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P er u

 

K ENJI
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JUAN
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University
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Tsukuba,

 

Sakura-m ura,

 

Niih ari-gu n,

 

Ibarak i

 

305,

 

Japan,1

 

and

 

Instituto

 

Ge016gico

 

Minero

 

y

 

M etaltirgico,

 

Publo

 

Berm tidez

 

2

 

1

 

1

 

,

 

Jestis

 

M arfa,

 

Lim a,

 

Peru

 

(R eceived

 

D ecem ber

 

12,

 

1

 

983.- Accepted

 

A pril

 

14,

 

1

 

984)

 

W e

 

determ ined

 

the

 

87Sr/86Sr

 

ratios

 

of

 

53

 

Iate

 

Cenozoic

 

volcanic

 

rocks

 

collected

 

in

 

an

 

area

 

of

 

700km

 

X

 

300km

 

in

 

southern

 

Peru

 

along

 

the

 

Central

 

A ndes

 

volcanic

 

arc.

 

The

 

m easured

 

87Sr/86Sr

 

ratios

 

scatter

 

largely,

 

ranging

 

from

 

0.7049

 

to

 

0.7082.

 

The

 

ratios

 

rough ly

 

correlate

 

with

 

Si02

 

contents,

 

suggesting

 

that

 

the

 

source

 

m agrn a

 

is

 

contaminated

 

by

 

crustal

 

m aterials

 

during

 

fractional

 

crystallization

 

process.

 

The

 

lowest

 

value

 

is

 

obtained

 

in

 

a

 

basaltic

 

rock.

 

R egional

 

variation

 

in

 

8

 

7Sr/86Sr

 

ratios

 

is

 

observed.

 

In

 

the

 

along-arc

 

direction

 

from

 

northw est

 

to

 

south-
east,

 

the

 

ratios

 

increase,

 

reach

 

the

 

m axim um

 

value

 

near

 

Arequipa

 

City

 

and

 

then

 

decrease

 

in

 

accordance

 

with

 

the

 

change

 

of

 

descending

 

m ode

 

of

 

the

 

Nazca

 

plate.

 

The

 

m axim um

 

87Sr/86Sr

 

ratio

 

is

 

observed

 

in

 

the

 

region

 

where

 

the

 

sim ple

 

subduction

 

of

 

the

 

N azca

 

plate

 

is

 

being

 

distorted.

 

INTRODUCTION

 

T he

 

volcanic

 

arc

 

extends

 

along

 

the

 

boundary

 

between

 

the

 

N azca

 

and

 

South

 

A m erica

 

plates,

 

parallel

 

to

 

the

 

Peru-C hile

 

Trench.

 

This

 

arc

 

is

 

usually

 

divided

 

into

 

three

 

parts,

 

northern

 

part

 

(5'N-2'S),

 

central

 

part

 

(14'S-28'S)

 

and

 

south-
ern

 

part

 

(33'S-52'S).

 

V olcanic

 

rocks

 

from

 

each

 

part

 

are

 

different

 

in

 

term s

 

of

 

petrography,

 

m ajor,

 

m inor

 

and

 

trace

 

elem ent

 

chem istry

 

and

 

isotope

 

com position

 

(T,HORPE

 

and

 

F RANCIS,

 

1979).

 

The

 

central

 

part,

 

w hich

 

is

 

called

 

the

 

Central

 

A ndes

 

arc

 

in

 

this

 

paper,

 

is

 

characterized

 

by

 

its

 

very

 

thick

 

crust

 

of

 

up

 

to

 

70km

 

(JAMES,

 

1

 

971)

 

and

 

andesitic

 

rocks

 

are

 

predom inant

 

in

 

the

 

area.

 

The

 

A ndean

 

andesite

 

has

 

been

 

considered

 

to

 

be

 

the

 

best

 

exam ple

 

to

 

elucidate

 

the

 

contribu-
tion

 

of

 

the

 

crustal

 

m at~rial

 

to

 

the

 

arc

 

m agm a

 

genesis.

 

M any

 

geochem ical

 

investigations

 

have

 

be~n

 

done

 

concerning

 

the

 

genetic

 

problem s

 

of

 

the

 

volcanic

 

rocks

 

in

 

the

 

C entral

 

A ndes

 

arc,

 

and

 

different

 

conclusive

 

m odels

 

w ere

 

reported.

 

PICHLER

 

and
 

ZEIL
 

(
 

1
 

972)
 

claim ed
 

on
 

the
 

basis
 

of
 

m ajor, trace

 

elem ent

 

and

 

87Sr/86Sr

 

charac-

teristics

 

that

 

the

 

an desitic

 

m agm as

 

have

 

origi-

nated

 

through

 

widespread

 

partial

 

fusion

 

of

 

the

 

10w er

 

crust.

 

T HORPE

 

et

 

al.

 

(1976)

 

proposed

 

on

 

the

 

basis

 

of

 

the

 

rare-earth

 

data

 

a

 

m odel

 

of

 

m elt-

ing

 

of

 

the

 

oceanic

 

crust

 

in

 

the

 

subduction

 

zone.

 

JAM ES

 

et

 

al.

 

(1976)

 

suggested

 

that

 

volcanic

 

rocks

 

from

 

southern

 

Peru

 

w ere

 

the

 

products

 

of

 

m agm as

 

derived

 

from

 

the

 

thick

 

lithosphere

 

of

 

the

 

South

 

A m erica

 

plate.

 

A

 

similar

 

m odel

 

was

 

also

 

suggested

 

by

 

H AWKESW ORThl

 

et

 

al.

 

(1979).

 

M any

 

other

 

studies

 

on

 

Sr

 

and

 

other

 

isotopes

 

of

 

the

 

volcanic

 

rocks

 

from

 

the

 

Central

 

A ndes

 

arc

 

favored

 

the

 

assim ilation

 

m odel

 

of

 

continental

 

crust

 

m aterial

 

by

 

the

 

source

 

m agm a

 

(K LERKX

 

et

 

al.,

 

1977;

 

D E PAO LO

 

and

 

W ASSERBURG,

 

1977;

 

FRANCIS

 

et

 

al.,

 

1

 

977;

 

B RIQUEU

 

and

 

LANCELOT,

 

1979;

 

F RANCIS

 

et

 

al.,

 

1980;

 

H ARMON

 

et al.

 

1981;

 

D EPAOLO,

 

1981;

 

and

 

JAM ES,

 

1982).

 

F or

 

exam ple,

 

JAMES

 

(1982)

 

proposed

 

a

 

m odel

 

on

 

the

 

basis

 

of

 

com bined

 

Sr,

 

O,

 

Pb

 

and

 

N d

 

isotope

 

data

 

that

 

the

 

andesite

 

m agm a

 

w as

 

subjected

 

to

 

crustal

 

contam ination

 

during

 

plagioclase

 

frac-

tional

 

crystallization.

 

Recently,

 

N OTSU

 

(1983)

 

and

 

N OTSU

 

et

 

al.

 

(1983)

 

suggested

 

that

 

the

 

spatial

 

distributions

 

of

 

87Sr/86Sr

 

ratios

 

in

 

volcanic

 

rocks

 

in

 

the

 

N ortheast

 

Japan

 

arc

 

and

 

the

 

lzu-O gasaw ara

 

arc
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K.

 

N oTSU

 

and

 

J.

 

A,

 

LAJO

 

w ere

 

indicative

 

of

 

the

 

structure

 

of

 

the

 

subduc-

tion.

 

It

 

is

 

essential

 

to

 

m ake

 

a

 

87Sr/86Sr

 

ratio

 

distribution

 

m ap

 

of

 

the

 

Central

 

A ndes

 

arc

 

for

 

understanding

 

the

 

m agrn a

 

genesis

 

of

 

A ndean

 

andesites.

 

H ow ever,

 

as

 

stro~rtium

 

isotope

 

data

 

of

 

late

 

C enozoic

 

volcanic

 

rocks

 

in

 

southern

 

Peru

 

.

 

are

 

only

 

available

 

in

 

the

 

'1im ited

 

regions

 

(JAM ES

 

et

 

al.,

 

1976;

 

B RIQUEU

 

and

 

L ANCELOT,

 

1979;

 

and

 

JAM ES,

 

1982),

 

it

 

is

 

difficult

 

to

 

draw

 

the

 

spatial

 

distribution

 

m ap

 

of

 

the

 

ratios

 

in

 

the

 

area

 

as

 

a

 

w hole.

 

In

 

this

 

w ork,

 

w e

 

present

 

the

 

spatial

 

distribu-
tion

 

of

 

87Sr/86Sr

 

ratios

 

in

 

late

 

C enozoic

 

volcanic

 

rocks

 

in

 

southern

 

Peru,

 

the

 

northern

 

part

 

of

 

the

 

Central

 

A ndes

 

arc.

 

The

 

results

 

are

 

discussed

 

in

 

relation

 

to

 

the

 

m agm a

 

genesis

 

in

 

the

 

arc

 

system

 

with

 

special

 

interest

 

in

 

the

 

relationship

 

with

 

subduction

 

m odes.

 

SAMPLES

 

V olcanic

 

rock

 

sam ples

 

analyzed

 

in

 

this

 

w ork

 

w ere

 

collected

 

during

 

the

 

Japan-Peru

 

joint-

expedition

 

entitled

 

"G eochem ical

 

investigation

 

of

 

central

 

A ndes

 

volcanic

 

zone",

 

sponsored

 

by

 

the

 

M inistry

 

of

 

Education,

 

Science

 

and

 

C ulture

 

of

 

Japan.

 

A

 

total

 

of

 

53

 

specim ens

 

ofrock

 

sam -

ples

 

w ere

 

selected

 

with

 

regard

 

to

 

the

 

spatial

 

distribution

 

of

 

their

 

localities.

 

They

 

are

 

all

 

late

 

Cenozoic

 

volcanic

 

rocks,

 

including

 

40

 

andesites,

 

3

 

basalts,

 

2

 

dacites,

 

2

 

rhyolites,

 

5

 

shoshonites

 

and

 

one

 

basanite.

 

Figure

 

I

 

shows

 

the

 

sites

 

of

 

sam ples.

 

D etailed

 

sam ple

 

localities

 

and

 

descrip-

tions

 

are

 

reported

 

by

 

A RAMAKI

 

et

 

al.

 

(1984).

 

In

 

Fig.

 

I

 

,

 

eight

 

lines

 

(A-H )

 

are

 

draw n

 

perpen-

dicular

 

to

 

the

 

axis

 

of

 

the

 

Peru-C hile

 

Trench.

 

The

 

schem atic

 

underground

 

structures

 

of

 

cross-
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Fig.

 

1.

 

Sample

 

localities.

 

N um bers

 

correspond

 

to

 

those

 

in

 

Table

 

1.

 

Lines

 

C-F

 

denote

 

the

 

cross

 

sections

 

of

 

Fl~.

 

2.

 

denotes

 

Cenozoic

 

volcanic

 

series

 

(BELLIDO,

 

1979).

 

Hatched

 

area
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Table

 

1.

 

No

 

*

 

Sample

 

'

 

No

 

.

 

Rock

 

rype

 

Si0,~~

 

*

 

*

 

(%)

 

Rb

 

(ppm)

 

Sr

 

(

 

p

 

pm)

 

87Rb/86sr

 

87

 

86

 

Sr/

 

Sr

 

Age***

 

(Ma)

 

A-B

 

1

 

2

 

3

 

regl~n

 

AIOO

 

Al

 

1

 

3

 

A166

 

Andesite

 

Andesite

 

Rhyolite

 

65.54

 

52.54

 

99

 

38

 

134

 

685

 

5

 

04

 

613

 

0.421

 

0.219

 

0.636

 

0.70552

 

0.70549

 

o,70654

 

2.45

 

:!:

 

0.06

 

B

 

-C

 

4

 

6

 

7

 

8

 

9

 

10

 

11

 

12

 

*egl'n

 

PA02

 

PA05

 

PPDIO

 

PPD30

 

PPD4

 

7

 

PPD4

 

8

 

PPD56

 

PPDIOl

 

PPDI08

 

Andesite

 

Andesite

 

Andesite

 

Basalt

 

Basalt

 

Rhyolite

 

Basalt

 

Andesite

 

Andesite

 

6

 

1

 

.40

 

60.57

 

56.27

 

5

 

1

 

.95

 

74.10

 

55.10

 

60.20

 

81

 

71

 

80

 

25

 

44

 

175

 

32

 

84

 

83

 

663

 

658

 

702

 

891

 

814

 

133

 

1,336

 

2,525

 

703

 

0.356

 

0.314

 

0.332

 

0.082

 

0.157

 

3.830

 

0.070

 

0.097

 

0.344

 

0.70590

 

0.70584

 

0.70538

 

0.70490

 

0.70548

 

0.70600

 

0.70524

 

0,70608

 

0.70552

 

l

 

.62

 

d:

 

0.03

 

C-D

 

13

 

14

 

15

 

16

 

17

 

18

 

19

 

20

 

21

 

22

 

23

 

region

 

CS05

 

CS07-03

 

CS09

 

CS

 

1

 

2-03

 

OP03-01

 

OP07

 

OP

 

I

 

0-02

 

OP

 

1

 

4

 

-O

 

2

 

CZ02-01

 

CZ03

 

CZ

 

04

 

Andesite

 

Andesite

 

Andesite

 

Andesite

 

Andesite

 

Andesite

 

Andesite

 

Andesite

 

Shoshonite

 

Shoshonite

 

Andesite

 

56.05

 

57,02

 

63.50

 

63.66

 

56.93

 

56.71

 

60.97

 

63,82

 

32

 

95

 

33

 

l08

 

42

 

171

 

100

 

33

 

162

 

210

 

131

 

1,018

 

790

 

1,113

 

773

 

1,162

 

285

 

949

 

919

 

1

 

,226

 

923

 

984

 

0.092

 

O,350

 

0.086

 

0.407

 

0.105

 

1

 

.747

 

0.307

 

0.105

 

0.385

 

0.662

 

0.388

 

0.70609

 

0.70623

 

0.70607

 

0.70643

 

0.70598

 

0.70673

 

0.706

 

1

 

8

 

0.70627

 

0.70707

 

0.70765

 

0.70670

 

1.19

 

i

 

0.03

 

1.02

 

d:

 

0.04

 

(O)****

 

O,50

 

i

 

0.07

 

<

 

0.027

 

<

 

0.7

 

D-E

 

24

 

25

 

26

 

27

 

reglon

 

CVO1

 

CV07-02

 

CMO1

 

CM05-01

 

Andesite

 

An

 

de

 

sit

 

e

 

Andesite

 

Andesite

 

64.58

 

58.37

 

56.78

 

55.21

 

123

 

55

 

40

 

36

 

668

 

1

 

,276

 

1

 

,048

 

1

 

,083

 

0.536

 

0.125

 

0.111

 

0.097

 

0.70687

 

0.70602

 

0.70706

 

0.70716

 

0.23

 

i

 

0.05

 

3.77

 

~:

 

0.14

 

0.06

 

ｱ

 

0,23

 

E-F

 

region

 

28

 

29

 

30

 

31

 

32

 

33

 

A

 

R07-0

 

2

 

AR09

 

AR12

 

AR18

 

CH02

 

CH07

 

Andesite

 

Andesite

 

Andesite

 

Andesite

 

Ande

 

site

 

Andesite

 

54.30

 

63.12

 

68.59

 

61.69

 

60.62

 

32

 

80

 

131

 

47

 

51

 

77

 

991

 

691

 

469

 

784

 

738

 

765

 

O.094

 

0.337

 

0.813

 

0.175

 

0.201

 

0.293

 

0.70677

 

0.70816

 

0.70768

 

0.70767

 

0.70763

 

0.70704

 

0.28

 

:!:

 

0.10

 

6.71

 

:i:

 

0.57

 

F

 

-G

 

34

 

35

 

36

 

37

 

38

 

39

 

40

 

41

 

42

 

43

 

44

 

regl'n

 

OM03

 

OMIO

 

OM16

 

PUO1

 

PU03

 

PU05

 

PU07

 

ACO1

 

AC04

 

JL02

 

JL03

 

Dacite

 

Andesite

 

Andesite

 

Shoshonite

 

Shoshonite

 

Shoshonite

 

Andesite

 

Basanite

 

Andesite

 

Andesite

 

Andesite

 

65.72

 

62.06

 

60.77

 

59.67

 

55.20

 

55

 

.44

 

63.04

 

49.99

 

61.17

 

6

 

1

 

.24

 

59.14

 

97

 

107

 

134

 

90

 

69

 

73

 

106

 

60

 

97

 

131

 

111

 

718

 

498

 

554

 

l

 

,1

 

29

 

1,329

 

1

 

,OI

 

7

 

476

 

1,501

 

1

 

,066

 

895

 

1

 

,060

 

0.393

 

0.625

 

0.704

 

0.232

 

0.151

 

0.209

 

0.648

 

0.116

 

0.265

 

0.426

 

0.305

 

0.70690

 

0.70677

 

0.70596

 

0.70701

 

0.70649

 

0.70679

 

0.70727

 

0.70728

 

0.70699

 

0.70702

 

0.7065

 

1

 

6.43

 

:i:

 

0.20

 

5.97

 

i

 

0.20

 

5.05

 

:!:

 

0.17

 

5.91

 

i

 

0.16

 

6.56

 

:!:

 

0.64

 

G

 

-H

 

45

 

46

 

47

 

regron

 

TA07

 

TAIO

 

TAI

 

2

 

Andesite

 

Andesite

 

Andesite

 

59.76

 

60.91

 

63.00

 

69

 

149

 

97

 

688

 

640

 

613

 

0.292

 

0.678

 

0.461

 

0.70656

 

0.70658

 

0.70656

 

6.23

 

i

 

0,10

 

(TO

 

be

 

cont'd)
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K.

 

NoTSU

 

and

 

J.

 

A,

 

LAJO

 

No

 

*

 

Sample

 

'

 

No

 

.

 

Rock

 

type

 

Si02

 

*

 

*

 

Rb

 

(%)

 

(ppm)

 

Sr

 

87

 

86

 

(ppm)

 

Rb/

 

ST

 

87

 

86

 

Sr/

 

Sr

 

48

 

49

 

50

 

51

 

52

 

53

 

MC03

 

MC06

 

MC11

 

MC14

 

JLIO

 

JL11

 

Andesite

 

Dacite

 

Andesite

 

Andesite

 

Andesite

 

Andesite

 

62.03

 

67.96

 

57,56

 

58,77

 

63.79

 

55,15

 

172

 

206

 

71

 

84

 

101

 

71

 

572

 

346

 

713

 

633

 

929

 

1,630

 

0.875

 

1.733

 

0.290

 

0.386

 

0.316

 

0.127

 

0.70640

 

0.7061

 

1

 

0.70643

 

O.70581

 

0.70708

 

0.70634

 

Age

 

*

 

*

 

*

 

(Ma)

 

3.20

 

i

 

0.11

 

5.59

 

d:

 

0.11

 

7.02

 

i

 

0.09

 

~

 

Th ese

 

num bers

 

correspond

 

to

 

those

 

in

 

Fig.

 

1.

 

**

 

A RAM AKI

 

et

 

al.

 

(1984).

 

***

 

KANEOKA

 

and

 

G ~ J~~~RA

 

(1984).

 

****

 

Based

 

on

 

the

 

field

 

observation.

 

~ections

 

along

 

C,

 

D,

 

E

 

and

 

F

 

Iines

 

are

 

show n

 

in

 

Fig.

 

2.

 

The

 

m antle-crust

 

boundary

 

is

 

draw n

 

by

 

referring

 

to

 

the~

 

'contour

 

m ap

 

of

 

the

 

M oho

 

dis-

continuity

 

by

 

JAM ES

 

(1971),

 

and

 

the

 

upper

 

boundary

 

of

 

the

 

descending

 

N azca

 

plate

 

by

 

H ASEGAW A

 

and

 

SACKS

 

(1984).

 

It

 

is

 

obvious

 

that

 

the

 

subducting

 

feature

 

of

 

the

 

N aizca

 

plate

 

changes

 

in

 

the

 

along-arc

 

direction,

 

from

 

north-

w est

 

to

 

southeast.

 

o

 

Trench
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c
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AND
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100
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Crust
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r

 

Crust

 

600

 

~~ r

 

200
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600

 

Crust

 

Fig.

 

2.

 

Cross

 

sections

 

showing

 

the

 

m antle-cru st

 

bound-
ary

 

and

 

the

 

upper

 

boundary

 

of

 

the

 

descending

 

Nazca

 

p

 

la

 

te.

 

Locations

 

of

 

C-F

 

Iines

 

are

 

shown

 

in

 

Fig.

 

1,

 

D escending

 
m ode

 
of

 
the

 
Nazca

 
plate

 
changes

 
from

 
the

 
norm al sub-

duction

 

(F),

 

via

 

the

 

transitional

 

,one

 

(D,E)

 

and

 

to

 

the

 

abnormal

 

one

 

(C).

 

(Data

 

sources.'

 

JAM ES,

 

1971,･

 

H ASEGAWA

 

and

 

SACKS,

 

1

 

984)

 

Experim ental

 

procedures

 

for

 

determ ination

 

of

 

strontium

 

isotope

 

com positions

 

and

 

concen-

trations

 

of

 

Sr

 

and

 

R b

 

w ere

 

reported

 

by

 

N OTSU

 

(1983).

 

The

 

strontium

 

isotope

 

com positions

 

were

 

determined

 

on

 

a

 

V G-M icrom ass

 

M M -30

 

double

 

collector

 

type

 

m ass

 

spectrom eter.

 

The

 

87Sr/86Sr

 

ratios

 

of

 

N B S

 

987

 

standard

 

sam ple

 

w ere

 

0.71028-0.71033

 

throughout

 

this

 

w ork.

 

Concentrations

 

of

 

R b

 

and

 

Sr

 

w ere

 

m easured

 

by

 

X-ray

 

fluolescence

 

spectrom etry.

 

Results

 

are

 

shown

 

in

 

Table

 

I

 

.

 

T he

 

un-

certainty

 

associated

 

with

 

87Sr/86Sr

 

ratio

 

analyses

 

is

 

estim ated

 

to

 

be

 

less

 

than

 

0.00005

 

from

 

the

 

replicated

 

analyses

 

of

 

the

 

standard

 

sam ple.

 

U n-

certainties

 

in

 

R b

 

and

 

Sr

 

concentrations

 

are

 

less

 

than

 

:~5%.

 

In

 

T able

 

l,

 

Si0 2

 

contents

 

by

 

A RAMAKI

 

et

 

al.

 

(

 

1

 

984)

 

and

 

K-A r

 

ages

 

by

 

K ANEO-
KA

 

and

 

G UEVA RA

 

(

 

1

 

984)

 

are

 

also

 

listed.

 

The

 

87Sr/86Sr

 

ratios

 

in

 

Table

 

I

 

are

 

the

 

ob-

serv ed

 

values

 

and

 

no

 

age

 

correction

 

is

 

m ade

 

for

 

them ,

 

because

 

the

 

effect

 

of

 

the

 

age

 

correction

 

on

 

87Sr/86Sr

 

ratios

 

is

 

negligible

 

for

 

m ost

 

sam ples.

 

For

 

exam ple,

 

the

 

differences

 

betw een

 

m easured

 

and

 

corrected

 

ratios

 

are

 

less

 

than

 

0.00004

 

for

 

19

 

sam ples

 

out

 

of

 

22

 

w hose

 

absolute

 

ages

 

are

 

available,

 

and

 

less

 

than

 

0.00002

 

for

 

17

 

out

 

of

 

22

 

sam ples.

 

Even

 

for

 

the

 

sam ple

 

with

 

the

 

m axim um

 

age

 

correction

 

(N o.

 

49

 

-

 

M C06),

 

the
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difference

 

is

 

0.0001

 

4.

 

D

 

I

 

SCU

 

SSI

 

ON

 

S

 

G eneral

 

characteristics

 

of

 

the

 

8'7Sr/86Sr

 

ratios

 

in

 

the

 

Central

 

A ndes

 

arc

 

O ur

 

results

 

show

 

that

 

the

 

87Sr/86Sr

 

ratios

 

in

 

late

 

Cenozoic

 

volcanic

 

rocks

 

from

 

southern

 

Peru

 

scatter

 

in

 

the

 

range

 
betw een  0.7049  and  0.7082.

 
Published

 
87Sr/86Sr

 

ratios

 

of

 

volcanic

 

rocks

 

in

 

the

 

Central

 

A ndes

 

arc

 

also

 

scatter

 

very

 

largely.

 

They

 

are

 

0.7054-
0.7080

 

for

 

Arequipa

 

and

 

Barroso

 

volcanics

 

in

 

southern

 

Peru

 

(JAMES

 

et

 

al.,

 

1976),

 

0.7055-

0.7081

 

for

 

the

 

sam e

 

tw o

 

volcanics

 

(BRIQUEU

 

and

 

LANCELOT,

 

1979),

 

0.7056-0.7116

 

for

 

the

 

Cerro

 

G alan

 

area

 

in

 

northw estern

 

A rgentina

 

(F RANCIS

 

et

 

al.,

 

1980),

 

0.7057-0.7072

 

for

 

San

 

Pedro

 

and

 

San

 

Pablo

 

volcano

 

com plex

 

in

 

north-

ern

 

Chile

 

(FRANCIS

 

et

 

al.,

 

1977),

 

0.7065-0.7080

 

for

 

Cenozoic

 

extrusives

 

from

 

northern

 

Chile

 

and

 

northwestern

 

A rgentina

 

(M c N uTT

 

et

 

al.,

 

1975),

 

0.7051-0.7133

 

for

 

volcanic

 

rocks

 

in

 

northern

 

C hile,

 

northw estern

 

A rgentina

 

and

 

southw estern

 

B olivia

 

(K LERKX

 

et

 

al.,

 

1977)

 

and

 

0.7053-0.7150

 

in

 

the

 

sam e

 

three

 

regions

 

(D ERUELLE

 

et

 

al.,

 

1983).

 

In

 

addition

 

to

 

these

 

data,

 

exceptionally

 

low

 

ratios

 

w ere

 

reported

 

for

 

3

 

rock

 

sam ples.

 

Those

 

are

 

a

 

low -Si

 

latite

 

(0.7042)

 

and

 

a

 

low-Si

 

andesite

 

(0.7042)

 

in

 

central

 

Peru,

 

the

 

northernm ost

 

region

 

of

 

the

 

Central

 

A ndes

 

arc

 

(N oBLE

 

et

 

al.,

 

1975),

 

and

 

an

 

alkali

 

basalt

 

(0.7041)

 

in

 

Bolivia

 

(THORPE

 

and

 

F RANCIS,

 

1979).

 

The

 

87Sr/86Sr

 

ratios

 

for

 

rocks

 

in

 

southern

 

Peru

 

obtained

 

in

 

this

 

w ork

 

overlap

 

the

 

norm al

 

range

 

of

 

the

 

ratios

 

(above

 

0.7051)

 

for

 

those

 

of

 

the

 

Central

 

A ndes

 

arc,

 

except

 

for

 

one

 

sam ple

 

(N o.

 

7

 

-

 

PPD 30)

 

with

 

the

 

ratio

 

of

 

0.70490.

 

Com pared

 

with

 

the

 

87Sr/86Sr

 

ratios

 

in

 

vol-

canic

 

rocks

 

from

 

other

 

arcs

 

in

 

the

 

w orld,

 

those

 

from

 

the

 

Central

 

A ndes

 

arc

 

are

 

rem arkably

 

high

 

and

 

scatter

 

largely.

 

These

 

characteristics

 

have

 

been

 

explained

 

in

 

term s

 

of

 

the

 

contam ina-

tion

 

by

 

thick

 

continental

 

crust

 

m aterials

 

with

 

higher

 

87Sr/86Sr

 

ratios,

 

as

 

already

 

m entioned.

 

It

 

is

 

suggestive

 

that

 

the

 

low est

 

87Sr/86

 

Sr

 

ratio

 

of

 

this

 

w ork

 

is

 

obtained

 

from

 

one

 

specim en

 

of

 

basaltic

 

rock,

 

w hich

 

occurs

 

rarely

 

in

 

the

 

C entral

 

A ndes

 

arc.

 

If

 

the

 

crustal

 

contam ination

 

occurs

 

together

 

with

 

fractional

 

crystallization

 

process,

 

the

 

87Sr/86Sr

 

ratios

 

will

 

change

 

as

 

the

 

process

 

proceeds.

 

Figure

 

3

 

show s

 

the

 

relation

 

betw een

 

87Srl86Sr

 

ratios

 

and

 

Si0 2

 

contents

 

of

 

volcanic

 

rocks

 

for

 

each

 

region.

 

In

 

the

 

B-C

 

region,

 

w here

 

basaltic

 

rock

 

extrudes,

 

the

 

87Sr/86Sr

 

ratios

 

seem

 

to

 

increase

 

with

 

increasing

 

Si02

 

contents.

 

Sim ilar

 

obscure

 

trends

 

are

 

observ ed

 

in

 

the

 

C-D,

 

E-F,

 

F-G

 

and

 

G-H

 

regions

 

lacking

 

basaltic

 

rocks.

 

In

 

the

 

case

 

of

 

the

 

C-D

 

and

 

F-G

 

regions,

 

basanite

 

and

 

shoshonite

 

are

 

excluded

 

to

 

obtain

 

the

 

trends,

 

because

 

these

 

rocks

 

are

 

considered

 

to

 

be

 

generated

 

as

 

a

 

result

 

of

 

different

 

fractionation

 

process

 

from

 

basalt,

 

andesite

 

and

 

dacite.

 

E ven
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¥
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(%)

 

Fl~.

 

3.

 

Variation

 

in

 

87Srl86Sr

 

versus

 

Si02

 

in

 

each

 

regio

 

n.

 

/~

 

Basalt

 

o

 

A ndesite,

 

dacite

 

and

 

rhyolite

 

JL

 

Basanite

 

o

 

Shoshonite

 

(~ lta

 

source  of
 

Si02 contents.'

 

A RAMAKI

 

et

 

al.,

 

1984)
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J.

 

A.

 

LAJO

 

in

 

the

 

sam e

 

region,

 

individual

 

rock

 

sam ples

 

are

 

considered

 

to

 

be

 

the

 

products

 

extruded

 

from

 

different

 

m agm a

 

cham bers,

 

because

 

m ost

 

of

 

them

 

were

 

collected

 

from

 

different

 

lava

 

nows

 

of

 

different

 

volcanoes.

 

T hey

 

are

 

not

 

products

 

of

 

progressive

 

fractional

 

crystallization

 

of

 

a

 

single

 

source

 

m agm a

 

and

 

hence

 

they

 

do

 

not

 

m ake

 

a

 

sm ooth

 

trend

 

on

 

this

 

diagram .

 

Such

 

rough

 

cor-

relations

 

observed

 

in

 

several

 

regions

 

m ay

 

be

 

interpreted

 

that

 

the

 

source

 

m agm as

 

in

 

the

 

sam e

 

region

 

have

 

sim ilar

 

87Sr/86Sr

 

ratios

 

and

 

that

 

they

 

are

 

contam inated

 

to

 

varying

 

extent

 

by

 

the

 

crustal

 

m aterials

 

w ith

 

high

 

87Sr/86Sr

 

ratios.

 

It

 

is

 

also

 

suggested

 

that

 

the

 

87Sr/86Sr

 

ratios

 

of

 

source

 

m agm as

 

are

 

regionally

 

different.

 

The

 

low est

 

87Sr/86Sr

 

ratio

 

(0.7049)

 

in

 

a

 

basaltic

 

rock

 

in

 

the

 

B-C

 

region

 

is

 

higher

 

than

 

the

 

exceptionally

 

low

 

ratios

 

(0.7041-0.7042)

 

reported

 

for

 

sam ples

 

in

 

the

 

Central

 

A ndes

 

arc

 

(N oBLE

 

et

 

al.,

 

1975;

 

T HORPE

 

and

 

F RANCIS,

 

1979).

 

This

 

m ay

 

be

 

due

 

to

 

the

 

heterogeneity

 

in

 

the

 

87Sr/86Sr

 

ratio

 

of

 

the

 

source

 

m aterial

 

beneath

 

the

 

C entral

 

A ndes

 

arc.

 

In

 

order

 

to

 

m ake

 

clear

 

the

 

cause

 

of

 

the

 

large

 

spread

 

in

 

the

 

87Sr/86Sr

 

ratios

 

in

 

Volcanic

 

rocks

 

from

 

southern

 

Peru,

 

we

 

m ust

 

also

 

take

 

into

 

account

 

w hether

 

the

 

ratios

 

change

 

with

 

age

 

or

 

not.

 

M C N UTT

 

et

 

al.

 

(1975)

 

showed

 

that

 

the

 

initial

 

87Sr/86Sr

 

ratios

 

in

 

the

 

central

 

A ndes

 

o

 

708

 

betw een

 

26'S

 

and

 

29'S

 

increased

 

from

 

0.7022

 

to

 

0.7077

 

in

 

the

 

period

 

from

 

M id

 

Cretaceous

 

to

 

Q uaternary .

 

O ut

 

of

 

all

 

sam ples

 

in

 

this

 

w ork,

 

K-Ar

 

ages

 

have

 

been

 

determ ined

 

on

 

21

 

sam ples

 

(K ANEOKA

 

and

 

G UEVARA,

 

1

 

984).

 

O ne

 

sam ple

 

(N o.

 

16

 

-

 

C S12-03)

 

is

 

identified

 

as

 

a

 

historical

 

lava

 

fl ow

 

on

 

the

 

basis

 

of

 

the

 

field observ ation.

 

A

 

diagram

 

betw een

 

the

 

87Sr/86Sr

 

ratio

 

and

 

K-A r

 

age

 

is

 

show n

 

in

 

Fig.

 

4,

 

indicating

 

that

 

the

 

ratios

 

have

 

not

 

changed

 

system atically

 

during

 

the

 

last

 

8M a,

 

rem aining

 

with

 

a

 

large

 

scattering

 

range

 

of

 

the

 

ratios.
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(Ma)

 

Fig.

 

4.

 

Variation

 

in

 

87Sr/86Sr

 

versus

 

age.

 

I

 

A-B

 

JIL

 

B-C

 

e

 

C-D

 

x

 

D-E

 

c]

 

E-F

 

A

 

F-G

 

o

 

G-H

 

region

 

(Data

 

source

 

of

 

K-Ar

 

ages.'K ANEOKA

 

and

 

G UEVARA,

 

1

 

984)

 

Crustal

 

assimilation

 

in

 

southern

 

Peru

 

In

 

order

 

to

 

estim ate

 

the

 

nature

 

of

 

the

 

crustal

 

con-

tam ination,

 

87Sr/86Sr

 

ratios

 

are

 

plotted

 

against

 

the

 

crustal

 

thickness

 

for

 

all

 

regions

 

in

 

Fig.

 

5.

 

The

 

crustal

 

thickness

 

of

 

each

 

sam ple

 

site

 

w as

 

taken

 

from

 

the

 

contour

 

m ap

 

of

 

the

 

M oho

 

dis-

continuity

 

by

 

JAM ES

 

(1971).

 

N o

 

correlation

 

betw een

 

the

 

87Sr/86Sr

 

ratios

 

and

 

the

 

crustal

 

thickness

 

is

 

observ ed

 

for

 

all

 

regions.

 

T he

 

ratios

 

differ

 

by

 

m ore

 

than

 

0.001

 

in

 

sites

 

with

 

nearly

 

the

 

sam e

 

crustal

 

thickness.

 

T his

 

m eans

 

that

 

the

 

m agnitude

 

of

 

the

 

enhancem ent

 

in

 

the

 

87Sr/86Sr

 

ratios

 

during

 

the

 

crustal

 

contam ination

 

process

 

is

 

not

 

dependent

 

on

 

the

 

crustal

 

thickness,

 

but

 

on

 

other

 

factors

 

such

 

as

 

local

 

variation

 

of

 

the

 

ratios

 

of

 

the

 

crustal

 

m aterials,

 

the

 

duration

 

of

 

assim ilation,

 

physical

 

condition

 

of

 

m agm a

 

cham ber,

 

etc.

 

A cross-arc

 

variation

 

in

 

87Sr/86Sr

 

ratios

 

D UPUY

 

and

 

LEFivRE

 

(1974)

 

pointed

 

out

 

that

 

sho-

shonitic

 

rocks

 

occur

 

in

 

are~s

 

far

 

distant

 

from

 

the

 

trench

 

and

 

that

 

the

 

chem ical

 

zoning

 

is

 

observed

 

in

 

the

 

across-arc

 

direction.

 

In

 

order

 

to

 

exam ine

 

the

 

across-arc

 

variation

 

in

 

87Sr/86Sr

 

ratio,

 

the

 

ratios

 

are

 

plotted

 

against

 

the

 

distances

 

from

 

the

 

Peru-Chile

 

Trench

 

in

 

each

 

region

 

(Fig.

 

6).

 

In

 

the

 

A -B,

 

D-E

 

and

 

E-F

 

regions,

 

rock

 

sam ples

 

are

 

available

 

only

 

for

 

so

 

lim ited

 

range

 

of

 

distance

 

from

 

the

 

trench

 

that

 

it

 

is

 

difficult

 

to

 

check

 

the

 

across-arc

 

variation.

 

In

 

the

 

C-D,

 

F-

G

 

and

 

G-H

 

regions,

 

the

 

ratios

 

seem

 

to

 

increase

 

with

 

the

 

increasing

 

distance

 

from

 

the

 

trench,

 

though

 

the

 

data

 

are

 

scattered

 

too

 

largely

 

to
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claim

 

a

 

definite

 

conclusion.

 

O n

 

the

 

contrary,

 

the

 

ratios

 

seem

 

to

 

decrease

 

in

 

the

 

B-C

 

region.

 

These

 

findings

 

suggest

 

that

 

the

 

87Sr/86Sr

 

ratio

 

does

 

not

 

change

 

system atically

 

in

 

the

 

across-arc

 

direction

 

of

 

the

 

C entral

 

A ndes

 

arc.

 

A long-arc

 

vartation

 

in

 

87Sr/86Sr

 

ratios

 

Re-

gional

 

variation

 

in

 

87Sr/86Sr

 

ratio

 

is

 

obvious

 

in

 

the

 

histogram s

 

show n

 

in

 

Fig.

 

7.

 

In

 

the

 

along-arc

 

direction,

 

the

 

ratios

 

increase

 

from

 

the

 

A-B

 

re-

gion,
 

reach
 

the
 

m axim um
 

values
 

in
 

the
 

E-F
 

region

 

and

 

then

 

decrease

 

to

 

the

 

G-H

 

region.

 

R egional

 

variation

 

in

 

the

 

87Sr/86Sr

 

ratios

 

in

 

southern

 

Peru

 

was

 

previously

 

pointed

 

out

 

by

 

JAM ES

 

et

 

al.

 

(1976),

 

w ho

 

showed

 

that

 

the

 

ratios

 

of

 

A requipa

 

volcanics

 

w hich

 

are

 

located

 

in

 

the

 

E-F

 

region

 

in

 

Fig.

 

I

 

w ere

 

higher

 

than

 

those

 

of

 

Barroso

 

volcanics

 

m ainly

 

in

 

the

 

G-H

 

region.

 

O ur

 

data

 

expand

 

the

 

results

 

by

 

JAMES

 

et

 

al.

 

(1976)

 

to

 

broader

 

areas,

 

indicating

 

the

 

sys-

tem atic

 

variation

 

in

 

87Sr/86Sr

 

ratios

 

in

 

vol-

canic

 

rocks

 

from

 

southern

 

Peru

 

in

 

the

 

along-

arc

 

direction.

 

JAM ES

 

(1982)

 

calculated

 

the

 

87Sr/86Sr

 

ratios

 

in

 

the

 

uncontam inated

 

source

 

m agm a

 

of

 

Arequipa

 

and

 

Barroso

 

volcanic

 

series,

 

to

 

be

 

0.7062-0.7067

 

and

 

0.7050-0.7052,

 

respectively.

 

The

 

ranges

 

of

 

these

 

values

 

depend

 

on

 

the

 

m ixing

 

m odels

 

adopted

 

for

 

calculation.

 

O ur
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m ay
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5.

 

Variation

 

in

 

87Srl86Sr

 

versus

 

cru stal

 

thickness.
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6.

 

Variation

 

in

 

87Srl86Sr

 

versus

 

distance

 

from

 

the

 

Peru-Chile

 

Trench.
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K.

 

NOTSU

 

and

 

J.

 

A.

 

LAJO

 

also

 

im ply

 

the

 

87Sr/86Sr

 

ratios

 

in

 

the

 

source

 

m agm as

 

in

 

each

 

region.

 

O n

 

the

 

assum ption

 

that

 

the

 

enhancem ent

 

in

 

the

 

87Sr/86Sr

 

ratios

 

from

 

the

 

values

 

of

 

the

 

source

 

m agm a

 

is

 

depen-

dent

 

on

 

the

 

degree

 

of

 

fractional

 

crystallization

 

during

 

the

 

com bined

 

processes

 

of

 

fractional

 

crystallization

 

and

 

crustal

 

contam ination,

 

the

 

ratios

 

in

 

less

 

fractionated

 

rocks

 

such

 

as

 

basalt

 

m ay

 

approxim ate

 

those

 

in

 

the

 

source

 

m agm a.

 

T his

 

m eans

 

the

 

ratios

 

of

 

the

 

source

 

m agm a

 

in

 

the

 

B-C

 

region

 

m ay

 

be

 

near

 

or

 

a

 

little

 

less

 

than

 

0.7049.

 

In

 

other

 

regions

 

lacking

 

basaltic

 

rocks,

 

it

 

seem s

 

difficult

 

to

 

estim ate

 

the

 

87Sr/86Sr

 

ratios

 

in

 

the

 

source

 

m agm a

 

from

 

our

 

data.

 

W e

 

can

 

only

 

guess

 

that

 

the

 

ratios

 

in

 

the

 

source

 

m agm as

 

are

 

at

 

least

 

less

 

than

 

the

 

m inim um

 

values

 

in

 

each

 

region.

 

T he

 

m inim urn

 

87Sr/86Sr

 

ratios

 

in

 

the

 

E-

F

 

and

 

G-H

 

regions,

 

w hich

 

include

 

Arequipa

 

and

 

Barroso

 

volcanics,

 

are

 

obtained

 

to

 

be

 

0.7068

 

and

 

0.7058,

 

respectively,

 

in

 

this

 

w ork.

 

These

 

values

 

are

 

slightly

 

higher

 

than

 

those

 

in

 

source

 

m agm as

 

calculated

 

by

 

JAM ES

 

(1982).

 

Therefore,

 

the

 
87Sr/86Sr ratios in

 
the

 
source

 
m agm a

 
in

 
the

 

regions

 

lacking

 

basaltic

 

rocks

 

are

 

expected

 

to

 

be

 

slightly

 

less

 

than

 

the

 

low est

 

values

 

analyzed

 

in

 

this

 

w ork.

 

T he

 

87Sr/86Sr

 

ratio

 

of

 

the

 

source

 

m agm a

 

is

 

considered

 

to

 

change

 

parallel

 

to

 

the

 

trend

 

of

 

the

 

variation

 

of

 

the

 

87Sr/86Sr

 

ratios

 

in

 

the

 

volcanic

 

rocks,

 

in

 

the

 

along-arc

 

direction.

 

From

 

north-

w est

 

to

 

southeast,

 

the

 

ratios

 

in

 

the

 

source

 

m ag-
m a

 

increase

 

from

 

a

 

little

 

less

 

than

 

0.7049

 

in

 

the

 

B-C

 

region,

 

reach

 

the

 

m axim um

 

value

 

of

 

about

 

0.7065

 

in

 

the

 

E-F

 

region

 

and

 

then

 

de-

crease.

 

W hy

 

the

 

87Sr/86Sr

 

ratios

 

in

 

the

 

source

 

m agm a

 

change

 

in

 

the

 

along-arc

 

direction

 

with

 

the

 

m axi-
m um

 

value

 

in

 

the

 

E-F

 

region?

 

A ccording

 

to

 

H ASEGAW A

 

and

 

SACKS

 

(1981),

 

the

 

subducting

 

structure

 

of

 

the

 

N azca

 

plate

 

is

 

different

 

under

 

southern

 

Peru

 

and

 

under

 

central

 

Peru,

 

as

 

show n

 

in

 

Fig.

 

2.

 

In

 

the

 

form er

 

area

 

(F-H

 

region),

 

the

 

N azca

 

plate

 

subducts

 

sim ply

 

to

 

the

 

depth

 

of

 

600km

 

with

 

a

 

dip

 

angle

 

slightly

 

increasing

 

with

 

depth

 

(norm al

 

subduction),

 

w hile

 

in

 

the

 

latter

 

(A-C

 

region),

 

it

 

subducts

 

with

 

30'

 

dip

 

angle

 

to

 

the

 

depth

 

of

 

100km ,

 

bends

 

to

 

a

 

nearly

 

horizon-

tal

 

angle,

 

extending

 

about

 

300km

 

and

 

then

 

goes

 

dow n

 

with

 

a

 

steeper

 

angle

 

(abnorm al

 

subduc-

tion).

 

In

 

the

 

transition

 

zone

 

(C-F

 

region)

 

betw een

 

the

 

norm al

 

and

 

abnorm al

 

subduction

 

areas,

 

the

 

descending

 

N azca

 

plate

 

is

 

distorted.

 

The

 

m axim um

 

87Sr/86Sr

 

ratios

 

are

 

observ ed

 

on

 

the

 

southeastern

 

side

 

of

 

the

 

transition

 

zone.

 

Therefore,

 

com ponents

 

with

 

high

 

87Sr/86Sr

 

ratios

 

m ight

 

be

 

supplied

 

from

 

the

 

N azca

 

plate

 

to

 

the

 

m antle

 

wedge

 

beneath

 

the

 

E-F

 

region

 

m ore

 

ef

 

f

 

ectively

 

.

 

CONCLUSIONS

 

T he

 

87Sr/86Sr

 

ratios

 

in

 

late

 

Cenozoic

 

volcanic

 

rocks

 

from

 

southern

 

Peru

 

in

 

the

 

Central

 

A ndes

 

arc

 

range

 

from

 

0.7049

 

to

 

0.7082,

 

w hich

 

are

 

significantly

 

higher

 

than

 

those

 

from

 

other

 

subduction

 

areas

 

in

 

the

 

w orld.

 

T he

 

low est

 

87Sr/86Sr

 

ratio

 

is

 

obtained

 

in

 

a

 

basaltic

 

rock.

 

The

 

large

 

variations

 

in

 

the

 

ratios

 

m ay

 

be

 

due

 

to

 

the

 

different

 

degree

 

of

 

the

 

crustal

 

contam ination.

 

R eg,ional

 

variation

 

in

 

87Sr/86Sr

 

ratios

 

is

 

observ ed.

 

In

 

the

 

along-arc

 

direction,

 

from

 

northw est

 

to

 

southeast,

 

the

 

ratios

 

increase,

 

reach

 

the

 

m axim um

 

value

 

in

 

the

 

E-F

 

region

 

and

 

then

 

decrease

 

in

 

accordance

 

with

 

the

 

changes

 

of

 

descending

 

m ode

 

of

 

the

 

N azca

 

plate.

 

It

 

is

 

sug-

gested

 

that

 

the

 

ratios

 

in

 

the

 

source

 

m agm a

 

also

 

change

 

in

 

a

 

sim ilar

 

fashion.

 

T he

 

m axim um

 

87Sr/86Sr

 

ratios

 

are

 

obtained

 

in

 

the

 

region

 

w here

 

the

 

sim ple

 

subduction

 

of

 

the

 

N azca

 

plate

 

'is

 

distorted.
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