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Abstract

A broad set of samples from the CVP has been analyzing Pb isotopes. Campanian Volcanic Province
(CVP) has been produced by various ranges of mixing between three components: 1) MORB, 2)
Hercynian basement and 3) upper crust. Anyhow, the upper crust that has modified the Pb isotop-
ic composition also shows trends towards an Achaean upper crust. This is consistent for all Medi-
terranean area. This is not in contrast with the past plate tectonic reconstruction. Also the surface
sediments (GLOSS) may have been a mixing between the Achaean upper crust and a Hercynian
component with an implication worldwide due to the rock cycle processes.

Keywords

Pb Isotopes, Campanian Volcanic Province, Hercynian, Sediments, MORB

1. Introduction

The Campanian Volcanic Province (Figure 1) is made of the following volcanic area: Somma-Vesuvius volcano
[1], Campi Flegrei Volcanic District [2] [3], Roccamonfina volcano [3] and the Island of Ponza and Ventotene
[4]. A tectonic scenario has been envisaged on the basis of geophysical, petrologic and geochemical data, where
the magma is stored in the deep and hot intrusion zone [4]-[6]. The magmas erupted have a sediments signature
due to the adjacent Adria slab subducting [4] [7]. Tomographic results confirm this scenario ([8], references
therein). In this report, 1 would like to unravel the features of the Pb isotopes data from the Campanian Volcanic
Province [9]-[11]. Moreover, a model is built to explain these typical Pb isotopes signatures.
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Figure 1. Aerial photograph of the main volcanic area of the Campanian Volcanic Province.

2. A Geochemical Overview to Summarize the Magmatic Origin and Crustal Effects
in Campanian Volcanic Province

The Campanian Volcanic Province is part of the classic western potassic volcanic province of the Italian Penin-
sula. The Campanian volcanic products show the effects of shallow assimilation and fractional crystallization,
and the contribution of regional crustal sources (e.g., Hercynian basement-Calabrian crust). The Roccamonfina,
Campi Flegrei, and Ventotene volcanic rocks are characterised by wide isotopic and geochemical variations.
Such variations appear to reflect both AFC processes and chemical heterogeneity in the upper mantle that may
be linked to subduction processes. Mixing curves (Th/Ce-, Ba/K- and Eu/Eu*-***Nd/***Nd) linking sediments
and mantle end-members account for the variations in the Campanian Province volcanic rocks with a sediment
contribution of 2% - 10%. The upper mantle sources for the low- and high-K rocks at Roccamonfina have been
constrained on the basis of a multi-element normalized diagram. The two sources require different amounts of
sediment in the mantle wedge (LK~2% versus HK~10%) and a fluid component probably from altered ocean
crust to explain the fluid mobile elements. Low-K Roccamonfina rocks are geochemically similar to those from
Campi Flegrei, Ventotene, and Somma-Vesuvius, suggesting a similar proportion of sediment in their upper
mantle source regions [3].

3. Sampling and Analytical Techniques

A representative suite of 300 volcanic rocks of samples was obtained on and around the flanks of Mount Som-
ma-Vesuvius volcano, Roccamonfina volcano, Campi Flegrei Volcanic District and Ventotene Island on the ba-
sis of detailed field mapping (Rolandi, unpubl. Data); each rocks weighted 2 Kg, then was crushed to ash size, 2
g for each rocks were analyzed for Pb isotopic determinations. At least half of the samples are pumice and the
rest are scoria and lava. Pb isotopes were determined at the US Geological Survey, Reston, VA, on a Finni-
gan-MAT 262 mass spectrometer. Pb isotopic analyses were done on 50 minerals separates (plagioclase, sani-
dine, and leucite). And 250 whole rocks (total of ~300 samples, Table 1 and Table 2), using static multi-collec-
tion mode. Isotopes were separated using standard anion-exchange methods: Pb isotopic ratios were normalized
for mass fractionation by 0.1% per mass unit on the basis of repeated runs of NBS-981; Pb blanks during

®
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Table 1. Pb isotopic composition of the volcanic rocks and minerals from Mt. Somma-Vesuvius volcano.

Sample ID 206pp/204ph SE(M)2 27ppy24ph SE(M)2 208ppy/204ppy SE(M)2
Sla WR 19.002 0.001 15.625 0.008 38.985 0.002
Sla WR 19.053 0.003 15.681 0.003 39.169 0.009
Sla KSP 19.127 0.042 15.752 0.036 39.349 0.092
Sib WR 19.013 0.003 15.633 0.003 39.014 0.007
Sib WR 19.041 0.002 15.664 0.001 39.121 0.005
Sib KSP 19.038 0.007 15.664 0.007 39.124 0.019
Sic WR 19.023 0.001 15.642 0.001 39.037 0.003
Sic KSP 19.039 0.002 15.661 0.002 39.105 0.006
Sid WR 19.002 0.0006 15.610 0.0005 38.935 0.001
Sid WR 18.994 0.002 15.607 0.001 38.925 0.003

S2(1) WR 19.030 0.005 15.621 0.005 39.032 0.035
S2(1) WR 19.033 0.003 15.629 0.003 38.986 0.007
S2(1) KSP 19.016 0.082 15.640 0.066 39.087 0.166
S2(2)a WR 19.042 0.006 15.637 0.005 39.013 0.014
S2(2)a KSP 19.538 0.678 16.040 0.552 39.915 1.459
S2(2)b WR 18.990 0.006 15.689 0.006 39.149 0.017
S2(2)b WR 18.931 0.002 15.611 0.001 38.893 0.003
S2(2)c KSP 18.982 15.682 39.135

S2(2)e WR 18.985 15.639 38.987

S2(3) KSP 18.979 0.003 15.666 0.003 39.085 0.007
S2(4) WR 18.958 15.645 39.024 0.003
S3(1)a KSP 18.949 0.001 15.626 0.001 38.950

S3(1)b WR 18.966 15.658 39.067 0.004
S3(1)b KSP 18.950 0.001 15.629 0.001 38.955

S3(1)c WR 18.949 15.637 38.995 0.004
S3(1)c KSP 18.954 0.001 15.635 0.001 38.978

S3(1)d WR 19.004 15.702 39.223 0.009
S3(1)d KSP 18.947 0.004 15.627 0.003 38.952

S3(1)e WR 18.935 15.623 38.946 0.004
S3(1)e KSP 18.968 0.002 15.652 0.001 39.043 0.006
S3(L)f WR 18.916 0.002 15.592 0.002 38.830

S3(2)a WR 18.960 15.647 39.031 0.004
S3(2)b WR 18.941 0.002 15.615 0.001 38.914 0.002
S3(2)c WR 18.937 0.0007 15.613 0.0006 38.904 0.009
S3(2)c WR 18.909 0.005 15.597 0.003 38.851 0.004
S3(2)d WR 18.944 0.002 15.622 0.001 38.936 0.001
S3(2)e WR 18.936 0.0006 15.612 0.0005 38.901 0.007
S3(2)e WR 18.949 0.002 15.629 0.002 38.956
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S3(2)f WR 18.959 15.645 39.025 0.002
S3(3)a WR 18.940 0.001 15.614 0.001 38.908

S3(3)a WR 18.975 15.667 39.098 0.004
S3(3)b WR 18.956 0.001 15.636 0.001 38.981

S3(3)b WR 18.947 15.646 39.015

S3(3)c KSP 18.956 0.001 15.638 0.001 38.984 0.004
S3(3)c KSP 18.975 15.669 39.101

S3(3)c WR 18.931 0.0008 15.613 0.0008 38.902 0.002
S3(3)d WR 18.945 0.0006 15.624 0.0006 38.938 0.002
S4(2)a WR 18.936 0.0006 15.604 0.0006 38.874 0.001
S4(2)a WR 18.959 0.004 15.636 0.004 38.980 0.011
S4(2)b WR 18.963 15.656 39.051

S4(2)b WR 18.936 0.0009 15.604 0.0008 38.874 0.002
S4(4)#1 WR 18.944 0.002 15.624 0.002 38.934 0.007
S5(1)b WR 19.053 15.769 39.430

S5(1)c WR 19.034 0.006 15.737 0.006 39.312 0.018
S5(2)a WR 18.953 0.0007 15.629 0.0007 38.949 0.002
S5(2)a WR 18.960 0.004 15.647 0.004 39.015 0.014
S5(2)a KSP 19.001 0.005 15.684 0.005 39.140 0.016
S5(2)a KSP 19.020 15.715 39.257

S5(2)b WR 18.967 0.001 15.648 0.001 39.011 0.004
S5(2)b KSP 18.979 0.002 15.657 0.002 39.050 0.007
S5(3)a WR 19.030 15.736 39.320

S5(3)b WR 19.011 0.005 15.705 0.004 39.202 0.012
S5(4)b WR 18.953 0.002 15.609 0.002 38.887 0.005
S5(4)b WR 18.953 0.0009 15.615 0.0008 38.899 0.002
S6(1)a WR 18.953 0.0009 15.622 0.0008 38.927

S6(1)a KSP 18.950 0.001 15.623 0.002 38.933 0.002
S6(1)b WR 18.933 0.001 15.603 0.001 38.863 0.006
S6(1)b KSP 18.944 0.002 15.618 0.002 38.912 0.003
S6(1)c WR 18.939 0.0008 15.611 0.0007 38.890 0.005
S6(1)c KSP 18.983 0.003 15.663 0.003 39.069 0.002
S6(2)a WR 18.971 0.002 15.662 0.002 39.051 0.008
S6(2)a WR 18.962 0.0008 15.640 0.0008 38.986 0.005
S6(2)a KSP 19.003 0.009 15.686 0.009 39.140 0.002
S9(1)a KSP 19.384 0.139 16.041 0.114 40.168 0.027
S9(1)a KSP 18.995 15.688 39.148 0.298
S9(1)b KSP 18.978 15.664 39.084

S9(1)b Sink 18.959 0.001 15.633 0.001 38.967
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S9(1)c KSP 18.987 15.683 39.146 0.003

S9(1)d WR 18.947 0.001 15.618 0.0009 38.916

S10(1)a KSP 18.963 0.002 15.634 0.002 38.960 0.002

S10(1)a KSP 18.982 15.666 39.076 0.005

S10(1)c KSP 19.010 15.687 39.161

S10(1)d WR 18.959 0.001 15.608 0.001 38.887

S11(1) WR 18.948 0.0007 15.622 0.0006 38.913 0.003

S12(2) WR 18.982 15.695 39.174 0.0016

S13(1)a WR 18.963 0.008 15.664 0.007 39.057

S13(1)a WR 18.963 15.664 39.057 0.017

S13(1)b WR 18.940 0.001 15.609 0.001 38.881

S13(2)b WR 18.974 15.673 39.099 0.003

S14(1) WR 18.955 0.002 15.641 0.002 38.982

S14(2) WR 18.968 15.654 39.032 0.006

S15(1)b WR 18.949 0.003 15.623 0.003 38.915

S15(1)b WR 19.017 15.720 39.261 0.008

S15(2)a WR 18.998 0.022 15.689 0.018 39.143

S16(1) WR 19.044 15.753 39.370 0.044

S17(1)a WR 19.025 0.006 15.722 0.006 39.252

S17(2)b WR 18.929 0.001 15.606 0.0008 38.8613 0.021

S18(1)a WR 18.901 0.002 15.585 0.001 38.796 0.002

S18(1)b WR 18.949 0.0008 15.622 0.0008 38.9139 0.005

S19(1)a WR 19.088 0.071 15.780 0.059 39.400 0.002
S20 WR 19.070 0.004 15.655 0.003 39.068 0.147
S20 WR 19.089 15.687 39.185 0.01

S21(1)a WR 19.024 0.024 15.646 0.02 39.022

S21(1)a WR 19.043 15.677 39.139 0.05

S21(1)b WR 19.030 0.012 15.677 0.011 39.137

S21(1)b WR 19.049 15.709 39.254 0.026

S21(1)c WR 18.972 0.001 15.614 0.0009 38.906

S21(1)c WR 19.035 0.008 15.668 0.007 39.094 0.002

S21(1)c WR 19.054 15.700 39.212 0.019

S21(2)c WR 19.125 0.138 15.763 0.109 39.327

S21(2)d WR 19.038 0.006 15.673 0.005 39.113 0.276

S21(2)d WR 19.058 15.704 39.231 0.0145

S21(2)e WR 18.980 0.0009 15.602 0.0008 38.869

S21(2)f WR 18.997 0.001 15.615 0.001 38.916 0.002

S21(2)f WR 19.016 15.646 39.032 0.004
Via WR 18.987 0.002 15.614 0.002 38.911
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R la WR 19.006 15.646 39.028 0.005
Vib WR 19.020 0.05 15.647 0.041 39.021
R1b WR 19.040 15.679 39.138 0.102
Vic WR 19.032 0.003 15.677 0.004 39.111
R1c WR 19.051 15.708 39.229 0.012
V2a WR 19.096 0.09 15.740 0.079 39.272
R 2b WR 18.985 15.646 39.015 0.15
V2b WR 18.966 0.001 15.615 0.001 38.898
V3a WR 18.965 0.002 15.593 0.002 38.852 0.003
R 3a WR 18.984 15.625 38.969 0.005
V3b WR 19.054 0.004 15.656 0.002 39.076
R 3b WR 19.073 15.688 39.193 0.01
V4 WR 18.989 0.002 15.652 0.002 39.015
R4 WR 19.008 15.683 39.132 0.006
V5 WR 19.234 0.2 15.897 0.164 39.622
V6a WR 18.935 0.001 15.586 0.001 38.799 0.42
R 6a WR 18.954 15.617 38.915 0.003
V6b WR 18.977 0.013 15.639 0.011 38.982
R 6b WR 18.996 15.670 39.099 0.028
V6e WR 18.979 0.009 15.638 0.008 38.976
R 6¢ WR 18.998 15.669 39.093 0.023
V7 WR 19.190 0.199 15.812 0.163 39.402
V7 WR 19.024 0.001 15.630 0.001 38.885 0.413
V8 WR 18.929 0.008 15.612 0.007 38.874 0.003
R8 WR 18.948 15.643 38.991 0.017
V9a WR 18.985 0.01 15.629 0.009 38.932
R 9a WR 19.004 15.661 39.049 0.022
V9b WR 18.967 0.003 15.614 0.002 38.898
R 9b WR 18.986 15.645 39.015 0.008
V10 WR 19.101 0.076 15.677 0.062 39.134
R 10 WR 19.120 15.709 39.252 0.152
V14 WR 19.005 0.008 15.602 0.007 38.894
V14 WR 19.024 15.633 39.011 0.017
V18 WR 18.999 0.009 15.595 0.008 38.867
V18 WR 19.018 15.627 38.984 0.02
V21 WR 18.968 0.004 15.633 0.003 38.953
V21 WR 18.987 15.664 39.070 0.008
V23 WR 18.968 0.006 15.636 0.005 38.976
V23 WR 18.970 0.001 15.635 0.0009 38.954 0.014




A. Paone

Continued
V23 WR 18.987 15.667 39.093 0.002
V30 WR 18.954 0.001 15.616 0.0008 38.900
V34 WR 18.980 0.003 15.659 0.002 39.054 0.002
V35 WR 18.985 0.004 15.651 0.004 39.031 0.015
V35 WR 19.004 15.683 39.148
V42 WR 18.952 0.002 15.621 0.001 38.915 0.004
V42 WR 19.013 0.018 15.683 0.016 39.119 0.049
V42 WR 19.032 15.714 39.236
V46 WR 18.963 0.001 15.630 0.001 38.935 0.003
V46 WR 18.982 15.661 39.052
V59 WR 19.030 15.724 39.279
V64 WR 18.991 0.002 15.632 0.002 38.948 0.005
V84 WR 18.959 0.001 15.614 0.001 38.901 0.002
V84 WR 18.946 0.0008 15.604 0.0008 38.856 0.002
V84 WR 18.942 0.003 15.601 0.003 38.844 0.008
Vo4 WR 19.178 15.767 39.435
V97 WR 19.036 0.002 15.615 0.002 38.950 0.05
Vo7 WR 19.036 0.003 15.616 0.002 38.951 0.006
V102 WR 18.979 0.001 15.628 0.001 38.936 0.003
V102 WR 19.050 15.717 39.228
V102 WR 19.031 0.029 15.685 0.026 39.110 0.067
V110 WR 18.964 0.001 15.602 0.0009 38.851 0.003
V141 WR 19.056 0.001 15.640 0.001 39.032 0.003
V155 WR 18.964 0.001 15.602 0.0009 38.851 0.003
SCL1 WR 18.988 0.002 15.602 0.002 38.902 0.007
SCD1 WR 18.981 0.003 15.607 0.003 38.891 0.009
SCL1la WR 19.008 0.003 15.618 0.003 38.955 0.012
SCL3 WR 19.023 0.005 15.628 0.005 39.019 0.015
SCL4 WR 18.993 0.002 15.621 0.002 38.965 0.008
SCL5 WR 18.989 0.002 15.617 0.002 38.959 0.004
SCL6 WR 18.989 0.002 15.642 0.001 39.033 0.004
SCD2#1 WR 19.077 0.003 15.604 0.002 38.975 0.007
S2(2)c KSP 18.963 0.002 15.650 0.003 39.018 0.008
S3(3)6 KSP 18.943 0.003 15.632 0.002 38.965 0.006

this study were —1 ng. The Pb isotopic data have a total uncertainty of 0.1% (2 s).

4. Discussion

The Pb isotopic composition is presented from mainly the Somma-Vesuvius volcano and cover the eruption ages
from Somma caldera activity [<39 Ka (age of the Campanian Ignimbrite)] until the last vulcanian effusive erup-
tion of 1944 AD (Table 3, [12], references therein). Then, a representative sample collection of the Campi Fle-

O,
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Table 2. Pb isotopic composition of a representative suite of volcanic rocks from Campi Flegrei District (CF), Roccamonfi-
na (RM), Campi Flegrei Breccia Museo (CFb), Ignimbrite Campana (ICB, sanidine and whole rocks: ALT, MTF, SFC, Ve,

Sa, Mo, MP), Somma caldera (SCL, SCD), Ventotene xenoliths (Vt).

Samples ID

RM 1
RM 1
RM 3
RM 3'
RM 5
RM 6
RM 7
RM 7
RM 8

RM 10

RM 12
CFX
CF1
CF2
CF3
CF5
CF6
CF7
CF8
CF9
CF 10
CF10
CFb1
CFb 2
CFb1
CFb 2
CFb 3
CFb 4
ICB 1
ICB 2
ICB 3
ICB 4
ICB5
ICB HB6a
ICB HB6b
ICB HB7a
ICB 8
ICB9
ICB 9sec
ICB 10
ICB 11
ICB 12
ICB 13

Whole rock
Separate
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock
Separate
Whole rock
Whole rock

Whole rock
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock

Whole rock
Whole rock
Ksp
Ksp
Ksp
Ksp
Separate
Separate
Separate
Separate
Separate
Separate
Separate
Separate
Separate
Separate
Separate
Separate
Separate
Separate

Separate

Petrography

Leuc-theph
Ksp
K-Basalt

K-Basalt
K-Basalt
Leuc-tephr
Ksp
K-basalt
Latite

Trachibasalt
K-Basalt
Trachibasalt
Trachibasalt
Trachibasalt
Latite
Latite
Trachyte
Latite
Latite
Trachibasalt

Basalt
Basalt
Basalt
Basalt
Leuc-tephr.
Leuc-tephr.
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine
Sanidine

Sanidine

AGE

1.5-03 MA

0.3 MA

0.3 MA
0.3 MA
15-0.3 MA

0.3 MA?
0.3 MA
0.3 MA?

>40 ky BP
40 - 17 ky BP
17,000 y BP

?

14,000 y BP
10,000 y BP
40 - 10 ky BP
10 - 4 ky BP
8-5ky BP

37-33ky BP
37-33kyBP
37-33kyBP
37-33kyBP
37-33kyBP
37-33ky BP
37-33ky BP
37-33ky BP
37-33kyBP
37-33kyBP
37-33kyBP
37-33kyBP
37-33ky BP
37-33ky BP
37-33ky BP

Lithotype

Lava

Lava

Lava
Lava

Lava

Lava

Spatter
cone?

lava

lava
Scoria
Scoria
Scoria
Scoria
Scoria
Pomice
Pomice
Pomice
Pomice

Lava
Lava

Pb206/
Pb204

18.866
18.739
18.943
19.167
18.827
18.839
18.716
18.749
19.119

19.093

18.884
19.201
19.032
19.126
18.970
18.971
19.012
18.963
18.989
18.922
18.936

18.974
18.953
19.044
19.133
19.277
19.241
19.085
19.159
19.136
19.136
19.102
19.112
19.114
19.122
19.023
19.128
19.150
19.133
19.093
19.108
19.106

2SE(M)

0.011
0.001
0.006
0.004
0.003
0.003
0.004
0.002
0.002

0.002

0.003
0.0009
0.004
0.0006
0.001
0.002
0.003
0.0007
0.002
0.002
0.001

0.002
0.002
0.002
0.002
0.001
0.002
0.002
0.003
0.005
0.005
0.001
0.001
0.0007
0.0007
0.003
0.0009
0.007
0.0007
0.0009
0.0009
0.001

Pb207/
Pb204

15.749
15.612
15.617
15.683
15.684
15.680
15.605
15.608
15.677

15.678

15.687
15.630
15.620
15.615
15.593
15.628
15.647
15.666
15.638
15.650
15.580

15.684
15.609
15.626
15.615
15.659
15.641
15.616
15.695
15.663
15.663
15.635
15.649
15.642
15.627
15.629
15.635
15.678
15.650
15.625
15.623
15.625

2SE(M)

0.009
0.001
0.005
0.003
0.003
0.003
0.003
0.001
0.002

0.002

0.007
0.0007
0.002
0.0005
0.001
0.001
0.003
0.0006
0.002
0.003
0.0009

0.002
0.001
0.002
0.001
0.0009
0.001
0.002
0.004
0.003
0.003
0.001
0.001
0.0005
0.0006
0.002
0.0007
0.006
0.0006
0.0009
0.0008
0.001

Pb208/
Pb204

39.268
38.762
38.968
39.209
39.048
39.039
38.784
38.794
39.177

39.173

39.080
39.116
38.948
39.002
38.837
38.950
39.042
38.909
38.990
38.965
38.798

39.082
38.855
38.934
39.026
39.211
39.138
39.011
39.266
39.179
39.061
39.064
39.118
39.085
39.049
39.044
39.078
39.226
39.122
39.026
39.046
39.037

2SE(M)

0.026
0.003
0.016
0.01
0.009
0.009
0.008
0.003
0.005

0.008

0.018
0.002
0.008
0.006
0.003
0.004
0.009
0.002
0.007
0.006
0.002

0.008
0.004
0.005
0.004
0.003
0.004
0.004
0.014
0.008
0.003
0.004
0.005
0.001
0.001
0.006
0.002
0.006
0.001
0.003
0.002
0.003
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Continued
ICB 13sec Separate Sanidine 37-33kyBP 19.118 0.0009 15.637 0.0008 39.076  0.002
ICB 14 Separate Sanidine 37-33kyBP 19.097 0.0008 15.621 0.0006  39.020  0.002
ICB 15 Separate Sanidine 37-33kyBP 19.095 0.006 15.620 0.005 39.024  0.012
ALT1 Separate Sanidine 37-33kyBP 19.108 0.001 15.631  0.0008  39.056  0.002
ALT 2 Separate Sanidine 37-33kyBP 19.147  0.0007 15.670 0.0006  39.190  0.002
ALT3 Separate Sanidine 37-33kyBP 19.115 0.0009 15.642 0.0009 39.090 0.003
ALT 4 Separate Sanidine 37-33kyBP 19.103  0.0006  15.629  0.0004 39.047  0.001
Ponti Rossi Separate Sanidine 37 - 33 ky BP 19.095 0.001 15.634  0.0007  39.055  0.002
MTF 1 Separate Sanidine 37-33kyBP 19.118 0.0006 15.642 0.0005 39.090 0.001
SE:?:n. Separate Sanidine 37-33kyBP 19.128  0.0007 15.633 0.0006  39.070  0.002
SFC la Separate Sanidine 37-33kyBP 19.094 0.0006 15.631 0.0006 39.045  0.002
SFC 2 Separate Sanidine 37-33kyBP 19.109 0.0008 15.630  0.0008  39.051  0.002
Vel Separate Sanidine 37-33kyBP 19.121  0.0005 15.628 0.0004  39.054  0.0009
Sa 1b Separate Sanidine 37-33kyBP 19.112  0.0007 15.625 0.0006  39.038  0.001
Mo 1 Separate Sanidine 37-33kyBP 19.083 0.001 15.602 0.001 38.961  0.004
Mo 2 Separate Sanidine 37-33kyBP 19.106  0.0009  15.632  0.0007  39.053  0.002
MP 1 Separate Sanidine 37-33kyBP 19.144 0.001 15.657 0.001 39.151  0.003
MP 1 Separate Sanidine 37-33kyBP 19.154  0.0008  15.668  0.0007 39.185  0.002
MP 2a Separate Sanidine 37-33kyBP 19.120  0.0008  15.626  0.0006  39.049  0.002
MP 2b Separate Sanidine 37-33kyBP 19.109 0.001 15.635 0.0008  39.067  0.002
MPI-WB whole rock 37-33kyBP 19.137 0.001 15.651 0.001 39.133  0.003
VE-1-WB  Whole rock 37-33kyBP 19.166 0.003 15.671 0.003 39.194  0.008
ALT-1-WB  Whole rock 37-33kyBP 19.113 0.002 15.639 0.002 39.080  0.007
Sala-WB  Whole rock 37-33kyBP 19.072 0.003 15.617 0.002 39.067  0.007
Sa 1b-WB  Whole rock 37-33kyBP 19.132  0.0004 15.652 0.0003  39.129  0.0009
ICB9-WB  Whole rock 37-33kyBP 19.148 0.001 15.656 0.001 39.151  0.005
SCL1 Whole rock 35-25ky BP Lava 18.988 0.002 15.602 0.002 38.902  0.007
SCL la Whole rock 35-25ky BP 19.008 0.003 15.618 0.003 38.955  0.012
SCL 3 Whole rock 35-25ky BP 19.023 0.005 15.628 0.005 39.019 0.015
SCL 4 Whole rock 35-25ky BP Lava 18.993 0.002 15.621 0.002 38.965  0.008
SCL5 Whole rock 35-25ky BP 18.989 0.002 15.617 0.002 38.959  0.004
SCL 6 Whole rock 35-25ky BP 18.989 0.002 15.642 0.001 39.033  0.004
SCD #2-1  Whole rock S.Cal. Dykes 19.077 0.003 15.604 0.002 38.975  0.003
Vt1l Whole rock Xenlith. 18.815 0.005 15.622 0.005 38.802 0.012
Vt2 Whole rock Xenlith. 18.538 0.007 15.603 0.006 38,506  0.019
Vt 3b whole rock Xenlith. 18.835 0.003 15.633 0.003 38.810  0.007
Vt4 Whole rock Xenolith. 18.757 0.001 15.637 0.001 38.857  0.003
Vt4 Ksp Xenolith. 18.765 0.001 15.647 0.001 38.888  0.003
Vt 5a Whole rock Xenlith. 18.742 0.002 15.623 0.001 38.810  0.003
Vt 5a Ksp Xenolith. 18.753  0.0008  15.629  0.0007 38.832  0.002
Vt5b Ksp Xenolith. 18.737 0.002 15.621 0.002 38.804  0.004
Vt 6 Whole rock Xenolith. 18.742 0.002 15.653 0.002 38.873  0.005

grei Volcanic District (Campi Flegrei, Procida and Ischia) is also presented. A detailed sampling especially for
the separate sanidine very much present in the products of this eruption and several representative whole rocks
(age of Campanian Ignimbrite eruption: 39 Ka, [13], Figure 2) of the Campanian Ignimbrite eruption and sever-
al representative analyses of Roccamonfina volcano [3] and Ventotene xenoliths [14] are also presented. The
207ph/?ph versus 2°Pb/*Pb diagram is presented with all the above data and the following end members

©
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[MORB [15] [16], Hercynian basement-Calabrian crust [17] [18], all the data worldwide of the shallow sedi-
ments and GLOSS (Global Sediment Subducting [19], Plank and Langmuir, 1998), Archean upper crust [16]
(Figure 3)]. From the Pb-Pb diagram, | envisage that the all Campanian Volcanic Province is formed by three

Table 3. Eruption, age, and explosive tipology of Plinian and interplinian events in the last 25 ky.

. . . Dispersion Volume
Formation Age Type of activity Magmatic groups - (km?)
Codola 25 ka BP Plinian I group S-E 14
Post-Codola 25-17 ka BP Strombolian and effusive I group
Sarno 17 ka BP Plinian | group E 44-6
Post-Sarno 17 - 16 ka BP Strombolian and effusive I group
Novelle-Seggiari-Bosco 15 - 14 ka BP Plinian I group N-NE 15
Ottaviano 8 ka BP Plinian 11 group E-NE 24
Avellino 3800 BP Plinian 11 group E-NE 25
Protohistorical 3800 - 2700 BP Vulcanian and strombolian 11 group
Pompei AD 79 79 AD Plinian 111 group E-SE ~4
- R Vulcanian, strombolian and
Ancient historical 79 - 203 AD offusive 111 group
Pollena AD 472 472 AD Plinian 111 group N-NE 1.2
Medieval 472-1139 Ap  Vulcanian, strombolian and 111 group
effusive
1631 1631 AD Plinian 111 group N-NE 11
1631 - 1944 1631-1944 Ap  Vulcanian, strombolian and 111 group
effusive
1
S.Agata dei Goti Lulino -
r;_!:ape_l;c;nn Yellow
ICB-13A 3041 = 045 39.56+0.23 53 IG“;E:n‘kl)hl
i H]]l]:[ﬂ]]m Tncoherent Tuff
: d ALT=2 39132013 1CB-11 ITNE0I8 B veowur
’, ’: e [ e Gyt
ICB-12EY /%) ALT-1Y /%)39.26£0.15 B 1 Basat Punice
£/ B8T5£0.45 s 6 [E2ca Litic Breccia
4_ Taurano Giugliano A rausauo vellow Tust
Sperone 7 X X g CTuft]
ATGI-117 7%)39.96+ 091
AVGLS :gggigzg ICBY-C 18052043 St Prodsics
AFBP-5 a1 02 2 0.26 T o
AFBP-1 (0o@d40.16 + 0.21 S
38.57+0.25 7 V
ICB9-GT |/ #139.31+0.50
AYL-14 157‘“ Y0 1emii6 [ 430552031
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39.38=0.15

39.94+0.27

39.69+1.02

Figure 2. Schematic stratigraphic columns of the Campanian Ignimbrites. Ages are ka and are based on incremental-heating
“OAr/®Ar analyses of pure sanidine mineral separates (modified from [13]).
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Campanian Volcanic Province
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Figure 3. The 2"Pb/?*Pb versus 2°°Pb/?*Ph diagram is presented with all the above data and the following end members
[MORB [15] [16], Hercynian basement-Calabrian crust [17] [18], all the data worldwide of the shallow sediments and
GLOSS (Global Sediment Subducting [19], Archean upper crust [16])].

end-menbers: 1) MORB, 2) Hercynian basement, 3) upper crust. This can be computed as | show with different
styles of mixing duo to the large range of the end members. Anyhow, the result and interpretation does not
change much. The model that I develop is that these volcanic products are produced by signatures of old arching
upper crust and then assimilated with the Hercynian basement. Finally, | can also state that the recent sediments
[19] are an average between the Hercynian component and the Archean upper crust as can be suggested by the
past plate tectonic and the rock cycles.

5. Conclusion

Finally, I can say that the Campanian volcanic products are produced by a MORB component that has been
contaminated by a series of upper crust component [20]. Anyhow, | can assume that the distinctive isotopic
trend has also been influenced by an Archean upper crust. The magma has also undergone to storage and melt-
ing of a Hercynian component as testified by the presence of this kind of basement below the Campanian Vol-
canic Province. This model has been called deep and hot intrusion zone by [5]. In addition, | state that the
GLOSS of [19] are a mixing of the Archean upper crust and Hercynian basement as in rock cycle operating.
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Abstract

Studies on the metamorphism and deformation conditions of rocks in the suture zone are good
ways to discuss the orogenic process and mechanism. The microstructure and ultramicrostructure
features of minerals are true embodiment of formation environment of the orogenic belt. Based on
the study of microstructure, ultramicrostructure deformation characteristic and compositional
zonation of garnets in garnets-mica schists in the Tongbai mountain, east section of the Shangdan
fault zone, the results show that the three types of garnets have suffered various states of plastic
deformation. The dynamic recrystallization of garnets is due to the subgrain growth and boundary
migration. The dislocations are mainly free dislocation and dislocation walls. The free dislocation
density p = 6.14 x 108/cm?, and dislocation movement are mainly slips; slip planes are 1/2 <111>
{110} and <100> {001}. Garnet microprobe analysis shows that it belongs to almandine, and re-
flects it has undergone epidote-amphibolite to amphibolite facies metamorphism. Compositional
zonation of garnet shows that the rocks had experienced progressive metamorphism. First meta-
morphic environment was continuous temperature-pressure and in mid-term there were two
non-synchronous transient cooling and decompression processes, and it finally underwent de-
compression and warming process of the thermal relaxation environment. The formation condi-
tion of garnet-mica schist is estimated: T = 562°C - 617°C, and P = 0.77 - 1.02 GPa. The differential
stress is 0.511 GPa and strain rate is 4.97536 x 10-19 m/s. After systemic analysis, a conclusion is
drawn that the plastic deformation mode, deformation mechanism and formation environment of
garnets are closely related to the formation and development of the Shangdan fault zone. It truly
reflects that the Shangdan fault zone, as the suture zone of Yangtze and north China plate, has been
subjected to early medium-grade metamorphism. With the continuous compression after the col-
lision, the left-lateral shearing happened and caused the formation of high density dislocations
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and subgrains of the garnets; finally the plastic deformation happened and the bulging recrystal-
lization formed in the period of heat relaxation had a relative low stress.

Keywords

The Tongbai Area, The Shangdan Fault Zone, Metamorphism and Deformation, Compositional
Zonation of Garnet, Dislocation

1. Introduction

The Central Orogenic Belt is one of the key areas where the Eastern Paleo-Tethyan ocean closed and conse-
quently the adjacent blocks and terranes collided. The belt comprises Qilian mountain, Kunlun mountain and
Songpan mountain in the west which converge to Qinling, Tongbai and Dabie mountains in the east. This belt is
attributed to the intracontinental orogeny in the late Cenozoic [1]. Qinling, Tongbai and Dabie mountains of the
central orogen are the result of subduction of the Yangtze plate and its collision with the North China plate. The
Shangdan fault zone as the suture zone of the two plates is recognized by many geologists [1] [2]. Study of the
fault zone is helpful to reveal the mechanism, process and tectonic environment of the deep subduction and the
regional metamorphism involved. Metamorphism study and deformation structural analysis of rocks within the
suture are the key.

2. Geology Setting

The Shangdan fault in the Tongbai area of the suture zone is an important tectonic boundary. To its north and
South are respectively the Northern Tongbai and the Southern Tongbai, corresponding to southern Qinling and
Northern Qinling in the Qinling Mountains area. Shangdan fault is well exposed only to the north of Tongbai
mountain and west of Xingyang due to the subsequent tectonic destruction after it developed. It is about 1 - 3 km
wide and up to 45 km long in east-west direction. Various ductile deformation structures are observed in the
field. Mylonitic foliation generally dips toward south with dip mostly at more than 60°. Lineation plunges to
280° - 340° with plunge of 15° - 30°. A variety of kinematic indicators suggest that Shangdan fault zone in
Tongbai is a large sinistral ductile shear zone.

To the south of Shangdan fault zone is Tongbai gneiss uplift belt. To the north are Hongyi River-Luozhuang
eclogite belt and Maopo-Hu Jiazhai volcano rock belt. Tongbai gneiss uplift belt is also known as the Tongbai
complex. The rock is mainly composed of granitic gneiss, black mafic inclusions and marble lens. Schistosity
dips to the southwest. The dip angle is 30° - 40°. Rocks in Hongyi River-Luozhuang eclogite belt are garnet mi-
ca schists, glaucophane schist, amphibolite schists and different components of blastomylonite [3]. Schistosity
dips to northeast. Dip angle is in the range of 25° - 35°. A large amount of veins, lenticular or layered eclogite or
garnet amphibolite are exposed in the Hongyi River, Luozhuang temple and goddess temple. They are a few
hundred centimeters in size. Its occurrence is consistent with eclogite in Dabie area. Hongyi River-Luozhuang
eclogite belt is in contact with the Maopo-Hu Jiazhai volcano rock belt at a normal fault. The rocks in Shangdan
fault zone are felsic schist and gneiss, containing a small amount of marble lens and amphibolite interlayers [4].
The samples were collected from the southwest side of Xinyang City (Figure 1). The lithology is garnet mica
schist whose composition is consistent with Hongyi River-Luozhuang eclogite outside of the fault zone, and it is
interpreted as derived from deformed equivalence to the eclogite [5]. In this study, we present the mineralogical
study and the formation environment of garnet, and use them to reveal the tectonic evolution of Shangdan fault
zone in Tongbai area.

3. The Deformation Characteristics of Garnet Mica Schist
3.1. Mineral Assemblages of Garnet Mica Schist

The mineral assemblage of the garnet mica schist is quartz, muscovite, biotite, garnet, epidote and a small
amount of feldspar. The garnet mica schist has a porphyroblastic structure and porphyroblasts are garnets. The
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Figure 1. Geological map of work area and sampling location. 1. Devonian metasandstone; 2. Greenschist of Foziling group;
3. Tongbai gneiss uplift belt; 4. Yanshanian volcanic belt of Maopo-Hujiazhai; 5. Basic rock of Erlangping; 6. Granitic
gneiss; 7. Indosinian basic rock; 8. Eclogite belt of Hongyihe-Luozhuang; 9. Sample location; 10. Work area.

matrix is quartz, muscovite, biotite, epidote and plagioclase. Matrix has fine crystalloblastic or micro lepidoblas-
tic texture, and schistose structure. Rocks show strong ductile deformation. Quartz occurs as ribbons with
sweeping undulose extinction and aspect ratios of more than 10:1 (Figure 2(a)). Static recrystallization is visible
in quart ribbons and is interpreted as having formed in later tectonic thermal relaxation. Muscovites occur at
both sides of garnet and gather in the garnet pressure shadows. The muscovites are elongated and have a pre-
ferred orientation. Biotite and Muscovite coexist and together define the foliation. Small biotites occur in garnet
pressure shadows or at the edge of garnet. Epidote show the shape of datestone in the matrix (Figure 2(b)).
Some occur in garnet pressure shadows. Matrix possess fine crystalloblastic or micro lepidoblastic texture. In
the XZ surface, the “S-C” structure is obvious.

3.2. The Deformation Characteristics of Garnets

According to the mineralogical characteristics of garnet porphyroblasts in the sample, garnet can be divided into
three categories. Garnets (Gt;) in the first category are rounded or dodecahedral in shape. Inclusions are abun-
dant in the garnets and define concentric rings which are clearly visible under the microscope. Large garnet
crystals have 3 - 5 zones separated by the rings (Figure 2(c)). The sizes of the garnets vary between 1 - 0.5 mm.
Garnet porphyroblasts is surrounded by foliations in the matrix, and pressure shadow is visible. These porphy-
roblasts and the pressure shadows together have monoclinic shape symmetry, and are “¢” type mantled clasts.
The asymmetry indicates sinistral shearing. The garnets (Gt,) in the second category are with helicitic structure.
Inclusions of quartz and mica align to define the internal foliation within gargets. The internal foliations form
spiral patterns (Figure 2(d)), and these garnets are “snowball” garnets. The foliations can be traced continuously
from the internal foliation in the garnets to the external foliations outside of the garnets in the matrix. This cha-
racteristic suggests that these garnets grew while it was rotating during the non-coaxial deformation [6]. Garnets
(Gty) in the third category are small and subrounded to rounded in shape, similar to the garnets in the first cate-
gory but with fewer or no rings defined by inclusions.

All garnet clasts developed before the end of deformation, which is suggested by that all garnets are asso-
ciated with pressure shadows and are wrapped by late foliations. Micro-structure study reveals that garnets in the

)
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Figure 2. Micrographs of garnet-mica schist. (a) Quartz vein, epidote and garnet
(Gty) in the spectrum; (b) Type | garnet (Gt;); (c) (d) Type Il garnet (Gty); (e) (f)
Dynamic recrystallization of garnets and “core-mantle structure”.

three different categories grew at different stages of deformation. Gt, garnets have inner cores with spiral-
shaped inclusions and outer edges with concentric-ringed inclusions. Gt; and Gt; garnets do not have inner core
but contain inclusions with patterns similar to those in the outer edge of Gt; garnets. Dynamic recrystallized
garnets occur at the margins of Gt; and Gt,, and their shapes are similar to Gtz garnets (Figure 2(e) and Figure
2(f)). The similarities between Gt;, Gt;, and outer part of Gz garnets suggest that they might grow during the
same sage. The inner core of Gt, grew at an early stage and Gt;, Gts, and outer part of G; garnets grew at a later
stage. Garnets of all the samples are syntectonic with the suture zone deformation.

Although garnets in each category have their own characteristics, all garnets are syntectonic garnets. This can
be interpreted with decomposition of deformation [7]. Bell noted that inhomogeneity of the geological structure
of native or heterogeneity of deformation, resulting in deformation of rock inhomogeneity. In progressive de-
formation process, rock deformation can be decomposed into progressive sheer deformation component and
progressive shortened deformation component, and usually layered silicate minerals like mica minerals occupy
sheer deformation domain, as mica class mineral; in shortened deformation domain there is usually granular
phenocryst minerals. When it grows it is vulnerable to shear deformation domain on both sides, the neighboring
mostly flaky mineral, and such metacrystal typically grow larger. Porphyroblasts is generally not easy to nuclea-
tion grow in deformation component parts where the mica mineral gathered, however, under certain conditions
when strain rate is very small, growth of phenocrysts is in priority within the deformation zone where mica min-
erals gathered, because in this band there is not only the material elements required to build the phenocrysts, and
also it is at a relatively static environment [8]. Phenocrysts particles in these two growth environments, the for-
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mer is lager and the latter particles smaller and easy to produce “s-shaped” or “snowball-like” structure. There-
fore, they are products at different stages in the process of deformation, belonging to the same tectonic origin.

4. Characteristics of Garnet Composition
4.1. Crystal Chemistry of Garnet

Garnet chemical equation can be written as A3B,[SiO4]s, where A represents bivalent cation Ca®*, Mn**, Fe**,
Mg®*, Na, K, and Y, etc., and B AI**, Fe**, Cr®*, V3, Ti**, and Zr*', etc. One of the most important crystal che-
mistry of garnet is their crystal structures are complex. Most garnet is body-centered cubic crystal system with
space group of la3d. Isolated [SiO,4] tetrahedra in crystal structure is connected by coordination polyhedron [BOg]
which is composed of cations of category B (AI**, Fe**, Cr**, and V*' etc.). In the course of the formation of
distortion large cubic space, it is occupied by class A cation, forming distortion cubic coordination polyhedron
[AlOg].

It is well known that temperature and pressure conditions have an impact on cation coordination number of
the crystal structure, such as: warming causes cationic coordination number decreases, booster increases the
coordination number. Cationic coordination number and composition reflect the forming environment of garnets.
Typically, the coordination number of A class cationic of Garnet (Ca**, Mn®*, Fe?*, and Mg®*) is 8, due to the
radius of the Ca?* 0.112 nm, eight times of coordination is appropriate, without too much pressure. Therefore,
the formation of grossular andradite, do not need too much pressure, mostly formed in the contact metamorphic
band where pressure is not big, while ionic radius of Mn®* (0.096 nm), Fe®* (0.092 nm), Mg* (0.089 nm) is
smaller, and it decrease follow this order. In general they tend to enjoy six times coordination, it needs pressure
increased conditions if they enjoy eight times coordination, so spessartine generates in low-level regional meta-
morphic conditions with pressure slightly high, while almandine generates in intermediate regional metamorphic
conditions with higher pressure, and pyrope only generates in conditions of very high pressure, as eclogite, and
kimberlite [9]. Therefore, temperature-pressure conditions of the formation of garnet can be estimated by use of
content and variety of Ca, Mn, Fe, Mg components of garnet.

4.2. The Composition of Garnets in the Garnet Mica Schist and Their Significance

This section presents electron microprobe analysis results for the three types of garnets (Tables 1-3). The analy-

Table 1. The compositions of garnet for sample 09-2914-1.

Composition Center edge
Na,O 0.06 0.00 0.04 0.07 0.08 0.03 0.06 0.00 0.03 0.02
FeO 28.50 28.86 29.49 30.48 30.82 31.92 32.27 3157 3271 33.58
K;0 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.02
SiO, 37.07 37.23 37.03 37.07 36.23 36.92 36.91 37.17 36.83 38.07
MnO 5.98 5.89 5.34 5.01 3.95 4.00 3.22 2.71 1.69 1.58
MgO 1.32 1.28 1.40 1.45 1.45 1.60 1.58 1.77 2.01 2.09
Ca0 478 4.75 4,52 4.14 5.14 3.62 411 4,56 4.46 3.91
Al,04 20.90 21.00 20.90 21.02 21.60 20.98 21.15 2111 21.18 21.39
Total 98.61 99.10 98.73 99.26 99.40 99.08 99.37 98.90 98.94 100.64
Na 0.02 0.00 0.01 0.02 0.03 0.01 0.02 0.00 0.01 0.01
Fe 3.89 3.92 4.02 414 4.19 4.35 4.38 4.29 4.45 4.47
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si 6.05 6.05 6.04 6.02 5.89 6.01 5.99 6.03 5.98 6.06
Mn 0.83 0.81 0.74 0.69 0.54 0.55 0.44 0.37 0.23 0.21
Mg 0.32 0.31 0.34 0.35 0.35 0.39 0.38 0.43 0.49 0.49
Ca 0.84 0.83 0.79 0.72 0.90 0.63 0.72 0.79 0.78 0.67
Al 4.02 4.02 4.02 4.03 4.14 4.03 4.05 4.04 4.06 4.02
Total 15.96 16.00 15.97 15.98 16.09 15.98 16.04 15.95 16.00 15.93

()
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Table 2. The compositions of garnet for sample 09-2914-4.

Composition Center edge
Na,O 0.07 0.02 0.02 0.07 0.02 0.00 0.02 0.02 0.00 0.00
FeO 27.80 28.31 28.70 28.72 30.14 29.61 30.52 31.16 29.39 33.04
K0 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.02
SiO, 36.99 36.91 37.04 36.94 36.94 36.66 37.01 36.92 35.63 37.18
MnO 8.02 7.66 7.65 7.25 6.92 6.65 5.35 3.43 2.22 0.90
MgO 1.27 1.28 1.33 1.36 147 1.45 1.50 1.64 1.68 2.09
CaOo 3.81 3.98 3.94 4.06 4.14 3.99 3.86 3.91 5.02 5.28
Al,O3 20.81 21.07 21.24 21.17 21.17 20.97 21.19 20.90 21.24 21.38
Total 98.78 99.27 99.95 99.57 100.82 99.34 99.47 97.98 95.21 99.92
Na 0.02 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.00
Fe 3.80 3.86 3.88 3.90 4.06 4.04 4.14 4.27 4.12 4.44
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si 6.05 6.01 5.99 5.99 5.95 5.98 6.00 6.05 5.97 5.97
Mn 111 1.06 1.05 1.00 0.94 0.92 0.73 0.48 0.31 0.12
Mg 0.31 0.31 0.32 0.33 0.35 0.35 0.36 0.40 0.42 0.50
Ca 0.67 0.69 0.68 0.71 0.71 0.70 0.67 0.69 0.90 0.91
Al 4.01 4.04 4.05 4.05 4.02 4.03 4.05 4.04 4.20 4.05
Total 15.96 16.01 16.00 15.99 16.05 16.01 15.98 15.93 15.95 16.01
Table 3. The compositions of matrix garnet.
Composition Center edge

Na,O 0.05 0.03 0.05

FeO 30.49 31.83 31.92

K,0O 0.03 0.02 0.03

SiO, 37.54 37.32 37.17

MnO 0.77 0.93 1.16

MgO 2.05 2.30 2.09

CaO 7.61 5.43 5.38

Al,O3 21.13 21.35 21.43

Total 99.71 99.19 99.28

Na 0.02 0.01 0.02

Fe 4.08 4.29 4.30

K 0.01 0.00 0.01

Si 6.01 6.01 5.99

Mn 0.10 0.13 0.16

Mg 0.49 0.55 0.50

Ca 131 0.94 0.93

Al 3.99 4.05 4.07

Total 16.02 15.97 16.02

sis was conducted in the electron probe laboratory in Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences, using the electron probe microscope (instrument model JEOL, JXA-8100, analysis conditions for

the acceleration voltage is 15.0 kv, beam 2 x 10°® A, beam 1 pm). PRZ is adopted for error correction method.

The garnet compositions are projected in the Coleman garnet classification diagram (Coleman, 1965). Garnet
composition data are all plotted in almandine zone (Figure 3), and the average composition is that almandine is
about 67% - 87%, calcium aluminium garnet approximately 13% - 24%, and pyrope approximately 2% - 12%.
Gt; garnets comprise 66.83% - 76.42% almandine, 3.63% - 13.82% spessartine, 10.65% - 14.08% essonite, and
5.27 - 8.46 pyrope. From the center to the margin, the molecular content of almandine garnet stone and pyrope
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Figure 3. The triangle plot for garnet compositions.

gradually increase, and the spessartine content gradually decrease, and essonite content increase first and then
decrease (Figure 5(a)). Gt; has the typical characteristics of compaositional zoning pattern developed in progres-
sive metamorphism with elevated temperature and pressure. Gt, garnets are composed of 65.11% - 74.34% al-
mandine, 2.04% - 17.83% pyrope, 11.35% - 15.67% essonite, and 5.23% - 8.40% pyrope. From the center to the
margin, the almandine and essonite contents first increase and then decrease, and the spessartine content first
decreases and then increases, and pyrope content increases all the way (Figure 5(b)). Compared with the Gt;
garnet, compositional zoning pattern of Gt, garnets are more complicated, and it reflects the complex metamor-
phic reaction. Gt; garnets have a higher percentage of pyrope than the Gt; and Gt, garnets (Figure 5(c)). Garnet
compositions of the three categories suggest that the rock intermediate grade regional metamorphism [10].

In Nadi garnet composition and metamorphic zone diagram (Figure 4), although all plotted either within or
close to the kyanite zone, garnets in each category spread out or are concentrated at different areas. All Gt; and
Gt; garnets are plotted in the kyanite zone while some Gt, garnets are plotted in the garnet zone. Gt; garnets
spread out in the whole kyanite zone but Gtz garnets are plotted on the part of zone that is close to the sillimanite
zone. These differences suggest that Gt; garnets grew slightly earlier than Gt; garnets but later than G, garnets.
Projection results showed that all garnets grew in epidote-amphibolite facies to amphibolite facies metamor-
phism.

Electron microprobe analysis of the garnet shows the zoning within garnets is growth zoning which can truly
reflect the growth environment. The average composition of garnet is 67% - 87% almandine, 13% - 24% esso-
nite, and 2% - 12% pyrope. In Coleman garnet classification diagram, all garnets fall into the almandine zone.

Probe data show that garnets studied here have distinct compositional zoning. Garnet composition zones are
generally formed by growth causes or diffusion causes. Growth zoning is caused by various factors such as ma-
terial supply in the process of garnet growth at different stages. Diffusion zoning is a result of intergranular dif-
fusion in the crystal growth process or of ion exchange reaction or pure conversion reaction after garnet stopped
growing [11]. Growth zoning is characterized by increased Mg percentage and decreased Mn percentage with
temperature increase [12], and especially by bell-shaped Mn profile. The garnet probe data of our samples show
typical characteristics of the growth zoning, and zones in the garnets are growth zones. These garnets can be
used to estimate the temperature of its environment.

Studies of the garnet composition zoning in the literature show that MgO, FeO, MnO, and CaO contents vary
with metamorphic p-t conditions. As metamorphic temperature rises, MgO content increases and MnO content
decreases. CaO content increases gently with pressure [13]. With deepened metamorphic strength, percentages
of Fe?*, and Mg®" in garnet increase, but Mn?* decreases. This is because Mn?* in spessartine crystal lattice is
not stable and is replaced by Fe?* to become almandine; coordination number of a class cation Ca**, and Mn*,
and Fe*, and Mg?" in pomegranate stone is 8, Ca®* Ca®* have the largest radius, Ca’" present eight time coordi-
nation and need not pressure, booster will makes the coordination number increase. So, with the deterioration
the content of Ca" is only slightly up [14].

Xotmgr Xotrer Xotmn and Xgica Values of garnet in metamorphic rocks are under the influence of the chemical
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Figure 4. Diagram showing the relationship between compositional
of garnets and metamorphic belt.

composition of the host rock, and under the control of metamorphic temperature, under conditions of chemical
composition, their change reflects changes in metamorphic environment [15]. For any garnets in this study,
composition of the core differs from that of the rim, but this composition difference for each of the three catego-
ries of garnets has their own characteristics.

For Gt; garnets (09-2914-1) the difference is distinctive. From the center to the margin, Xyug and X, increase
monotonically and Xy, decreases monotonically. Xc, decreases near the core and increases in the middle and
then gradually decreases toward the margin (Figure 5(a)).

For Gt, garnets (09-2914-4), the difference is minor. From the center to the margin, Xwmg, Xre, Xmn, and Xc,
show different patterns (Figure 5(b)). Xyqg increases monotonically. Xe. increases first and then falls. Xy, de-
creases first and then increases. Xc, increases gently first and then decreases. For Gtz garnets, the difference is
minor. Xy continues to increase, Xg waves rising and falling, X, to decline slowly and then rapidly decline;
Xca is wave-like rising (Figure 5(c)).

The patterns of the profile plots of Xgimg, Xotres Xatmn Xetca OF the above three types of garnet suggest an
overall progressive metamorphism with complex metamorphic history. Garnet core grew gradually in an envi-
ronment with increasing temperature and pressure. The plot pattern for the outer edge indicates that the pressure
increased rapidly first with elevated temperature and then the temperature decreased dramatically, followed first
by dramatical decrease of pressure and then rapid rise of temperature and gentle increase of pressure. Combines
samples collection points location it can be analysed the growth environment for pomegranate stone of the sam-
ples is: rock first in regional metamorphism, produces progressive metamorphic; after that local pressure in-
creased and led to uplift producing temprature cooling down, as pressure continues to increase and fault zone
formed, part stress was released leading pressure declined; finally garnet regrow in the thermal relaxation envi-
ronmental warming slightly pressurized (part of euhedral garnet also reflects the characteristics of static recrys-
tallization). The whole process of garnet growth correspond to the different periods of orogeny, garnet core
growth has characteristics of large fold-nappe in early orogenic phaseand tectonic stacking with regional low-
temperature dynamic metamorphism. Mantle and edge growth has characteristics of strike-slip, decrease, up-
lifted tectonic mechanisms and processes shown by the principal orogenic compressional, with progressive me-
tamorphism, granitization and progressive deformation. Garnet did not reflect metamorphism of power degrada-
tion of late orogenic process [16].

All in all, composition characteristics of three categories of garnets imply that the garnets grew in a progres-
sive metamorphism and that they did not undergo retrogressive metamorphism. This research coincides with
Yang Weiran, who, in his view: “the beihuaiyang tectonic belt was subjected to greenschist facies metamor-
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Figure 5. Compositional profile of garnet. (a) Microprobe analysis profile of Gt; garnet
(09-2914-1); (b) Microprobe analysis profile of Gt, garnet (09-2914-4); (c) Microprobe
analysis profile of Gt; garnet (the mineral matrix). Thereinto, Xg; r. = Fe/(Mg + Fe?* +
Mn + Ca); Xg Mn = Mn/(Mg + Fe** + Mn + Ca); Xg; vq = Mg/(Mg + Fe?" + Mn + Ca);
Xat, ca = Cal(Mg + Fe** + Mn + Ca).

phism, and metamorphic is deep along the fault zone, in the local area of garnet mica schist there are high-
pressure eclogite facies metamorphism”. As the main rock unit in of the tectonic zone and the protolith of the
surrounding country rock of the eclogites, garnet mica schist, experienced the same tectonic phases as the eclo-
gites. These tectonic phases contributed to and left footprints in the composition zoning of the garnets in this
study.

5. Ultrastructure Deformation Characteristics of Garnet

In order to study the phenomenon of the micro rheology of garnet and rheological mechanisms, the author car-
ried on detailed Transmission Electron Microscope (TEM) analysis of the garnet samples in the physical and
chemical center in China University of Science and Technology. Analysis shows that there is a link between the
characteristics of dislocations with the garnets and tectonic history of the fault zone. Free dislocations, disloca-
tion walls, small amounts of dislocation arcs, and circular spots formed by water molecules were observed.

O,
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Free dislocations are mostly long and straight mainly in two directions, along one of which dislocations do-
minate (Figure 6(a)). This is the direction in which it is easy for garnet dislocation slip to take place. In complex
crystals, surface most prone to sliding is generally parallel to the weakest chemical bonds between the lattice
planes. For garnet, the sliding surface is 1/2 <111> {110} and the other slip systems is <100> the {001}, be-
cause 1/2 <111> <100> is two short sets of crystal lattice dislocations Borges vector, keys in the other direction
is weak and liable to undermine formation of slip surface. Dislocation bowing turns a small amount, and radian
is smaller. Dislocation wall is clear and tidy, it is obvious that both sets of slip surface on the flat sliding surface
parallel to the dislocation in the met and formed equally spaced, and are the result of dislocation slip intersect
(Figures 6(b)-(d)). But with cold-finished condition observed diffuse tangles of dislocations wall is significantly
different in Asia and grained low dislocation density, intracellular corrugated matting, lattice of notes bent, dis-
location climb should be moved under the control of slip was Weertman creep [17]. Mechanism is the relatively
high temperature, low stress and strain, roughly comparable to the middle and lower crust temperature and
pressure environment. Because the two groups of varying degrees of slip surface slip, so crystal cell morphology
is not isometric, but a bit long ellipsoidal, consistent with Gt; and Sub grain recrystallization grain morphology
under microscopy.

For garnet, dislocation slip and climb can only occur as the leading mechanisms of plastic deformation when
T is >0.8 Tm (about 900°C) [18]. From the picture in Figure 6, you can see the contrast of small circular spots
(Figure 6(b), Figure 6(c), Figure 6(e) and Figure 6(f)), and this should be water molecules in garnet repeatedly
reported in recent years, dislocation line around water molecules is little or no. Because of water molecular dif-
fusion under high temperatures accelerate, priority mission of occupying space and room in the lattice forming
small water molecules, water molecules gathered again through diffusion and form larger molecules of water.
Therefore, water molecules are the result of static recovery at high temperature [19]. These two different struc-
tural features illustrate garnet had undergone a certain high temperature static recrystallization of the restore
process after experiencing a strong dislocation slip deformation [20].

Dynamic recrystallization is the result of reduced dislocation density in the deformed crystal. Recrystalliza-

1000nm

Figure 6. TEM photos of garnet (Gts). (a) Straight free dislocation; (b) Free dislocation and dislocation bow; (c) (d) Disloca-
tion wall; (e) Dislocation bow and dislocation wall; (f) Free dislocation and the water molecules.
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tion contain nucleation and growth process of new crystal, in this process, High dislocation density of the parti-
culate material is transferred to the boundary of the low dislocation density in the crystal lattice, the particles of
weak deformation increases while the particles of strong deformation decreases. Its formation mechanism is
when crystals are subjected to external stresses, due to uneven internal structure, the stress concentration gener-
ated in the secondary phase particles at the grain boundaries and, in the crystal of the type stored plastic strain
energy will cause free energy difference and produces a driving force, under the action of this force, the rotation
of the two mechanisms of strain in the grain boundaries and grain protuberances Guinea grains recrystallized
grains formed the core, and on the basis of this it grows to a new crystal and replace the old strain grain [21].
Intensity of crystallization (ratio of the new nucleus and residual strain of grain), is closely related to size and
strain. Whereas the recrystallized grain size depends primarily on differences in deformation stress, so it’s often
used to calculate the differences in stress.

Dynamic recrystallization falls into three types: bulging recrystallization, subgrain rotation recrystallization
and grain boundary migration recrystallization. Some of the samples show small garnets at the margin of and
connected with the large garnet crystals, and these are the core-mantle structures at the early stage (Figure 2(b),
Figure 2(d), Figure 2(f) and Figure 2(e)). They are the product of a bulging dynamic recrystallization.

In summary, the plastic deformation of garnet in the sample is formed by plastic deformation dominated with
dislocation slip mechanism along with bulging dynamic recrystallization formed by protuberantia of strainied
grain boundary. According to various microstructural features of garnet, it’s convinced the plastic deformation
of the sample is formed in medium and slightly higher temperature conditions.

6. The Rheological Parameters of Garnet and Rheological Parameters of Rock

By means of probe analysis on Garnet and Muscovite in rock and Garnet-Muscovite thermometer and phengite
geobarometer the formation environment can be estimated. These garnets, developed compositional zoning in
progressive metamorphism, and that their rims are in equilibrium with muscovite at a temperature of 562°C -
617°C [22]. Muscovite probe analysis datum are calculated based on 11 oxygen, Si atomic number ranges be-
tween 3.08 - 3.15, slightly larger than 3.0, but haven’t reached ingredients of phengite [23]. Pressure is 0.77 -
1.02 GPa [22]. Conditions of temperature and pressure garnet suffered are consistent and with dislocation con-
figuration under TEM observation and the metamorphism and deformation environment shown by the recrystal-
lization form.

Particle size of Muscovite in garnet mica schist is small, 0.05 - 0.1 mm, schistose, in the matrix it is in inter-
phase arrangement with biotite and distribution parallel to the schistosity. Porphyroblast garnet have obvious
metamorphism zone, so its edge ingredients and garnet rim of muscovite composition was chosen to estimate
peak metamorphic conditions. Muscovite microprobe analysis data are shown in Table 4, calculated by 11 oxy-
gen crystal chemical formula, the change is 3.08 - 3.15 Si, Si cation is slightly larger than the number of musco-
vite in 3.0, but has not reached phengite ingredients. According to Garnet-Muscovite geological thermometer its
equilibrium temperature is estimated as 562°C - 617°C, pressure is estimated as 0.77 - 1.02 GPa.

Dislocation density in most metals and minerals and the stress applied have the following relationship:

O'/Zyza(pbz)l/k

o is the variance stress, u is the shear modulus, o is material coefficient, p is the dislocation density, b is the
Burgers vector, k is a constant.

Material factor is currently used in the calculation of differential stress of garnet and olivine. As material fac-
tor a varies with different minerals, therefore, Chen corrected garnet material coefficients compared with the
calculated values of other minerals, and thought the outcome of calculating the difference in stress is more rea-
sonable when o = 2.5 [24].

12 TEM photos of samples are selected and free dislocation densities are measured an average of p = 6.14 x
10%cm?, by substituting p on the type differential stress of 0.511 GPa. Using Parrish wet quartz flow rate for-
mula to calculate the strain rate.

£(s)=44x10" x(o(MPa))” xexp(-27778/T (K))

Choose Garnet-Muscovite thermometer to calculate the average deformation temperature T = 89.5°C, the
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Table 4. The representative compositions for muscovite.

Si 3.15 3.13 3.08 3.15 3.08 3.10 3.12 3.11
AlY 2.71 2.72 2.68 2.74 2.71 2.67 273 2.74
Sum_T 5.86 5.85 5.77 5.88 5.79 5.76 5.86 5.85
Ti 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Fe? 0.10 0.10 0.27 0.09 0.23 0.24 0.11 0.12
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.07 0.07 0.06 0.06 0.07 0.08 0.06 0.06
Ca 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Na 0.08 0.08 0.09 0.08 0.09 0.09 0.09 0.10

K 0.78 0.79 0.78 0.74 0.77 0.82 0.77 0.82

0 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00
Fe_FeMg 0.60 0.57 0.81 0.61 0.78 0.76 0.64 0.66
Mg_FeMg 0.40 0.43 0.19 0.39 0.22 0.24 0.36 0.34

calculated strain rate 4.97536 x 10° m-s™.. Although moving dislocation and TEM observation of dislocation
density has some differences, but the scope should also be an order of magnitude range so the results has some
availability.

To further understand deformation state and deformation strength in the tectonic zone, Under the microscope,
using the method of the length of the shaft [25], respectively, the XY plane, XZ and YZ plane surface, garnet
and quartz of the rocks were conducted strain measurement, triaxial strain rate of garnet in garnet-mica schist in
the eastern extension of Shangdan fault was calculated averaged X:Y:Z = 1.43:1.21:1, Flinn Coefficient of po-
megranate stone k is 0.948 (Figure 7), showing garnet contingency mechanism should be a plane strain; Triaxial
strain ratio of quartz is of average X:Y:Z = 77:6.19:1, and k value of quartz is 4.84 (Figure 8), shaft for single
cigars-variant. Three axis strain ratio and Flinn coefficient of different mineral in one rock is obviously different,
reflecting out this two species mineral of different strength, and on same deformation conditions strain acts are
obviously different. In strong deformation domain in ductile shear belt, pomegranate stone and quartz together
suffered tectonic deformation, due to their different hardness the strain they bear is not the same, quartz took
most of the dependent variable, and garnet bear little strain, or as a rigid body it is only weak deformed or unde-
formed even under the strain. Their corresponding relations between deformation remains to be further re-
searched.

7. Conclusions

Study of the structures of garnets within the Shangdan suture zone using the microscope, the TEM, and the elec-
tron microprobe enables us to reveal the characteristics and origin of these garnets and to use them to constrain
the tectonic evolution of the Shandan suture zone which developed during the collision between North China
plate and South China plate.

1) Garnets in all of the three categories underwent dynamic recrystallization. Gt; and Gt, garnets are equigra-
nular, and ductile deformation occurs at the edge and is not as strong as Gs garnets. Gt; garnets are small
rounded elongated crystals. Dynamic recrystallized garnets of this category can be separated from the residual
amorphous, and core-mantle structure is at the beginning.

2) Two main dislocations in garnet are free dislocations and dislocation wall, with small amounts of disloca-
tion arc. Garnet dislocation motion is dominated by slip; slip surface is 1/2 <111> {110} and <100> {001}.
Garnet experienced static recrystallization process after strong dislocation glide deformation, which shows that
in early-to-mid term, the rock experienced a relatively strong stress and garnet formed high density of disloca-
tions and subgrain. Finally in the thermal relaxed stage of relatively low stress bulge type recrystallization generat-
ed, bringing about plastic deformation and dynamic recrystallization of the garnet. And water molecules in garnets
suggest that the garnets have experienced a certain high-temperature static recrystallization recovery process after
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Figure 7. Flinn diagram of garnet finite strain.
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Figure 8. Flinn coefficient of quartz finite strain.

dislocation glide deformation.

3) Ompositional characteristics of garnets indicate the garnet mica schist has experienced progressive meta-
morphism. On Coleman garnet classification maps, garnets all fall onto the almandine zone, reflecting that the
rock has gone through the intermediate regional metamorphism; on Nadi composition and metamorphic belt di-
agram, garnet rests primarily with kyanite zone with slightly garnet, showing that rock suffered the epidote am-
phibolite facies and amphibolite facies metamorphism.

4) According to geological thermometer of garnet-phengite, the temperature at which garnet mica schist de-
veloped is estimated to be 562°C - 617°C. The pressure calculated by phengite geobarmeter is 0.77 - 1.02 GPa.
The average value of free dislocation density (p) is 6.14 x 10%cm? The differential stress is 0.511 GPa. Using
Parrish wet quartz flow rate formula, the strain rate is calculated to be 4.97536 x 10 ° m's*. The mean value of
three-axis strain ratio of garnet X:Y:Z = 1.43:1.21:1, and the Flinn index of 0.948 implies plane-strain deforma-
tion of garnets. The triaxial strain ration of quartz X:Y:Z = 77:6.19:1. Flinn coefficient of quartz is 4.84.

Based on mineralogical study of garnet in garnet mica schist, the metamorphism and deformation environ-
ment of Shangdan suture zone in the Tongbai area is: in the early stage of collision of the Yangtze and north
China plate, the suture zone went through intermediate grade regional metamorphism; with the collision contin-
ued, the left-lateral shearing happened and caused the formation of high-density dislocations and subgrains of
the garnets, then the dynamic recrystallization was formed in the process of thermal relaxation and caused the
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plastic deformation of garnets at last. So, deformation characteristics of microstructure and ultrastructure, and
the composition zoning revealed formation, development and evolution of Shangdan suture zone in Tongbai
area.
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Abstract

Temporal and spatial variations in accommodation (i.e., paleo-water depth) and sediment accu-
mulation (amount of deposition) in the intra-arc Osaka Basin, Japan, were reconstructed from the
post-glacial transgression through the sea-level highstand, a total of 9000 years. At the beginning
of the marine transgressive stage (about 11,000 cal y BP), paleo-water depths were shallow and
the sediment accumulation was large. The area occupied by Osaka Bay gradually extended and se-
diment deposition decreased from 11,000 to 6000 cal y BP. During the period of maximum trans-
gression (6000 - 5000 cal y BP), an inner bay, Kawachi Bay with a water depth of 5 - 10 m, was ex-
panded in the inland eastern Osaka area, and paleo-water depths reached a maximum and deposi-
tional rates reached a minimum. During the subsequent highstand and small regression (about
5000 cal y BP to the present), however, deposition increased rapidly as a result of river delta and
shoreline progradations. Regional differences were observed in accommodation and accumula-
tion between the outer bay area and the inner bay area. During both the transgressive and regres-
sive stages, deposition decreased in the inner bay area. In contrast, in the outer bay area and in
the basin overall, deposition was high during the first part of the transgressive stage but it de-
creased during the maximum transgression, before reaching a maximum during the subsequent
highstand and regression. During the regressive stage, fluvial delta progradation led to the forma-
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tion of a thick sequence of delta body sediments. Sediment accumulation was 30% - 40% higher
during the regressive stage than that during the transgressive stage.

Keywords

Accommodation, Holocene, Osaka Plain, Paleo-Depths, Sediment Accumulation, Sequence
Stratigraphy

1. Introduction

Sequence stratigraphy is a relatively new geological paradigm that is used to classify sedimentary strata and cla-
rify their formation history [1] [2]. Sequence stratigraphic methods have gained worldwide acceptance and have
had a great impact on stratigraphic and sedimentological studies, including in Japan [3]. Sequence stratigraphy,
however, was originally applied to long-buried strata for which a detailed chronology could not be established.
Because of the lack of detailed chronological information, it has been difficult to discuss dynamically the forma-
tion of strata.

The uppermost Pleistocene to Holocene succession in Japanese coastal areas is the youngest depositional se-
quence for which *“C ages have been determined with measurement error of less than 100 years [4]-[6]. Deposi-
tion of this sequence began at about 30 - 18 ka above the sequence boundary. During the long marine transgres-
sive stage started from 11 ka, relative sea level rose about 50 m. Maximum transgression was reached at about
6000 - 5000 cal y BP. During the regression that followed the sea-level highstand (about 5000 cal y BP to the
present), relative sea level decreased by about 3 m [7]-[9].

In this report, we propose a new method for analyzing sequence formation based on borehole data densely
dated with many C ages from the Osaka intra-arc basin. We examine temporal and spatial changes in paleo-
water depth, representing accommodation, and depositional amounts, representing sediment accumulation dur-
ing these 9000 years, to clarify the youngest depositional sequence in this region.

2. Analytical Methods and Results
2.1. Borehole Sites and Areas

The Osaka Plain lies in an intra-arc basin in western Japan (Figure 1). In this study we used well-dated borehole
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Figure 1. Locations of the studied borehole core sites (1
to 27) on the Osaka Plain.
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cores with many calibrated **C dates obtained by academic research studies [10]-[18]. We also used supplemen-
tal data from other boreholes containing the Kikai-Akahoya tephra layer (erupted 7300 cal y BP [19]) [20]-[23]
and made accessorily use of uncalibrated **C dates [21] [24]. These borehole sites are 1: Off Yumeshima [14], 2:
Tatsumibashi [24], 3: Shimaya [22], 4: Suminoe [11], 5: Kitatsumori [12] [25] [26], 6: Yoshino [15], 7: Fuku-
shima [22], 8: Umeda [21], 9: Daisanbilu [27], 10: Nagara-Hachiman [17], 11: Shin-Yodogawa [13], 12: Hou-
shin [16], 13: Ousumi [16], 14: Kitaeguchi [22], 15: Moriguchi [18], 16: Gamou, [15] 17: Mattamoroguchi [20],
18: Kadoma [22], 19: Neyagawa [22], 20: Daito [22], 21: Kawachino [15], 22: Kitamiya [15], 23: Kitoragawa [20],
24: Uryudou [20], 25: Ikeshima-Fukumanji [20], 26: Kami [20], and 27: Kyuhouji [20]; as shown in Figure 1.

The modern Osaka Plain can be divided into two areas of western and eastern areas by paleo-environmental
characteristics. The western Osaka, as describe the outer bay area in this paper, includes the modern western
Osaka Plain and Osaka Bay area, and the eastern Osaka, the inner bay area, includes the modern eastern Osaka
Plain and/or Paleo-Kawachi Bay. The Uemachi Upland distributed in the central part of the studied area (Figure
1) and paleo-spit, called the Tenma Spit, extended northward from the upland, is a boundary between the inner
bay and the outer bay areas.

2.2. Determination of Depositional Age

We used a method described previously [4] [28] to construct a depositional curve for each borehole core from
the elevations of dated strata (calendar years) (Figure 2). The depositional curves were plotted as smoothed
curves on an age versus elevation diagram. By referring to these curves, we could determine the depositional age
of each horizon, and from the slope of the curve we could determine the depositional rate during each period.
The paleo-water depth of the deposits was determined as previously described [4] [25] by comparing the deposi-
tional curves with the relative sea-level curve after 11,000 cal y BP in the Osaka Bay area [12] [26]. The paleo-
water depth of each horizon was obtained by calculating the elevation difference between the position of the ho-
rizon on the depositional curve and sea level at the time of deposition (see Figure 2). In this study, paleo-water
depth is considered to represent accommaodation [29].
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Figure 2. Relative sea-level curve for the Osaka Basin [12] and deposi-
tional curves on a elevation-age diagram and columnar sections at some
borehole sites on the studied area. Curve of 28 is the Off-Kobe [10].
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2.3. Construction of Paleo-Water Depth Maps

Paleo-water depth maps (Figure 3) were constructed for the following four time points, selected in part because
abundant paleo-water depth data were available and the horizons were decided on easier: 1) 9000 cal y BP,
when the marine transgression reached what is today the inland part of the modern Osaka Plain; 2) 7300 cal y
BP, when the Kikai-Akahoya tephra was deposited (during the transgressive stage); 3) 5300 cal y BP, the age of
the maximum flooding surface; and 4) 3500 cal y BP, the highstand and/or regressive stage, characterized by
progradation of the river delta and costal line. At these four time points, sea level, obtained from the relative
sea-level curve for Osaka Bay [12], was —20, -8, +3, and —1 m, respectively (Figure 2).

We used paleo-geomorphic data for the seafloor to construct the paleo-water depth (bathymetric) maps, in ad-
dition to the paleo-water depth data from the cores. For the map of 9000 cal y BP, we used the basement surface
proposed sequence boundary between the latest Pleistocene and Holocene [24]. As the sequence boundary re-
flects erosion due to transgressive wave and tidal effects [23], we have to consider the topographies of pre-
transgression, steeper slopes of drowned valley and coastal cliff. To draw the map for 7300 cal y BP, we re-
ferred to the map for 9000 cal y BP. We used the coastline at the maximum transgression [30] to draw the map
for 5300 cal y BP. To construct the map of 3500 cal y BP, we drew the depth contours between those of the
5300 cal y BP bathymetry and the modern bay floor bathymetry of Osaka Bay. We also referred to the published
geologic cross sections [23] [27] [31] [32] in constructing the paleo-water depth maps.
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Figure 3. Maps of paleo-water depth (contours) at 9000, 7300, 5300, and 3500 cal y BP. Circles indicate
borehole sites, and the adjacent numbers indicate the paleobathymetry (m) at the corresponding site. The
paleo-Yodo River and other paleo-river channels are also shown in panel A.
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2.4. Construction of Sediment Accumulation Maps

The sediment accumulation on the seafloor between each pair of time points (Figure 4) was determined by us-
ing the corresponding paleo-water depth maps, constructed as described before. The sediment accumulation
between 3500 cal y BP and the present was obtained by using the paleo-water depth map for 3500 cal y BP and
modern plain elevations and bay bathymetry of modern Osaka Bay. Temporal variations in the depositional rates
and paleo-water depths at representative localities are shown in Figure 5. We also calculated the depositional
rates (mm/y) per unit area between each pair of time points for the outer bay area (western Osaka), the inner bay
area (eastern Osaka), and the whole study area (Figure 6).

3. Variations in Paleo-Water Depth and Sediment Accumulation

In the Osaka Basin, the post-glacial marine transgression began after 10,000 cal y BP and was followed by a pe-
riod of maximum transgression from 6000 to 5000 cal y BP. The subsequent sea-level highstand and slight re-
gression lasted until the present (Figure 2) [12]. In this section we describe temporal variations in paleo-water
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Figure 4. Maps showing the sediment accumulation during 9000 to 7300, 7300 to 5300, 5300 to 3500, 3500 cal y
BP to the present, and 5300 cal y BP to the present. The gray scale shows the accumulated thickness (m) per 100

years during the ages.



F. Masuda, N. Itomoto

Highstand/  Maximum Transgressive
Regressive S.  Flooding Stage

0rT —ﬂ—’\__———’/‘f:\\ Se
\‘f)‘/e'/e/
Paleo-depth
\
Bay shore N Tidal\
| \Depositional flat's
Loc. ‘ rate \
21 . AN © o
O] In-and 0
Bay floor n ©
O >
mm/100y ~ ®
Inlet _ 10 = o
Tidal flat 25
13 % c
Terrestrial wE
O-W 0
Delta Estuary
12
Bay floo J g
L | -
04 I o
s Delta o
pipgradation Transﬁression c
]
<
Delta Prodelta ‘\ Estuary/Fluvial $§ @
=®
&
A1B00nnnn.nn.nlf (AR o
\‘ 3]:)
>
\‘ %O
1 . Qa
Prodelta Est\ary/F/uwa/ ©
S
- Bay floor ) 7}
| ; o]

O T T T T T T T T T
0 5 10 My BP

Figure 5. Temporal variations in paleo-water depth (m; bold black lines), depositional rate (mm/100y; gray bars) at
some horehole sites and relative sea level curves (bold dashed line) in the Osaka Basin.
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depth and sediment accumulation during each of these stages (Figures 3-6).

3.1. Transgressive Period

From 9000 to 7300 cal y BP, sea level rose rapidly at a rate of 0.7 cm/y (Figure 2). The marine transgression in
coastal areas is represented by a flat transgressive surface on the basement [23]. This surface, which was cut by
wave and tidal erosion, is easily recognized in the stratigraphic sequence [27].

In the outer bay area of the western Osaka, the transgressive surface is found off Kobe at =51 m (relative to
mean sea level) and its age is 11,000 cal y BP [10]; Off Yumeshima, it is at —37.2 m (10,800 cal y BP) [14]; in
Shin-Yodogawa, it is at —22.5 m (9500 cal y BP) [13]; in Yoshino, at the mouth of the Yodo River, it is at —20.0
m (9200 cal y BP) [14]; and in Kitatsumori, Nishinari, it is at —22.0 m (9200 cal y BP) [12].

In the inner bay area of the eastern Osaka, transgression occurred later and the transgressive surface is at
higher elevations compared with the outer bay area. About 9000 cal y BP, the ocean invaded the narrow, steep-
walled incised valleys that had formed in the paleo-Osaka Plain during the glacial period (Figure 3(A)), and
these valleys began to fill with sediment. From 9000 to 7300 cal y BP, sediment accumulation was highest in the
shallow waters in the area of the paleo-Yodo River mouth and in the estuary of inner bay area (Figure 4(A)). In
the small inner bay, muddy deposits 5 - 10 m thick accumulated in tidal flats, where the water was less than 2 m
deep (Figure 3(A) and Figure 4(A)). As transgression progressed, the area of deep water expanded and sedi-
ment accumulation decreased (Figure 5).

At about 7300 cal y BP, water depths in the outer bay exceeded 5 m (Figure 3(B)), and in these calm, deeper
waters, the amount and rate of deposition decreased (Figure 4(B) and Figure 5). In contrast, in the inner bay
(eastern Osaka) area, the accumulated deposits are twice as thick (2 to 10 m; Figure 4(B)) as in the outer bay
(Figure 5). Rapid deposition continued in muddy tidal flats in coastal areas of the inner bay.

From 7300 to 5300 cal y BP, the rate of sea-level rise increased to 1 cm/y (Figure 2). Around 5300 cal y BP,
at water depths of 25 to 35 m in the outer bay area (Figure 3(C)), the sediment accumulation rate was slow,
about 40% of that during the early transgression (Figures 4(B)-(C), and Figure 5. In the small and shallow in-
ner bay, the tidal flats were replaced by expanded Kawachi Bay with a water depth of 5 to 10 m (Figure 3(C)).
During this period, thick (5 to 10 m) mud was deposited in the inner bay, and the deposition rate was about four
times that in the outer bay (Figure 4(B), Figure 5 and Figure 6). Thus, most suspended sediments from the
major rivers (the Yodo and Yamato rivers) were deposited in inner Kawachi Bay during this time interval [26].

3.2. Maximum Transgression

Maximum flooding occurred from 6000 to 5000 cal y BP in the modern Osaka Plain area [12]. Maps showing
the coastline during this period have been published previously [21] [30]. At this time, in the shallow waters
north of the Uemachi Upland a spit, called the Tenma Spit, formed between the inner bay and the outer bay.
This spit, which was 7 to 8 km long and less than 100 m wide, extended northward from the northern end of the
upland [27]. A shoal was in the Moriguchi and Kadoma area of the northwestern part of the inner bay area
(Figure 3(B)) and the northern edge of the shoal had been eroded to a steep cliff by the Yodo River during the
glacial period, as shown on a paleogeographic map [21].

At 5300 cal y BP, the age of the maximum flooding period, the water depth was 10 to 35 m in the outer paleo-
Osaka Bay and 5 to 10 m in inner bay (Figure 3(C)), and both the depositional rate and sediment accumulation
were low (Figure 5 and Figure 6).

3.3. Highstand and Regression

After 5300 cal y BP, the area occupied by the inner bay (Kawachi Bay) gradually decreased. By 3500 cal y BP,
sea level had decreased to 3 to 4 m below the highstand (Figure 2), and the inner bay had become the brackish
Kawachi Lagoon [30]. This lagoon was only about 3 m deep (Figure 3(D)), and tidal flats were widely distri-
buted along its shores [16]. In Kawachi Lagoon, 1 to 5 m of sand and mud was deposited between 5300 and
3500 cal y BP (Figure 4(C)). This amount of deposition was only one-third to one-fourth the amount deposited
during the transgressive stage (Figure 5 and Figure 6). In the whole Osaka area, the sediment accumulation de-
creased; in many areas less than 5 m of sediment was deposited (Figure 6).

From 3500 cal y BP to the present, the Yodo River delta has prograded into Osaka Bay [23]. Sandy delta
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body deposits, 10 to 20 m thick, formed the modern Osaka Plain (Figure 4(D)). The sediment accumulation af-
ter 3500 cal y BP exceeded that during the transgressive stage by 30% - 40% (Figure 6), primarily because of
the progradation of the river delta. In the inner bay area, the Kawachi Lagoon became the freshwater Kawachi
Lake as regression progressed, and eventually the modern Kawachi Plain emerged. The sediment accumulation
also decreased (Figures 4(D)-(E)). The prograding sediments and coastal system deposits during this period
were composed primarily of sand and gravel. The Tenma Spit and the shallow shoreface of west of the Uemachi
Upland became a strand plain under the regressive coastal regime [27].

3.4. Regional Differences of Accommodation and Sediment Accumulation

The variations in paleo-water depth and amounts of deposition in the Osaka basin differ regionally. In particular,
the pattern of variation in accommaodation and sediment accumulation differs between the outer bay area, west-
ern Osaka, and the inner bay area, eastern Osaka (Figures 4-6). The depositional rare in the outer bay area
reached a maximum during the period of regression during the subsequent highstand and regression (Figure 6).
By contrast, the depositional rate in the inner bay area was large in the early transgressive period, small during
the period of maximum transgression, and reached a minimum during the subsequent highstand (Figure 6). The
pattern of the variations in the basin overall was similar to that observed in the outer bay area (Figure 6).
Moreover, the pattern of variation in depositional amounts during the latest Pleistocene to Holocene in the in-
tra-arc Osaka basin is similar to the pattern predicted by depositional sequence models [1] [2].

4. Conclusions

This study presents temporal and spatial variations in paleo-water depth and sediment accumulation during the
transgressive, highstand, and regressive stages of the latest Pleistocene to Holocene in the intra-arc Osaka basin.
Paleo-water depths were smaller and sediment accumulations were greater in the early transgressive period, but
later during the transgression, the outer bay expanded inland and became deeper. Sediment deposition decreased
during transgression. The maximum paleo-water depth and minimum depositional rate were reached during the
period of maximum transgression. During the subsequent sea-level highstand and regression, deposition in-
creased rapidly as a result of river delta and coastal progradations.

Accommodation and sediment accumulations differed regionally between the outer bay area and the inner bay
area. From the transgressive to the regressive stage, the sediment accumulation decreased in the inner bay area;
in contrast, in the outer bay area and in the basin overall, deposition was high during the first part of the trans-
gressive stage, decreased during the period of maximum transgression, and increased again during the following
highstand and regression. Moreover, during the regressive stage, thick deposits were formed by fluvial delta
progradation. As a result, sediment accumulation during this stage was 30% - 40% more than the accumulation
during the transgressive stage.
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