation)

/8 & : Hayakawa (1985) 12 & %. FFid - w54 (1988)
TiE, [HEGEHEREY O—E L EhTnb,

X © Hayakawa (1985) i3I A2 D T A WVOD
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AT EE1K).
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¥ ZIRDZEG U 7= vhielid % 1 5

THIDWTIE, s ERETIREHERHD, 25
VITHEREM &S Z & A 5, Hayakawa (1985) O Rf# &
ARz, Wk EEZ 6h 5. LORHER 2 HEICH
AT B HHBRE A E I NS,
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BEROWIEE TRE L, 777 RUORREEES. Th
3B tem U FOWAN THET 2. BAIM~ by A
ZDEDNREERTH 5. EERMIZEKETH D, BaH
NELGENDS. WEHEEEN2LDODOTI LD IFZA %
<, T1&T2DHEHA TP DRI EIE TR AR I [X
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HEDO T L FREHOBRICH S Z &n b, KFDH
AT~ h ST 0.8 ~ 0.7 MatH & Z 2 51 5 (58
5X).

2.15 FHEBS - A& (lwadake Lava and Pyroclastic
Rocks)

HWEL : FihR AHIROILPEER, oLk & RS
DIWE KRR E &, HEES - KitEewmsT5. +
FIH#ALYE R, R ORWE H I/ MBI 30 % XK
BEE GBI B 12K IZONTE, SAFENEM
MR 2205, BRES - KIEEIZED 7.
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iMizunashi Stream-.
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& Volcaniclastic lava & volcaniclastic rocks
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Volcanic and sedimentary
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F13X AKBERGRO N — b~ 7 KKIRONE & 53 XNRg. BRI E LB T 0 2 155 0 O 1 21X % fi.

Fig. 13

s — s ], 1A (1973) i[RI AL H
WA E LR ], B0 (1972) T [HREAL
B ], AR - S (1988) Tk A LT
FKITEDFEIIE A Xy STz EE21X).
X o PR INIRM], A i 0 K MR dsk (G
13[X]).
AWROERE : HEINEHE -2 &3 2 10K &R

% ftlt, FHIHORPGITIZ &I 3409 % G 12[X).

B3 LA TRk 280 m Tdh 5.

B : P, RAIMAS - KLES K OYEY)
REE A, FHEKLES P E b S (G811 K&
V13X, fi/ RGO L & 3 FERFEHOBRIZS 5
GBI, AR - Kis O PRI R BRI KR HER T
.

A BRE~RILEES GESXF) # ke L, —

EBCRE T K EHERE ) A& E S (BB 8IXIF 5 111X 5 25 13[X).
weEd, LIRS E ETor ) v bk 5.

Route map of the area along Mizunashi Stream. Location of this area is shown in Fig. 3. Base maps are 1:25,000 topographic maps
published by the Geospatial Information Authority of Japan.
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2.16 JKEERXETRHEFEY (Mizunashisawa Pyroclastic
Flow Deposits)
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D, THEOBEHIRRAS R TIom A ZWEE L
55,

BFEE : SEEE - KEEICHER 2 CE1IX; 2
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5 CGESIXF).

B8 JREAS - BRIROKIHHERII T H 5. KfE3 em
UTOAGRAKURRBEL 2REH 5 285, B
%5 em LT ORESER #&8 KIUBEEE IS & UCET
5. FEIZIEIKEKIIKD 5 & 5. AHERMN, A
FHES 1 AR R O FEE RS & K < P72 A& R
2, WAL A BRI G 2 e 6, ISR
BHIZKOHEIZXTE 5.

F5E A LFHBITZAT > T n gy, RS
MEEL2 6 T4 94 b~FilUEE e fE Shs, Ml
ThHU, BT A XOMEmE LT, #HEA, A%, #5
Wh, s AP A R OSBRSS A, T<MEDOH
FHEH A &,

IR R Th 5. AU E TR - KitE e
T B0 (ESIXF), AHEES - KSR RS
~RIE» S R DAY - HEANARGEGE RN &
75 GEOKIRUE 1), MH TIIEE - WSIEmMA
FIZRELEVWRRD OIS, D ey, AHERMWIZ
B K LS OEIED? 6 6726 Shiz &%
Abhb.

FER  AHERIIEL D, 0.72 £ 0.07 MaDU-PLERAE
S/ (GBsK).

2.17 N\ERHZE2H AR HETIEY (Hakkoda 2nd-Stage
Pyroclastic Flow Deposits)

SR M0 - E (1988) UM - 245 (1990) 1=k 3.

X - FHREEHRRNOOIEO WA (R -
R7, 1990)

SEROBE : Ak T3, LA KUV Z D
TS THOTPIIHMTE0ATH S GEIX). K
MR CORGIEITIRATHIOMmFEETH 5.

BFEE N HmnoTR, [RE S~ T
RS & U 22 K LB RO R VA RS TS A D,
+HIEXLE B DS,

B ¢~ P IARSEAE A R BRIR O K FEHERT C b
5. SEASAENA S L, HEORBIIEFT, DD
ELEBARERT. HERIREKO~RIKCERT. &
FNHHEME, RATELImm BETH S5, 2 mm
UFOEOBRKRERTHD. AEL VX, BAKROER
BERIZLA2EDENT, ¥4 XKL em DIT &/D
TN ENZW. LAL, =8 TIEERI0 cm DITO%
JKG~KGA BT EAREL v ZAHADENEZ L EH 5.
KBV v Z ORI ERR~AHATE D & O 20,
FEEERmm, REFEBem OFIE X I BIRO & D &
35,

BY: TAYA P ~-WSUEETH B (LREIEA, 2006).
WEETH D, BT A ZOREE LT, #HEA, A,
FOAfEA, WO R OREHEM A G, < Ml
WARGZG0Z LN d 5. HREHHE LR L 00
EARY

IR - AHSRAL S IAE T 3 A AL T 7 Th S
(bl - Sk, 1988 5 AR - BA, 1990).

FX A (1991)1F, ARHER O FER A B D 2 EK-
AR DA 5 040 Mak L7z, ZOfth, AKHEREY
NHI3L L DIHERT — 2 B HoNTWBE R, Ak
A& T B 7B T S,

2.18 hEf~ AT HEY

AT AL e & VS 2 B KR HERE I DL O
HFFORMIZIE, BEEORRE & R E 3 20 HERD 235
Bohd, IhHIFHEXZr — L ThHfmEERT 52
EHBETH 5728, [HHI~%HEFH N IHER ] &
U CHYE KNSR U7z, R VS 5 0 e R 1 | v
TR T AR T, ThHIIRYIIRE A TR
KW - s auy, FRIBK DSBS Ebh % (6
1R, KT, FELVAITEIET 5.

2.19 +HEXLEEY

R LR O T K, KIRTEHERT K OV
765, AHUEAEICIAL AL, SRS 2 Bk
WHERILL N Otk 28 5. HRIEALNE, 22 THRTLL
FICBII A L2 F 2 6Tk b (IHE, 2016), I
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FOWKFMRUZEIE15F-TH 5 (MTHIZA, 1981 F1]-
/AN, 1998) . HHTH K ILME 3 IER IS 2 D B 2
=y b TR X 52 (Bl 21E, Hayakawa, 1985), #FL
WRCEIZ AT S,

3. K-Ar&Ef

3.1 BESH

R EE A e 3 b 2 o O B i~ i S R T LS )
LOMED 0, EEE - KIS, FREBIA
aoE, VRS, PHIBLE S - KRS, )R
e, A - KIDVEE, AR - KIS S
FRELL 72 KL 9 aRHZ D\ T, K-ArFINE % 4775 -
7z, WURHERHOE R 2 58 142" BRI, &alkto
Al & FCid % .

3.1.1 15111302

WRER : SILEY - KLREES (Th).

REH S AR RN T, S 7 RO
iz GE7IX; 2 141XG).

BER ¢ RO EGERIC TR i 4 2 K AR S (557
K). EBff1m I TORISEMEECRHR S, H-AHT,
FRAHIR O v HIEEL A F DS 2 & .

BA% MM ARU AR LS

EERETFIVEE R A RS, RS E LT
A, ROiaA, WRMEA, SEWIME G, FHE
4, #OkEG, MAMEA RSO TRE B I mm LN T
HE~YHE22Y4 5. FPEHEYHEIEER0S5 mm
UTTHE~MEA2T 5. Lk, sHRoRER, &
H~RoRORENEG, FOPa, RRROAEHY, %
No ORI AZMD 5 ) HEMETHEK I NS, Ak
BIFARD LA Sy FHRUET 5. AR3ESNE T
HoAFEEAERD SN, AR EEIZRD
5N,

3.1.2 714061004

B  FREPNAES - A (02).

REM A - H R FRET RGN B 11 G
9XIB ; £ 14 IXIF).

BER:EX30mUEoTey s 7y F 7y a7u—
HERERD, RefR40 cm DL TN OIS A & [FE O Kl xSk
Bhrbib.

B WA R AR LS

EHAAFEE BRI A RS, A E LT
BEAO, RO9EA, HENEG, RNEWEY, Z<MED
H¥EED. PHRAKSITERE3Smm T T, A~
BERETS. MEEZZIZAEHOLEOREEND. F#
FRAKEIEES2 mm DIFT, BE~YAKE+ 2T 5.
HWADMA B IZRE L mm DIT T, AE~FAEEZET

5. RBEWRGBESEER0.5 mm LT CHE~ME %
B4 5. ARSI E0.8 mm LUT TALA %4 U2l
BaRd5. A3, RMSEWE L2 TEERE L, RAER
OFHEA, BH~RIROHEWA, ROra, KIRoAR
B APES . H T Z2NFLAERD SN, Ak
BT ICABITRRS S,

3.1.3 &##15061501

HWEH : =V IERE (My).

BRE A - FAREA R T, 201 EEER o
M7 (B 14XD).

B ¢ IR IS TN B RIS SIRE S
AA% - HENEORD A 2L
REEAZES - BRI AR, B e LT
FRA, RUMEA, RO, REWEMAE G Th
50BN LI LITHEIS A KT 5. REAOSIETER
f25 mm BIT T, BF~FtHEZ2T5. Fai
fld R4 mm T T, BE~FAREET S, Wi
AMEIEEZ4mm DT T, BAE~YAEE2ET5. A&
EHSE B3R 0.5 mm I F CHE~ L2245,
fi#iE, B~#HRofENL, BAE~RROWENG, #
TR, ROROAREIAGE TR I N5, A5
BThH BN, —ETIHREEH T ZANRDEND. LI
B ITRED b s,

3.1.4 &#$14102910

HER - HRIEILES - KiEE (T1).

FRERM R - FARR AT, HRE LT RO
19 (BEIKIA 5 5 14[XE).

BERR 1 JE X 3 m YLD RIIEIRAS

AR% - HANEGRDEA L.
REARFIESE - IR~ M & LT
FER, PUMEA, HEEA, AEVME . Th
5OBET LI LITHEMS 2 MK T 5. RIROMMITIE
225 mm LIFC, AE~FAFEZET 5. Rax
T RELS mm DITFC, HE~FAFEZET5. Hil
AN IERE2S mm LT T, A~ HAFEEET 5
B3 E0.5 mm LT CHE~E L2 2§
5. i3, R~8HRoORHRA, BH~RIRO PG
FOUMA, RRROAERGY, B A BT 5 ) i
METHIK SN D, ARTIEMETHD, HT7AFIFL
AEFRD BN, RIS ICAEIZRY S g,

3.1.5 &#14102701

wEL - FRIEILES - K (T).

RE A - FAREATH R, HAELAEE RO
M6 (55 14MD).
ER:RBWICBENT3RILEE D2 ) v H — .
FHANTIEE CA B OSBRI S N E BT 5.
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Fig. 14  Locality map showing the sampling sites for dating. Location of each area is shown in Fig. 3. Base maps are 1:25,000 topographic
maps published by the Geospatial Information Authority of Japan.

E2RA  HAARE ORI,
REAEAFRER - TN Z N, SRS & LT
#EA, RUEO, HEEO, SEWNSME &L, Ch
5OBEEE LI VIS 2 M9 5. RO iER
25 mm LT, AR~FAREEYT 5. FUTEOH
mldRE3S mm LIF T, BE~FYAEEETS. HEl

OB IERELS mm LT, BE~FYHEZRET 5.

BRI BESIZRIE0.S mm LU CHE~EEZ 2

5. fE, B~shRoRER, Bi~KRoHENEH,
RO, KROROAEWNGY, B AT 220 H L
WS TR ST 5., ARHIRSETH D, 7 AFFL
AERD SN, RIS AE TR S s,

3.1.6 &{#114090401
wER - HHHILAEE - KiEE (Tp).
PRERME ¢ AR NI B, AL ALY IR o M
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Ri5 (3 14XD).
ER:RBwICE RT3 70y 27V F Ty v a7
o —HEREY., RBfE1.5 m LUFO¥-HREOR IS g
5740, ABICEIHRAROBHIGEARD 5h s Z L
b5, HWEZRIEBEEREDOKILIK?» S 5D, Wik
R

BAL ARG RUT AL,
NEHAETFIVEE - SRR A RS, RS LT
BEA, REA, HRNEA, RNEWME &L, Th
5OREE LR LIXERSEZ KT 5. REROMMITRE
F27mm LR T, HE~VYHELZ2T5. Flan
midRF 1.8 mm LINT, AE~FAFE2T 5. HE
ARSI RE L7 mm LT T, A~ AFEEZET 3.
TBAGEBESE F20.8 mm ML F CHE~ME L 2+
5. LHE, R~¢HRoRRA, BH~KROHEENEA
FOrkEa, ROROAEMGY, B A FRET 50 A8
METHK EN S, AIIEHETHD, 7T AFFE
AERRD b, AR BT 5 s,

3.1.7 ##$14060317

MBS WA (Nr).

BREUM A  EARESENE, WEIREGR O 1 (58
100X 5 25 14 [XIA).

IR )2 &3 m DL EO KA E RIS BRI .
BAG AL AGHBAR A XA BRI
REHETFIESE BRI A R, BERESEE LT
FEA, SO, AL, 2ALALEED. B
LREE RS mm DR T, AE~FAE+235. 7
JEEAREEERE2 mm DITC, AF~FAFE+2T 5.
HAPE AT RES mm DIF T, AE~FAF* 27
5. AL AABREEE2 mm YT TREE~
FRT 5. A4 T4 v 4 MELTn B
A B AR EE & 521 TT A —/NIROERE AR
LR, FUMMGEORKIGHICI D HEh T3 DR,
5ha. A&, R~EERORESG, WHEEG, ®5
WA, ROARDOARE SIS TRE W 5. Hid5esl T
H T ZERRD 5k, AR FICABIZRD Sk,

3.1.8 &#113052611

WER  mAMEE - KILEEE (ZK).

FRERHE 2 - P L NIRET 3R A 5 O i 3 (3514 XIB) .

ER JE 2 m OXREARIERINE S, LN E2R
HokilifmEackEh i 0, D57 & Kilfases~
ERLF B s, KPABIHASO—HEEA LN
5.

BAR%A  HRDARDTA KEUa B L

RHAERFEVEFR - Bz R, M e LT
PR, FOTRA, HRMA, REWIME &t FHR
AP RE3 mm LT, BE~FAEEEZET 5. #

FEARRIIREE2 mm DIF T, BE~FAE*ET 5.
WA AT BE28 mm IR, HE~FAELE
T 5. AEHIRSIEERFICIfOARED 5N, &
205 mm DIF CMIE 2 295, A, R~FERKD
A, HWANEA, RO5EA, RRROAEH IS THE
ENb, AREESETHD, HI2AREEAER
S, AR BHTH 2 H, T BT
IZEBL T E0 03D 65,

3.1.9 415060804

WER  HEEE - KPS (w).

A A FKHENIRNT, A5 p i R O b4 (5 14
XC).

EEAR & 4 m DL EO KRR R BN E .
BR% AR RRME AR,
REARFIEE IR EZ R T, B e LT
FHEA, HEMH, RIARH, NEHIEME &L, fHE
AEEIEEE2 mm DIF T, AE~FAKERE TS, H
PHEGHIZ R mm DT T, A~ LAEELRT 3.
FUMEABESIZESE D mm DR T, A~ FAEEZET
5. ANEWHIEEP S IER0.4 mm LU T CHIE~ME %
B4 5. 433, HROBEA, BHIR~RARO ¥R
£, KIROARBHGE S TR S 5. fHITIEME T
HTAFNFEALERD SN0, AEERICAREILR
Sz,

3.2 AEFE

K-ArEEEE L, MRS thas L E e i i 2K
FHL 7z, AlEdgidaie U, 2 hdid Ok (2006) 12
e 7= FAGENE kT, BREIE2(1984), BE - B
(1988), Itayaeral. (1991)IZHE -7z, KDOERITINIK
Bk 0T 572 ArDERIZIZ AR P L =9 =L L7z
R ARARRE & F 072, AdEf Ao flE ik 2 By, 2
NENOWEMZE AW THERZ R L 72, FREOFHR
1213 Steiger and Jager (1977) 12 &k 2 B2 @ K & I 72,

3.3 BAIERE
K-ArfROlE S R 4 3% R 4. EliEs - kil
WHEAE 2 513253 £ 0.07 Ma (IMEFHFER, #7251 1o,
LUTTRR), FHEERINKIEE - VA2 5131.97 £ 0.15 Ma,
EVIERED» B 171 £ 0.03 Ma, HIELAS - KR
A 612171 £ 0.05 Ma, 1.69 £ 0.04 Ma, 1.68 * 0.03
Ma, JRJIDNIAS A 513 1.42 + 0.15 Ma, FANAS - X
INFE S 5130.85 = 0.11 Ma, FHEES - KitEH» 6
130.82 + 0.04 MaDFANE SNz 186 NZK-ArfEAR
filfid, WIhOREE IR E LA ENHETH S
Zl, BREFIFELENWI ELSE (5K, 2hEFho
WE2=y I OEHFERERTEHWIE NS,

Bk, WMEMAES - KUESIZOWTE, K
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Table 3 Results of K-Ar age determination.

Sample Geological unit Occurrence  Locality* Latitude Longitude K Rad. “°Ar K-Arage Non rad.
name (N) (E) (Wt.%) (10%cc STP/g) (Ma) “OAr (%)
. . 774 £ 0.10 083 £ 005 743
+
15060804 Flwad‘l"‘k‘i."i’ai‘ A”des'lte massive 4 400281 21.6" 140048 47,20 COAT E 00T 4ol 009 081 £005 741
yroclastic Rocks ava weighted average: 0.82 *+ 0.04
705 £ 022 084 £ 018 92.7
isaki i i 0.323 + 0.006
13052611 f,aklwa.m;satk.' "Ff“’ak& Basaltic anldes'te 3 40°28'50.9" 140° 49' 41.9" 107 £ 017 085 +0.13 906
olcaniclastic Rocks massive lava weighted average: 0.85 % 0.11
144 = 0.23 137 £ 022 899
i i 0.270 * 0.005
14060317 Nurukawasawa Lava  Dosanic anldes'te 1 40°29'11.4" 140°48'6.2" 155 + 023 1.48 £ 022  89.2
massive lava weighted average: 1.42 * 0.15
582 + 0.12 167 £ 005 433
0.896 + 0.018
14090401 PT "r‘évggzﬁs";ié‘é";&) B'°°§e&:§‘sﬂow 5 40°28'7.1" 140°58' 36.5" 589 £ 013 169 +005 421
4 P P weighted average: 1.68 % 0.03
6.01 + 0.13 170 £ 0.05 450
- - 0.912 + 0.018
14102701 ;oxiizi";;';:;’?ﬁ) A”des'ltaevgass've 6 40°27'41.3" 140°58' 43.2" 596 +0.13 168 £ 005 455
4 weighted average: 1.69 * 0.04
504 £ 0.20 172 £ 0.08 667
i i 0.756 + 0.015
14102910 ;ﬁigi{i”;;t:;’?% A”des'lt:\lr:ass"’e 9 40°27' 42.4" 140°57' 28.6" 4.99 £ 0.19 170 £ 007 659
Y weighted average: 1.71 * 0.05
- - 566 + 0.12 172 £ 005 425
15061501 Mitsudake Lava A”des'lt:\/r:ass"’e 7 40027 556" 140059 333" 0847 £ 0017 o 041 170 £ 0.05 421
weighted average: 1.71 % 0.03
. 6.86 + 0.74 197 £ 022 862
0.895 + 0.018
14061004 Ut;‘;“cizgjrmal_:ﬁff;)"c B'°°§e&:;rsﬂow 11 40°26'53.9" 140°58' 12.1" 6.84 + 0.72 197 £ 021  86.2
P weighted average: 1.97 * 0.15
Subaqueous 0437 + 0.009 429 + 0.14 253 + 0.10 60.9
15111302 ,, lTak.afaTa'éa"E &Tk autobrecciated 12 40°25' 46.6" 140°55' 58.1" 430 £012 254 £009 570
olcaniclastic Rocks (Tk) lava weighted average: 2.53 % 0.07

*See Fig. 14. The decay constants used in the present study are A,(“’K)=0.581x10"""/year, A;=4.962x10""/year and *’K/K=1.167x10 (Steiger and Jéger,

1977). Errors are given at the 10 uncertainty level. Rad.: radiogenic.

2 (1998) 12 & ) 1502 5 0.45 + 0.16 Ma, 0.62 £ 0.16
MaDK-ArfERAHE ST b, ZThs 0ERIZ, &K
i TR 5 N 72K-ArfER (0.85 £ 0.11 Ma) & )  HRICH
VX5, MAMES - KL ES S SIS K
45 (0.82 = 0.04 Ma) IZE DN 2 BIFRIRE & TIET 5.
IS DEVEVOERIZIOWTIE, L2 AIES (1998)
PNERHHEE TH O, SURHRIUh AR W ik - 4fF
FHOFHELWVELHA WO ARHTH 5.

4. U-Pb #FK

4.1 AIEHM

- FIH AR MR 35 0 % Ril i ~ v TS A L )
WOMED =8, FHHIES - KIS E NICET 5%
W, 7 WK HER, FREERIAAES - 5, K
TP FHERE I 2> & FRELL 72 ks 430 BHZ D0 ¢
U-POFAHINE % 1778 5 72, GURHEREUHD 21 % 28 14 X12oR
. LIS, &R RoRHl & iCdid 5.

4.1.1 #%14102906

WER : hEi (M) . FHEIED (1973) TR ERK 25k
R |, EREPEEA R T XL X — 7 (1976) TIZAI
HIINEE STz g DIZHMT 5.

REM A - HFAEAH TR, HRIE L 5RO H
F8 (EIKIA 5 55 14XE).

FERR BT OTEOIESEHE O G~ IRIK AT LA 6
ZERI Y 2 b=V, BriFiom EHB. FLA
EEBAEZ T T WY, —RT 5 LI
JEIZH A3, ZOFEY A —vDEMAEEX8m MLE
DER BRI AR E S .

BR&:TAYA P ~WAGEETEY) 2 =

EEHREOFIVES  MERETHD, 1T ALK
GEn. BElmm DTOREGAE ZELDAT
b5,

4.1.2 #H#$413060114

WESR 7 7 R (Kr) .

BRE A - HAEHHETTRERRE S, H 7 Rk
13 GE7 5 5514 XG).

FER R X 10m DLEOIRERS TR, RS
DFEEREETH - 72720, iRk FREEIC L
7=,

BRE: TA VA b ~bUE R A K LB

EEREOFIER  JERICHRETH S, WETA X
O E LT, BfF2 mm DIFOFHRA, A%, M@
A, BFE1 mm DUNORAHA, HEMA RO RERO0.5
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Table 4 Instrumentation and operational conditions for the LA-ICP-MS analysis.

Sample no.

Laser ablation

Model

Laser type

Energy density

Spot size

Repetition rate

Duration of laser ablation
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

13060205B

New Wave Research NWR Femto
Femtosecond

2.0 Jicm?

25 mm

5Hz

20s

0.60 L min™

Nu Instruments AttoM
Magnetic sector field

Deflector jump

1300 W

0.70 L min™’

<1%

Batch analysis

28 s (20 s gas blank, 8 s ablation)

ZOZHQ, 204Pb, 206Pb, 207Pb, ZOBPb, 232Th, 238U
0.1 s for each

Nancy 91500 "'
OD-3%%*

13060114, 14102906, 15082908

New Wave Research NWR-193
Excimer ArF (193 nm)

2.1-3.0 Jiem?

25-35mm

5-10 Hz

20s

0.54 - 0.59 L min™

Thermo Fisher Scientific iCAP-Qc
Quadrupole

Standard mode (no collision gas was used)

1400 W

0.85-0.92L min”"

<1%

Time-resolved analysis

50 s (15 s gas blank, 35 s ablation)

298i, 202Hg, 204Pb, 206Pb, 207Pb, (208Pb), 232Th, 238U

0.2 - 0.3 s for 2% 297pp, 0.1 s for others

Nancy 91500 "
oD-3'*%*

*1, Wiedenbeck et al. (1995); *2, lwano et al. (2012); *3, lwano et al. (2013); *4, Lukacs et al. (2015).

mm L FOARNEWNGM & &8, AEHEMOh TR, Yl

FYIBEAIIREE0.7 mm LU THB~ 2 9 5. £k

ARO RS £ <, HREOA RS DAV, A3
WD & D% % < G

4.1.3 #115082908

HER - RIS - IS (U2).

BRERME AR AT RN Efos 11 (58
14[X|F).

BERR: TA A PARPABRE S GESIXB). Rff40
emPA FOFT A 4 F MEETHK SN, BH—AMT, B
WOWH G2 R ORI A &

BARL RO EEAN AR A T A A b

REHETFIEE SRR AR T, BRI E LT
A, A fka, SeEAlTa, HENA, &
M % adr. RHRABIZESE4mm LR T, BE~f
HEETS. OEEMTIEES mm DT T, FAE~
EERTS. AV EoTNB DAL, B A
B3 EZ1Ssmm DTT, AE~tAEZzRET5. &

WAKAREIIRE4 mm LT, BE~WEE2 2T 5.

T8 A ) AEFEFO O 5N D, HFHEA R
FEES mm ITMT, AE~FHEEZETS. £EY]

Ml AR Y ) HHEE TR I NG, T AL
FeALRY O, AEEBICAEIER® 5 husn,

4.1.4 H%113060205B

HWEH KR RHEREY (Mz) .

FREU & FKH I NIRAT K R O M g2 (B8 131X 5 28
14[XB) .

R - JEE 6 m LLEOWEIKE % B9 2 IEEHE AT
W), KEROOHERKEETS - 72728, iR
ZARGHIEIZHE L 72,

EAE T4 YA b~ BCE R A K ILREEE S

RHAARFEE  SRETH L. WY A XD
L LT, Rff2 mm TORMERA, A%, Ef1 mm D
ToRTHA, WEAR A, RE£0.5 mm LT OAREH
S T MEOHENEG & &,

4.2 BAIEFE

U-PbAERHIEICIE, V=¥ =T T L =¥ 3 Vil
BT 5 X2 EESM (LA-ICP-MS) ¥ & w2, ik
BMAStHE#E 74 vy a vy - b Ty ZICIRIAL 72, U-
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Table 5 Results of U-Pb age determination.

Sample : : .« Latitude Longitude U-Pb age
name Geological unit Occurrence Locality (N) (E) (Ma)**
130602058 Mizunashisawa Pyyoclashc Non-welded pumice 2 40°28'51.0" 140°49'01" 0.72 * 0.07

Flow Deposits flow deposits
Utarubegawa Pyroclastic Subaqueous 0 D@t " 0 57 " +
15082908 Rocks and Lava (U2) autobrecciated lava 10 40° 26' 27.4" 140°57'40.9" 1.59 * 0.08
13060114 Karasawa Pyroglastlc Flow Non-welded pumice 13 40°25'37.8" 140°56'4.3" 2.42 + 0.07
Deposits flow deposits
14102906 Miocene Pumice lapillistone 8 40°27'39.2" 140°57'14.9" 7.61 % 0.14

*See Fig. 14. **For more details, see Table 6 and 7.

P BT IS W 2 ICP-MSEEEHE, —EHICRAICP-MS (Nu
Instrumentstl BLAttoM) & 7= 13 DY & iz BUICP-MS (Thermo
Fisher Scientifictl# iCAP-Qc) TH Y, L —¥F—7 T L —
YavH )y IZET 2 A P L — % — (New Wave
Researchfl: %! NWR Femto) £ 7213 A;fF=F v L — % —
(New Wave Researchfl#INWR-193) & 2 7 4 & flAHD
& T\ 5 (Yokoyama et al., 2011 ; Sakata et al., 2014 ;
Maruyama et al., 2016). L —+ —MEHEIL25 ~ 35umT
b3, L—H¥ WY K CICP-MSD &M% 4 FKIRT.
(E\Uﬁ L7 fﬁiﬂi ZOZHg, 204Pb, zost’ 207Pb, zospb’ 232Th, 238U./6
H 1, PPUPoiER I L OPUPHER &SR 72, HlE
AICIE, Yha vy REOEEREE TSI T Y a3y b
2 ) — = 7% (lizuka and Hirata, 2004) #fEiL 7=. 3HiiE
LRif1 ARy PC, #EAEOA Y o —2 3 v zkElT
THifiE RS 72, &, @AFH13060114 130 L 722
vy NER, 2R BS o 3EENE DL 3 v AR &
Briz=. S3IiED 1k 2 & » & — F & L CNancy 91500
UL ¥ (Weidenbeck et al., 1995: *°Pb/**U=0.17917) % [l
Wiz 72, FARENERS RO EREN: AR 5 20, 2
WRAHZVZE—FELTOD3IYNLT Y (HEIEH, 2012
Iwano et al., 2013; Lukécs et al., 2015) & 70fr L 7=, 44K
M, RO IR ICHIE L 7291500 YL a v D
P/ U & UTPHACPhLE DA D K U FF B (%2SD) %
PERERE L U CERR I B2 RENEES IR 35
Botatinge & SAGREIERR S E 7.

4. 3 BIEHER

TEASROME A H 5L, AT — 2 OFHIZ 56
EROFETRIZINT. BREEF20TRT. UPbiEREL
TR, BEOLD/NXOPhSPURER AR L 2. &R
Bovravkiroaya—F4 7REEI5KICRT.
ava—s4 7R, HETZ 4 vy ay - bTwsIck
% MI5EfE % 212, PythonZ 2 1) 7 b D UPbplot.py (Noda,
2016, 2017) ZHWTHEKR L7z, a2y a—2 Y b OHE
DT, P/ PUHARAA £ B Ma (A AR, B : 20
D), 'Pb/PUHEARAC = D Ma (C = #RU#H, D: 20

D) & LT, PoUER PO UFE R K D &
<, A1 (F&ED) 20 L84, £ U T7Ph/ P UHFAR
PP U & D <, X2 (FRD) AR D o565 %
avaA—-xv &L

(A4+B)—(C-D)

v x100>0 X (1)
911§¥;§i£9x100<0 X0)
4.3.1 #H#14102906 (FEik)

HIE L 2230k 1, 2K A2 Yya3 -2V N Tho
OETE IS, ava—x v PRI B, 2k
FH12 ~ 11 Mak HOFEREZIRT A, T Oftho 20K+
1385 ~ 6.9 MafillZEh L, R FHN %R % (GF
15K . e MO MET-AE2 5, 7.61 £+ 0.14 Ma
DU-PHHEMRAE #1572 (5555 5 557 29).

4.3.2 #H#F13060114 (H ZiRARFHIEY)

30K AME L7224, FHOWEO 729 2k 1T Py
TFIANB0EREYA T AL ES(ZThoDTF — 41
WORKUETRITIFIBE L Zvy). 5RO D28 KT, 24
RFBRIAYI—F U N ThHh-7 (7K BHI5K). Zh
5Dy a—xy MR, W RER AR %GB
15K). ZOMEFEEMEH, 5, 2.42 + 0.07 Ma®DU-PbA-
RIES2Z (G52 1K), H 7 RKIRFRHEREY O
A mLEE - KILEE S 2 513, 2,53 £ 0.07 Ma
DK-ArFRB3R 5N T3 E3K). 155N 72U-PbHEA
EK-AERUD, BIPE RS FMNT 5.

4.3.3 #H#15082908 (FHEIR/IIAFE - BE)

30K A2ME L7224, FHOWEO 729 6 ki TPy
TFAPB0OE I~ F AL E o RO D24k,
00 FAIYA—-F Y N ThH-72(Fed: HI15K). Z
honavya—xy MR, H—ERENMEZBKTS
H15K). ZOMENEEMEA 5, 1.59 £ 0.08 Ma?®U-Pb
FRIEEGR 72 (BBs&R oK), FREBNAIE - 65
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Fo VLI VEEOU-PHIRIN AT — 2 (U 130602058 K% UF 15082908) .
Table 6 U-Pb isotopic data for zircon crystals (sample 13060205B and 15082908).

Grain ThiU Isotopic ratios Age (Ma)
no. 207Pb/206pb 20 206Pb/238u 20 207Pb/235U 20 Concordance 206Pb/238u 20 207Pb/235U 20
Sample name: 13060205B
2 0.44 0.0356 * 0.0513 0.00016 + 0.000044 0.0008 * 0.0011 1.03 + 0.28 0.80 * 1.13
16 0.54 0.1841 £ 0.1800 0.00008 + 0.000032 0.0021 £ 0.0019 0.53 + 0.21 211 £ 1.90
17 0.64 0.1055 * 0.0909 0.00009 + 0.000026 0.0014 £ 0.0011 0.61 + 0.17 140 + 1.15
19 0.87 0.1228 + 0.0873 0.00010 £ 0.000023 0.0017 £ 0.0011 0.63 + 0.15 1.68 + 1.13
22 0.70 0.0634 +* 0.0438 0.00012 + 0.000020 0.0010 #* 0.0007 0.76 + 0.13 1.05 + 0.71
25 0.63 0.1445 + 0.1268 0.00012 + 0.000038 0.0024 * 0.0020 0.78 + 0.25 246 + 2.02
26 0.53 0.0702 * 0.0652 0.00020 + 0.000049 0.0020 * 0.0018 1.30 + 0.31 1.98 + 1.78
Weighted mean (n=7) 0.72 % 0.07 1.34 £ 0.44
(MSWD=4.29)
Excluded grains
4 0.21 0.0475 * 0.0030 0.02127 + 0.000910 0.1393 * 0.0141 135.66 + 5.87 132.41 + 14.22
Discordant grains
3 0.52 0.3103 + 0.2263 0.00008 + 0.000028 0.0033 + 0.0021 discordant 0.50 + 0.18 3.39 + 217
9 0.70 0.6446 +* 0.2062 0.00010 £ 0.000020 0.0088 + 0.0023 discordant 0.64 + 0.13 8.92 + 235
11 0.43 0.6528 * 0.3895 0.00010 £ 0.000039 0.0092 + 0.0043 discordant 0.66 + 0.25 9.31 + 4.38
24 0.52 0.9888 +* 0.4666 0.00012 + 0.000039 0.0159 + 0.0055 discordant 0.75 + 0.25 16.05 + 5.55
27 0.85 0.1709 * 0.1076 0.00019 + 0.000047 0.0046 * 0.0027 discordant 1.25 + 0.30 463 + 272
28 0.78 0.2595 * 0.1139 0.00011 + 0.000022 0.0039 + 0.0015 discordant 0.70 + 0.14 3.95 + 1.57
30 0.42 3.1385 * 2.1307 0.00005 + 0.000029 0.0213 + 0.0073 discordant 0.32 + 0.19 21.41 + 7.43
Sample name: 15082908
1 091 0.0995 + 0.0495 0.00028 + 0.000043 0.0039 #+ 0.0018 1.81 +0.27 391 + 1.86
2 0.67 0.1000 + 0.0709 0.00030 + 0.000064 0.0041 + 0.0028 1.92 + 0.41 4.16 + 2.82
3 0.65 0.1214 + 0.0851 0.00023 + 0.000053 0.0038 * 0.0025 147 +0.34 3.87 + 257
5 0.70 0.0908 + 0.0906 0.00021 + 0.000060 0.0026 * 0.0025 1.33 + 0.39 2.62 + 2.51
7 0.68 0.0731 + 0.0741 0.00020 + 0.000055 0.0021 £ 0.0020 132 +0.35 2.09 + 2.05
8 0.90 0.0549 + 0.0386 0.00026 + 0.000042 0.0020 * 0.0014 1.69 + 0.27 2.01 + 1.37
10 0.68 0.0230 * 0.0369 0.00032 + 0.000077 0.0010 % 0.0016 2.03 + 0.49 1.02 + 1.61
12 0.88 0.0463 + 0.0375 0.00024 + 0.000041 0.0015 £ 0.0012 1.54 + 0.27 155 + 1.23
14 0.70 0.1324 + 0.0964 0.00022 + 0.000056 0.0041 £ 0.0028 144 + 0.36 414 + 284
16 0.71 0.0796 * 0.0677 0.00021 + 0.000049 0.0023 * 0.0019 1.35 + 0.32 234 + 191
17 0.65 0.0704 + 0.0730 0.00025 + 0.000067 0.0024 * 0.0024 1.62 + 0.43 247 + 248
18 0.69 0.0626 * 0.0602 0.00025 + 0.000059 0.0022 * 0.0020 1.61 + 0.38 218 + 2.04
19 0.72 0.0488 + 0.0597 0.00022 + 0.000058 0.0015 £ 0.0017 1.39 + 0.37 147 +1.77
22 0.66 0.0874 + 0.0817 0.00028 + 0.000074 0.0034 + 0.0030 1.79 + 0.48 3.40 * 3.05
23 0.42 0.1087 + 0.0969 0.00031 + 0.000087 0.0046 =+ 0.0039 1.99 + 0.56 4.70 + 3.99
25 0.61 0.0180 * 0.0407 0.00023 + 0.000069 0.0006 * 0.0013 146 + 0.44 0.57 + 1.28
26 0.64 0.0749 + 0.0682 0.00024 + 0.000057 0.0024 + 0.0021 1.52 + 0.37 247 217
28 0.67 0.1231 + 0.0926 0.00023 + 0.000058 0.0039 £ 0.0028 148 + 0.37 3.97 + 282
29 0.69 0.1060 * 0.0738 0.00030 + 0.000065 0.0044 + 0.0029 1.92 + 0.42 441 293
30 0.66 0.1266 + 0.0852 0.00027 + 0.000060 0.0046 _+ 0.0029 1.71 + 0.39 4.69 * 2.98
Weighted mean (n=20) 1.59 * 0.08 2.25 * 0.45
(MSWD=1.27)
Discordant grains
4 0.76 0.1577 + 0.1046 0.00023 + 0.000057 0.0050 #+ 0.0031 discordant 148 + 0.37 5.05 + 3.13
9 0.69 0.1719 £ 0.1159 0.00021 + 0.000055 0.0050 #+ 0.0031 discordant 1.37 + 0.36 5.09 + 3.18
21 0.70 0.1574 + 0.1034 0.00026 + 0.000062 0.0055 #+ 0.0034 discordant 1.65 + 0.40 562 + 3.44
24 0.68 0.2167 * 0.1224 0.00024 + 0.000057 0.0071 _+ 0.0037 discordant 1.53 + 0.37 7.19 + 3.70

o, ok kD 1.97 £ 0.15 MaDK-ArfER A 5
NTHB(EE3R). Zhb DEMNEIZ, 20D BEH AN
THEHBHT 5.

4.3.4 #13060205B (KEERAFFHIED)

30k - AMIE L7220, HVikBo 2z 1581 T*Pb
VEFIANTAF AL RS RO D15k, kT
MNAVA—FY P Tho7=(e6k; HISK). ava—
£V bPRTFDI 5, TRITA136 Mak W E RS,
ZFOMOTRITIX0.5 ~ 1.3 MafliZ 3 L, ki 74
M &R T2 (15X . ek £ 8 o s T 2
5, 0.72 £ 0.07 MaDU-PbHFAE 21572 GE5 &K 5 6.
ARIEFOK IR HE R % P 50 - K E 20 513, 0.82

+ 0.04 MaDK-AFERBEEN TS (B3ER). Zhbd
DOAEARAEIE, 20D FEEHIPAIN TEBET 5.

5. RIUEESE
), A FIEEI IR 350 5 T~ R i i

DWT, FElZHVE BN S AN T — 2 & G (K-
Ar - U-PbHAR) 7= 2 3 WD TR Bz, 15572
FRT— 213, WThEEFreFAMBTH D, FHEET
P EEACE LR ONENT LA 5, BHENRERT
YLD EHW NG, ThEDF— 22T, +
FIFE A IS0 2 45 1 2 AT ~ v B SE 7 1 oD L L i s
AREEEL 72 (5. DUFI, Ao KiLigsieizo
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Table 7 U-Pb isotopic data for zircon crystals (sample 13060205 and 14102906).

Grain ThiU Isotopic ratios Age (Ma)
no. 207Pb/208Pb 20 ZUGPb/ZBSU 20 207Pb/235U 20 Concordance 206Pb/238u 20 207Pb/235U 20
Sample name: 13060114
3 074 0.0445 0.0322  0.00043 0.000066 0.0026 0.0019 2.75 0.42 2.65 1.88
4 0.69 0.0284 0.0275  0.00042 0.000070 0.0017 0.0016 2.71 0.45 1.67 1.60
5 0.67 0.0377 0.0375  0.00042 0.000082 0.0022 0.0021 2.72 0.53 2.22 2.18
6 0.89 0.0545 0.0413  0.00034 0.000060 0.0025 0.0019 2.18 0.38 2.58 1.91
7 0.64 0.0481 0.0481  0.00031 0.000069 0.0021 0.0020 2.02 0.44 2.1 2.07
8 0.77 0.0177 0.0240  0.00042 0.000078 0.0010 0.0014 2.73 0.50 1.05 1.41
9 0.69 0.1001 0.0653  0.00041 0.000082 0.0057 0.0035 2.65 0.53 5.74 3.59

10 0.63 0.0246
11 0.56 0.0674
12 0.55 0.0647
13 0.64 0.0455
14 0.83 0.0175

0.0394  0.00037
0.0513  0.00030
0.0668  0.00042
0.0368  0.00042
0.0322  0.00043

0.000093 0.0012
0.000058 0.0028
0.000108 0.0037
0.000073 0.0026
0.000105 0.0010

0.0020 2.38
0.0020 1.91
0.0037 2.69
0.0021 2.71
0.0019 2.76

0.60 1.27
0.37 2.79
0.70 3.77
0.47 2.68
0.68 1.05

L o B o S e o S S o O B o S
Lol o o o o G S O o o S
L o S o o S s o S S o O O S
L S o o S s o S S L O O O S

o

SN

w

L L e o s
N
<)
N

15 0.75 0.0340 0.0298  0.00041 0.000066 0.0019 0.0016 2.62 . 1.93 .
17 047 0.0865 0.1042  0.00027 0.000094 0.0033 0.0038 1.76 0.61 3.31 3.83
18 0.78 0.1055 0.0587  0.00040 0.000072 0.0058 0.0031 2.58 0.46 5.90 3.15
20 0.73 0.0642 0.0443  0.00034 0.000060 0.0030 0.0020 2.20 0.39 3.07 2.06
21 1.08 0.0468 0.0190  0.00039 0.000038 0.0025 0.0010 2.50 0.25 2.54 1.01
22 0.58 0.0460 0.0391  0.00040 0.000074 0.0025 0.0021 2.57 0.48 2.56 2.14
23 0.83 0.0846 0.0538  0.00035 0.000064 0.0040 0.0025 2.23 0.41 4.10 2.52
26 0.75 0.0645 0.0596  0.00036 0.000084 0.0032 0.0029 2.32 0.54 3.25 2.92
27 0.82 0.0987 0.0572  0.00038 0.000068 0.0051 0.0029 2.44 0.44 5.21 2.90
28 1.15 0.0426 0.0217  0.00039 0.000045 0.0023 0.0012 2.53 0.29 2.33 117
29 1.87 0.0503 0.0116  0.00037 0.000025 0.0026 0.0006 2.38 0.16 2.60 0.60
30 1.37 0.0487 0.0131 _ 0.00037 0.000028 0.0025 0.0007 241 0.18 2.54 0.68
Weighted mean (n=24) 242 % 0.07 2.49 0.30
(MSWD=1.43)
Discordant grains
16 0.59 0.3812 + 0.1073  0.00067 =+ 0.000104 0.0353 + 0.0088 discordant 433 + 0.67 3524 + 8.93
19 0.83 0.2396 * 0.0547 0.00046 =+ 0.000051 0.0153 * 0.0032 discordant 299 £ 0.33 15.43 + 3.29
24 0.76 0.1712 + 0.0643 0.00044 =+ 0.000066 0.0103 + 0.0036 discordant 281 + 042 10.39 + 3.67
25 0.79 0.0092 * 0.0186  0.00050 =+ 0.000099 0.0006 + 0.0013 discordant 3.19 + 0.64 0.64 + 1.28
Sample name: 14102906
1 0.36 0.0255 + 0.0171 0.00116 =+ 0.000134 0.0041 + 0.0027 749 + 0.86 415 + 2.76
2 024 0.0281 + 0.0189  0.00108 =+ 0.000129 0.0042 + 0.0028 6.94 + 0.83 424 + 2.81
3 0.19 0.0486 + 0.0165 0.00117 =+ 0.000099 0.0078 + 0.0026 751 + 0.64 7.90 + 2.64
4 0.22 0.0576 * 0.0122 0.00112 * 0.000073 0.0089 * 0.0018 7.20 * 047 8.98 + 1.87
8 0.27 0.0481 + 0.0167 0.00132 + 0.000114 0.0087 + 0.0030 8.47 + 0.73 8.83 + 3.03
9 0.26 0.0457 + 0.0107 0.00115 =+ 0.000075 0.0073 * 0.0017 743 + 048 7.36 + 1.70
10 0.19 0.0455 + 0.0166  0.00125 =+ 0.000109 0.0079 + 0.0028 8.05 + 0.71 7.94 + 285
11 017 0.0447 + 0.0141  0.00119 =+ 0.000093 0.0073 * 0.0023 7.67 * 0.60 742 + 232
12 0.20 0.0463 + 0.0150 0.00118 =+ 0.000096 0.0076 + 0.0024 7.63 + 0.62 7.64 + 244
14 0.32 0.0318 + 0.0186  0.00127 =+ 0.000142 0.0056 * 0.0032 8.20 * 0.92 565 * 3.27
15 0.26 0.0476 + 0.0184 0.00117 =+ 0.000109 0.0077 + 0.0029 753 £ 0.71 7.76 + 2.97
18 0.23 0.0442 + 0.0215 0.00130 =+ 0.000134 0.0079 * 0.0038 8.38 + 0.86 8.02 + 3.86
20 0.25 0.0372 + 0.0205 0.00123 =+ 0.000132 0.0063 + 0.0034 7.96 + 0.85 6.41 + 349
21 017 0.0500 * 0.0151 0.00120 =+ 0.000083 0.0083 * 0.0025 7.75 + 0.54 840 + 249
23 0.20 0.0544 + 0.0159 0.00122 + 0.000085 0.0092 + 0.0026 7.89 * 0.55 9.29 + 2.68
24 0.23 0.0609 + 0.0266 0.00116 =+ 0.000124 0.0097 * 0.0042 745 + 0.80 9.82 + 4.21
26 0.19 0.0563 + 0.0202 0.00114 =+ 0.000098 0.0089 + 0.0031 7.35 + 0.63 8.96 + 3.16
27 0.16 0.0481 + 0.0124 0.00114 =+ 0.000067 0.0076 * 0.0019 7.37 + 043 7.68 + 1.96
28 0.24 0.0338 + 0.0164 0.00122 * 0.000110 0.0057 + 0.0027 7.87 £ 0.71 576 + 2.76
30 0.21 0.0492 + 0.0186 __ 0.00116 + 0.000098 0.0078 + 0.0029 745 + 0.63 7.94 + 2.96
Weighted mean (n=20) 7.61 £ 0.14 7.54 % 0.58
(MSWD=1.22)
Excluded grains
5 0.30 0.0581 + 0.0166  0.00183 =+ 0.000146 0.0146 + 0.0041 11.76 + 0.94 1476 + 4.18
7_0.25 0.0530 + 0.0193  0.00188 + 0.000175 0.0138 + 0.0049 12.14 + 1.13 13.88 + 5.01
Discordant grains
6 0.26 0.1066 * 0.0380 0.00116 =+ 0.000138 0.0170 * 0.0059 discordant 747 + 0.89 17.16 + 5.93
13 0.26 0.0202 + 0.0143 0.00115 =+ 0.000126 0.0032 + 0.0023 discordant 743 + 0.81 3.26 + 2.29
16 0.22 0.2205 * 0.0503 0.00134 =+ 0.000133 0.0408 =+ 0.0087 discordant 8.63 + 0.86 40.56 + 8.80
17 0.18 0.6425 + 0.0812 0.00111 + 0.000090 0.0985 + 0.0106 discordant 7.16 + 0.58 95.41 + 10.69
19 0.30 0.2844 + 0.0510 0.00127 =+ 0.000110 0.0499 =+ 0.0082 discordant 8.19 + 0.71 4944 + 8.33
22 0.31 0.1350 + 0.0440 0.00110 =+ 0.000127 0.0206 + 0.0064 discordant 711 £ 0.82 20.66 + 6.47
25 0.31 0.0269 * 0.0119 0.00112 =+ 0.000084 0.0042 =+ 0.0018 discordant 722 + 0.54 422 +1.85
29 0.20 0.0928 * 0.0251 0.00123 + 0.000101 0.0158 + 0.0041 discordant 7.93 + 0.65 15.87 + 4.19
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Fig. 15  Concordia diagram showing individual zircon data, with error ellipses representing 2 uncertainties. Concordant,

discordant and excluded data are represented by red solid, black dashed and black dotted lines, respectively. The
figure was made using UPbplot.py (Noda, 2016, 2017). PFD.: Pyroclastic Flow Deposits.
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Contamination from mortars and mills during laboratory crushing and pulverizing

Toru Yamasaki'”
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Abstract: Contamination of rock samples from laboratory equipment during crushing and pulverizing
was investigated. Pulverization using iron and tungsten carbide mortars, and agate and tungsten carbide
mills produced three suites of powders. Whole-rock data from the analyses of the three suites of samples
enabled assessment of the degree of contamination of samples by coarse crushing and pulverization. The
samples analyzed for major and trace elements compositionally represent basalt, basaltic andesite, dacite,
and rhyolite. The results from the analyses of major elements exhibit insignificant contamination from the
mortars and the mills. The heterogeneity of rock chips explains the compositional differences observed.
The tungsten carbide mill contaminated samples with tungsten and cobalt. The significant scatter of other
trace elements data is attributed to sample heterogeneity, with no systematic effect from contamination.

Keywords: contamination, pulverizing of rock samples, powdered rock samples, whole-rock major

element, whole-rock trace element

1. Introduction

Whole-rock analysis of rock samples provides fundamental
and important data for earth science studies. Advances
in analytical methods and the expansion in the use of
analytical instruments have facilitated the precise chemical
compositional analysis of rock samples. The preparation
of samples before analysis includes cutting, crushing,
splitting, and pulverizing (e.g., Terashima et al., 1990;
Potts, 2003). Such processes generally include an iron
jaw-crusher, iron mortar and tungsten carbide mortar for
crushing, and an agate mill and tungsten carbide mill for
pulverizing. In particular, equipment composed of tungsten
carbide is commonly used for crushing and pulverizing
because of its hardness; however, contact between
samples and the equipment during preparation exposes
the samples to contamination from different elements
(e.g., Ando, 1986). Several authors (Myers and Barnett,
1953; Barnett et al., 1955; Thompson and Bankston, 1970;
Hickson and Juras, 1986; Roser et al., 1998; Iwansson
and Landstrom, 2000; Takamasa and Nakai, 2009)
have documented the contamination of samples from
preparation equipment. Analytical instruments currently
determine trace element concentrations at sub-ppm (parts
per million) levels in rock samples. Contamination by any
element from pulverization poses the risk of geochemical
data misinterpretation. Although contamination is
inevitable, its impact on the data generated is dependent

on the content of contaminant elements in the samples.
An appraisal of contamination is thus important for the
interpretation and reliable discussion of whole-rock data.

This paper examines the contamination of rock samples
by pulverization using laboratory crushing mortars and
grinding mills. The data employed in this study included
major elements and forty-five trace elements generated
using X-ray fluorescence spectrometer (XRF) and a laser
ablation-inductively coupled plasma-mass spectrometer
(LA-ICP-MS).

2. Materials and methods

2.1 Overview: combinations of crushing and grinding
equipment

Three suites of pulverized samples provided data used
for the evaluation of contamination by coarse crushing
and milling (Fig. 1). Visibly homogeneous fine-grained
rocks were split into two portions and coarsely crushed in
an iron mortar and a tungsten carbide mortar, respectively.
An agate ball mill was used to grind the samples crushed
using the iron mortar. An agate ball mill and a tungsten
carbide mill were used to grind a portion of each sample
crushed in the tungsten carbide mortar. The prepared
samples comprised basalt, basaltic andesite, dacite,
and rhyolite, which amounted to twelve samples for
comparison and evaluation. The sections below contain
detailed descriptions of the procedures.
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Rock sample

I
I
ﬁ(N Tungsten carbide
Iron mortar mortar

Slabs/chips

~80 g ~80 g
Reduced Reduced
~20g ~20g ~40 g
Agate mill Agate mill | [Tungsten carbide mill

Suite 1 Suite 2 Suite 3

Fig. 1 Schematic illustration of the pulverizing process. The
rock samples were split into two portions and crushed
using iron or tungsten carbide mortars. Coarsely crushed
sample from the iron mortar was ground using an agate
mill (suite 1). Coarsely crushed sample from the tungsten
carbide mortar was further split into two portions and
ground using an agate mill (suite 2) and a tungsten carbide
mill (suite 3).

2.2 Samples and sample pretreatment

The homogeneity of samples is important for the
evaluation of contamination from equipment because
pulverizing occurs after crushing. To evaluate the effect
of contamination required samples of varying composition
because the concentration of elements in igneous rocks
is dependent on the degree of differentiation. Therefore,
volcanic rocks of the Nikoro Group from the Tokoro
Belt, in Hokkaido, with compositions ranging from
primitive basalt to rhyolite were utilized (for details of
the Nikoro Group, see Yamasaki and Nanayama, 2017,
2018 and references therein). The samples studied showed
varying degrees of alteration; although a heterogeneous
distribution of alteration veins is undesirable for any
sample, a pervasive alteration had minimal impact on
the comparison in this study. The scarcity of samples
controlled the choice of samples and accounts for the
collection of some altered samples.

The rock samples were cut into slabs (a few millimeters
thick) or chips using a rock-cutting saw. Scraping of
the surfaces of the chips with a diamond disk removed
any contamination from the rock-cutting saw. Cleaning
by ion-exchanged water was conducted for 30 min in
an ultrasonic bath after the initial cleaning of the chip
surfaces. The samples were then dried in an oven for over
24 h.

2.3 Crushing and milling

The slabs or chips of samples (~80 g) were crushed
coarsely to <4 mm fragments using iron and tungsten
carbide mortars (Fig. 2a). The sizes of the iron and
tungsten carbide mortars were 14.5 cm in diameter and
12.5 cm, high and 10.0 cm in diameter and 11.0 cm high,
respectively. The coarsely crushed fragments were then
reduced to ~40 g and ~20 g for pulverizing with tungsten
carbide and agate mills, respectively. Contamination
of the samples during coarse crushing in the tungsten
carbide mortar was unexpected due to the durability of the
mortar material. However, trace elements such as nickel,
cobalt, and tungsten, which are important in petrogenetic
interpretation, are sensitive to minor contamination. The
higher (a few to several wt%) content of FeO/Fe,0,
in many igneous, metamorphic and sedimentary rocks
minimizes the impact of contamination by iron from the
iron mortar, even though the iron mortar is less durable
than the tungsten carbide mortar.

An agate planetary ball mill (Fritsch — GmbH, MP-7;
Fig. 2b, ¢) and a tungsten carbide automatic pulverizing
mill (Herzog, HP-MA; Fig. 2d) in the laboratory of
the Geological Survey of Japan (GSJ-Lab) served for
pulverization of the samples. The agate planetary ball mill
was used to pulverize approximately 20 g of samples at
800 rpm for 10 min, with the rotational direction switched
every 2 min. The size of the vessel was 4 cm in diameter
and 4 cm deep, and the balls were 1.5 cm in diameter. Six
balls were used for pulverizing in each vessel. Cleaning of
the agate vessel and balls was performed using quartz sand
after each sample to avoid cross-contamination. Automatic
features of the Herzog HP-MA pulverizing mill, such as
emptying and cleaning with compressed air and ethanol,
allowed sufficient removal of material after each sample.
The mill consists of a 100 cm? vessel with an inner floating
ring and cylinder set. The automatic pulverizing mill
ground approximately 40 g of coarsely-crushed samples
for 40 s. The final fineness of the powdered sample using
both mills was 40-0.5 um, which is comparable with the
grain size distributions reported from another laboratory
(Roser et al., 1998).

2.4 Geochemical analyses

An XRF spectrometer (PANalytical Axios) in the GSJ-
Lab was used to determine major element compositions
following the procedure described by Yamasaki (2014).
Glass beads were prepared by mixing 0.5 g of powdered
rock sample and 5.0 g of a lithium tetraborate flux (Li,B,0.:
Merk Co. Ltd., Spectromelt A10, #10783; 10 times the
amount of the standard powder sample). The glass beads
were used for subsequent LA-ICP-MS analyses. An LA-
ICP-MS system in the GSJ-Lab was used to measure the
trace element compositions. The equipment consisted of
an LA system (New Wave Research, NWR213) coupled
to a quadrupole ICP-MS (Agilent, 7700x), and analysis
employed procedures described by Yamasaki et al. (2015)
and by Yamasaki and Yamashita (2016).
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Fig. 2 Equipment for the crushing and pulverizing processes. a) Mortars: iron mortars (1 and 2), and tungsten carbide
mortars (3 and 4). (1) and (4) were used for this study. b) Planetary mill (Planetary Micro Mill PULVERISETTE 7
classic line, Fritsch-GmbH). ¢) Agate grinding vessels and balls for the planetary mill, and d) Tungsten carbide mill

(HP-MA: Automatic pulverizing mill, Herzog).

3. Results

The results for the geochemical analyses of the studied
samples are listed in Table 1. The major elements data
were normalized to 100% for the compensation of
weighing errors, which enabled comparison of the various
pulverizing suites (Table 2). Table 2 and Fig. 3 show the
differences in the compositions of suites 2 and 3, relative
to suite 1. The comparison shows significant differences
between suite 1 and suites 2 or 3, but lower differences
between suites 2 and 3 (Fig. 3). The differences observed
exceed the precision of the XRF analysis (i.e., 0.04
wt%; Yamasaki, 2014). The smaller differences between
the samples of suites 2 and 3 compared to samples of
suite 1 (e.g., Fig. 3b and c) suggests slightly different
compositions of the crushed rock chips. This difference
is attributed to the heterogeneous distribution of alteration

veins in some samples.

Contamination of the samples from the crushing and
milling equipment could result in iron enrichment from
crushing in the iron mortar and silica enrichment from
grinding in the agate mill. The Fe,O,* (total Fe as Fe,0,)
content of the various suites of samples was used to
assess the impact of the iron mortar during preparation.
Comparison of data for samples pulverized in the agate
ball mill showed no enrichment in iron for suite 1 samples
crushed in the iron mortar, and suite 3 samples had silica
contents comparable to those of samples pulverized in the
agate mill (Table 2 and Fig. 3). Contamination from the
iron mortar should be prominent in rhyolite due to its low
iron content. The basaltic andesite and the dacite samples
from suites 2 and 3 were depleted in iron relative to suite 1
samples; however, this was not observed for the basalt and
rhyolite samples. The samples for suites 2 and 3, except
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Table 1 Whole-rock major (wt%) and trace (ppm) element geochemistry for the studied samples.
Basalt Basaltic andesite Dacite Rhyolite
Suite 1 Suite 2 Suite 3 Suite 1 Suite 2 Suite 3 Suite 1 Suite 2 Suite 3 Suite 1 Suite 2 Suite 3

SiO, 48.18 48.32 4849 53.13  54.13 5498 63.48 63.59 63.54 78.61 78.42 78.45
TiO, 2.60 2.69 2.58 2.63 2.53 2.49 0.43 0.42 0.42 0.43 0.46 0.44
Al O, 16.27 1633  16.09 13.34  13.07 13.18 16.23 1624 16.11 930 9.66 9.54
Fe,0* 12.87 1291 12.53 14.14 1344 12.85 6.16 5.86 5.64 428 435 424
MnO 024 023 0.23 0.17 0.17  0.16 0.11 0.11 0.10 0.13 0.14  0.13
MgO 6.00 6.08 5.87 390 371 3.60 0.50 047 0.45 1.31 1.37 1.34
CaO 8.82 7.84 8.92 890 935 9.44 086  0.86 0.87 0.61 0.65 0.62
Na,O 430 431 431 3.61 342 355 243 2.33 2.34 1.30 1.35 1.33
K,O 0.88 0.95 0.89 0.55 0.38 0.31 9.97 10.19  10.19 3.10 3.23 3.20
P,O, 0.35 0.36 0.35 0.35 0.34 0.34 0.06 0.06 0.05 0.16 0.17 0.17
Total  100.50 100.02 100.27 100.72 100.53 100.89 100.24 100.13 99.72 99.24 99.80 99.45
LOI 7.69 7.18 7.91 294 298 2.87 1.35 1.28 1.55 207 219 2.3
Sc 27.5 38.5 21.7 37.5 37.4 36.7 19.3 14.6 12.8 18.6 16.3 13.9
\Y 288 315 291 329 335 329 4 2 3 84 81 85

Cr 74.87 77.02 68.68 36.86  63.36  35.00 1049 9.71 5.99 23.15 41.25 23.11
Co 425 424 434 40.8 39.1 47.6 1.4 0.4 69.4 11.9 10.6 16.5
Ni 108.94 108.61 119.39 5541 56.00 55.02 162.23 167.53 55.36 25.04 26.87 37.89
Cu 98 103 92 103 103 103 5 7 4 86 85 72

Zn 133.1 1343 134.1 1343 136.8 1344 292.1 290.8 286.4 77.9 73.3 76.6
Ga 24.5 250 234 254 228 24.5 451 38.6 33.6 17.3 15.3 12.4
Ge 2.56  0.13 0.58 n.d. n.d. n.d. 1.15 1.38 1.02 0.81 059 0.72
As n.d. n.d. n.d. 3.95 0.44 1.55 1.77 1.68 1.39 1.45 1.80 1.53
Rb 13.0 13.0 11.2 12.1 11.8 11.5 190.0 198.2 190.3 102.1 873 87.4
Sr 176 177 170 102 102 104 55 60 55 81 78 80

Y 28.3 29.4 27.4 41.0 36.5 38.5 92.0 88.3 92.2 16.7 15.8 13.4
Zr 186.0 194.0 185.7 187.4 184.5 188.9 1869.8 1745.5 1771.2 75.9 754  77.0
Nb 1297 16.11 12.82 15.18 13.87 14.64 160.62 150.86 146.66 4.09 3.31 2.97
Mo 0.60  0.51 0.31 1.17 3.39 1.70 3.14 277 472 0.83 0.19  0.28
Cd n.d. n.d. n.d. 0.25 022 020 0.31 0.37 0.10 0.01 0.00  0.05
Sn 1.56  2.08 1.38 2.53 1.83 1.23 7.02 6.56 445 0.91 0.56  0.58
Sb n.d. n.d. n.d. 0.04 0.06 0.05 0.14 0.04 0.15 0.31 020  0.26
Cs 1.43 0.42 0.39 1.42 0.73 2.29 1.31 1.16 1.28 1.44 1.54 1.35
Ba 108 113 105 127 118 130 572 514 528 328 295 280

La 16.66 21.07 17.60 20.43  19.84 19.78 111.25 109.49 104.88 1773 1571 13.61
Ce 402 459 405 458 416 413 226.0 212.0 210.8 437 403 43.1

Pr 4.90 5.51 4.13 5.15 4.76 5.50 32.62 3099 31.80 554 490 412
Nd 21.1 22.4 19.6 24.1 22,6 246 116.5 111.5 108.9 18.3 17.8 15.7
Sm 6.33 6.49 7.61 10.02 7.57 6.54 2247 2432 21.88 4.10 416  3.08
Eu 1.8 2.9 2.0 2.2 1.9 2.0 4.0 32 3.5 1.1 0.8 0.7

Gd 5.65 6.36 4.44 7.90 7.90 7.18 21.77 19.09 18.77 3.39 2.87 2.85

Tb 0.76 1.09 0.90 1.12 0.99 1.23 2.87 294 241 0.52 0.57  0.51

Dy 5.19 599 475 6.14 585 5.86 21.03 18.65 23.26 3.57 3.09 2.80
Ho 1.24 1.56 1.47 1.86  2.00 1.60 346 354 431 0.69 0.54 057
Er 2.89 293 2.93 3.22 382 332 9.86 897 11.10 1.84 1.61 1.39
Tm 032 0.60 046 0.58 0.54 046 1.57 1.63 1.68 0.31 029 0.20
Yb 2.05 3.63 1.85 2.88 3.58 3.18 9.65 9.00 8.82 1.56 1.58 1.38
Lu 0.54 0.35 0.41 0.55 0.72 0.71 1.52 1.55 1.50 0.27 0.25 0.22
Hf 3.63 420  3.10 3.89 387 373 34.18 34.17 33.59 2.01 1.86 1.59
Ta 1.83 2.13 1.80 2.41 2.16  2.08 15.72 1637 14.69 0.49 0.48 0.36

W 030 097 2537 1.15 1.33  119.63 1.46 1.13  163.55 039  0.81 43.62
Tl 0.05 0.08 0.09 0.08 0.08 0.07 n.d. n.d. n.d. n.d. n.d. n.d.
Pb 0.76 1.29 1.18 1.42 1.21 1.24 5.50 5.45 6.90 9.26 9.12 7.34
Bi 0.032  0.030 0.032 0.030 0.031 0.027 n.d. n.d. n.d. n.d. n.d. n.d.
Th 1.49 1.85 1.51 1.99 1.65 1.73 1256 11.61 12.99 433 3.82 3.47

U 0.45 0.47 0.30 0.55 0.54 1.50 3.48 3.31 3.80 0.80 0.75 0.58

Fe,O,* denotes total Fe as Fe,O,.
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Table 2 Differences in major element compositions (wt%) for suite 2 and 3 samples relative to suite 1 samples.

SiO, TiO, ALO; Fe,0;* MnO MgO CaO Na,0O K, O P,0O, Total
Basalt Suite 1 47.94 259 16.19 12.81 0.24 597 878 427 0.88 035 100.00
Suite2 4832 2.69 1633 1291 0.23 6.08 7.84 431 095 036 100.00

Diff. 038 0.10 0.14 0.10 0.00 0.11 -0.94 0.03 0.07 0.01 -
Suite 3 4836 257 16.04 1250 0.23 586 890 430 0.89 035 100.00

Diff. 042 -0.02 -0.14 -031 0.00 -0.11 0.12 0.03 0.01 0.00 -
Basaltic andesite Suite 1 52.75 2.61 1325 14.04 0.16 3.87 883 359 055 035 100.00
Suite2 53.84 251 13.00 1336 0.17 3.69 930 340 0.38 034 100.00

Diff. 1.09 -0.10 -0.24 -0.68 0.00 -0.18 047 -0.19 -0.17 -0.01

Suite 3 54.50 247 13.06 12.73 0.16 3.57 936 3.52 031 033 100.00

Diff. 174 -0.14 -0.18 -131 -0.01 -0.30 0.53 -0.07 -0.24 -0.02 -
Dacite Suite1 63.33 042 16.19 6.15 0.11 050 086 243 995 0.06 100.00
Suite2 63.51 042 1621 585 0.11 047 085 233 10.18 0.06 100.00

Diff.  0.18 0.00 0.02 -029 000 -0.03 0.00 -0.10 0.23 0.00 -
Suite3 63.72 042 16.15 566 0.10 045 0.87 234 1022 0.05 100.00

biff. 039 0.00 -0.04 -049 -0.01 -0.04 0.02 -0.08 027 -0.01 -
Rhyolite Suite 1 79.22 043 937 431 013 132 062 131 3.13 0.16 100.00
Suite2 78.58 0.46  9.68 436 0.14 137 0.65 135 323 0.17 100.00

Diff. -0.64 0.03 0.31 0.05 0.01 005 0.04 0.04 0.10 0.01 -
Suite3 78.88 044 959 427 0.13 135 062 133 322 0.17 100.00

Diff. -033 0.01 022 -0.04 0.00 0.03 0.01 0.02 0.09 0.01 -

Fe,0;* denotes total Fe as Fe,O;. Diff. denotes the difference in the composition of suite 2 or 3 samples from those of suite 1 samples.

the rhyolite, indicated an apparent enrichment in silica.
The agate mill can enrich even rhyolite because of its
high silica content. The variations observed are attributed
to compositional differences between the batches used
for coarse crushing (i.e., compositional differences from
the crushed samples). The contamination of samples
from the pulverizing equipment was thus low for the
major elements. However, an appraisal of the degree
of heterogeneity within a single sample by repetitious
crushing and pulverization as different batches would
be required for precise evaluation of the contamination
extent.

For trace element analyses, the averaged Ca content
for the three suites of samples for each rock (i.e., basalt,
basaltic andesite, dacite, and rhyolite) were used as
standards to compensate for the propagation of analytical
errors from the XRF analyses. The differences in the
trace element compositions for the suite 2 and 3 samples
relative to suite 1 samples are shown in Table 3 and Fig.
4. The standard deviations from five replicate analyses
of reference materials (Yamasaki and Yamashita, 2016;
JB-2 for basalt and basaltic andesite samples, JA-1 for
dacite sample, and JR-1 for rhyolite sample) are included
as references for the analytical errors (precision) at any
given composition. Differences beyond analytical errors
were observed for major elements for the three suites
of samples, and samples from suite 2 displayed similar

compositions to samples from suite 3 for several elements
(Fig. 4). Several studies indicate that tungsten carbide
mills produce significant Nb and possibly Ta, as well as
substantial W and Co contamination (e.g., Miyake and
Musashino, 1991; Condie, 1993; Ujike and Tsuchiya,
1993; Rollinson, 1993 and references therein). The W
contents for suite 3 samples were higher than those of the
suite 1 and 2 samples for all rock types, which confirms
contamination from the tungsten carbide mill (Fig. 4).
The elevated Co contents for suite 3 samples relative to
suite 1 and 2 samples lack a clear trend. According to
Roser et al. (1998), the tungsten carbide of a mill head
contains 90% of W and 9.5% of Co. If this composition
is standard for a tungsten-carbide alloy, then the increase
of the Co content in suite 3 samples relative to suite 1
samples falls between 6-13% of the W content (i.e.,
[CCo, Suite 3 — CCo, Suite 1]/[CW, Suite 3 — CW, Suite
11X100, where C denotes the content of the elements).
The increased ratio is consistent with the expected Co/W
ratio for tungsten carbide, except for the dacite samples
(Table 3). Therefore, Co contamination also results from
use of the tungsten carbide mill. The cause of the high
Co content for the dacite samples, reproduced by several
re-analyses is unclear. If the high Co content originates
from contamination due to the tungsten carbide mill, then
the analytical data for W is expected to be ca. 658 ppm.
The absence of such higher data for W suggests that the
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Fig. 3 Differences in major element compositions (wt%)
for suite 2 and 3 samples relative to suite 1 samples.
WC + AG and WC + WC denote the combination
of a tungsten carbide mortar and agate mill, and a
tungsten carbide mortar and tungsten carbide mill,
respectively.

original sample contained Co-rich minerals.

The samples ground using the tungsten carbide mill
exhibited no significant contamination by Nb and Ta,
which is consistent with Roser et al. (1998, 2003). The
V content for the basalt and Cr contents for the basaltic
andesite and rhyolite of suite 2 samples were higher than
those for suite 1 samples. The Ni content for the rhyolite
is elevated for suite 3 relative to suite 1 samples. The
differences observed for V, Cr, and Ni are not systematic
for the various rock types. Therefore, contamination of
the samples from sample preparation cannot account for
the scatter of data for elements, including V, Cr, and Ni.

Depletion in some elements, particularly in the dacite
and rhyolite samples is prominent, but such depletion is
unrelated to contamination. Zn, Zr, Nb, Ba, and Ce have
similar patterns in the suite 2 and 3 samples; therefore,
the scatter in data is attributed to the heterogeneity of
the slabs and the chips selected for crushing. Roser et al.
(1998, 2003) reported the impact of the heterogeneity of
subsamples on analytical data and that the minor effect
of contamination from pulverizing equipment may be
obscured by significant sample heterogeneity. The absence
of a systematic increase in the sample concentrations of
the expected contaminant elements, except for Co and W,
suggests that contamination from pulverization does not
significantly impact analytical data for other elements. The
variations in the abundance of elements between the splits
crushed using different mortars suggest that subsample
heterogeneity is a major problem. The compositional
differences due to sample heterogeneity are higher than
those attributed to contamination from pulverizing, as
suggested by Roser et al. (1998, 2003).

4. Summary and conclusions

Three suites of pulverized samples were prepared
using combinations of iron and tungsten carbide
mortars, and agate and tungsten carbide mills. The
results of major element analyses show no evidence of
sample contamination from the mortars and mills. The
compositional differences observed are attributed to the
heterogeneity of the original rock chips. Trace elements
analyses was affected by contamination of tungsten and
cobalt from the tungsten carbide mill. Although other trends
are discernible, without confirmation of contamination
as the cause, the heterogeneity of the original samples
explains the scatter observed in the compositional data.
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Fig. 4 Differences in trace element compositions (ppm) for suite 2 and 3 samples relative to suite 1 samples.
The error bars and shaded areas showing the standard deviations (S.D.; n=5) were extrapolated from the
analytical results for reference materials (Yamasaki and Yamashita, 2016) with similar compositional
ranges; JB-2 for the basalt and the basaltic andesite samples; JA-1 for the dacite samples; and JR-1
for the rhyolite samples. The symbols and colors are the same as in Fig. 3.
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