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An AFC (assimilation and fractional crystallization)
process as the petrogenesis of andesites from the
Pliocene Myojin-iwa Formation, the back-arc side
of the Northeast Japan:combined major-and
trace-element and Sr-Nd isotope constraints

                                                             Abstract

HiromiKondo.*,KenjlShuto**,,g".d.;S,itg;iO,e.k,S,'.O,f"l,e..P,iAOfi;".S,.M,X,Og,`".'X'\,a,.V.Og,Ca,".i,C.ge,kdri.i.'

and MasayukL Fukase*** transitional chemical characteristics between typical
                                     cale-alkaline and tholeiitic series. The most primitive basaltic
ReceivedJune17,1999. andesite among these andesitic rocks (the Myojin-iwa
Accepted January 19, 2000. Formation) has geochemical characteristics similar to those of
* Hosei University Daini High School, other Pliocene-Quaternary basaltic rocks from the back-arc side
   Kiduki oomati 164,Nakahara-ku, Kawasaki of the NE Japan, and has initial Sr isotope ratio slightly higher

  211-O031, Japan than those of the latter basaltic rocks.
"' Departinent of Geology, Faculty of Andesites from the Myojin-iwa area show Si02 contents
  Science, Niigata University, Ikarashi 2- ranging from 53.30% to 62.8, and initial Sr and Nd isotope ratios
  machi 8050, Niigata 950-2181, Japan vary from O•70324 to O.70378 and O.512791 to O.512926, respectively.
** Graduate Scool of Science and Technol- The initial Sr isotope ratios dJ'splay positive correlation with
  ogy, Niigata University, Ikarashi 2-machi Si02, and their initial Nd isotope ratios gradually decrease with
  8050,Niigata950-2181,Japan increasing Si02. This suggests that the genesis of andesites
                                     from the area can not be attributed to simple fractional
                                     crystallization of the primary basaltic magma, but to an
                                     assimilation and fractional crystallization (AFC) process.
                                     Based on petrographical evidence, major and trace element
                                     compositions and Sr-Nd isotope systematics, the Paleogene
                                     granitoid rocks constituting the upper crust beneath the
                                     Myojin-iwa and surrounding/ areas are the possible candidates
                                     for assimilants. An AFC model using the granitoid rocks as the
                                     assimilant can successfully reproduce the chemical variations of
                                     the andesites from the Myojin-iwa Formation by assuming the r
                                     values (ratio of the rate of assimilation to the rate of fractional
                                     crystallization) of less than O.2.
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                Introduction traCe eleMents and radiogenic and stable isotopes
                                                have been shown to be' a powerful tool for identifying
  The origin of calc-alkaline andesites remains one of the role of crustal assiinilation in the petrogenesis of
the most important problems in island-arc igneous volcanic rocks (e.g., James, 1982;Petrini et al. 1987).
petrogenesis. Since the 1970's, the importance of Accordingly, it mhy be significant to evaluate the
magma mixing in the evolution of the calc-alkaline effects of crustal assimilation in addition to those of

andesite Magma has been e' mphasized (e.g. magma mixing when examining the ev61utionary
Eichelberger, 1975 ;' Anderson, 1976;Sakuyama, 1981), process of calc-alkaline igneous rocks.
and the mechanism for magma mixing has been stud- Chemically transitional andesitic rocks, betweeri
ied in detail (e.g., Koyaguchi arid Blake, 1989 ; Takada, typical calc-alkaline and tholeiitic series, occur in the

1994), while, in recent years, high quality analyses of Pliocene Myojin-iwa Andesite Formation (Takahama,
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Fig. 1. Index map showing the study area and distribution of the Pliocene volcanic rocks Åqsolid circles) in the l E Japan
(after Shuto and Yashima, 1990). Solid lines show the boundaries of the Quaternary volcanic zones,'Aoso-Osore (A),
Sekiryo (S), Moriyoshi (M) and Chokai (C) zones after Nakagawa et aL (1986).

1976) in the northern part of Niigata Prefecture, NE Nakajima et al. 1995), Detailed petrological investi-
Japan. This paper uses the name "the Myojin-iwa gations of these volcanic bodies have not previously
Formation" instead of "the Myojin-iwa Andesite For- been undertaken : they may provide geochemical
mation":it describes the petrographic and geochem- data useful to the discussion of the genesis of the
ical characteristics of these andesitic rocks. Based on island arc andesitic rocks.
the petrographic and geochemical data, we discuss a
                                                                 Stratigraphycrustal assimilation and fractional crystallization
(AFC) model asaplausible process to cause the com- The study area is located in the northern part of
positional variations of these andesitic rocks. Niigata Prefecture (called here the Niigata area), about
              Geoiogicaisetting l,O,kM.}"g9,2d-,S'8M,gPilge,Ba.".S.eg.C.O,gS,`.`lskit'.W,Pfi,gg

  The NE Japan is situated on the convergent plate middle Miocene sedimentary rocks composed mainly
boundary between the Eurasian and Pacific plates, of black shale, The Myojin-iwa Formation also
and has the characteristics of a typical arc-trench occurs in faulted contactwith early Miocene volcanic
system. Quaternaryvolcanicrocksaredistributedin rocks composed mainly of altered andesitic
a zone 100t'v150km wide extending from central pyroclasticrocksinthewesternpartofthestudyarea
Honshu tQ southwestern Hokkaido (Fig. 1). A gradu- (Fig. 2).
al increase in alkali contents, especially in K20, other The formation is exposed over an area of 3km (N-S)
large lon lithophile elements (LIL elements), and high Å~4km (E-WÅr, Lithologically it can be divided into
field strength elements (HFS e]ements) from the three units;the lower, middle and upper units. The
Pacific Ocean side (the trench sideÅr to the Japan Sea lower unit consists mainly of andesitic pyroclastic
side (the back-arc side) across the NE Japan is well rocks including tuff breccia and volcanic breccia,
documented (e.g., Kuno, 1960;Kawano et al., 1961; associated with minoramounts of dark gray to black
Masuda,1979;YoshidaandAoki,1984;Fujtmakiand lavas which are intercalated with thin beds of
Kurasawa, 1980;Sakuyama and Nesbitt, 1986; rhyolitic pumiceous tuff and sandstone. The total
Nakagawa et al., 1988). thickness of this unit ranges from 300 to 350m. In
  Volcanic rocks in Pliocene age (4 to 2Ma) show contrast, the middle unit consists of numerous dark
similar distribution (Fig. 1) and geochemical zonation gray to black andesitic lavas ranging in thickness
to those of Quaternary volcanic rocks (Fukudome et from 10 to 50m, which are frequently intercalated
al., 1990 ; Shuto and Yashima, 1990 ; Nakajima et al. with pyroclastic rocks. Continuous outcrops of mas-
1995). On the back-arc side of the NE Japan, small- sive and autobrecciated lavas with frequent intercala-
scale Pliocene volcanic bodies occur in scattered expo- tions of lappili tuff, tuff breccia and volcanic breccia

sures, mostly as lavas and pyroclastic rocks which are of this unit, crop-out along the Kogoyasawa River.
composed mainly of calc-alkaline andesites and This unit is more than 300mthick and conformably
dacites with minor amounts of alkaline basaltic rocks overlies the lower unit. The upper unit consists of
(Fukudome et aL, 1990;Shuto and Yashima, 1990; pyroclastic rocks, including tuff breccia and lappili
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Fig. 2. Geologic map of the Myoji'n-iwa area. Location is shown in Fig. 1.
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Table l. Modal compositions of volcanic rocks from the study area.

SamleNo. L141 L138 L123 LI05 M5 M6 M150 M157 M354 M191
 Phenocryst 41.7 42.9 36.1 30.8 45.4 32.8 41,3 36.4 45.8 439

      Cpx 6.8 7.8 5.2 4.3 14.5 5.3 8.3 1,8 6.5 3.6
      Opx 2.8 2.5 1.5 2.5 6.9 1.5 4.3 1.2 3,8 5.4
Fe-Tioxide -- 08 1.1 3.5 -'  1.1 Q9 1,5 4,3 3.8
       Pl 32.1 318 28.3 . 2Q5 21.4 24.9 27.8 31.9 31.2 31.1
Groundmass 58.3 57.1 63.9 69.2 54.6 67.2 58.7 63,6 54.2 56.1
SampleNo. M202 M7 M33 M32 M91 M4 M154 M63 Ml M95
 Phenocryst 29.5 42.1 25.1 24.1 36.1. 43.3 52,7 36A 28.6 36.2

      Cpx 4.4 6.5 3.7 1.2 4.2 41 3.1 4.7 1.7 -
      Opx 5.3 4,5 O.6 3,5 3.5 3.1 7.7 1,1 O.5 O.8
       Hb - - - - - O.2 O.2 O.1 4.2 2.7Fe-Ti oxide 1.9 2.1 1.7 1.2 1.9 2.8 8.5 1,4 1.3 2.4
        Pl 17.9 29,O 19.1 18.2 26.5 33.1 33.2 29.1 20,9 30.3
Groundmass 70.5 57.9 74.9 75.9 63.9 56.7 47.3 63,6 71.4 63.8

Ol; olivine, Cpx; clinopyroxene, Opx; orthopyroxene, Hb; hornblende. Pl; plagioclase,

L141-Ll05; rocks of the 1ower unig M5-M95; rocks of the middle unit

tuff with fragments of andesite in matrix of dark gray O.8 mm long) are altered to calcite and clay minerals.
andesitic tuff. This unit has the thickness more than Fe-Ti oxides (less than O,3mm long) are sporadically
100m and conformably overlies the middle unit. found. The groundmass is intergranular, and con-
  One andesite sample from the lower unit gave a sists of plagioclase, clinopyroxene, orthopyroxene,
K-Ar age of 3.IMa (Agency of Natural Resources and Fe-Ti oxides and brown glass.
Energy, 1982). Considering the gradational Plagioclase phenocryst core compositions in this
stratigraphic relationships between the three units sample fall within a relative]y narrow compositional
and the similarities in the lithofacies of lavas and variation range between An=65 and An=91 (Fig. 3).
pyroclastic rocks from the three units, these andesitic Although normal zoning is the most common type
rockswerederivedfromavolcanowhichwasactive among phenocryst plagioclases, sorne reversally
forarelatively short period of about3Ma. zoned plagioclase grains cooccur. Clino- and ortho-
                                                pyroxene phenocrysts have restricted core composi-
       Petrography and mineral chemistry
                                                tions (Mg-values=74-84 for clinopyroxene and 68-73
  The andesltes of the Myojin-iwa Formation, mainly fororthopyroxene) (Fig. 4). These pyroxenes display
lavas from the lower and middle units, can be divided weak normal zoning tn terms of Mg-value.
into four types on the basis of their mineral assem- 2. pyroxene basaltic andesite and pyroxene an-
blages:1) olivine-pyroxene basaltic andesite, 2) py- desite
roxene basaltic andesite and pyroxene andesite, 3) This rock type is the most common constituent of
hornblende-bearing pyroxene andesite, and 4) the Myojin-iwa Formation. The basaltic andesite
pyroxene-hornblende andesite. The modal composi- and andesite are porphyritic, containing 24.1-45.8vol
tions of the representative andesitic rocks are shown % phenocrysts of plagioclase Åq17.9-32.19eÅr, clino-

in Table 1. pyroxene (1.2-8.3 %), orthopyroxene (O.6-5.4 %) and
  1. olivine-pyroxenebasalticandesite Fe-Ti oxides (O.8-4.3 %). These minera]s usual]y
 This type (sample M5) occurs as a lava from the show euhedral to subhedral form that is found not
middle unit. It is porphyritic with 45.4vol% only as discrete phenocrysts, but also as glornerop-
phenocrysts of plagioclase (21,4%), clinopyroxene orphyriticaggregatesof2-4mmindiameter,
(14.5%), orthopyroxene (6.9%), olivine (2.6%) and a Plagioclasephenocrysts, which are O.5-3.3mm long,
minor amount of Fe-Ti oxide. Plagioclase are generally fresh, but some have dusy zones.
phenocrysts, which are O.5'3mm long, are generally Clinopyroxene (O.5-2mm longÅr and orthopyroxene
fresh. Clinopyroxene (O.5'3mm long) and orthopy- (O.5-2mm long) phenocrysts are mostly fresh, but
roxene(O.5-2mmlongÅrphenocrystsarealsofreshand some orthopyroxenes are altered to calcite. Fe-Ti
frequently form glomeroporphyritic aggregates with oxide phenocrysts Åqless than O,5mm across) are mostly
plagioclase. All grains of phenocrystic olivine (O.5- titanomagnetite. TherockswithSi02contentslower

)



430 H. Kondo,KShuto andMFukase 2000-6
Ml(Si02=62.279o) .px

t-t l---- M' V tt--l-n--
              opx

M202(Si02=60.249o) ls
              cpx

                                      "--:- -- t i --'"t"--n
                                                    Opx 15

                                   15
6

2

                                   5
6

                                  30
2

                                   10
6

1oo 50 O       An% 10

5

M154.(Si02=58.559o) ls
              cpx

---
TptF :l-eEiEil"--v-ee

              opx

5

15

5

M354(Si02=57.899o)
         ,,., CPX 15

                   5
--- T--' 'W "' .-t-1---p
               opx 15

5

L361(Si02=56•91) cpx

".' 1-'-- .n-T---'e"--
              opx

M5(Si02=54.009,) cpx

        t-- ---

--t l-t-- A Y v -h-"--
              opx

--t n-t-n

L141(Si02
=53.569o)

     cpx

opx

  :g,'.3.',,,F,r,e,q",e."C,Y,,Of.".n,,Og',,i,",`?,e.%Or?S,,Ofer,a.gi,O..C-1.a.S2 50 Mg-values iO0 50 Mg-values iOO

  Formation. Si02 contents are those of WhOIe rOCkS• Fig. 4. Frequency of Mg values (Mg/(Mg+Fe)) in the

                                                  cores of clino- and ortho-pyroxene phenocrysts in the
than about 58% show mostly intersertal or inter- andesites from the Myojin-iwa Formation. Si02
granular texture consisting mainly of plagioclase, contents are those of whole.rocks. cpx : clinopyroxene,
clinopyroxene, orthopyroxene, Fe-Ti oxides and glass, OPx : orthopyroxene.

whereas rocks with Si02 contents greater than 580/o
show mostly hyalopilitic or hyalo-ophitic texture con- isolated grains and glomeropbrphyritic aggregates of
sisting of plagiocla' se microlite, Fe-Ti oxides and glass. 2-3 mm in diameter.
  The plagioclase phenocryst cores in five samples Plagioclase phenocrysts, O.5-2.5mm long, are gener-
showarelativelywidecompositionalrange(An==44- ally fresh, and a few grains have dusy zones.
87 forL106, 43-89 forL139,51-90 forM180, 46-84 for M CIinopyroxene (O.5-1.5mm long) and orthopyroxene
92 and 47-84 for M354) (Fig. 3). Most plagioclase (O.5-lmm long) phenocrysts are also fresh, but some
phenocrysts are zoned normally in terms of Ca, but a orthopyroxenes are altered to calcite and clay miner-
fewreversallyzonedplagioclasephenocrysts cooccur als. Hornblende phenocrysts (less than O.7mm in
in the same specimens. Phenocryst core composi- length) have opacite rims. Fe-Ti oxide phenocrysts
tions for clinopyroxenes and orthopyroxenes in four (less than O.5mm across) are mostly titanomagnetite.
samples (L141, M202, M354, L361) show narrow Mg- The groundmass is hyalopilitic or hyalo-ophitic, and
value ranges with unimodal distributions (Fig.4). consistsmainlyofplagioclasemicrolites,Fe-Tioxides
Most of both clino- and ortho-pyroxenes are normally and glass.

zoned. Although sampleM63 has plagioclase phenocryst
  3. hornblende-bearing pyroxene andesite cores with a relatively wide compositional range of
  Most of this type occurs as the lavas of the middle An O/o between 47 and 89, sample M 154 contains plagi-
unit. They are porphyritic with 36.4-52.7 vol O/o oclase phenocrysts whose cores show a narrow com-
phenocrystsofplagioclase(29.1-33.3%År,clinopyroxene positional range from An=42 to An=:57 (Fig.3).
(3.1-4.7%), orthopyroxene (1.1-7.7%), hornblende (O.1- These plagioclase phenocrysts are usually normally
O.2%) and Fe-Ti oxides (1.4-8.5SO6). These minerals zoned. The cores of clinopyroxene phenocrysts from
usually show euhedral to subhedral form and occur as sample M 154 show a narrow Mg-value range from 68
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to 77, and core compositions for orthopyroxene 6
phenocryst in the same sample also fall within a
narrow range of Mg-value between 66 and 78 (Fig. 4).
Most clino- and ortho-pyroxenes display weak normal

  4. pyroxene-hornblendeandesite }}pt"
                                                  Nv,  This type is found in the lavas of the middle unit. It o
is porphyritic with 28.6-36.2vol% phenocrysts of pla- t,Ne
                                                     2gioclase (20,9-30.39o), clinopyroxene (Åq1.7SO;6), ortho-

pyroxene (O.5-O.80%), hornblende (2.7-4,20%) and Fe-Ti

oxides (1.3-2.4eO6). These minerals usually show
euhedral to subhedral shape. They occur mostly as
isolated grains, and rarely as glomeroporphyritic ag- O

gregates of 2-2.5 mm in diameter.

  Plagioclase phenocrysts (O.3-2.5 mm long) are gener- gt s
ally fresh, and a few.phenocrysts have dusy zones. V
CIinopyroxene (up to 3mm in length) and Ob}
orthopyroxene (O.3-lmm long) phenocrysts are also va 6
                                                   +fresh. Hornblende phenocrysts (O.3-2mm long) are                                                  o
generally fresh, but most of them have thin opacite esN
rims. They show strong pleochroism of X=pale Z4
brown and Y==Z=brown. Fe-Ti oxide phenocrysts
(Iess than O,5mm across) are mostly titanomagnetite.
The groundmass is hyalopilitic or hyalo-ophitic con- 2

          Gee

se"dv'$ e e

      Med.-K

--/
itfiI-'-K

(B)

lii[lliPFi

AAA

            A

                                       ' 50 60 70 80taining plagioclase microlites, Fe-Ti oxides and glass• Si02(9ro)
  Sample M 1 has phenocryst cores with narrow com-
positional ranges of An % of 54-63 for plagioclase (Fig.
3), Mg-value of 7'3-78 for clinopyroxene and Mg-values

of 70-72 for orthopyroxene (Fig. 4).

Geochmistry and Sr- and Nd-isotope compositions

  1. Major and trace element compositions
  Whole rock major- and trace-element analyses were
performed for fourteen samples from the lower unit,
and twenty-six samples from the middle unit by X-ray
fluorescence spectrometry at Niigata University using

the analytical methods described by Tamura et al.
(1989) and Kawano et al. (l992). The results are Iisted

in Table 2. In the following discussion, the major-
element compositions are treated on an anhydrous
basis.

Myojin-iwa Formation
 )vfiddle unit
  1g.liyali,e•,'p,yt.,O,X.?,",e

  E PanYdrOShedneest!tlfalticandesite

  +B;;//eRLe.",d:IXe,:I•l,eg

  Å~ pyrox.ene-hornblende
    andesute

 Lower unit
  o pyroxenePasalticandesite
    and andeste

Basement rocks

  A PaleogeneTakaneGranite

  e pre'TergS:dmiY entaryrocks

High-K : high-K andesites
Med.-K : medium-K andesites
Low-K : Iow-K andesites

AB: alkali basalt series

M: high-akak tholetite series
LT: low-alkali tholelite series

  The Si02 contents of andesitic rocks from the Fig•5• Si02 vs• K20 and Na20+K20 variation
Myojin-iwa Formation vary continuously frgm .53.3% gLa,g,'.a,M.St ,f.O,'k,.theTh)`[XO,l'id' ",-igfai.ec9,'M.a,gi19n..da"hdi,fi)E

to 62,8% (Fig. 5). Most of the rockS 1ie WithM the andesites in Si02-K20 diagram are from Gill (1981) ;the
high-K andesite field of Gill (1981) (Fig. 5-A), and are fields of LT (low-alkalt tholeiite), HT (high-alkali
comparable to andesitic rocks from the Quaternary tholeiite) and AB (alkat basalt) in Si02-(Na20+K20)
Chokai, Oshima-oshima and Kampu volcanoes on the diagrarp ar9 from Kuno (1968). Data of the basement
                                                  rocks m Figs.5, 6, 8, 9, 11, 12, 13, and 14 are fromback-arc side (Chokai zone of Nakagawa et al. 1988) of
                                                  Rezanov et al. (1999).
the NE Japan in terms of K20 content (Hayashi, 1984 ;

Maruyama et al., 1988 ; Yamamoto, 1988). .The compo-
sitions of the andesites from the Myojin-iwa Forma- between typical calc-alkaline and tholeiitic series.
tion are plotted in the high-alkali tholeiite field by The transitional andesites correspond approximately
Kuno (1968) (Fig. 5-B). In the FeO"/MgO vs. Si02 dia- to rocks of the subordinate tholeiitic series which was
gram (Fig. 6), they straddle the boundary defining distinguished by Kawano et al. (1961) from typical
calc-alkaline and tholeiitic fields. The andesitic rocks tholeiitic series.

from the Myojin-iwa Formation are, therefore, Theincompatibleelementdataforthemostprimi-
regarded in this paper as transitional andesites tivesample (L139) withan FeO'/MgO ratioof L4 are
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iwa Formation and the basement rocks. Line shows
the boundary between the fields of calc-a]kaline series
(CA) and tholeiitic series (TH) (after Miyashiro, 1974).
Symbols are the same as Fig. 5.
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plotted on a conventional N-MORB normalized
spidergram (Fig. 7) together with data for the pliocene Fig• 7• Abundance patterns of incompatiPle elements
                                                  in the Pliocene basalts and basaltic andesites (A) andand Quaternary basaltic rocks from the back-arc side
                                       . the Quaternary basalts (B), normalized to N-type
of the NE Japan. One of the mOSt COnSPiCUOUS MoRBofpearceags3). Datasources:Okushirilsland
geochemical characteristics of island-arc basalts is (yamamoto et a]. 1991År, Kyuroku-shima Island
their positive anomalies of LIL elements such as Ba, (Fukudome et al. 1990År, Shiribeshi volcano (Tsuchiya
Rb and K, and their negative anomalies of HFS ele. and. Shuto, 1993År, Chokai volcano (Hayashl, 1986),
                                                  Oshima-oshima volcano (Yoshida and Aoki, 1988),ments such as Nb and Zr, as shown on the primordial
                      . . Myojin-iwa (this study). -mantle or N-MORB norrnalized patterns for mcompat-
ible elements ,(e.g. Sun and Nesbitt, l977;Pearce,

1983). Linear variation trends are a]so recognized in the Si02
  Fig. 7 shows that both the Pliocene and Quaternary versus trace element variation diagrams (Fig, 9År, Ba,
basaltic rocks (including the basaltic andesites) from Rb, Nb, Y, Zr and V contents of andesites frorn the
the back-arc side of NE Japan have similar incompat- Myojin-iwa Formation gradually increase or decrease
ible element patterns, with positive Ba, K and Rb with the increase in Si02, whereas Sr contents of the
anomalies and a negative Nb anomaly. Supposing andesites do notshow large variation with increasing
considerable degree of partial melting, these chemical Si02 content.
features suggest that chemical characteristics of the 2. Sr and Nd isotope compositions
source materials was similar for both the Pliocene and A. Analytical procedures
Quaternary basaltic rocks in the back-arc side of the The extraction of Rb, Sr, Sm and Nd from rock

NE Japan. powder has been described by Kagami et al. Åq1987).
 As shown in Figs. 5 and 8, Ti02, FeO", MgO, CaO, Mass spectrometric analyses follow the procedures of
Na20, P20s and K20 contents of andesites from the Kagami et al. (1987, 1989År and Miyazaki and Shuto
Myojin-iwa area plotnear the linear trends on the Si02 (1998). Mass spectrometric analyses were conducted
variation diagrams. In contrast, the Si02-A1203 and using a MAT262 mass spectrometer at Niigata
MnO diagrams show nearly constant Al203 and MnO University. 87Sr/86Sr and i43Nd/i`4Nd ratios were
contents despite of increase in Si02 content (Fig. 8). normalized to 86Sr/88Sr=O.1194 and i46Nd/i44Nd=
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Fig. 8. Si02 vs. major element variation diagram. Symbols are the same as Fig. 5.

O.7219, respectively. Blanks tested throughout the values:87Sr/86Sr(present)=O.7045, 87Rb/86Sr(present)=
present analytical procedure yielded 1.0ng for Sr, O.06 O.0827, A87Rb =1.42Å~10-iiY-', i`3Nd/'"Nd(present)=

ng for Sm and O.6ng for Nd. O.512638, i`7Sm/"`Nd(present)==O.1966, Zi47Sm=6.54Å~
  Sr isotope ratios for NBS987 were measured ten 10-i2Y-i.
times during this study, producing an average ratio of B. Results
O.710251Å}O.OOOO03 (2a, N=51). Rb and Sr concentra- The analytical results and initial Sr and Nd isotope
tions were determined by X-ray fluorescence. The ratios, calculated assuming the formation age to be 3
mean i`3Nd/i"Nd ratio of JB-1a during this studY was Ma, are presented in Table 3. In this paper, initial Sr
O.512782Å}O.OOOO07 (2 o, N=9). During the course of this and Nd isotope ratios are hereafter referred to Srl and
study, we also measured i43Nd/i44Nd ratios of two the Ndl, respectively.
La Jolla and JNdi-1 standards, the latter of which is a , Thirty-eight specimens from the Myoji'n-iwa For-
new standard provided by the Geological Survey of mation have Srl values between O.70323 and O.70378,
Japan. The La Jolla standard gave a mean i43Nd/'44Nd and twenty-three specimens have Ndl values between
ratio of O.511851Å}O.OOOO06 (2a, N=17) and JNdi-1 O.512791andO.512926(Table3). TheSrlvaluesdisplay
standardameani`3Nd/'"NdratioofO.512106Å}O.OOOO03 positive correlations with Si02 (Fig. 10-A), whereas
(2a, N=44). The authors used the following CHUR Ndl values gradually decrease with increasing Si02
parameters for calculation of initial ESr and ENd (Fig. 10-B). These Sr and Nd isotope data are plotted
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in terms of initial ESr-ENd (Fig. 11År, and seem to vary diagrarns (Figs. 5, 8 and 9). These compositional
along the schematic Mantle Array of DePaolo (1988). trends could result from fractional crystallization,
  The lowest Srl (t'vO.7032) value recorded is slightly magma mixing or crustal assimilation combined with
higher than Sr I values previously reported from the fractional crystallization. The phenocrystic minerals
Pliocene to Quaternary basaltic rocks from the back- in most rocks from the Myojin-iwa Formation are
arc side of the NE Japan (Chokai volcano;O.70291, characterized by 1) unimodal core compositions for
Kampu volcano;NO.7030, Oshima-oshima volcano; most clinopyroxene, orthopyroxene and plagioclase
NO.7031; Shiribeshi volcano; -vO.7030; Okushiri phenocrysts, 2) mostly normal zoning of these
Island;NO.7030) (Shut6 et al. 1991, 1993;Ohki et al., phehocrysts, and 3) no disequilibrium phenocryst as-

1994). ThiS suggests that these back-arc side basaltic semblages such as olivine and quartz. These facts
magmaswerederlvedfrommantlesourceswithsmall suggest that the andesites have not been largely
heterogeneity in Sr isotope composition. affected by magma mixing,
                   . . The variations of Nb versus Zr for the basaltic                 Discussion• ...                                                andesite and andesite from the MyoJm-iwa area are
  Major and trace element contents of the andesites shown in Fig. 12, together with the data for the pre-
from the Myojin-iwa area mostly plot as almost Tertiary shales and the granitoid rocks of the
straight lines or curves in conventional Si02-variation Paleogene Takene Granite, situated 15 km east of the
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Table 3. Sr and Nd isotopic data for volcanic rocks from the study area.

fiSniMgEer g'Rb/8SSr gySr/g5Sr Srl(3Ma) (pSpMm) (plj&) '"7Sm!i4`{Nd i`3Nd/'"Nd Ndl(3Ma)

 LISB O.313 O,703430Å}13 O.703417Å}13 4.68 18.3 O.1546 O.512914Å}10 O.512911Å}10
 L182 O.243 O.703473Å}12 0.703463Å}12 nd nd nd nd nd
 L180 O.243 O.7035ooÅ}12 O.703490Å}12 4.78 18.50 O.15{fB O.512914Å}13 O.512911Å}13
 L141 O.228 O,703248Å}11 O,7Q3238-+.11 3.87 15.6 O.1506 O.512929Å}12 O.512926Å}12
 L139 O.2ou' O.703301Å}13 O.703292Å}13 4.95 18.7 O.1597 O.5129osÅ}15 O.5129osÅ}15
 L138 Q340 0,703376Å}11 0.703362Å}11 nd nd nd 0512942Å}10 nd
 L134 O.548 0.703549Å}15 0.703526Å}15 nd nd nd nd nd
 LI06 O,338 0.703542Å}12 0.7a3528Å}12 nd nd nd O.512919Å}il nd
 L2SB O.407 O.703569Å}12 0.703552Å}12 nd nd nd O.512880Å}12 nd
 L123 O.445 O.703524Å}14 0.703505Å}i4 nd nd nd nd nd
 L294 O.383 O.703562Å}11 0.703546Å}11 nd nd nd O.512897Å}14 nd
 B61 O.427 O.703466Å}12 0.703448Å}l2 nd nd nd O.5128onÅ}12 nd
 L136 O.342 O.703547Å}13 0.703532Å}13 nd nd nd O.512897Å}11 nd
 LI05 O.518 0.703459Å}14 0.703437Å}14 nd nd nd nd nd
 M6 O.256 O.703502Å}15 O.703491Å}l5 4.62 17.8 O.1571 O.512919Å}13 0512916Å}13
 M5 O.435 O.703520Å}12 O.703501Å}12 4.61 19.2 O.1451 O.512848Å}13 0512845Å}l3
M150 O.170 O.703338Å}13 O.703331Å}13 4.51 18.3 O.14gy O.512934Å}l4 O.512931Å}14
MIOI O.255 O.703422Å}12 O.703411Å}12 4.85 19.9 O.1476 O.5129elÅ}14 O.512898Å}14
Mll6 O.389 O.703423Å}11 O.703406Å}11 4.67 11.3 O.2502 O.512926Å}IO O.512921Å}10
 MEZ21 O.552 O.703595Å}12 O.703571Å}12 534 22.7 O.1422 O.512817Å}10 O.512814Å}10
 M56 O.434 G703634Å}12 Q703615Å}12 6.02 25.2 O,1ua O.512898Å}11 O.512895Å}11
M157 O.533 O,703505Å}13 O.703482Å}13 5.49 22.8 O,1460 O.5129osÅ}12 O.5129ooÅ}12
M354 O.561 Q70333SÅ}14 O.703311Å}14 5.34 23,1 O.1396 O.512921Å}14 O.512918Å}14
 M4 O.623 O.703699Å}12 O.703672Å}12 nd nd nd O.512811Å}12 nd
M217 0.288 0.703653Å}11 0.703641Å}11 nd nd nd nd nd
M191 O.464 O.703479Å}15 O.703459Å}15 5.22 21.9 O.1442 O,512902Å}11 O.512899Å}11
 M2 Q493 O.703616Å}13 O.703595Å}13 5.96 24.8 O.1455 O.5128gn•Å}15 O.512881Å}15
M154 0.562 0.703402Å}12 0.703378Å}12 nd nd nd nd nd
M202 O.655 O.703633Å}12 O.703605Å}12 5.77 24.6 0.1421 O.512904Å}17 O.512901Å}17
 M7 O,596 O.703663Å}14 0.703638Å}14 nd nd nd nd nd
M33 Q509 O.703616Å}11 O.7CB5eqÅ}11 5.85 24.5 O.1`va.1 O.512794Å}12 O.512791Å}12
M32 O,496 O.703673Å}10 O.703652Å}10 6.25 25.9 O.1460 O.512881Å}11 O.512878Å}11
Ml12 O,628 O.703665Å}13 O.703638Å}13 6.82 29.7 O.1388 O.512826Å}13 O.512823Å}13
M91 O,767 O.703808Å}12 O.7oa775Å}12 5.62 24.3 O.1398 O.512828Å}12 O.512825Å}12
M6B O,684 O.703724Å}11 O.703695Å}11 5.59 24.1 O.1406 O.512843Å}10 O.512840Å}10
M34 O.635 O.703705Å}13 0.703678Å}13 nd nd nd nd nd
Ml 0526 O.703518Å}12 O.703496Å}12 6.67 28.9 O.1396 O.512881Å}14 O.512878Å}14
M95 O.551 O.703569Å}13 O.703546Å}13 5.89 25.2 O.1415 O.512889Å}12 O.512886Å}12

Srl ; initial 87Sr/86Sr ratio, Ndl ; initial i`3Sr/i"Sr ratio. Srl and Ndl values are calculated assuming a formation age

of 3Ma (deduced from K-Ar age reported by Agency of Natural Resources and Energy, 1982). Rb and Sr contents
are shown in Table 2.

study area by Rezanov et al. (1999). Assuming the er, the andesites have lower Zr/Nb ratios (20-10) than
phenocrysts (olivine, clinopyroxene, orthopyroxene, the basaltic andesites (30-20) (Fig. 12), suggesing that
plagioclase,, hornblende and Fe-Ti oxide) observed in the origin of the andesites cannot be explained simply
the andesitic samples as the fractionating phases, DNb by the fractional crystallization of the basaltic andes-

(the bulk distribution coefificient for Nb) would be itemagma. Crustalmaterials,suchasthepre-Tertiary
equal to or higher than Dzr (e.g. Pearce and Norry, sedimeritary rocks andPaleogenegranitoid rockswith
1979;Rollinson, 1993). Thus, the Zr/Nb for lowerZr/NbrariosthanthoseoftheMyojinriwaande-
differentiated magmas should be equal to or higher sitic rocks, might be involved in their origin to dec-
than that for the less differentiated magmas. Howev- rease the Zr/Nb ratios of the andesitic rocks (Fig. 12).
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  The correlations between the Si02 contents and Srl- similation and fractional crystallization (AFC) process
and Ndl-values (Fig. 10), and the Sr and, Nd isotope (e.g. DeP• aolo, 1981;Robetts and Clemens, 1995). We
variations in Fig. 11 for the Myojin-iwa andqsitic have examined, therefore, the possible effects of tip-

rocks cannot be also explained in terms of simple per-crustal materials on the genesis of the andesites
fractional crystallization of basaltic magma, but may from the Myojin-iwa Formation,
provide strong evidences for the operation of an as- Geological and seismological data suggest that the
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Fig. 12. Nb vs. Zr diagram for volcanic rocks from the study area and the basement rocks. The arrow represents
the general trend in the andesites from the study area.

upper part of the crust (i.e. Iess than 15km depth) in ppm),respectively (Tables 2 and 3). The assimilan•ts
the Myojin-iwa and surrounding areas is composed were assumed to have had Nd isotope ratio (at 3Ma)=
mainly of the pre-Tertiary sedimentary rocks and O.512081, Nd=30ppm and Nb==16ppm for the pre-
Cretaceous-Paleogene granitoid rocks (Agency of Nat- Tertiary sedimentary rocks (average values of seven
ural Resources and Energy, 1982 ; Niigata Prefecture, shales in Table 2 of Rezanov et al. (1999)), and Nd
1989). The pre-Tertiary sedimentary rocks in the isotoperatio(at3Ma)=O.512340,Nd=29ppmandNb=
northern part of the Niigata area are composed 12ppm for the Paleogene Takene Granite (average
mainly of shale and sandstone with lesser amounts of values of four granitoid rocks in Table 1 of Rezanov et
basic volcanics, chert and Iimestone. Mizutani et aL al. (1999)). The bulk distribution coefficient for the
(1984) described Jurassic radiolarians from siliceous fractionating assemblage (olivine;lvol%, clino-
shale in the Tsugawa area, Niigata Prefecture, and pyroxene;20%,orthopyroxene;9%,Fe-Ti oxide;20%
noted that the pre-Tertiary sedimentary rocks in the and plagioclase;68%-average phenocryst modal
Tsugawa and surrounding areas are the correlatives value of five basaltic andesite samples, L141, L138, M
of the middle and late Jurassic formations of the 5,M6andM150 in Table 1)was assumed to havebeen
Mino, Ashio and Yamizo areas. Cretaceous-Paleogene O.03 for Nb and O.16 for Nd. The distribution coeffi-
granitoid rocks intrude this pre-Tertiary sedimentary cient values for these elements were taken from Table

rocks. 4.l of Rollinson (1993).  Zr/Nb ratios and Sr- and Nd-isotope data indicate The results of the AFC calculations are shown in
upper-crustal assimilation as an important Fig. 13, in which simple mixing curves are also il-
petrogenetic process during the generation of the an- lustrated for comparison with the AFC results. Fig. 13
desitesofthe Myojin-iwaarea. In order, therefore, to shows that the Nb, Nd and Ndl variations in the
evaluate the role of AFC in the generation of the andesites from the Myojin-iwa Formation can be ex-
andesites, we examined the effects ef AFC on the Nd plained by AFC trajectoies, but not by simple mixing
isotope ratios and associated Nb and Nd abundances pathways. It seems from Fig. 14 that both the pre-

usingtheequationsofDePaolo(1981). Tertiary sedimentary rocks and the Paleogene
  In this calculation, the initial baSaltic magma was grani,toid rocks were probable assimilants.

assumed to have had Nd isotope ratio(at 3Ma)= Ingeneral,andesiticrocksofthecalc-alkalineseries
O.512950, Nd--10ppm and Nb=4ppm. These Nd iso- tend to have abundant phenocrysts' of Fe-Ti oxide
tope ratio, and Nd and Nb abundances correspond to than those of the'tholeiitic series (e.g., Ewart, 1982).
those which are slightly higher than the highest Nd For example, tholeiitic andesites from.+ a Quaternary
isotope ratio at 3Ma (O.512926) of the andesites from Adatara volcano, NE Japan contain O.3-1.5volO/o of
the Myojin-iwa Formation and are slightly lower than Fe-Ti oxide phenocrysts, whereas calc-alkaline andes-
the lowest abundances of Nd (11.3ppm) and Nb (4.1 ,ites from the same volcano contain O.6-2.6volO/o of



cJour. Geol. Soc. ,.IaPan, 106 (6) An AFC process as the petrogenesis of andesites 439

O.5128

O.5l26

O.5124

O.5122

O.5120

(A) a

e
c

O.5128

O.5126

O.51 24

O.5122

O.5120

(B) a

     O 5 10 15 20 O 10 20 30 40 50                   Nb (ppm) Nd (ppm)
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rocks (solid line) and the Paleogene Takane Granite (broken line) ; r=ratio of assimilation to crystallization rates.
 Paramaters used in this calculation are described in the text. Symbols are the same as Fig. 12. End member
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O.512340, Nd==29ppm, Nb==12ppm, pre-Tertiary sedimentary rocks (average values of seven samples) (c) : Ndl=
O.512081, Nd=30 ppm, Nb=16ppm.

these phenocrysts (Fujinawa, 1990), The modal abun- clear but may be explained by heterogeneity in Nd
dances of Fe-Ti oxide phenocrysts in the andesites isotope ratios of the primary basaltic magma.
from the Myojin-iwa area are O.8-8,5%o (Table 1). Such The data ranges of the Myojin-iwa andesites can be
high values are the characteristics of the calc-alkaline explained by values of r (ratio of the rate of' assimila-

andesites. tion to the rate of fractional crystallization) less than
  However, the geochemical data of the Myojin-iwa O.2.
andesites are not necessarily typical to those of the
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