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Whole-rock geochemical compositions of Miocene sedimentary and volcanic rocks
from the Izumo—Matsue districts and Shimane Peninsula, SW Japan
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Abstract

Miocene backarc clastic sediments crop out in a strip along coastal Shimane prefecture between Izumo and Matsue, and
in Shimane Peninsula. New XRF analyses of 147 sandstones, mudrocks and associated volcanic rocks from the Koura,
Ushikiri, Omori, Fujina, Jinzai and Matsue Formations show considerable compositional variation occurs over relatively
short stratigraphic intervals. Koura Formation sandstones have Upper Continental Crust (UCC) —normalized multielement
patterns intermediate between interbedded felsic tuff and coeval andesite. Turbidite sediments from the Ushikiri
Formation at Chikumi also have andesitic patterns, but shallow water equivalents in the Omori Formation near Izumo
exhibit dacitic signatures identical to the volcanic rocks on which they rest. Elemental abundances in the overlying Fujina
Formation are depleted relative to UCC, suggesting influx of weathered plutonic detritus. Similar signatures occur in the
Jinzai Formation, except for localized basaltic contributions around the Jinzai Basalt edifice. Sediments of the Matsue
Formation, which is correlative with the Jinzai Formation, also have depleted patterns indicative of plutonic source, but
carry signatures suggestive of more intense source weathering and more advanced sorting in a shallower water
depositional environment. The stratigraphic and lateral variations observed reflect relatively proximal deposition, complex
source geology, and sediment supply from restricted catchments.

Introduction

Neogene sedimentary, volcanic and lesser intrusive rocks
crop out extensively in the Izumo-Matsue district and in
Shimane Peninsula, forming a coastal strip adjoining a
largely Paleogene intrusive basement that forms uplands to
the south (Fig. 1). The sediments were deposited in a rifted
backarc basin during and after the Early to Early middle
Miocene opening of the Japan Sea (Kano, 1998). The
Miocene sequence in the area has been the subject of
numerous studies which have spanned many aspects of its
general geology, sedimentology, and paleontology (e.g.
Takayasu, 1986; Kano er al., 1989; 1991; 1994; 1997,
Morita and Nakayama, 1999). The succession is thus well
mapped, and a broad stratigraphy has been established.

Geochemical studies of clastic sediments have become
common in recent years, as an additional lever to help
understand the provenance, tectonic setting and evolution of
sedimentary sequences. The environments examined in such
work range from immature volcanic arcs through to passive
continental margins. Very few studies, however, have
specifically examined the composition of sediments
deposited in known or demonstrable backarc settings .
Geochemical signatures of sedimentary successions
deposited in this environment are thus not well known.

The Miocene succession in west Shimane Prefecture
gives a good opportunity to examine the compositions of
backarc sediments, because its backarc setting is clearly
established. Although several geochemical studies of
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sediments have been carried out in this area, they have
focussed on the compositions of shales, and data for
sandstones are lacking. As a first step in fully characterizing
the geochemical signatures of the Miocene succession in
this area, we have acquired comprehensive whole-rock XRF
data for a collection of 147 sandstones and mudrocks from
the Izumo district, Matsue City, and Shimane Peninsula
(Fig. 1). Most of the samples are from the Omori, Fujina,
Jinzai and Matsue Formations (Izumo and Matsue), with a
lesser number from the Ushikiri and Koura Formations in
Shimane Peninsula. A small number of analyses of coeval
volcanic rocks are also included in the database, to permit
evaluation of potential source compositions.

The primary purpose of this report is to outline the
coverage of the sample suite and to present the raw data, for
later use in a more detailed interpretive paper. However, we
also briefly examine the geochemical variability within the
database. The results show substantial geochemical
variation within relatively narrow stratigraphic intervals,
reflecting the proximal nature of the sediments and the
geologic complexity of their source.

Stratigraphy and Geology

Schematic stratigraphy of the Miocene succession in the
areas examined is given in Figure 2. The basal unit in
Shimane Peninsula, the early Miocene Koura Formation,
consists primarily of non-marine sandstone, conglomerate
and laminated mudstone. Some andesitic to rhyolitic tuffs
and breccias also occur. The Koura Formation is
conformably overlain by the early-middle Miocene Josoji
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Fig. 1. Map showing the location of the areas sampled, and generalized distribution of Miocene sedimentary and volcanic rock units.
Geology based on the 1:200,000 geological map of Shimane Prefecture (Editorial Board of Geological map of Shimane Prefecture,
1997). Inset: location in Japan. Box: area of Figure 3. Locality abbreviations: IZ-Izumo City; MA-Matsue City. Stars (sample sites)
SDC-Shimada drillcore; NA—Nanpeidai, CH-Chikumi; KA—Karuba; SN-South Nishi—Izumo.

Formation, which comprises black argillaceous marine
sediments and intercalated submarine rhyolitic to andesitic
lavas, hyaloclastites and pyroclastic deposits (Kano and
Nakano, 1986). In that area it is succeeded by the middle
Miocene Ushikiri Formation, which consists dominantly of
volcaniclastic and tuffaceous sandstone, interbedded
mudstone and lesser conglomerate. Deposition of the
coarser sediments was from turbidity currents or debris
flows (Kano er al., 1989). Paleocurrent indicators in west
Shimane Peninsula show derivation from the southeast
(Kano et al ., 1991), and the Ushikiri Formation there is thus
likely to be the deeper-water equivalent of the more
proximal Omori Formation in the Iwami-Oda-Izumo area.
However, paleocurrents in east Shimane Peninsula
(Chikumi ) are much more varied, with various sets
indicating derivation from the west, and from the north to
northeast (Yamauchi ef al., 1980; Yamauchi and Yoshitani,
1981). This suggests that this part of the Ushikiri Formation

had a different source from that in the west of the peninsula.
The Ushikiri Formation in Shimane Peninsula is succeeded
by the Furue Formation, which consists of massive
argillaceous rocks, also of marine origin.

The Miocene sediments beneath the Izumo-Matsue
lowlands form a syncline buried beneath Quaternary
sediments. Koura Formation is not exposed in the Matsue
City area, and the Josoji, Ushikiri and Furue Formations
occur only to the north of the city limits (Fig. 2). Shallower
water or terrestrial equivalents of the latter three formations
(Kawai-Kuri, Omori and Fujina, respectively) crop out in
the south of Matsue City (Kano et al., 1994; Fig. 2). The
Furue and Fujina Formations are succeeded by the Matsue
Formation, which outcrops in bluffs around the shores of
Lake Shinji, and in hills within the city limits. Matsue
Formation is dominated by pale sandstones and subordinate
mudstones, but intercalated alkali basalt flows and
associated volcaniclastic lithofacies also occur in its lower
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Fig. 2. Schematic stratigraphy and correlations between formations
in Shimane Peninsula and the Matsue and Izumo districts.
Shaded formations are those sampled in this study .
Abbreviations: JBH — Jinzai Basalt Horizon; MB—Matsue Basalt.
Based on Kano et al. (1989, 1991, 1994, 1997); EBGMSP (1997)
and Yamauchi (pers. comm. 2001)

and middle parts. The age of Matsue Formation is
constrained in part by the basalts, the dates of which
average 11 Ma (Morris and Itaya, 1997). From its
lithofacies and faunal assemblages, Matsue Formation was
deposited in a very shallow brackish to marine environment
in a sheltered embayment (Nakayama et al., 1996).

Early Miocene andesitic to dacitic lavas and pyroclastics
of the Hata Formation occur southwest of Izumo, but lie
outside our present study area. They are succeeded by
sandstone, conglomerate, and andesitic to rhyolitic volcanic
rocks of the Kawai and Kuri Formations, which are time
equivalents of the Josoji Formation in Shimane Peninsula.
Radiometric ages for Kawai volcanic rocks in the Iwami-
Oda district to the west range between 15 and 18 Ma (Kano
et al., 1997). The Kawai Formation is non-marine to
shallow marine, and the Kuri Formation marine (Kano et
al., 1997). Kawai-Kuri rocks occur near the southern edge
of our study area in the Izumo district, but were not
sampled. The middle Miocene Omori Formation overlies all
three of the above units. It consists of volcaniclastic
sandstones, mudstones, and debris flow deposits, along with
massive and autobrecciated andesitic to dacitic lavas and
associated pyroclastic deposits. Depositional environments
of the sediments range from non-marine to shallow marine,
including beach deposits. Detailed lithofacies analysis has
been made in the area south of Lake Jinzai (Morita and
Nakayama, 1999). Radiometric ages of the volcanic rocks
range between 13 and 15 Ma (Kano et al., 1997).

The Omori Formation is succeeded by onlapping
sandstones, mudstones and lesser pebble conglomerates of
the Fujina Formation (Kano et al., 1997). Lithofacies are
indicative of deposition in foreshore and shoreface
environments (Morita and Nakayama, 1999 ). Fujina
Formation grades upward into the Jinzai Formation, the
equivalent of the Matsue Formation in this area.

The Jinzai Formation south of Lake Jinzai is
distinguished by the presence of a small submarine alkali
basalt tuff cone, the Jinzai Basalt. This has been described
in detail by Kano (1998). The cone was constructed in
relatively shallow water (50-150 m) by phreatomagmatic
eruptions that produced hyaloclastites, bedded lapillistones
and lapilli tuffs. These lithotypes pass laterally and
vertically into bedded sandstone, mudstone and lesser
conglomerate . Lithofacies analysis of this part of the
succession suggests deposition mainly took place in lower
shoreface to shelf settings (Morita and Nakayama, 1999), in
slightly deeper water than Matsue Formation equivalents.
The occurrence of storm deposits and their characteristic
sedimentary structures in the Jinzai Formation (Morita and
Nakayama, 1999) also suggests that its depositional
environment was an open ocean coast. This is in contrast to
the protected embayment in which the Matsue Formation in
Matsue City was deposited.

In the latest 1:200,00 scale regional geologic map
(EBGMSP, 1997), Jinzai Formation in the Izumo area has
been mapped as Matsue Formation, as occurs around
Matsue City. Although the general appearance of the
sandstones in both formations is similar, lithofacies and age
differ between the two areas. The Jinzai Basalt has been
K/Ar dated at 13.2+0.6 Ma (Takayasu and Sawada, 1989),
which slightly overlaps the 13-15 Ma range of volcanic
rocks in the Omori Formation (Kano et al., 1997). This
suggests that deposition of the Jinzai Formation in the Lake
Jinzai area began somewhat earlier than did the Matsue
Formation in its type locality (Fig. 2).

Sample Suites

The samples in this study comprise three discrete sets
(Fig. D).

(1): A collection of 67 outcrop samples from the Omori,
Fujina and Jinzai Formations in two areas southwest of
Izumo City and southeast of Lake Jinzai. Morita and
Nakayama ( 1999 ) have already reported a detailed
lithofacies study of the area south of Lake Jinzai. The
purpose of this collection was to establish the broad
compositional ranges in each formation in this area and to
examine their geochemical provenance signatures (Tateishi,
in prep.) as a basis for comparison elsewhere in the district.

Samples from the Omori Formation include massive or
brecciated calcalkaline subaerial dacitic lavas, a clast from a
debris flow, and intercalated and overlying volcaniclastic
sandstones and mudstones. Six of the twelve Omori



Table 1:

elements ppm. Column headings and codes are detailed in the footnotes to this table.

Whole-rock XRF analyses of sedimentary and volcanic rocks from the Jinzai, Fujina and Omori Formations, Izumo district (hydrous basis). Major elements wt%, trace

SANR LOC L/F _ Lith1 Lith2 Si0, TiO, AlLO, Fe,0; MnO MgO CaO Na0O KO PO, LOI Total Ba Ce Cr Ga Nb Ni_ Pb Rb Sc__ St Th vV Y Zr
A. Southwest Izumo near Lake Jinzai

Jinzai Formation NW of Jinzai Basalt

S-16/2 4 F-7 S VFS 77.27 042 1199 166 0.01 063 070 165 262 0.01 260 99.58 601 43 32 13 9 9 17 96 65 291 25 138 34 166
S-17 4 F-7 M MST 64.78 081 18.88 289 0.02 176 045 101 278 0.03 573 99.15 373 83 171 25 16 42 20 125 165 184 44 384 66 175
S-18 4 F-7 M MST-s 7590 040 1289 162 0.01 079 067 162 292 0.01 283 99.66 621 47 28 14 8 14 19 102 6.7 294 24 124 39 107
S-19 4 F-7 M MST 63.36 0.81 17.36 485 0.02 181 029 087 274 005 7.07 99.21 368 140 76 23 17 55 31 133 137 102 43 361 85 196
S-20 5 F-5 S FS 80.13 025 945 133 0.01 080 074 147 235 0.01 333 9988 523 27 14 10 6 12 14 81 16 203 19 88 31 70
S-63 20 F-2/3 S FS 83.32 025 915 143 0.03 035 046 126 227 0.01 176 100.28 498 31 18 10 5 8 15 80 33 164 43 24 12 101
S-64 20 F-23 S MS-FS 84.07 037 857 157 0.02 038 047 110 189 0.01 1.78 100.23 450 38 34 9 6 8 13 68 47 148 46 35 10 156
S-65 20 F-7 S FS-m 6223 098 18.01 678 004 168 059 081 126 0.04 665 99.07 247 57 33 20 8 17 17 49 243 116 63 196 24 174
S-66 21 F-7 S VFS-m 68.88 0.83 17.23 352 0.02 065 022 071 170 0.04 560 99.40 304 51 4 20 9 12 19 71 169 70 86 123 17 221
S-67 22 F-7 S VFS 77.36 053 11.39 200 0.02 068 066 175 259 0.03 252 99.53 496 61 48 14 10 14 15 96 54 236 7.3 61 14 305
Jinzai Formation, Jinzai Basalt horizon

S-21 6 F-1 M ZST 62.74 120 13.21 499 0.04 310 363 179 278 059 517 99.24 693 196 90 16 14 35 15 82 127 313 55 401 40 289
S22 6 F-1 M ZST 48.16 1.86 1406 817 005 686 7.09 084 154 120 959 99.41 961 323 117 19 20 40 15 69 174 507 86 594 39 288
S-23 7 F-1 B BBREC 54.26 1.12 1545 731 010 553 724 216 177 044 422 9959 477 125 106 18 1 48 13 45 218 732 43 522 28 128
S24 7 FA4 B BBREC 5269 1.15 1541 742 008 629 7.84 191 171 054 455 9959 658 130 112 17 11 52 15 44 217 740 45 530 26 115
S-25 7 F-1 S VCS 77.34 052 1234 186 0.02 052 071 149 206 0.01 3.06 9992 396 18 16 12 5 1 15 75 109 161 1.7 180 25 82
S32 11 F1 S VCS 53.23 092 1562 829 007 7.87 589 147 122 0.16 476 9950 730 27 169 11 9 93 14 40 247 252 24 499 26 94
Fujina Formation

S-15 3 F-3 S VFS-FS 61.48 0.74 16.16 654 006 304 447 243 119 012 336 99.61 352 44 4 17 7 5 16 32 186 287 22 337 32 115
S-16 3 F-3 S FS 5416 0.88 1269 676 060 183 11.85 237 1.19 0.08 7.82 100.23 254 31 18 13 5 8 10 35 213 213 2.0 474 29 127
S-26 8 F-3 S FS 73.12 037 13.80 336 003 092 146 184 239 0.01 254 998 558 30 12 13 5 13 16 87 82 326 19 160 47 69
S-27 8 F-4 S FS 79.47 025 10.76 230 002 049 096 178 193 0.02 201 99.99 387 20 1 1 3 3 11 64 84 165 3.0 46 16 77
S-28 8 F-4 S VFS-m 64.81 051 1570 591 002 175 075 103 222 0.01 675 9945 418 30 25 20 7 16 10 100 17.8 139 23 457 44 129
S-29 8 F-4 S VFS 63.50 084 17.36 543 0.02 142 256 195 147 003 495 9952 469 63 28 17 6 10 16 63 17.3 246 2.6 501 40 109
S-33 12 F-2 S VFS-FS 7155 065 1463 260 0.01 089 047 118 249 005 490 9943 403 79 50 16 9 14 16 88 108 150 7.8 117 23 233
S-34 12 F-4 M MST 61.50 0.79 20.64 3.17 001 147 013 045 248 0.02 838 9903 283 8 57 23 14 14 17 102 213 61 106 152 36 172
S-35 12 F4 M MST 63.85 0.78 1840 338 0.01 146 028 071 290 0.02 733 99.14 361 81 66 23 15 29 13 121 18.2 83 128 136 29 192
S-36 12 F4 S FS 7750 048 1219 179 0.0t 060 030 117 257 0.01 335 9998 503 60 34 14 8 15 14 89 102 111 65 72 15 167
S-37 12 F-4 S FS-m 74.43 064 1243 307 0.02 095 046 116 255 0.03 378 99.52 419 57 43 16 10 13 14 99 128 134 75 113 16 203
S-38 12 F4 S VFS 83.00 026 937 132 0.01 029 026 096 246 001 2.07 100.01 577 28 13 10 5 7 15 80 43 111 45 39 9 100
S-44 17 F-5 S VFS-FS 76.62 048 1227 159 0.02 046 1.18 201 236 0.02 256 9957 463 53 25 14 7 5 16 78 79 263 74 70 12 292
S-45 17 F-5 M MST 65.14 0.73 1339 413 004 162 275 152 233 172 563 99.02 358 196 42 16 14 16 13 88 20.2 232 102 156 105 384
Omori Formation

S- 1 0-8 S VCS 61.04 084 1563 772 0.12 287 502 255 073 011 267 99.29 276 36 8 18 5 4 13 24 245 246 1.8 403 28 89
S-2 1 0-8 M MST 65.87 055 13.96 466 0.06 189 227 144 238 0.08 641 9957 596 50 nd 15 8 4 20 105 120 172 33 147 55 165
S-3 1 0-8 S CS-VCS 59.58 067 1691 637 010 209 544 248 180 020 3.60 99.25 443 57 3 18 6 3 16 58 165 331 24 269 48 94
S-4 1 08 S VCS 66.69 062 1442 427 0.08 136 331 275 271 0.14 257 9893 617 53 nd 15 7 2 20 88 133 239 3.1 200 59 137
S-5 2 0-5 S CS 59.59 1.19 16.54 889 0.11 214 524 250 058 0.17 280 99.74 336 31 4 19 6 3 9 22 381 303 14 722 41 75
S-6 2 O-1 D FLOW 68.44 072 1417 525 014 1.09 419 352 144 021 0.81 9996 321 33 4 15 5 1 10 43 203 222 16 138 42 94
S-7 2 0-1 D FLOW 68.67 071 1416 498 0.14 104 417 366 139 020 062 99.75 318 24 nd 16 4 1 10 43 204 220 1.7 132 42 94
S-8 2 0O-1 D FLOW 67.77 074 1471 513 0.09 1.11 430 339 1.02 022 147 9995 269 39 1 17 6 2 1 28 211 234 16 147 55 95
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Table 1 (ctd)

SANR LOC L/F__ Lith1 Lith2 Si0, TiO, ALO;, Fe,O; MnO MgO CaO Na,O KO PO, LOI _Total Ba Ce Cr Ga Nb N Pb Rb Sc_ Sr  Th \ Y Zr
Omori Formation (ctd)
S-9 2 05 D CLAST 69.65 051 1409 514 0.06 057 407 350 166 011 063 9997 299 28 nd 15 4 2 10 65 167 205 14 215 41 85
S-10 2 09 S VCS 6293 093 16.23 680 0.06 173 475 278 062 0.15 287 9985 309 29 8 18 5 4 11 21 287 321 18 402 47 84
S-11 2 09 S VCS 62.07 1.04 19.44 554 0.03 152 142 119 060 001 6.88 99.74 611 6 5 22 5 5 14 23 321 177 1.7 464 26 116
s-12 2 09 S VFS-FS 6950 058 1449 350 0.03 116 286 240 222 0.04 300 99.77 459 42 14 16 6 7 16 67 141 403 21 274 43 172
S-13 2 09 S VFS-FS 68.85 054 1404 399 0.03 187 218 214 222 0.03 389 9979 444 35 16 15 6 4 12 69 124 352 21 247 33 143
§-30 9 o9 S VFS 58.03 1.85 11.62 13.76 0.08 407 3.07 185 134 012 3.00 9879 374 32 64 13 8 14 15 54 33.7 249 27 1104 31 144
S-31 10 09 S VCS 61.07 056 1598 521 0.08 228 401 163 176 0.10 6.87 99.55 577 40 10 15 6 6 13 82 128 523 23 265 50 68
S-39 13 0O-1 D FLOW 70.37 053 13.84 457 007 035 416 361 138 0.12 069 99.70 313 34 3 16 5 nd 13 37 148 274 3.2 60 22 131
S-40 14 O1 D FLOW 67.31 085 1661 363 004 036 499 403 133 017 045 9977 269 41 nd 20 5 nd 11 34 226 337 40 80 32 132
S-41 15 010 M MST 52.89 1.14 1813 624 0.03 386 091 021 112 0.03 1458 99.13 625 57 nd 26 6 11 13 20 237 703 45 105 44 126
S42 16 O-11 S VFS 6656 0.57 1599 320 0.03 135 121 220 271 004 529 99.16 384 46 11 19 8 11 22 87 129 393 80 83 23 165
$-43 16 O-11 S VFS-FS 67.21 057 16.17 252 003 123 161 250 268 008 476 9937 405 138 10 19 13 12 21 89 113 38 81 84 111 165
(B)Fujina Formation, South Nishi-lzumo
SANR LOC L/F Lith1 Lith2 Si0, TiO, ALO, Fe,0; MnO MgO CaO NaO KO P,O, LOI Total Ba Ce Cr Ga Nb Ni Pb Rb Sc  Sr Th \ Y Zr
S-46 18 B-1 S MS-VCS 7173 043 1294 266 0.02 059 255 229 217 006 425 99.69 652 22 14 14 5 3 13 71 112 625 39 69 13 97
S-47 18 B-1 S VFS-m 69.71 062 1354 330 002 111 113 166 219 0.04 605 9936 500 55 32 17 8 4 12 87 151 530 71 95 17 261
S-48 18 B-1 M MST 63.69 065 16.71 494 001 170 098 093 253 003 690 9908 315 56 58 21 11 14 7 122 163 170 9.7 149 23 166
S-49 18 B2 S FS-VFS 7580 041 1262 224 002 048 121 204 233 0.01 260 99.74 487 26 17 13 5 6 12 83 62 243 51 55 12 145
S50 19 B2 M MST 62.34 065 1620 560 0.01 178 1.02 087 240 002 814 9904 301 51 58 21 11 17 10 114 17.7 181 102 145 23 161
S-51 19 B2 S FS-VFS 71.87 041 1400 284 001 082 1.15 168 253 0.02 425 9958 470 32 12 15 6 7 16 88 65 256 5.1 60 14 139
S52 19 B2 M MST 62,21 0.64 1662 577 001 186 104 083 236 004 767 99.06 267 56 56 22 10 20 13 114 144 174 101 153 29 157
S53 19 B2 S MS-FS 7272 041 1337 286 001 077 108 173 252 002 397 9945 445 28 15 14 6 8 13 90 89 220 53 62 12 162
S54 19 B3 S FS-VFS 7450 065 1213 310 003 082 132 183 232 004 286 9959 416 58 25 13 8 11 15 80 86 222 83 97 17 371
S-55 19 B-3 M MST 61.25 0.63 1656 448 001 155 167 1.06 174 0.03 10.30 99.29 273 36 1 21 5 7 11 54 235 275 58 127 18 161
S-56 19 B3 S FS 75.57 065 12.40 261 002 089 053 125 2.08 001 366 99.68 398 48 22 14 7 5 13 72 111 149 58 100 16 295
S57 19 B3 S FS-VFS 73.03 052 1330 255 0.02 084 084 149 228 002 469 9957 532 60 26 15 6 9 15 79 81 300 61 72 22 219
S-58 19 B4 S CS-vCS 77.93 024 11,74 179 0.01 037 081 179 223 0.01 290 99.82 428 28 14 12 5 9 13 85 80 149 38 33 24 81
S-59 19 B4 S MS-CS 76.28 037 1215 178 003 035 098 198 237 0.01 313 99.44 458 23 7 13 4 7 15 88 7.6 191 4.2 51 14 84
S60 19 B5 M MST 64.39 069 1491 493 002 182 054 102 254 005 810 99.00 321 72 62 20 12 19 18 118 168 159 114 140 23 175
S-61 19 B5 S VFS 74.81 066 1151 271 002 091 1.13 149 228 0.04 390 9946 463 60 42 13 7 8 15 82 100 436 73 100 16 359
S62 19 B5 S VFS 7466 058 13.66 235 002 064 033 136 244 0.01 347 9952 405 54 27 15 7 6 11 8 90 88 67 79 14 304
NOTES: Column headings: SANR = Sample number; LOC=location, numbers as in Fig. 2; L/F=Lithofacies code ; LITH1=broad lithotype; LITH2=texture (visual estimates); LOi=loss on ignition.
Codes: L/F: (A) Southwest Izumo near Lake Jinzai: Lithofacies codes after Morita & Nakayama (1999) -
Jinzai and Fujina Formations: F-1: basaltic lava and volcanic breccia (shallow marine); F-2: boulder cgl and very coarse sst (gravelly fluvial); F-3: sandstone and conglomerate (foreshore);
F-4: fine sandstone (upper shoreface); F-5: fine and very fine sandstone (lower shoreface); F-7: sandy mudstone (shelff).
Omori Formation: 0O-1: massive lava (terrestrial); O-5: boulder conglomerate (subaerial or subaqueous debris flow); O-8 sandstone and conglomerate, discoid gravels (foreshore); O-9: medium
to fine sandstone (upper shoreface); O-10: medium to fine sandstone with mud drapes (upper shoreface); O-11: fine and very fine massive sandstone (lower shoreface).
(B) South Nishi-lzumo: B-1: sst + cgl gravel dune (lwr shoreface +gravelly fluvial inflow); B-2 sst + cgl (iwr shoreface + gravelly fluvial inflow);B-3: sst + mnr cgl (upper shoreface); B-4: sst (erosional
surface and delta front); B-5: sst and mst (tidal and intertidal deposits).
LITH1: S=sandstone; M=mudstone or siltstone; B=alkali basalt; D=Omori volcanics (dacitic).
LITH2: Sediments - VCS=very coarse sand to granule; CS=coarse sand; MS=medium sand; FS=fine sand; VFS=very fine sand; ZST=siltstone; MST=mudstone. Modifiers -s and -m are
sandy and muddy, respectively. Volcanics - BBREC=basaltic breccia; FLOW=subaerial dacite; CLAST=clast in debris flow facies.
nd Not detected. Total Fe as Fe,0,.
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Fig. 3. Geology and sample localities in the area south of Lake
Jinzai, Izumo district. Based on Kano et al. (1997) and Morita
and Nakayama (1999).

lithofacies identified by Morita and Nakayama (1999) are
represented in the collection (Table 1). Fourteen samples of
Fujina Formation sediments (eleven sandstones, three
mudstones) were collected from four localities (Fig. 3). The
sandstones were all fine- or very fine-grained, and most
were from lithofacies F-3 and F-4 (Morita and Nakayama,
1999), representing foreshore and upper shoreface environ-
ments.

Samples from the Jinzai Basalt horizon were collected at
three localities (Fig. 3), and include basaltic breccia, very
coarse-grained sandstones, and hyaloclastitic siltstones
(Table 1). All belong to lithofacies F-1 (shallow marine
basaltic lava and volcanic breccia) of Morita and Nakayama
(1999). Ten samples (seven sandstones, three mudstones)
were also collected from the Jinzai Formation from five
localities stratigraphically above the Jinzai Basalt horizon
(Fig. 3). The sandstones are typically very fine- to medium-
grained, and most were deposited in a shelf environment.

Seventeen additional samples ( 12 sandstones, five
mudstones) were collected from two continuous sections in
South Nishi-Izumo, from an area mapped as Fujina
Formation by Kano et al. (1997). The area is currently
being mapped in detail by Bandou (in prep.). For
convenience, we here informally assign lithofacies in the

area to five groups, denoted B-1 to B-5 (Table 3 B). These
represent lower shoreface with gravelly fluvial inflow (B-1
and B-2), upper shoreface (B-3), delta front (B-4) and tidal
and intertidal deposits (B-5). The sandstones analysed here
span a range in texture from very fine sand through to very
coarse sand .

(2): A suite of 53 Matsue Formation sandstones and
mudstones taken from a 110 m drillcore put down by
Shimada Technical Consultants Ltd. The hole was located
near the northern shore of Lake Shinji in Sada-cho,
Nishihama, Matsue City, at 35°28°22.4” N, 133°00°38.0”E.
The hole penetrated 110 m of poorly consolidated
sediments which were dominated by relatively monotonous
pale cream/buff, grey or orange fine- or very fine-grained
sandstone. Occasional thin horizons of coarser sand or mud
occurred sporadically throughout the core. A single coarse
sand unit at 72.10-75.90 m BCL that contains subrounded
basaltic andesite pebbles is interpreted as a debris flow
deposit. At the base of the core (107.7-110.0 m BCL), the
dominant sandstone lithofacies gave way to thinly bedded
(1-2 cm) lenticular fine sand and mud alternations. Apart
from these two intervals, the lithofacies observed are very
similar to those exposed in cliff outcrops in the immediate
area. Stratigraphically, the core intersects the lower part of
the Matsue Formation, and thus predates the alkalic
volcanism that occurred around 11.0 Ma (Morris and Itaya,
1997).

(3): Assorted outcrop samples collected from the Matsue
City area and the northern coast of Shimane Peninsula.
Three samples (AH 1-3; Table 3) were collected from the
westernmost outcrop of Matsue Formation on the north
shore of Lake Shinji in Asahi-cho (Fig. 1). These are from
the base of the Matsue Formation, and consist of two very
fine-grained sandstones and an entrained clast of Furue
Formation mudstone. Five samples were collected from the
lower middle of the Matsue Formation at Nanpeidai (Fig. 1,
Table 3). These consist of mildly weathered subaerial
Matsue Basalt (NPD 5), the highly weathered top of the
flow (NPD 1), and three overlying very shallow marine
sandstones (NPD 2-4). The basaltic samples were collected
to provide some measure of the composition of any basalt
or basaltic weathering products that could be supplied to the
sediments. Eight sandstones and mudstones (KU 1-8) were
also collected from a former quarry site nearby. This
locality has been described in detail by Nakayama et al .
(1996) and Nakayama (1997).

A small suite of turbidite sandstones and mudstones of
the Ushikiri Formation were collected as a pilot study. Five
samples (US 4 A-6) were collected from thin (<20 cm) sand
-dominated T,. and T.. turbidites exposed on the shore
platform on the Chikumi coast. Stratigraphically, these
samples lie near the base of the Ushikiri Formation, 10-50
m above the contact with the underlying Josoji Formation.

Three green volcaniclastic sandstones (KO 1, 2, and 4)
and an interbedded tuff (KO 3) were collected from an



Barry Roser, Yoko Tateishi and Katsuhiro Nakayama 75

exposure of the Koura Formation on the east side of the bay
at Karuba (Fig. 1). Coarse to fine-grained sandstones occur
there in fining-upward fluvial cycles, and contain numerous
interbedded tuffs 0.4-5.0 m thick. An additional Koura
sandstone and an andesite (KO 6, 5) were also taken from a
quarry and road section on the southern side of the
peninsula opposite Mihonoseki.

Analytical Methods

All indurated samples were manually chipped to remove
deleterious material such as veins or weathering rinds. A
number of weakly lithified sandstone samples from the
Matsue, Omori, Jinzai and Fujina Formations had suffered
slight to moderate pervasive weathering, and complete
removal of weathered grains was not possible. For the
collection from the Izumo district (Table 1), outermost
surfaces and clots of weathering products were removed as
far as was practical. This procedure was not followed in the
case of the Matsue Formation drillcore ( Table 2).
Pervasively weathered and fresh intervals persisted
throughout the core, and bulk samples were taken to permit
future tests of the effects of such alteration on conventional
weathering indices, and to determine if immobile element
ratios had been affected. Prepared material of both
indurated and unconsolidated samples was repeatedly
washed in deionised distilled water before drying at 110C
prior to crushing.

The majority of the samples were crushed in a tungsten
carbide ring mill for 30-45 seconds (Roser et al ., 1998).
Sample weights were typically 75-150 g. However, all
samples from the Matsue Formation drillcore (Table 2)
were ground in an automatic pestle and mortar for 60
minutes each, in sample aliquots of 20 g. This permitted
cobalt analyses to be made in this suite. After crushing, 10 g
subsamples were dried for at least 24 h at 110°C prior to
conventional gravimetric determination of loss on ignition
(LOI) by ignition at 1000°C for 2 h. The ignited material
from the LOI determinations was retained, disaggregated in
an agate pestle and mortar, and returned to a 110°C oven for
at a further 24 hours. Fusion beads for X-ray fluorescence
analysis (XRF) were then prepared from this material
(ignited basis).

All analyses contained in this report were carried out in
the Department of Geoscience, Shimane University, using a
Rigaku RIX-2000 spectrometer equipped with a Rh-anode
X-ray tube. The analyses were accumulated between 1996
and 2001, using two different methods. Major and trace
element analyses of the samples in Tables 2 and 3 were
originally made in 1996-7 using fusion beads prepared with
lithium tetraborate flux using a 1:5 sample to flux ratio,
after the method of Norrish and Hutton (1969). This
technique was abandoned in 1998 in favour of the method
of Kimura and Yamada (1966). That method uses fusion
beads prepared with an alkali flux comprising 80% lithium

tetraborate and 20% lithium metaborate, with a sample to
flux ratio of 1:2. Both major and 14 trace elements are
determined from the same fusion beads. The lower dilution
used gives higher count rates and improved peak /
background ratios, and consequently lower limits of
detection and greater precision than does the 1:5 method.

Results and Discussion

Hydrous analytical data for the three suites are give in
Table 1 (Izumo district), Table 2 (Matsue Formation
drillcore) and Table 3 (Matsue Formation outcrop samples,
and Ushikiri and Koura Formations, Shimane Peninsula).
All data in Table 1 were determined in 2001, using the 1:2
method described above. Data in Tables 2 and 3 are a
combination of 1:2 and 1:5 data. Although all these samples
were originally analyzed using the 1:5 technique, they were
subsequently reanalyzed for most trace elements using new
1:2 fusion beads, to take advantage of the superior precision
the 1:2 method offers, and to add Sc analyses. However,
data listed for As, Co and Zn in Tables 2 and 3 are the
original 1:5 data, as these elements are not included in the
current 1:2 calibration. The yttrium values listed in all tables
have also been corrected for the methodological bias
discussed by Roser et al. (2000), and consequently are
comparable with results obtained by ICP-MS.

Elemental compositions of individual samples and
formations can be conveniently compared using normalised
multi-element diagrams (spidergrams). The normalizer used
here is the Upper Continental Crust (UCC) estimate of
Taylor and McLennan (1985). Both sample compositions
and UCC were first recalculated to 100% volatile-free prior
to normalization. Elements are plotted left to right in the
order of progressive depletion or enrichment relative to
UCC in the average Cenozoic greywacke of Condie (1993),
following Dinelli et al. (1999). Using this order, many
incompatible elements (e.g. Nb, K, Zr, Sr) plot at left, and
most compatible elements (e.g. Sc, Fe, Ti, Ni, Cr, and V) lie
to the right (Fig. 4).

Typical patterns of common source lithotypes are given
in Fig. 4, using published average rock compositions.
Published averages were used here because although some
analyses of potential source rocks in the district are
available in the literature, none contain comprehensive trace
element analyses. Relatively mafic source rocks (e.g.
basalts, andesites) have patterns which generally increase
from normalized abundances <UCC at left, to >UCC at
right (Fig. 4a), whereas felsic volcanic rocks tend to have
normalised abundances similar to or less than UCC. For
felsic volcanics, depletion relative to UCC is especially
marked for the segment Fe-V (Fig. 4b). Similar patterns are
also shown by average felsic plutonic rocks (Fig.4b).
Plutonic rocks form a substantial part of the Chugoku Mt.
hinterland of the study area (Fig. 1), and thus could have
supplied detritus to the Miocene successions analysed here.
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Whole—rock geochemical compositions of Miocene sedimentary and volcanic rocks

‘uoniuBt Uo sSOj=|0 ! (40100 LG peseq ejewnse [ensiA) BuusUIBBM=BEM ! (SBIBWISE [BNSIA) BJMXeI=H 1 [T ‘8]04UMOP senew ‘pejdwes [easelul=leAss| sBuipeey uwnio) :S310N

GEL  6E L} L8 €6 98k SS9 26 8l 143 8 13 € 143 Se 209 ¢ 98’68 9¥¢ S00 00'e S6'L 00t 2L0 200 6T €90 20 28'9L N S3A 0060} - 0680} £54W

06L S8 3 2L gL 28 oer 82k & 3> St (v 69 [0 123 88 L §9'68 2€L 900 eLe 260 €60 €L2 S00 (2 9v'GL 2.0 £9°19 N 1SW 080} - 09'80}4 254N

(71314 L} 44 'S S8 6€ S8 8 St 8 I} ¥e 9l 9 y03 € 08'66 2Lt S00 80'¢ 66' [ 260 €00 99t ot'ib €0 vSeL N SdA 02804 - 04'804 1S4

8l 08 L2 €21 90 0b 2L 2der 02 3% 9t 13 89 2 8L 9st 9 66 vPL 00 192 Skt 160 2se S00 9g'9 99'vL  €L0 €429 N LSW 0080} - S6£0} 054w

8EL EE €t ov ¥y 968 0v 28 13 b 8 2t 4 €t 6t 619 9 €566 6S9¢C €00 €0t 664 €0t Si4 €00 60t 88’0 820 Ev'SL N Sd4A 08'v0F - 020 [SLET]

Svi 9 49 Y4 Sy 922 9% 88 :13 St L 13 (v L} [44 186 ¢ Sv'e66 22V 120 6.2 et 9€'} S8'0 €00 S0t 80k 0OE0 c6EL N SdJA G004 - 027004 84N

82k 9¢ vi 34 L€ 9e Vv €8 L et A 113 €2 € ve s b 2566 €1E €00 ¥92 el t{on3 8.0 200 e 8E'0L L20 €L'9L N SdJA 0096 - 06'S6 LY3N

Stk 2E 14 (23 Vv 622 0Oy 98 pas 14} 9 2t 8l 143 (2 89S ¥ 1866 25T 900 9.2 S8t 660 890 200 8€¢ 400k €20 S2'8L n S4 0L'v6 - 09't6 SY4NW

22k St 14 8t Vv 22 Ssv 28 9t €l L 2t €2 S 6t 9€s b 0968 98¢ €00 £€9°¢C LLy 960 620 200 €Le G20k 920 0e'LL n S4 0646 - 08'16 ShSW

8el It €l £e oY 20¢ 0S 98 8 b L 33 2 2 8t 88 ¥ 20'00L 8vE €00 €L2 S8t 20t (YA 200 992 9€'0k 920 68'9L N S3JA G166 - G066 vr4W

nm 82l Gt el 8t 4 G2 Vs 8L v 143 L 13 ve 143 L8 Gl ¢ 08'68 0.7 €00 452 YL 60° 690 200 eve £6'6 20 2e'8L ds S4 0068 - 08'88 PE

Q. giL 62 P13 LE vy 0L 9% 8L 9t 33 L o]} €2 143 St 80s 9 L1000l ¥0'0 65°C L 60t 950 200 14 6.6 920 Sh'6L ds S4 0v'sg - 0g's8 [AZE1]

.nJa 8k 0F €l st e 882 9v 28 9l € 9 13 (v4 9l ce WS 8 1200k LIE €00 49C L9} (1Y 290 200 822 vi'0b  ¥20 2e'8L dS S4 o0g'e8 - 02'¢e8 AN

W €6 ¥4 33 ce 0¢ €S2 B8€ €L el o 9 8 9l €l 2 c0s 8 €0°004 S6C €00 62 6’4 o' S50 200 €64 L0'6 0zo 34002 n S4 0.08 - 0508 [ 1]

« L6 e v 6t 96 G94 8Yv S8 [+ 8 6 S o 8t 3> c0s 94 9000k 92°¢ S00 €0t L) 90't SL0 200 cr'e 65'+L 820 68'vL N SW 0008 - 066L 6E4W

."Ia., gee 68 Se Lbb V8 SSE €L /8 13 ve 143 -3 €S € L 8.8 G v8'668 6v'8 S0°0 ogee ee't 91’ [o74% 00 Se'9 ce'el  S90 124¢] N LSW 06'6L- 086L 84N

= 69 8l [o]3 L 92 90¢ 61t €6 b L 9 6 8 2 L} 88y ¢ 0968 €€T 200 98¢ L5} S8'0 9€0 200 860 288 SI0 va'i8 n SO SL'SL - 0LSL LEJW

m veL 99 Se 6L 09 €0k 20 €8 3% Ll 6 S 6t 143 0s 9ege i €00+ 812+ SO0 81e 8Lt 60 €54 €00 81’6 GL2L 8v0 08'6S N 1SW OVes - 00€L 9E4N

= Wt 0L 74 LL 29 0L 96 98 9l St 6 9t 8t 8l cs 8ve €l 2v'00L 6¥'LL 900 vee 614 00’4 0S4 ¥00 1e'6 €82k 90 €09 N 1SW 662/ - 062L SE4N

5] 69 8l H pas 0t L¥E 9t 98 2t 9 S 6 el 1 Lt vy 2 1’68 6Y'1 200 €0t es’t S9°0 1440 200 L60 8’8 SHo $0'28 dS SW 00'4L - 06°0L YEIW

&~ eL oe (33 9t ve 6ek 2t 68 1) 9 L 6 A 13 St 8ey ¢ o068 12¢ 200 60t 6t} €90 340¢] 200 160 68'8 1434 €218 dS SW 09'89 - 0589 £edW

m €L 13 ot pas €e bL G2 €8 13 L 9 6 113 [o]3 €l sy ¢ ve'68  Ive 00 G8c 9e’ ¥9'0 Sv'0 200 90t 288 S0 9t'i8 dS SW 0699 - 0899 cedN

m 9L 2 ot 13 9T LEL 92 08 2 8 9 ot b 13 €l vy 2 6€°00} 684 200 s8¢ 62} 990 IS0 200 €e’d 668 940 8928 dS SW 09'€9 - 05'€9 [E]

= 3] 14 o 9e €2 sk 92 €L I3 6 S [+]3 €l o3 %4 Wy e £6'66 L0¢€ 200 ev'e 133 $9'0 G50 200 8yt ov'8 910 6618 n S4 019 - 09'}9 04w

«n 6L 2 et e 6c 6¥L €v ¥l 2 8 9 o]} {3 I3 px4 25 € 84°001 2€¢ 600 6e'2 96°0 6L0 980 200 €8t 4188 LL0 8128 n S4 08'85 - 0485 624N

|m 98 €e ¢t 14 92 8 oy Y2 2 [o]3 L 13 143 2k €2 8ey v v6'68 9.C 200 309 €60 0s0 €0 200 88t 288 640 LL18 n Sd4 0465 - 09'6S 824N

< 991 29 ¥4 98 g9 8¢l 08 8 9t 8l 6 St L8 8t 0s 144 40-] L€°00F 049 €00 22 vo'L 980 604 €00 10’ 26'LL S¥0 16°0L N L1SW 0v2s - 0e'2s L24W

§<] 8L Se 33 %2 L} e 6¢v 0L o 8 L 6 2k ot 4 80 ¥ G668 IEC 200 0ee 00t 8.0 LYo 200 o'l S5'8 L0 8928 ds S4 6515 - G¥'IS 924N

Q 8L e b €e L2 L2 6¢ WL I3 8 9 6 €t 33 L} 98y € 82°00 9€C 200 e SOt 080 8v'0 200 64 68'8 Lb0 6528 ds S4 0867 - 0L'6V G24W

m cL -4 33 £€e 0 2L gt 89 L 6 9 [o]3 13 1) S Wy € 0L'10} 2t €00 I 20t L5°0 150 200 8t 8€'8 L10 Se'e8 n S3 S8'9Y - SL9 y2IN

.4 89k 0L €e 6L 99 6Lk VL 68 (v (o4 o L L8 t4 8s cey 8 6100+ 1L €00 yax S04 640 et 00 L1S 9i'el  6Y0 €489 N L1SW 08ty - 0Lty 24N

° 6L 44 3 e 6 18 oy ¥ 2 et L 33 9t 123 [©9 gsy € 2666 65T 00 ve'e 260 Sv'0 90 200 ve'l 99'8 110 6228 ds Sd4 Ob'vy - 00'by 24N

an.w 8L -4 15 Se L2 9% Ve Gl ck 8 L 13 33 113 91 gsy v G2'00L 0gEC 100 ev'e L60 8y'0 ¥9'0 200 €91 006 410 09°¢8 n S4 S60v - S8OF 124N
«
i}

S 9L € 33 (¢4 02 L6 £€e 2L 2t 8 9 o ot 133 13 63y € 6666 Sve 100 L8 160 340 850 200 954 ¥s'8 910 1628 N SdJA 0Ov'iE - 0E'lE 024w

M S8 3 ch €e 02 8t 0F ¥ €l [o]3 L 33 €t €l ¥4 905 ¥ L0°00F 49 +0'0 82 860 GS0 890 200 eLe ov'6 (¥4] ¥0'08 dS SdJA 066E - 08'SE BL4W

W 804 &V 94 9 6€ S¥L 29 28 S e 8 143 13 Sk 82 G¥s 9 ¥1°00k LES 200 8s¢ L0} €0 €60 €00 e 0Z'HL  1E0 6Y'vL dS S4  Ov'vE - OEvE 8LdW

g 98 82 13 62 €€ sk 92 oL I3 [o]3 A el St 11} 13 ey € 4G°00L 99°C +00 114 860 090 8v'0 200 9t 106 020 2928 n Sd4  09°0E - 0508 LL4W

= SL ‘e 33 13 22 ey e 8L €l 6 S 8 1) [\]3 13 s € 20°00L /67T 00 992 9kt 260 2e0 200 vy 698 S0 69°L8 n S4 06’82 - 0Ov'82 914N

N 8L 13 b €2 8c 62 €¢ W €l el 9 1 13 123 6} €y L 6€°00L 0S¢ 00 x4 860 $S°0 L80 100 6E'1 18 410 89'28 n S4 09'6e - 05'G6e SLdN

Q 8L 4 113 oe 82 85 2¢ 6 [} 6 L 13 143 2 ve 1.1} L1’00F 812 100 92 L1680 €90 ¥€0 100 28t 14 810 86'18  MSA S4 06¥2 - 08'v2 I4E]

k=1 18 € ¢ s €tc 6sk 9L 08 ¥ gk 9 oS v %2 v0S 2 yE'00L 122 100 €92 SO+ S90 9€0 200 98L 0S6 60 /818 MS  S4 08¢ - 0L'€C LW

=) 6L €2 o] 34 L2 60 L2 08 43 13 S o3 St 8 Lt 8is 0Ot 9000t 8T 00 eLe [ 8.0 2e0 100 8yl 56 840 ey 18 MS SJA 0012 - 0602 [1ER]

o €8 62 I3 62 92 80 6t SL €} b 9 6 1} 13 9% Uy € 8v'00t 29¢ 100 €8¢ 80t 80 Y0 100 324 £6'8 ozo £9¢8 N S3A 0L'6L - 096} LW
]
o=

1723 oC 133 -1} X4 02 0y S [+]3 13 9 6 133 [o]3 13 vey € Le°004 1OV 100 gse 604 ¥8°0 €0 t00 L0 898 940 95°18 n S4  0v'sl - og'8t [

SL 14 [oI3 t44 e 16t 9¢€ 8L 33 8 9 8 [+]3 8 6} Uy v 1900+ 10€ 100 2972 60} 980 0g0 100 0zt 08'8 LL'0 G628 MS SdJA 0491 - 0994 64W

123 ¥4 93 €e 22 (8L 9t 9L 2k 33 9 8 Sl 8 (v oy S 1866 Gt 100 852 133 280 620 100 960 oL L10 8g'18 N S3A 0094 - 066Gt 84N

88 £t €l 1 €y €8k 29 48 S el L et 2k [/} 92 90s S G2'00} 687C 100 8¢ 8l 060 8e0 100 95t Ly0L 20 9.'6L dWN  SW 09°€l - 0S€El LN

€Sk L2 €l 8t oY e 9t 8 € 113 L 133 S 8 ob 825 (L ¥8'68 €9¢C 00 082 €'t 960 Se0 200 GE'L 66'6 s20 5008 dW S4 060+ - 080} EEY

9vL 8t 9t (24 'y 60 6§ 08 143 el 9 H ¥4 2t 144 2058 € S1'00L G8C 100 v9C 2e't 60 €v'0 200 9L 9t'04 0€0 1008 dW S4 08, - 0LL S4W

L4 4T ) vi ov oy 82 LS U 143 e 9 123 14 39 6t GéF € L8868 S5 100 09¢ 62’} L0 9€0 100 143 66'6 0g0 1508 dW SJIA 686 - GLG L E1L)

¥ee 9L L 19 g9 22 S8 S8 :13 13 6 St 62 €t 09 cgy ¢ 8E°00}L 2¥E 100 €0t (% 060 250 100 ote 80€ vv0 9b'GL dW S4 S9G - 09'G PEL

86 8t 4 8 Ly 0L Ly S0L 9) 3 L el (1} b 2 ovs ¢ GE'66  60€ 100 Ve co'} s20 2e0 200 8g'} 602t G20 ¥S'LL din S4 0,2 - 09¢ 2aN

S6 €€ 2t 62 0S 98 /L€ 00L bi 6 6 13 b6 6L 9vS 1 y866 L1€ 100 v62 8.0 810 00 200 8EL 012l €20 €L8L dN _SW 060 - 080 LW

iz uz A A uL S ES) ay ad N aN ®H D e} Le) eg v eoL 1071 ‘0d oM O%N OED OBw OUAN  I'0%d4 OV ‘OlL oIS BOM YN w w aidwes

[eAsey|
‘widd sJusWa[e 9081 ‘9p1M SIUSWSLS Jofejy "AJND aNSJEIN ‘OYo-epeS BWIRYIYSIN ‘©IOJ[[LIP P)] SIUEINSUOD BPEWIYS ‘SYOOIPNW PUE SSUOISPUES UOHERULIO] SNSIEIN JO SasAeuUR JYX Ho04-2joym HEICLAS

76



Table 3. Whole-rock XRF analyses of surface outcrop samples from (A) Matsue Formation, Matsue City and (B) Miscellaneous Miocene rocks, Shimane Peninsula.

Major elements wt%, trace elements ppm.

(A) Matsue Formation, Matsue City Area

SANR _ LITH Si02 _TiO, ALO, Fe,0,T MnO MgO CaO Na,0O KO PO, Ol Total As Ba Ce Cr Ga Nb N Pb Rb Sc Sr Th \4 Y Zn  Zr
Nanpeidai, Matsue City

NPD1  WBAS 4282 369 2845 1160 0.04 066 006 015 010 0.11 12.03 99.72 - 200 131 173 39 41 138 143 5 394 11 142 366 20 - 512
NPD2  VFS 78.82 045 1267 161 001 028 005 012 092 002 4.81 99.75 2 167 38 17 14 10 16 11 38 113 22 38 48 12 20 142
NPD3  VFS 82.09 020 1083 122 0.01 027 0.05 011 089 002 4.06 99.74 3 147 16 9 10 9 8 6 3 33 21 35 24 10 13 75
NPD4 MS 77.80 029 1266 210 0.01 024 003 011 149 001 4.69 9942 4 185 24 16 13 10 10 16 56 85 20 68 44 9 16 98
NPD5  BAS 50.83 1.87 1963 816 011 403 491 320 183 065 4.72 99.93 1 678 82 102 20 21 87 5 56 218 297 71 217 31 78 279
Asahi-cho, shore of lake Shinji near base of Matsue Formation

AH1*  MST-C 66.53 068 16.01 572 004 169 020 038 212 003 610 9949 11 410 55 38 21 12 11 18 87 145 61 6.6 116 45 56 186
AH2 VFS 8264 022 998 102 0.01 028 009 041 251 001 253 99.71 2 453 19 17 10 7 5 13 80 1.7 54 44 25 13 7 85
AH3 VFS 7283 016 1081 836 001 020 0.14 082 237 002 3.80 99.53 4 558 8 4 9 7 23 17 74 40 66 24 21 8 39 67
Nanpeidai, Matsue City, locality of Nakayama et al. (1996).

KU1 VFS 81.04 0.22 10.08 131 001 019 049 144 270 0.02 201 99.51 3 623 1 7 9 4 3 14 87 23 284 13 24 9 11 75
KU2 VFS-ZST 78.30 0.32 12.00 151 001 030 038 135 268 002 282 99.69 5 521 23 4 12 6 5 18 88 67 179 3.1 49 1 29 99
KU3 ZST 76,22 038 1229 248 0.01 041 040 171 279 002 293 99.63 7 446 40 18 13 8 5 18 96 75 126 3.0 48 17 39 143
KU4 FS 7797 028 1195 107 001 031 069 182 312 002 258 99.83 4 561 24 9 12 0 6 15 110 45 741 26 33 13 20 95
KUs FS 8239 0.22 9.81 073 001 019 052 150 261 0.02 159 99.58 1 465 11 7 10 3 5 12 8 32 348 17 19 10 17 76
KU6 FS 8227 020 981 083 003 019 045 143 264 002 1.69 99.55 2 458 10 2 9 2 5 12 90 39 429 21 19 10 22 74
KU7 MST 7754 045 11.09 193 001 050 037 152 208 003 409 99.61 5 408 43 32 13 10 10 17 75 81 124 47 57 14 26 182
KU8 FS 7794 016 763 814 001 014 021 101 204 010 232 99.68 5 585 13 12 6 6 4 11 67 25 100 33 15 10 12 78
*clasts of Furue Formation mudstone within basal Matsue Formation.

(B) Miscellaneous analyses of Miocene rocks, Shimane Peninsula

SANR _ LITH Si02  TiO, ALO, Fe,0,T MnO MgO CaO Na,0O KO PO; LOI Total As Ba Ce Cr Ga Nb Ni_ Pb RBRb Sc  Sr Th \% Y Zn  Zr
Ushikri Formation, Chikumi shore platform

US4A  ZST 78.19 035 826 427 003 195 023 106 117 004 395 9949 - 239 30 43 10 8 17 8 &7 87 67 55 62 13 - 75
US4B  ZST 77.16 038 892 456 003 201 028 1.16 134 0.06 3.66 99.55 - 280 31 45 11 9 20 4 65 64 69 55 75 15 - 83
US5A MS 61.83 060 1565 688 0.07 485 178 442 040 0.19 336 100.03 - 405 32 28 17 4 15 8 11 162 370 54 121 21 - 112
UssB MS 5544 075 1797 793 010 555 278 434 055 023 410 99.73 - 455 25 49 19 6 17 1 18 224 369 52 153 20 - 104
use MS 67.42 050 1265 551 007 415 192 376 032 013 324 99.67 - 30 3 14 13 7 8 5 10 106 343 45 85 17 - 114
X-US1 MS 77.27 024 1238 154 003 039 032 486 209 0.06 092 100.10 - 529 36 2 9 7 5 4 57 56 156 80 17 22 - 163
Koura Formation, east side of bay at Karuba, Mihonoseki

KO1 MS 62.00 072 1676 553 017 278 231 482 260 0.17 207 99.92 - 1040 58 20 19 9 1 7 46 141 187 54 118 25 - 203
KO2 MS 6193 091 1612 722 018 289 140 534 129 020 219 99.66 - 383 36 7 18 6 5 8 27 248 119 34 144 34 - 128
KO3 TUFF 6186 083 1597 740 020 317 162 516 117 0.16 229 99.83 - 398 38 8 19 6 5 6 23 244 130 32 140 31 - 130
KO4 VFS 66.87 0.67 1538 446 012 225 113 418 243 011 203 99.64 - 676 8 22 18 13 10 1 70 128 119 83 80 31 - 302
Koura Formation, quarryand road outcrop, Mihonoseki

KO8 FS 6721 063 1438 531 009 206 187 3.09 217 015 275 99.70 - 816 76 20 15 9 10 17 83 121 256 7.7 86 30 - 255
KOs AND 53.40 146 1536 11.30 018 667 239 330 1.11 028 4.14 99.59 - 414 38 36 19 5 16 5 23 336 206 25 308 31 - 133
NOTES: Column headings: SANR=sample number; LITH=lithology; LOl=loss on ignition. Dash (-): not determined.

Codes: LITH: CS=coarse sand; MS=medium sand; FS=fine sand; VFS=very fine sand; ZST=siltstone; MST=mudstone; MST-C=mudstone clast; BAS=basalt; WBAS=weathered basalt; AND=andesite.
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Normalised elemental abundances of the Omori
Formation lavas and volcanic clasts analysed from the
Izumo area show patterns most similar to the felsic igneous
rock average of Condie (1993). Although abundances in the
segment Nb-Ce are <UCC and are often lower than the
felsic rock average, they are strongly depleted in Ni, Cr, and
V (Fig. 4 A), and are thus clearly distinct from more mafic
andesite and basalt. On a total-alkali-silica classification
diagram, the Omori lavas are all classified as dacites. This is
supported by the multi-element patterns.

Representative samples of sediments from the Omori,
Fujina and Jinzai Formations in the area south of Lake
Jinzai show contrasting patterns on multi-element diagrams
(Fig. 5). Sandstones from an example locality in the Omori
Formation have patterns that correspond very closely with
Omori dacites (Fig. SA). The single mudstone analysed also
has an identical pattern, illustrating the lack of sorting
fractionation in these proximal volcaniclastic sediments.
The close match with the dacite patterns is repeated at the
other localities sampled, and the Omori sediments in this
area were clearly derived from the dacites on which they
rest.

Sandstones and mudstones from the overlying Fujina
Formation exhibit different patterns, with abundances of
most elements in the sandstones lying below UCC (Fig.
5B). They are also distinguished by marked depletion in Ca,
Na and Sr, and compatible element abundances similar to
UCC, in sharp contrast to the Omori sediments. Patterns in
mudstones vary, but differ slightly from the sandstones.
Depletion in Ca, Na and Sr is slightly greater than in the
sands, and normalised abundances in the segment Ce-V are
generally >UCC, in contrast to depletion in the sands. This
suggests some sorting fractionation has occurred between
sand and mud. The change in pattern from the Omori
Formation also suggests that the source of the Fujina
sediments differed. Although the flatter patterns could
imply a more mafic (andesitic) source, the patterns also
resemble Phanerozoic TTG, and a plutonic component may
also be present. This is supported by the greater SiO,
contents in Fujina sandstones (up to 83 wt%; Table 1A)
compared to those for the Omori Formation (all <70 wt%).
Depletion in Ca, Na and Sr is likely to be a weathering
effect, as all three elements are susceptible to mobilization
in surficial weathering.

Samples collected from the Jinzai Formation in the area
of the Jinzai Basalt also show clearly differing patterns from
the above. Two samples of Jinzai Basalt breccia are
enriched in Ca, Sr, Mg and Ce relative to UCC, and also
show progressive enrichment in the elements Sc-V (Fig.
5C). Their pattern is thus comparable to that of average
Mesozoic-Cenozoic basalt (Fig. 4A). With one exception,
sandstones and mudstones collected from the vicinity of the
Jinzai Basalt cone display the same patterns as the basalts,
with marked enrichment in the segment Sc-V, as well as
positive Ca, Sr, Mg and Ce anomalies. This reflects a

R S S s i s W B B O N N A S

—o— Basalt i | Omori dacite range=1

—O— Andesite H

10 —&— Felsic volcanics
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NbPb U K Ca Zr ThNa Sr RoMg La Ce Si Al BaSc Y Fe Ti Ni Cr V
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10 .
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(B) Plutonic rock averages : H o
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Fig. 4. UCC -normalized multi-element plots for published
volcanic and plutonic rock averages compared the range of
Omori Formation dacites analysed in this study. A: Mesozoic—
Cenozoic volcanic rock averages ( Condie 1993 ); B:
Phanerozoic TTG (tonalite —trondhjemite — granodiorite) and
granite (Condie 1993), and average I-and S—type granite
(Whalen et al., 1987). Omori dacite range covers all Omori
dacite lavas and clasts listed in Table 1. Major elements (K,
Ca, Na, Mg, Si, Al, Fe, Ti) are normalized as oxides.

substantial fragmental basaltic component, at least locally.
The exceptional sample (S-25) has a pattern comparable to
the Omori Formation dacites and sediments, suggesting that
influxes of primarily dacitic sediment still occurred at this
time.

Jinzai Formation sandstones and mudstones from
localities stratigraphically above the Jinzai Basalt horizon
show patterns similar to those of the Fujina Formation, with
abundances of nearly all elements <UCC, and significant
depletion in Ca, Na and Sr (Fig. 5 D). Compatible elements
are again similar to UCC. Mudstones are rather more
fractionated than in the Fujina Formation, with marked
enrichment in Sc-V, and clear separation from their
companion sands. This suggests that sorting is rather more
advanced in the Upper Jinzai sediments than in the Fujina
Formation. SiO; contents in the Upper Jinzai sandstones are
generally greater than in the Fujina Formation (77-84 wt%;
Table 1A), and the patterns again suggest a significant
plutonic component. This is also supported by estimates of
detrital lithic populations (Tateishi, in prep.), which reveal
significant quantities of unitary quartz, plagioclase and K-
feldspar and fewer rock fragments than in Omori
equivalents.
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Fig. 5. UCC-normalized multi—element plots for representative samples from the Omori, Fujina and Jinzai Formations in the area
south of Lake Jinzai, Izumo district, compared to Omori dacite. Data from Table 1 A; localities shown on Figure 3.

Samples from the Nishi-Izumo area to the east show
some stratigraphic variation. This area was mapped as
Fujina Formation by Kano et al. (1997). Those from the
base of the section (Loc. 18; Fig. 6A) display patterns most
similar to Omori Formation sediments and dacites (Fig.
5A). Those from Loc. 19 (stratigraphically higher) display
patterns similar (Fig. 6B) to the Fujina and Upper Jinzai
suites (Figs. 5B & D), suggesting that plutonic detritus may
then have been supplied. Abundances in sandstones are
generally <UCC, except for Zr, Si and V, and marked
depletion is evident for Ca. Mudstones show higher
abundances in the segment Sc-V, as do the Fujina and
Upper Jinzai suites. These contrasts between the two Izumo
localities suggests that distinct changes in provenance may
occur at equivalent horizons over quite short distances,
presumably as a result of lateral facies variation and the
influence of local catchment geology.

Medium-grained sandstones from the Matsue Formation
(Shimada drillcore) display patterns (Fig. 7A) which clearly
differ from their correlatives in the Jinzai Formation. Only
SiO:; is enriched relative to UCC, and many elements (Ca,
Th, Mg, Ce, Sc-V are quite strongly depleted (0.2-0.5 x
UCC). Fine-and very fine-grained sandstones display
similar patterns (not shown), but tend to be slightly less
depleted. In contrast, mudstones display linear patterns
close to UCC composition, except for clear depletion in Ca,
Na and Sr, and slight and progressive enrichment in the
compatible element segment Fe-V. The contrasts in the

patterns of the medium sandstones and mudstones are
attributable to sorting and winnowing in the very shallow
marine embayment in which the Matsue Formation is
considered to have been deposited (Nakayama et al ., 1996).
Elevated SiO; contents in the sandstones (many >80 wt%;
Table 2), marked Ca, Na and Sr depletion, and the flat
patterns suggest derivation from moderately weathered,
largely plutonic (granodioritic) source.

Outcrop samples of Matsue Formation in the Nanpeidai
area of Matsue City display similar patterns to those above,
but with larger Ca, Na and Sr anomalies (Fig. 8). Alkalic
Matsue Formation basalt sampled from road outcrop (Fig. 8
a) has a pattern similar to Jinzai Basalt (Fig. 5C), with Zr,
Mg and Ce greater than UCC, and progressive enrichment
in the segment Sc-V. This pattern is replicated in overlying
weathered basalt, except that Nb, Pb and Al are enriched,
and K, Ca, Na, Sr and Rb are strongly depleted relative to
UCC. Although Ca, Na and Sr are also strongly depleted in
the overlying sandstones, no other signals of a basaltic
component (e.g. Mg or Sc-V enrichment) are apparent in
their patterns (Fig. 8A). This suggests that little basaltic
detritus was recycled into the overlying sedimentary pile in
this case.

Sandstones and mudstones from quarry outcrop at
Nanpeidai (locality of Nakayama et al., 1996) show
comparable multi-element patterns to the other Matsue
Formation localities, with abundances of all element except
SiO; less than in UCC (Fig. 8B). Depletion in Ca, Na and Sr
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is, however, intermediate between that in the Shimada
drillcore samples and the other Nanpeidai samples. This
suggests that differing parts of the Matsue Formation were
feed from sources where intensity of weathering varied.
Alternatively, intensity of secondary surficial weathering
during and immediately after deposition may have varied
within the depositional basin.

Turbidite sandstones and mudstones from the eastern
block of Ushikiri Formation at Chikumi (Table 3B) display
differing patterns from all the above suites (Fig. 9A). With
the exception of depletion in Ca, Sr and Rb in a few
samples, slopes tend to increase from left to right, with
abundances near to or slightly greater than UCC in the
segment Sc-V. The pattern closely resembles that of average
Mesozoic-Cenozoic andesite (Fig. 4A), and implies a
predominantly andesitic source. This is in accord with the
volcaniclastic nature of Ushikiri turbidites, and the
moderate SiO, contents (55-68 wt%) of three of the four
sandstones analysed from this locality. Ushikiri mudstones
also show similar patterns to the sandstones, reflecting the
lack of sorting fractionation characteristic of volcaniclastic
sediments. The andesitic Ushikiri patterns contrast sharply
with the dacitic patterns observed in their time correlatives
in the Izumo Omori Formation suite, suggesting they did
not have the same source. This confirms the paleocurrent
evidence that the eastern block of the Ushikiri Formation
had a different source from that in west Shimane Peninsula.
The Chikumi Ushikiri outcrop therefore does not represent
a deeper-water equivalent of the Omori Formation exposed
along the southern edge of Lake Shinji. Much more
extensive sampling is required to characterize the spatial
variability in the Ushikiri and Omori Foramations, however.

The small suite of sandstones analysed from the non-
marine Koura Formation (Early Miocene) have patterns
which lie between those of an interbedded tuff and an
andesite (Fig. 9B). Depletion in the mobile elements (Ca,
Na, Sr) is not evident, suggesting that the Koura sediments
were derived from a relatively unweathered source terrane.
The patterns themselves suggest that the source consisted
primarily of andesite, along with lesser more felsic volcanic
rocks and tuffs.

Conclusions

Clear contrasts in multi-element abundance patterns
occur between the Miocene sedimentary formations
examined here. Sandstones from the Koura Formation, the
oldest unit represented, display patterns indicative of
derivation from coeval andesitic and felsic volcanic source
rocks. Turbidite sandstones from the Ushikiri Formation in
Shimane Peninsula also display andesitic signatures, in
contrast to the strongly dacitic patterns of lateral equivalents
in the shallower-water Omori Formation from the Izumo
area. The succeeding Fujina Formation in that area exhibits
more depleted patterns relative to UCC, suggestive of some

influx of weathered plutonic detritus. Some lateral or
stratigraphic variation is indicated by additional Fujina
samples from the South Nishi-Izumo area. Depleted patterns
and probable plutonic input is also recognised in the Jinzai
Formation, except in the immediate vicinity of the Jinzai
Basalt edifice, where geochemical signatures of basaltic
detritus appear in the sediments. Equivalents in the Matsue
Formation also show depleted abundances relative to UCC,
but patterns differ from those of the Jinzai Formation,
especially with respect to elements mobile during
weathering. A mainly plutonic source is inferred, with
additional modification due to source weathering and
sedimentary processes associated with deposition in a
protected shallow marine embayment.

Although interpretation of this data has just begun, the
preliminary results presented here suggest sediments
deposited in backarc settings can show marked stratigraphic
and lateral geochemical variation. This is a consequence of
their proximal deposition, the complexity of the hinterland
geology, and the influence of small catchments.
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