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Three

 

crater

 

lakes

 

occur

 

on

 

top

 

of

 

the

 

dorm ant

 

stratovolcano

 

Keli

 

M utu

 

in

 

Flores

 

(Indonesia).

 

The

 

lakes

 

contain

 

cool

 

(20-30'C)

 

acid-sulfate-chloride

 

brines

 

and

 

have

 

high

 

TD S

 

with

 

relatively

 

high

 

Zn

 

and

 

Pb

 

contents.

 

Tw o

 

lak es

 

show

 

plum e-like

 

upwellings,

 

probably

 

fed

 

by

 

subaqueous

 

fum aroles.

 

A

 

river

 

on

 

the

 

m ountain

 

slope

 

contains

 

fluids

 

that

 

escaped

 

from

 

the

 

lakes

 

thr ough

 

seepage.

 

The

 

fluid

 

com positions

 

have

 

varied

 

strongly

 

over

 

tim e

 

for

 

S

 

and

 

the

 

halogens

 

(the

 

volcanic-gas

 

derived

 

elem ents),

 

w hereas

 

m any

 

of

 

the

 

m ajor

 

cations

 

(rock-derived

 

elements)

 

show

 

a

 

net

 

increase

 

in

 

the

 

lakes

 

over

 

this

 

centu ry .

 

Speciation

 

and

 

mineral

 

satu ration

 

m odeling,

 

bulk

 

sedim ent

 

analyses,

 

and

 

m icro-probe

 

sedim ent

 

analyses

 

indicate

 

that

 

the

 

lakes

 

are

 

reducing

 

at

 

depth,

 

and

 

all

 

three

 

lakes

 

are

 

close

 

to

 

saturation

 

with

 

gypsum /anhydrite.

 

One

 

lake

 

is

 

also

 

satu rated

 

with

 

Fe-oxides,

 

w hile

 

the

 

other

 

two

 

are

 

thought

 

to

 

be

 

satu rated

 

with

 

a

 

suite

 

of

 

Cu

 

and

 

As

 

minerals.

 

The

 

m ost

 

acid

 

lake

 

is

 

also

 

satu rated

 

with

 

native

 

sulfu r

 

and

 

possibly

 

pyrite.

 

M ass

 

balance

 

estirn ates

 

based

 

on

 

fresh

 

volcanic

 

rocks

 

and

 

ashes,

 

the

 

dissolved

 

elem ent

 

load

 

and

 

the

 

lake

 

sedim ent

 

chemistry

 

strongly

 

suggest

 

that

 

the

 

lakes

 

are

 

partly

 

fed

 

by

 

underlying

 

geotherm al

 

circulation

 

system s.

 

The

 

lakes

 

are

 

thus

 

not

 

closed

 

reaction

 

vessels

 

with

 

dissolution

 

of

 

local

 

rock

 

debris

 

by

 

fluids

 

acidified

 

by

 

volcanic

 

gases,

 

but

 

they

 

draw

 

a

 

rock-derived

 

elem ent

 

flux

 

from

 

deeper

 

levels.

 

M ass

 

transfer

 

is

 

large

 

in

 

these

 

dynamic

 

systems,

 

including

 

the

 

transport

 

of

 

tonnes

 

of

 

ore

 

m etals

 

over

 

a

 

period

 

of

 

centu ries.

 

INTRODUCTION

 

Crater

 

lakes

 

serv e

 

as

 

natural

 

condensers

 

of

 

volcanic

 

gases

 

and

 

hydrothennal

 

fluids,

 

and

 

som e

 

accum ulate

 

extrem ely

 

acidic,

 

concentrated

 

fluids.

 

Such

 

lakes

 

are

 

transient

 

phenom ena,

 

their

 

existence

 

in

 

volcanic

 

zones

 

of

 

high

 

heat

 

flux

 

dependent

 

on

 

adequate

 

cooling

 

through

 

evaporation

 

of

 

m eteoric

 

inflow

 

w aters.

 

Interest

 

in

 

crater

 

lakes

 

exists

 

be-

cause

 

of

 

their

 

potential

 

danger

 

as

 

storage

 

reserv oirs

 

for

 

pressurized

 

C0 2

 

(e.g.,

 

Kling

 

et

 

al.,

 

1987;

 

Sigu rdsson

 

et

 

al.,

 

1987;

 

K usakabe

 

et

 

al.,

 

1989)

 

and

 

their

 

possible

 

use

 

for

 

volcano

 

m onitoring

 

(e.g.,

 

Giggenbach

 

and

 

G lover,

 

1975;

 

Takano,

 

1987;

 

Brow n

 

et

 

al.,

 

1991;

 

R ow e

 

et

 

al.,

 

1992).

 

The

 

acid

 

fluids

 

also

 

m ay

 

be

 

m odern

 

analogs

 

of

 

ore

 

brines

 

(Brantley

 

et

 

al.,

 

1987;

 

H edenquist

 

and

 

A oki,

 

1991;

 

H edenquist

 

et

 

al.,

 

1993).

 

D etailed

 

chem ical

 

stud-
ies

 

of

 

crater

 

lakes

 

m ay

 

thus

 

aid

 

in

 

volcano

 

m oni-

toring,

 

provide

 

data

 

on

 

volcanic

 

elem ent

 

fluxes

 

and

 

m ay

 

enh ance

 

our

 

understanding

 

of

 

the

 

form a-
tion

 

of

 

shallow

 

ore

 

bodies.

 

W e

 

present

 

new

 

ana-

lyiical

 

data

 

from

 

the

 

thr ee

 

Keli

 

M utu

 

crater

 

lakes

 

(Flores,

 

Indonesia),

 

com pare

 

these

 

w ith

 

earlier

 

w ater

 

analyses,

 

and

 

assess

 

the

 

variations

 

in

 

K eli

 

M utu

 

lake

 

w ater

 

com positions

 

over

 

tim e.

 

W e

 

try

 

to

 

constrain

 

the

 

geochem ical

 

processes

 

in

 

the

 

lak es,

 

including

 

the

 

stability

 

of

 

new

 

m ineral

 

phases

 

and

 

the

 

natu re

 

of

 

w ater-rock

 

interaction

 

in

 

and

 

possibly

 

below

 

the

 

lakes.

 

K eli

 

M utu

 

is

 

a

 

large

 

stratovolcano

 

(8'46'

 

24"

 

S;

 

121'49'

 

12"

 

E)

 

on

 

Flores,

 

an

 

island

 

in

 

the

 

Lesser

 

Sun da

 

chain

 

of

 

Indonesia

 

(Fig.

 

Ia).

 

The

 

sum mit

 

region

 

of

 

the

 

volcano

 

(highest

 

point

 

1

 

639

 

m

 

above

 

m ean

 

sea

 

level)

 

contains

 

three

 

crater

 

lakes,

 

each

 

sitting

 

deep

 

inside

 

steep

 

craters

 

(Fig.

 

lb).

 

The

 

w alls

 

consist

 

ofbedded

 

ashes

 

an d

 

lapillis,

 

som e

 

of

 

it

 

highly

 

altered,

 

w hich

 

m ay

 

have

 

been

 

deposited

 

during

 

phreatic

 

explosions

 

of

 

the

 

lakes

 

in

 

the

 

past.

 

A ll

 

of

 

the

 

lakes

 

are

 

older

 

than

 

the

 

*Present

 

address.'

 

Department

 

of

 

Geography

 

and

 

Environmental

 

Engineering,

 

Johns

 

Hopkins

 

University,

 

Baltimore,

 

M D,

 

U.S.A.

 

243

 



244

 

G.

 

B.

 

Pastern ack

 

and

 

J.

 

C.

 

Varekam p

 

'(o"ooo

 

/:j '

 

Ur o~ ~:

 

a

 

I

 

FLO RES

 

SEA

 

l'

 

/.'

 

C?

 

SAVU

 

SEA

 

o

 

KI,

 

･

 

i.

 

aENOE

 

e

 

oo

 

"

 

.

 

.. ~

 

,

 

~ ):

 

~7

 

~ L ~ ~~ ~ ~

 

(~

 

1

 

S7

 

1

 

Q:

 

*~SQ

 

*Q

 

TAM

 

*,z:tf

 

13S4.2

 

l)

 

TIN

 

1394.4

 

!

 

f

 

.~,

 

.

 

t

 

L~¥ )

 

_11

 

C ~

 

1

 

S8S

 

~~E~

 

TAP

 

1381.S

 

IS38

 

'so"'

 

b

 

r_

 

'1

 

e

 

'10

 

'o

 

) ¥ ~

 

)r ~

 

Fig.

 

1.

 

a.

 

Location

 

of

 

K eli

 

M utu

 

(l~ 4:)

 

on

 

Flores,

 

Nusu

 

Tengara,

 

Indonesia.

 

b.

 

Topography

 

of

 

the

 

Keli

 

M utu

 

sum mit,

 

showing

 

the

 

lakes,

 

the

 

sampling

 

transects

 

across

 

TAP

 

and

 

TiN,

 

and

 

the

 

descent

 

trailfor

 

TAM.

 

m em ory

 

of

 

the

 

oral

 

tradition

 

of

 

the

 

local

 

people.

 

Large

 

hydrotherm al

 

eru ptions

 

m ay

 

have

 

occurred

 

between

 

1

 

860

 

and

 

1

 

870

 

(K em m erling,

 

1929).

 

B a-

sic

 

geom orp hic

 

data

 

are

 

given

 

in

 

Table

 

I

 

,

 

partly

 

after

 

K em m erling

 

(1929)

 

and

 

from

 

a

 

1993

 

V SI

 

m ap,

 

sim plified

 

in

 

Fig.

 

Ib.

 

The

 

lakes

 

are

 

not

 

in

 

hydrostatic

 

equilibrium ,

 

with

 

1

 

3

 

and

 

40

 

m eters

 

difference

 

in

 

w ater

 

level.

 

The

 

1

 

929

 

m ap

 

from

 

K em m erling

 

has

 

altitu des

 

that

 

are

 

overall

 

about

 

30-35

 

m

 

higher

 

than

 

the

 

1

 

993

 

m ap.

 

Taking

 

that

 

into

 

account,

 

it

 

seem s

 

that

 

the

 

absolute

 

lake

 

w ater

 

levels

 

today

 

are

 

not

 

substantially

 

different

 

from

 

those

 

in

 

1929.

 

Tiw u

 

A ta

 

Polo

 

(TA P),

 

the

 

"enchanted

 

lake",

 

is

 

the

 

southeastern -m ost

 

of

 

the

 

three

 

lakes.

 

Sub-

aqueous

 

fu m arolic

 

or

 

hydrotherm al

 

activity

 

in

 

TA P

 

is

 

indicated

 

by

 

a

 

large

 

upw elling

 

in

 

the

 

northw est

 

part

 

of

 

the

 

lake,

 

m arked

 

by

 

a

 

w hite

 

froth

 

and

 

large

 

gas

 

bubbles

 

(Fig.

 

2).

 

Tiw u

 

N ua

 

M uri

 

K oohi

 

Fah

 

(TiN ),

 

the

 

"lake

 

of

 

young

 

m en

 

and

 

m aidens",

 

is

 

the

 

central

 

lake.

 

A

 

Iarge

 

dip

 

in

 

the

 

w estern

 

w all

 

w as

 

the

 

location

 

of

 

a

 

pre-1929

 

overflow,

 

and

 

the

 

eastern

 

crater

 

w alls

 

form erly

 

had

 

fum aroles

 

(K em m erling,

 

1

 

929).

 

The

 

surface

 

w aters

 

of

 

TiN

 

are

 

continuously

 

in

 

m otion,

 

presum ably

 

the

 

result

 

of

 

a

 

large

 

upw elling

 

at

 

the

 

lake's

 

center

 

w hich

 

drives

 

a

 

yellow

 

fr oth

 

tow ard

 

the

 

crater

 

w alls

 

(Fig.

 

2).

 

"H ydrotherm al

 

blasts"

 

of

 

TiN

 

in

 

1938

 

and

 

1965

 

lasted

 

longer

 

than

 

a

 

m onth

 

but

 

w ere

 

confined

 

to

 

the

 

crater

 

(Sink in

 

et

 

al.,

 

1981).

 

TA P

 

and

 

TiN

 

are

 

separated

 

by

 

a

 

narrow

 

partition

 

that

 

arcs

 

dow n

 

to

 

a

 

minim um

 

height

 

of

 

-35

 

m

 

above

 

the

 

surface

 

level

 

of

 

the

 

lakes.

 

Tiw u

 

Ata

 

M bupu

 

(TA M ),

 

the

 

"lake

 

of

 

elders",

 

fills

 

a

 

pit

 

crater

 

located

 

inside

 

a

 


