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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
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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
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Table

 

1.

 

Physical

 

parameters

 

of

 

the

 

Keli

 

M utu

 

lakes

 

Physical

 

parameter

 

TAP

 

TiN

 

TAM

 

TAM

 

rim

 

Maximum

 

lake

 

depth*

 

Diameter

 

(Max/Min)**

 

Crater

 

rim

 

diameter

 

(M ax/Min)**

 

W aterlevel

 

in

 

crater*

 

*

 

Surface

 

area

 

(m2)*

 

Volume

 

(x

 

I

 

06

 

m3)

 

Catchment

 

area

 

(

 

I

 

05

 

m2)*

 

64

 

400/330

 

580/375

 

1382

 

81700

 

5.3

 

1.7

 

127

 

430/306

 

520/375

 

1394

 

9

 

1

 

700

 

6.4

 

2.3

 

67

 

357/260

 

600/550

 

400/360

 

900/850

 

1354

 

60400

 

4.2

 

4.l

 

Dimensions

 

in

 

meters,

 

*after

 

Kemmerling

 

(1929),

 

**after

 

VSI

 

map,

 

1993.

 

larger

 

crater.

 

K em m erling

 

(

 

1

 

929)

 

reported

 

fu-

m arolic

 

activity

 

in

 

the

 

TA M

 

crater,

 

but

 

none

 

is

 

currently

 

observ able.

 

T A M 's

 

shoreline

 

is

 

coated

 

with

 

fine

 

red/yellow

 

incru stations

 

and

 

gypsum

 

cry stals.

 

Each

 

K eli

 

M utu

 

lake

 

has

 

a

 

vibrant

 

color

 

that

 

periodically

 

changes.

 

In

 

1929

 

T A P

 

w as

 

red,

 

TiN

 

w as

 

light

 

green,

 

and

 

TA M

 

w as

 

green.

 

In

 

1

 

938

 

TiN

 

tu rn ed

 

w hite

 

and

 

its

 

surface

 

water

 

tem peratu re

 

m ay

 

have

 

reached

 

65'C.

 

D uring

 

the

 

1970's

 

TA P

 

w as

 

again

 

red,

 

TiN

 

w as

 

light

 

blue,

 

and

 

T A M

 

w as

 

w hite.

 

TA P's

 

color

 

changes

 

frequently

 

from

 

"dark

 

green"

 

to

 

"deep

 

red/brow n"

 

and

 

back,

 

w hich

 

cor-

relates

 

with

 

the

 

cyclical

 

change

 

from

 

dry

 

to

 

w et

 

season.

 

TA P's

 

color

 

change

 

is

 

said

 

to

 

occur

 

rap-
idly,

 

beginning

 

along

 

the

 

crater

 

w alls

 

and

 

enclos-

ing

 

inw ard

 

in

 

a

 

m atter

 

of

 

days

 

(V SI

 

geologists,

 

pers.

 

com m .).

 

D uring

 

M ay

 

1989

 

and

 

A ugust

 

1992,

 

TA P

 

w as

 

dark

 

green,

 

TiN

 

w as

 

light

 

blue,

 

and

 

TA M

 

was

 

black.

 

Several

 

rivers

 

drain

 

the

 

flank

 

of

 

K eli

 

M utu

 

and

 

the

 

river

 

Ai

 

Bai

 

(south

 

flank )

 

possibly

 

has

 

a

 

lake-

seepage

 

input

 

(K em m erling,

 

1

 

929).

 

The

 

river

 

W atu

 

G ana

 

is

 

a

 

tributary

 

of

 

the

 

river

 

M boeli,

 

w hich

 

drains

 

the

 

northeast

 

and

 

east

 

side

 

of

 

the

 

volcano.

 

Kem m erling

 

(1929)

 

Iabeled

 

these

 

the

 

"w arm

 

river"

 

and

 

suggested

 

that

 

they

 

cany

 

acid

 

lake

 

effluents.

 

M ETHODS

 

Three

 

surface

 

w ater

 

sam ples

 

w ere

 

collected

 

in

 

M ay,

 

1

 

989,

 

and

 

30

 

w ater

 

sam ples

 

w ere

 

recovered

 

from

 

various

 

depths

 

during

 

an

 

expedition

 

in

 

A u-
gust

 

1

 

992.

 

W ater

 

and

 

sedim ent

 

sam pling

 

of

 

T A P

 

and

 

TiN

 

required

 

the

 

use

 

of

 

a

 

rem ote

 

sam pling

 

system

 

because

 

of

 

the

 

m ore

 

than

 

100

 

m eter

 

high,

 

vertical

 

crater

 

w alls

 

that

 

separate

 

the

 

lake

 

w aters

 

from

 

the

 

crater

 

rim.

 

W ater

 

sam plers

 

m odified

 

for

 

the

 

highly

 

corr osive

 

environm ent

 

w ere

 

ferried

 

out

 

over

 

TA P

 

and

 

TiN

 

via

 

a

 

400

 

m

 

long

 

cable

 

stru ng

 

across

 

the

 

craters

 

(Fig.

 

Ib).

 

TA M

 

w as

 

sam pled

 

directly

 

by

 

clim bing

 

dow n

 

to

 

its

 

shoreline.

 

T he

 

w ater

 

sam ples

 

w ere

 

split

 

into

 

a

 

test

 

fraction

 

for

 

tem perature,

 

pH,

 

and

 

dissolved

 

oxygen

 

content

 

m easurem ents,

 

a

 

filtered

 

fraction,

 

and

 

a

 

filtered/

 

1

 

OOOx

 

diluted

 

fraction.

 

Tem peratu re,

 

pH

 

and

 

dis-

solved

 

02

 

w ere

 

m easured

 

in

 

the

 

field

 

with

 

digital

 

equipm ent.

 

The

 

o/o

 

02

 

satu ration

 

w as

 

calculated

 

later,

 

taking

 

into

 

account

 

the

 

salinity

 

and

 

tem -

peratu re

 

(but

 

not

 

the

 

barom etric

 

pressuie ),

 

after

 

Riley

 

and

 

Skirr ow

 

(1965).

 

Bottom

 

sedim ents

 

from

 

TA P

 

(22

 

m -depth)

 

and

 

TA M

 

(-

 

I

 

O

 

m-depth)

 

w ere

 

scooped

 

up

 

rem otely

 

with

 

ru bber

 

cups.

 

The

 

river

 

M boeli

 

w as

 

sam pled

 

along

 

the

 

paved

 

road

 

up

 

the

 

m ountain

 

between

 

the

 

kn

 

3 ~

 

m arkers,

 

close

 

to

 

the

 

fields

 

with

 

the

 

Liasem be

 

and

 

K olorongo

 

hot

 

springs.

 

Tw o

 

river

 

w ater

 

sam ples

 

w ere

 

obtained

 

by

 

V SI

 

geologists

 

near

 

the

 

village

 

of

 

M oni

 

from

 

the

 

sam e

 

stream

 

system

 

in

 

M ay/June

 

1

 

993.

 

The

 

chem ical

 

com position

 

of

 

the

 

lake

 

fluids

 

and

 

sedim ents

 

was

 

determ ined

 

in

 

the

 

m onths

 

af-

ter

 

the

 

expeditions

 

to

 

Keli

 

M utu .

 

The

 

concentra-

tions

 

of

 

Cl,

 

S04,

 

and

 

F

 

in

 

the

 

fluids

 

w ere

 

deter-

m ined

 

with

 

a

 

Dionex

 

ion

 

chrom atograph

 

(m odel

 

QIC)

 

and

 

a

 

Dionex

 

five

 

anion

 

standard

 

solution.

 

Cation

 

concentrations

 

in

 

fluids

 

w ere

 

determ ined

 

using

 

Inductively

 

Coupled

 

Plasm a/O ptical

 

E mis-

sion

 

Spectroscopy

 

(IC P/O E S)

 

for

 

the

 

1992

 

data

 



Keli

 

M utu

 

crater

 

lakes,

 

Indonesia

 

247

 

set

 

and

 

IC P-m ass

 

spectrom etry

 

and

 

ICP/O ES

 

for

 

the

 

1

 

989

 

data

 

set.

 

Standard

 

err ors

 

for

 

Cl-,

 

F-

 

and

 

S042-

 

are

 

2.7010,

 

0.90/0

 

and

 

0.40/0,

 

respectively.

 

The

 

relative

 

err or

 

for

 

Si

 

analyses

 

by

 

ICP/O E S

 

is

 

large

 

(up

 

to

 

25010)

 

w hereas

 

errors

 

for

 

m ajor

 

elem ents

 

are

 

a

 

few

 

o/o

 

(Pasternack,

 

1993).

 

Polythionate

 

species

 

(S.0 62-

 

w here

 

x

 

=

 

4,

 

5,

 

or

 

6)

 

w ere

 

deter-

m ined

 

by

 

Prof.

 

Takano

 

according

 

to

 

m ethods

 

de-
tailed

 

by

 

T akano

 

and

 

W atanuki

 

(1988).

 

B ulk

 

sedim ent

 

analyses

 

w ere

 

done

 

by

 

IC P/O ES

 

and

 

IC P-M S

 

after

 

total

 

digestion

 

with

 

a

 

m ulti-acid

 

mixture

 

of

 

H F/H N 03/H CI04.

 

Som e

 

sedim ent

 

sam ples

 

w ere

 

fused

 

and

 

then

 

dissolved

 

for

 

silica

 

analyses

 

and

 

S

 

w as

 

determ ined

 

after

 

com bustion

 

in

 

a

 

furnace.

 

Bottom

 

sedim ents

 

and

 

suspended

 

sedim ent

 

particles

 

w ere

 

individually

 

analyzed

 

us-

ing

 

a

 

Scanning

 

Electron

 

M icroscope

 

with

 

an

 

En-

ergy

 

Dispersive

 

System

 

(SEM /ED S).

 

A NALYTICAL

 

R ESULTS

 

The

 

three

 

K eli

 

M utu

 

lakes

 

differ

 

in

 

tem pera-

ture

 

and

 

chem ical

 

com position,

 

but

 

all

 

contain

 

acid-sulfate-chloride

 

fluids

 

undersaturated

 

in

 

0 2

 

Table

 

2.

 

Chemical

 

composition

 

of

 

TAP

 

1

 

992

 

data

 

1989

 

data

 

Om

 

lO

 

m

 

15

 

m

 

20

 

m

 

Om

 

Temp

 

('C)

 

pH

 

TD

 

S

 

p2

 

q2

 

"/,

 

sat.

 

Cl

 

S04

 

F

 

B

 

Be

 

Li

 

As

 

Sb

 

Ca

 

Mg

 

Fe

 

Mn

 

K

 

Na

 

Al

 

Si

 

P

 

Sc

 

Ti

 

V

 

Cr

 

Ga

 

Sr

 

Y

 

Zr

 

Ba

 

Zn

 

Cu

 

Pb

 

20.4

 

1.8

 

16.63

 

5.4

 

68

 

2670

 

9780

 

238

 

21.1

 

<.

 

1

 

0.3

 

0.6

 

<.5

 

599

 

242

 

1

 

190

 

8.4

 

53

 

229

 

1

 

500

 

91

 

4

 

0.2

 

<1

 

2.9

 

0,2

 

0.2

 

2.0

 

0.3

 

0.2

 

<.

 

1

 

1

 

.8

 

0.7

 

<.3

 

2

 

1

 

.4

 

1

 

.7

 

17.22

 

3.9

 

50

 

2880

 

9920

 

220

 

21.8

 

<.

 

1

 

0.3

 

0.9

 

<.5

 

632

 

257

 

1270

 

8.9

 

55

 

247

 

l

 

600

 

97

 

4

 

O.2

 

<1

 

3.0

 

0.2

 

0.2

 

2.2

 

0.3

 

<.

 

1

 

<.

 

1

 

2.0

 

0.3

 

<.3

 

21.6

 

1.8

 

17.71

 

4.3

 

55

 

3400

 

9960

 

242

 

20.8

 

<.

 

1

 

0.3

 

0.7

 

<.5

 

618

 

25

 

l

 

1

 

240

 

8.7

 

53

 

24

 

1

 

1570

 

95

 

4

 

0.2

 

<1

 

2.9

 

O.

 

l

 

0.2

 

2.

 

1

 

0.3

 

<.

 

1

 

<.

 

1

 

1

 

.9

 

0.2

 

<.3

 

22,4

 

1

 

,9

 

16.58

 

3,8

 

49

 

2650

 

9660

 

242

 

21,6

 

<.

 

l

 

0.3

 

0.9

 

<,5

 

606

 

247

 

1210

 

8.5

 

53

 

237

 

1

 

540

 

92

 

4

 

0,2

 

<l

 

2.9

 

0.2

 

O.

 

1

 

2.1

 

0.3

 

<,

 

l

 

<.

 

l

 

1

 

.7

 

O.

 

l

 

<,3

 

22.5

 

1

 

.75

 

14.88

 

7.8

 

100

 

2630

 

8600

 

1

 

60

 

12.4

 

0.03

 

0.3

 

l.3

 

0.07

 

607

 

217

 

1020

 

7.7

 

43

 

213

 

1260

 

94

 

3.3

 

0.2

 

0.4

 

1.8

 

0.2

 

O.

 

1

 

l.5

 

0.2

 

0.06

 

0.02

 

l.7

 

0.2

 

<.3

 

Units.'

 

ppm,'

 

TDS

 

in

 

%o,'

 

polythionates

 

are

 

below

 

detection.

 



248

 

G.

 

B.

 

Pasternack

 

and

 

J.

 

C.

 

Varekamp

 

with

 

respect

 

to

 

the

 

atm osphere.

 

The

 

TA P

 

w aters

 

are

 

strongly

 

acidic,

 

with

 

high

 

concentrations

 

of

 

Cl,

 

S,

 

and

 

m ajor

 

cations

 

(Table

 

2).

 

The

 

short

 

depth

 

trajectory

 

of

 

four

 

sam ples

 

show s

 

the

 

highest

 

con-
centrations

 

for

 

m ost

 

m ajor

 

cations

 

at

 

I

 

O

 

m

 

depth,

 

w hereas

 

the

 

highest

 

S

 

and

 

Cl

 

concentrations

 

occur

 

at

 

1

 

5

 

m

 

depth;

 

Cu

 

concentrations

 

decrease

 

w ith

 

depth.

 

N o

 

detectable

 

concentrations

 

of

 

polythionates

 

exist

 

in

 

either

 

the

 

surface

 

w aters

 

or

 

those

 

from

 

20

 

m

 

depth.

 

The

 

surface

 

w ater

 

has

 

a

 

tem perature

 

sim ilar

 

to

 

the

 

am bient

 

air

 

and

 

the

 

tem perature

 

increases

 

at

 

I

 

o

 

per

 

I

 

O

 

m eters.

 

The

 

TiN

 

w aters

 

are

 

significantly

 

m ore

 

con-
centrated

 

acids

 

than

 

the

 

TA P

 

w aters

 

(Table

 

3).

 

The

 

lake's

 

center

 

w as

 

w arm er,

 

m ore

 

depleted

 

in

 

02,

 

and

 

m ore

 

concentrated

 

in

 

S

 

and

 

Cl

 

com pared

 

to

 

w aters

 

collected

 

near-shore.

 

Sulfur

 

occurs

 

in

 

various

 

dissolved

 

species

 

and

 

as

 

a

 

floating

 

el-

Table

 

3.

 

Chemical

 

composition

 

of

 

TiN

 

1

 

992

 

data

 

1989

 

data

 

Om

 

near-shore

 

Om

 

lake

 

center

 

10

 

m

 

near-shore

 

Om

 

near-shore

 

Temp

 

('C)

 

pH

 

TD

 

S

 

02

 

P2

 

V*

 

sat.

 

C1

 

S04

 

S406

 

S506

 

S606

 

F

 

B  
Be

 

Li

 

A*

 

Sb

 

Ca

 

Mg

 

Fe

 

Mn

 

K

 

Na

 

Al

 

Si

 

P

 

Sc

 

Ti

 

V

 

Cr

 

Ga

 

Sr

 

Y

 

Zr

 

Ba

 

Zn

 

Cu

 

Pb

 

28,2

 

0,4

 

93

 

,

 

74

 

1

 

,9

 

49

 

25

 

1

 

OO

 

48900

 

603

 

545

 

224

 

2840

 

230

 

O,

 

l

 

1

 

,4

 

5.3

 

<.5

 

869

 

1280

 

2620

 

38.l

 

542

 

939

 

8630

 

66

 

51

 

2.3

 

7

 

21

 

1

 

,2

 

1

 

,7

 

11

 

0,9

 

0.3

 

0,2

 

8,8

 

0.2

 

3,5

 

3

 

1

 

,4

 

0.4

 

97,04

 

l.3

 

39

 

26700

 

49350

 

64

 

1

 

570

 

230

 

2460

 

224

 

O.

 

l

 

1

 

.4

 

5,4

 

<.5

 

899

 

1280

 

2620

 

38.0

 

545

 

942

 

8610

 

66

 

51

 

2.3

 

7

 

21

 

1

 

.4

 

1.8

 

11

 

0.9

 

0.3

 

O.2

 

9.3

 

O.

 

1

 

4.0

 

29.3

 

O.5

 

96.93

 

l.8

 

50

 

25250

 

47250

 

632

 

575

 

238

 

2750

 

229

 

O.

 

1

 

l.5

 

5.

 

l

 

<.5

 

91

 

l

 

1

 

270

 

2595

 

37.7

 

539

 

937

 

8590

 

61

 

50

 

2.3

 

7

 

21

 

1

 

.3

 

1.8

 

11

 

0,9

 

0.4

 

0.2

 

9.6

 

0.3

 

3.5

 

32,7

 

0.3

 

90,01

 

3,6

 

60

 

25600

 

47000

 

285

 

l

 

OO

 

28

 

2450

 

135 
0.02

 

l

 

.5

 

7.2

 

0.2

 

1

 

032

 

l

 

1

 

94

 

2180

 

35,6

 

630

 

l

 

042

 

8460

 

83

 

51

 

l.9

 

60

 

15

 

0.9

 

2.4

 

lO

 

O.8

 

O.4

 

0.3

 

7.5

 

0.05

 

3.7

 

Units.'

 

ppm,'

 

TDS

 

in

 

%o.
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249

 

em ental

 

sulfur

 

froth.

 

The

 

tetrathionate

 

(S4062-)

 

and

 

pentathionate

 

(S50 62-)

 

concentrations

 

are

 

also

 

higher

 

at

 

the

 

lake's

 

center;

 

the

 

hexathionate

 

(S6062=)

 

concentrations

 

are

 

everyw here

 

m uch

 

low er

 

than

 

those

 

of

 

the

 

other

 

polythionates.

 

M ost

 

m ajor

 

cations

 

and

 

trace

 

m etals

 

show

 

no

 

signifi-

cant

 

variation

 

in

 

concentration

 

betw een

 

the

 

sam ples.

 

A pparently,

 

the

 

surface

 

layer

 

of

 

TiN

 

is

 

w ell-m ixed

 

except

 

for

 

the

 

higher

 

S

 

and

 

Cl

 

con-
centrations

 

in

 

the

 

w arm

 

area

 

of

 

upw elling.

 

The

 

waters

 

from

 

TA M

 

are

 

m uch

 

m ore

 

dilute

 

than

 

those

 

from

 

TiN

 

and

 

TA P

 

(Table

 

4).

 

N o

 

sig-

nificant

 

variations

 

in

 

concentration

 

w ere

 

found

 

in

 

the

 

TA M

 

sam ples,

 

but

 

the

 

surface

 

w aters

 

are

 

slightly

 

w arm er

 

and

 

m ore-oxidizing

 

than

 

the

 

w a-

ters

 

from

 

below

 

the

 

surface.

 

Polythionates

 

w ere

 

found

 

in

 

trace

 

quantities

 

in

 

the

 

surface

 

w ater

 

sam ple.

 

A

 

spring

 

trickling

 

into

 

TA M

 

appears

 

to

 

be

 

slightly

 

diluted

 

lake

 

w ater,

 

although

 

it

 

is

 

de-

pleted

 

in

 

A1

 

and

 

has

 

m uch

 

low er

 

dissolved

 

02

 

contents

 

at

 

its

 

head.

 

D ow nstream ,

 

the

 

w ater

 

is

 

m ore

 

oxidizing

 

and

 

iron-oxides

 

coat

 

the

 

rocks

 

over

 

w hich

 

the

 

spring

 

w ater

 

flows.

 

Sediment

 

data

 

for

 

the

 

K eli

 

M utu

 

lakes

 

Sm all

 

quantities

 

of

 

sedim ent

 

w ere

 

recovered

 

from

 

T A P

 

and

 

TA M

 

during

 

water

 

sam pling.

 

The

 

chem ical

 

analyses

 

from

 

TA P

 

are

 

duplicates

 

of

 

the

 

sam e

 

sam ple

 

(Table

 

5,

 

Ia-1b);

 

a

 

red

 

clay

 

(TA M

 

sed

 

la-1b)

 

and

 

a

 

blue

 

clay

 

(TA M

 

sed

 

2)

 

w ere

 

Table

 

4.

 

Chemical

 

composition

 

of

 

TAM

 

1992

 

data

 

1989

 

data

 

Om

 

-3

 

m

 

-10

 

m

 

spring

 

Om

 

Temp

 

('C)

 

pH

 

TDS

 

02

 

02

 

"/*

 

sat.

 

Cl

 

S04

 

S406

 

S506

 

S606

 

F

 

B

 

Be

 

Li

 

Ca

 

Mg

 

Fe

 

Mn

 

K

 

Na

 

Al

 

Si

 

P

 

Sc

 

Cr

 

Ga

 

Sr

 

Y

 

Zn

 

Cu

 

20.45

 

3

 

.2
 2.36

 

7.5

 

87

 

88

 

1585

 

0.8

 

O.

 

1

 

BD

 

16

 

0.9

 

<.

 

1

 

<.1

 

437

 

34

 

21

 

1

 

.4

 

5

 

53

 

69

 

50

 

<1

 

<.

 

1

 

<.

 

1

 

<.

 

l

 

0.6

 

<.

 

l

 

0.2

 

0.2

 

19.3

 

3.1

 

2.37

 

5.9

 

66

 

98

 

1593

 

NA

 

NA

 

NA

 

16

 

0.8

 

<.

 

1

 

<.

 

1

 

437

 

34

 

18

 

1

 

.4

 

6

 

52

 

67

 

50

 

<1

 

<.

 

1

 

<.

 

1

 

O.

 

l

 

O.6

 

<.

 

1

 

0.2

 

0.2

 

19

 

3.2

 

2.35

 

6.0

 

67

 

86

 

1

 

590

 

BD

 

BD

 

BD

 

16

 

0.8

 

<.

 

1

 

<.

 

l

 

428

 

33

 

20

 

1

 

.3

 

5

 

51

 

66

 

51

 

<1

 

<.1

 

<.

 

1

 

<.l

 

0.6

 

<.

 

1

 

0.3

 

0.2

 

18.4

 

4

 

2.06

 

0.9*

 

10

 

13

 

1405

 

NA

 

NA

 

NA

 

5

 

0.5

 

<,

 

1

 

<,

 

l

 

470

 

32

 

<1

 

0.9

 

5

 

56

 

14

 

56

 

<l

 

<.

 

1

 

<.

 

1

 

<.

 

1

 

0.5

 

<.

 

1

 

O.

 

1

 

O,3

 

18

 

2.9

 

2.22

 

9.l

 

78

 

1

 

OO

 

1475

 

BD

 

ED

 

BD

 

lO

 

0.6

 

0.01

 

0,03

 

434

 

32

 

10

 

1

 

.3

 

4

 

43

 

68

 

44

 

0.2

 

0.01

 

0.06

 

0.04

 

0,5

 

0.03

 

0.14

 

0.15

 

NA

 

=

 

Not

 

analyzed,

 

BD

 

=

 

below

 

detection,

 

in

 

ppm,'

 

TDS

 

in

 

%o.

 

*Downstream:

 

6.

 

15

 

ppm

 

02-
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G.

 

B.

 

Pasternack

 

and

 

J.

 

C

 

.

 

Varekam p

 

Table

 

5.

 

Chemical

 

composition

 

of Keli

 

M utu

 

lake

 

sediments

 

and

 

volcanic

 

rocks

 

TAP

 

sed-

 

I

 

a

 

TAP

 

sed-

 

I

 

b

 

TAM

 

sed-

 

I

 

a

 

TAM

 

sed-

 

I

 

b

 

TAM

 

sed-2

 

TAM

 

ash-f

 

TAM

 

ash

 

KM

 

scona

 

Na*

 

Mg*

 

Si*

 

S*

 

Al

 

*

 

Ca*

 

K*

 

P*

 

Ti*

 

Fe*

 

Mn

 

Li

 

Be

 

Sc

 

Cr

 

V

 

Co

 

Ni

 

Cu

 

Zn

 

Ag

 

As

 

Sr

 

Y

 

Zr

 

Sb

 

Ba

 

Pb

 

Bi

 

Mo

 

0.4

 

1

 

0.28

 

1

 

8.

 

1

 

20

 

5.76

 

0.32

 

0.40

 

0.05

 

0.39

 

1

 

.09

 

72

 

47

 

16

 

1

 

40

 

154

 

23

 

1350

 

187

 

10

 

53

 

253

 

0.61

 

0.23

 

NA

 

NA

 

5.63

 

0.21

 

0.54

 

0.07

 

0.34

 

0.87

 

5

 

54

 

16

 

145

 

4

 

148

 

25

 

O,

 

l

 

618

 

214

 

5

 

46

 

33

 

284

 

27

 

18

 

4

 

0.26

 

0.20

 

7.3

 

2.6

 

2.20

 

0.45

 

0.32

 

0.05

 

0.17

 

3

 

1

 

.60

 

1

 

20

 

6

 

14

 

244

 

1

 

44

 

21

 

185

 

85

 

3

 

23

 

101

 

0.24

 

O.

 

1

 

5

 

NA

 

NA

 

1

 

.84

 

0.36

 

0.27

 

0.06

 

O.

 

12

 

39.80

 

2

 

4

 

16

 

239

 

4

 

1

 

67

 

7

 

O.9

 

178

 

73

 

3

 

14

 

92

 

14

 

52

 

0.42

 

O.

 

1

 

5

 

20.8

 

11.1

 

6.77

 

2.48

 

0.58

 

0.05

 

0.49

 

3.42

 

54

 

15

 

16

 

161

 

11

 

89

 

11

 

96

 

268

 

66

 

272

 

0.3

 

1

 

0.12

 

30.4

 

2.

 

1

 

2.84

 

0.39

 

O.54

 

O.05

 

0.65

 

2.40

 

97

 

13

 

10

 

110

 

47

 

ll

 

70

 

l

 

60

 

8

 

88

 

333

 

74

 

0.44

 

O.

 

1

 

5

 

NA

 

NA

 

0.65

 

4.30

 

0.62

 

0.06

 

0.46

 

4.53

 

4

 

O.9

 

14

 

7

 

137

 

14

 

9

 

93

 

14

 

0.4

 

78

 

271

 

5

 

50

 

294

 

28

 

21

 

9

 

1.88

 

2.64

 

25.2

 

NA

 

9.90

 

6.07

 

0.33

 

0,06

 

0.61

 

7.07

 

1380

 

13

 

3

 

30

 

20

 

240

 

91

 

101

 

4

 

335

 

51

 

89

 

299

 

Units.'

 

*%,

 

rest

 

in

 

ppm,'

 

NA

 

=

 

not

 

analyzed,'

 

space

 

=

 

below

 

detection.

 

analyzed

 

from

 

TA M .

 

Also

 

analysed

 

w ere

 

a

 

fresh

 

scoria

 

sam ple

 

from

 

the

 

flanks

 

of

 

K eli

 

M utu

 

and

 

fine

 

ashes

 

(TA M

 

ash-f)

 

and

 

coarse

 

ashes

 

(TA M

 

ash)

 

from

 

the

 

crater

 

w alls

 

of

 

TA M .

 

These

 

ashes

 

w ere

 

deposited

 

during

 

phreatic

 

blasts

 

of

 

the

 

lakes

 

in

 

the

 

past

 

and

 

thus

 

m ay

 

carr y

 

a

 

large

 

"old

 

lake

 

sedim ent"

 

com ponent.

 

The

 

K eli

 

M utu

 

lake

 

bot-
tom

 

and

 

suspended

 

sedim ents

 

have

 

m ajor

 

elem ent

 

com positions

 

that

 

are

 

broadly

 

com parable

 

to

 

the

 

ashes

 

from

 

the

 

crater

 

w alls,

 

except

 

that

 

the

 

TA P

 

sedim ent

 

is

 

strongly

 

enriched

 

in

 

S

 

and

 

the

 

TA M

 

sedim ent

 

in

 

Fe.

 

The

 

TA P

 

sedim ents

 

are

 

slightly

 

depleted

 

in

 

Si

 

and

 

Fe,

 

but

 

enriched

 

in

 

A l

 

with

 

respect

 

to

 

the

 

ash.

 

TA M

 

sedim ent

 

la-1b

 

is

 

strongly

 

enriched

 

in

 

Fe

 

and

 

sed

 

2

 

is

 

rich

 

in

 

C a

 

and

 

S,

 

possibly

 

the

 

result

 

of

 

the

 

presence

 

of

 

gyp-

sum.

 

The

 

TA P

 

sedim ent

 

is

 

strongly

 

enriched

 

in

 

As

 

and

 

Cu,

 

and

 

the

 

TA M

 

sedim ents

 

show

 

m ilder

 

enrichm ents

 

in

 

A s

 

and

 

Cu.

 

G old

 

levels

 

in

 

all

 

the

 

analyzed

 

sedim ent

 

sam ples

 

are

 

below

 

I

 

ppm .

 

Particulate

 

analyses

 

of

 

sedim ent

 

and

 

filtrate

 

cry stal

 

grains

 

by

 

SE M /ED S

 

suggest

 

one

 

grain

 

type

 

com m on

 

to

 

all

 

lakes

 

and

 

others

 

unique

 

to

 

each

 

lake.

 

TA P

 

bottom

 

sedim ents

 

have

 

tw o

 

types

 

of

 

grains

 

w ith

 

distinct

 

com positions:

 

1)

 

a

 

Si-Al

 

dom inated

 

grain,

 

probably

 

glassy-rock

 

detritus,

 

w hich

 

is

 

som etim es

 

coated

 

with

 

sulfur

 

and

 

2)

 

an-

hydrite/gypsum

 

crystals.

 

Suspended

 

sedim ents

 

from

 

TiN

 

consist

 

of

 

Si-AI

 

bearing

 

grains,

 

anhy-

drite/gypsum

 

cry stals,

 

and

 

heterogeneous

 

crystal

 

aggregates

 

rich

 

in

 

S,

 

Si,

 

Ti,

 

Ca,

 

Al,

 

Fe,

 

and

 

K.

 

TA M

 

bottom

 

sedim ents

 

contain

 

Fe-rich

 

grains

 

with
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M utu

 

crater

 

lakes,

 

Indonesia

 

25

 

l

 

Table

 

6.

 

Chemical

 

composition

 

of

 

spring

 

and

 

river

 

waters

 

from

 

Keli

 

M utu

 

hot

 

spring

 

hot

 

spring

 

Kolorongo

 

Liasem be

 

am-6-93

 

am-

 

I

 

-92

 

wg-6-93

 

Ai

 

Mutu

 

Mboeli

 

WatuGana

 

Temp

 

('C)

 

pH

 

TDS*

 

02

 

02

 

'/,

 

sat.

 

Cl

 

S04

 

F

 

B

 

Li

 

As

 

Ca

 

Mg

 

Fe
 

Mn

 

K

 

Na

 

A1

 

Si

 

P

 

Sc

 

V

 

Cr

 

Ga

 

Sr

 

Y

 

Zr

 

Ba

 

Zn

 

Cu

 

36

 

6.8

 

O.

 

1  7

 

3.8

 

54

 

8

 

29

 

<2.5

 

0.2

 

<.

 

1

 

<.3

 

34

 

11

 

<1

 

0.1

 

7

 

27

 

2

 

51

 

<1

 

<.

 

1

 

<.

 

1

 

<.

 

1

 

<.

 

l

 

0.2

 

<.

 

1

 

<.

 

l

 

<.

 

1

 

<.

 

1

 

O.

 

1

 

42

 

7.8

 

0.13

 

1.1

 

17

 

3

 

7

 

<2.5

 

0.2

 

<.

 

l

 

<.3

 

33

 

8

 

<l
 

<.

 

1

 

6

 

23

 

<1

 

51

 

<1

 

<.

 

l

 

<.

 

l

 

<.

 

l

 

<.

 

1

 

0.1

 

<.

 

1

 

<.

 

1

 

<.

 

1

 

<,

 

1

 

<.

 

1

 

NA

 

2.0

 

8.76

 

NA

 

1334

 

4859

 

4.7

 

23.7

 

<.

 

1

 

O.9

 

331

 

191

 

293

 

8.8

 

77

 

1

 

80

 

1

 

370

 

78

 

4

 

<.

 

l

 

2.3

 

<.

 

l

 

<.

 

1

 

2.0

 

0.2

 

<.

 

1

 

NA

 

1

 

.4

 

0.3

 

18

 

2.

 

1

 

14.51

 

NA

 

3740

 

7

 

1

 

20

 

396

 

27,7

 

0,3

 

O.9

 

495

 

265

 

297
 

9,2

 

72

 

240

 

1770

 

69

 

4

 

O.4

 

2.8

 

0.3

 

0.3

 

2.8

 

0,3

 

<,

 

l

 

<.

 

l

 

1

 

.6

 

O.

 

1

 

N A

 

3.2

 

1

 

.22

 

NA

 

352

 

514

 

10

 

2.3

 

<.

 

1

 

<.3

 

82

 

31

 

<1

 

1.5

 

13

 

36

 

130

 

50

 

<l

 

<.

 

1

 

<.

 

1

 

<.

 

1

 

<.

 

1

 

0.4

 

<.

 

1

 

<.

 

1

 

NA

 

O.4

 

O.2

 

NA

 

=

 

not

 

analy:zed;

 

Units:

 

ppm,

 

TDS:

 

%co.

 

a

 

sulfu r

 

coating.

 

Suspended

 

particles

 

from

 

TA M

 

are

 

Fe-rich

 

grains

 

with

 

easily

 

volatilized

 

S

 

(pre-

sum ably

 

Fe

 

oxides

 

with

 

an

 

SO

 

coating),

 

anhydrite/

 

gypsum

 

crystals,

 

and

 

C a-Si

 

dom inated

 

grains

 

(photographs

 

and

 

analyses

 

in

 

Pastern ack,

 

1

 

993).

 

Keli

 

M utu

 

fl ank

 

springs

 

and

 

ri.vers

 

W ater

 

sam ples

 

were

 

collected

 

from

 

the

 

flank

 

of

 

K eli

 

M utu

 

to

 

search

 

for

 

evidence

 

of

 

leakage

 

from

 

the

 

lake

 

system s.

 

The

 

springs

 

and

 

river

 

flu-
ids

 

differ

 

strongly

 

in

 

com position:

 

the

 

river

 

system

 

M boeli,

 

W atu

 

G ana

 

and

 

Ai

 

M utu

 

has

 

an

 

acid-
chloride-sulfate

 

discharge,

 

w hereas

 

the

 

K olorongo

 

and

 

Liasem be

 

w arm

 

springs

 

have

 

neutral,

 

dilute

 

w aters

 

(Table

 

6).

 

The

 

M boeli

 

river

 

w ater

 

sam ple

 

has

 

som e

 

sim ilarities

 

with

 

TA P

 

fluids

 

but

 

the

 

vol-

canic

 

elem ent

 

ratios

 

are

 

alm ost

 

identical

 

to

 

TiN.

 

The

 

w aters

 

from

 

K olorongo

 

and

 

Liasem be

 

have

 

no

 

direct

 

relationship

 

w ith

 

the

 

crater

 

lakes.

 

Even

 

though

 

they

 

are

 

only

 

a

 

few

 

hundr ed

 

m eters

 

apart,

 

they

 

strongly

 

differ

 

in

 

their

 

relative

 

concentrations

 

of

 

S,

 

Cl,

 

N a,

 

and

 

M g.

 

The

 

only

 

detectable

 

trace

 

elem ents

 

in

 

either

 

spring

 

are

 

Cu

 

and

 

Sr

 

(Table

 

6).

 

DISCUSSION

 

Secular

 

trends

 

in

 

K eli

 

M utu

 

lake

 

water

 

chemistries

 

W e

 

first

 

com pare

 

the

 

1989

 

and

 

1992

 

data

 

sets

 

because

 

these

 

data

 

w ere

 

all

 

collected

 

and

 

analyzed

 

by

 

us

 

with

 

sim ilar

 

m ethods.

 

Because

 

w e

 

only

 

have

 

tw o

 

sets

 

of

 

observ ations

 

for

 

a

 

3

 

year

 

period,

 

w e

 



252

 

G.

 

B.

 

Pasternack

 

and

 

J.

 

C.

 

Varekamp

 

can

 

not

 

regard

 

the

 

com positional

 

variations

 

as

 

tru e

 

secular

 

trends:

 

strong

 

com positional

 

fluctuations

 

m ay

 

have

 

occurr ed

 

during

 

this

 

sam pling

 

interval.

 

For

 

several

 

elem ents,

 

the

 

1

 

989

 

TA P

 

data

 

(T able

 

2)

 

are

 

outside

 

the

 

com positional

 

range

 

of

 

the

 

1

 

992

 

TA P

 

sam ples:

 

M g,

 

Fe,

 

M n,

 

K,

 

N a,

 

Al,

 

F,

 

and

 

S04

 

all

 

increased,

 

by

 

factors

 

from

 

I

 

.08

 

to

 

I

 

.38,

 

but

 

the

 

1

 

989

 

C1

 

concentration

 

w as

 

in

 

the

 

range

 

of

 

the

 

1

 

992
 

concentration.
 

The
 

increased
 

concentrations
 

cannot

 

be

 

accounted

 

for

 

by

 

evaporation

 

alone

 

be-

cause

 

of

 

the

 

different

 

m agnitude

 

of

 

increases

 

in

 

elem ent

 

concentrations.

 

The

 

data

 

sets

 

for

 

TiN

 

(Table

 

3)

 

show

 

a

 

strong

 

increase

 

in

 

the

 

B

 

con-
centration

 

(

 

I

 

.66),

 

m oderate

 

increases

 

in

 

the

 

con-

centrations

 

of

 

M g

 

(1

 

.06),

 

Fe

 

(1

 

.

 

19),

 

and

 

A l

 

(1.02),

 

w hereas

 

C a

 

(0.88),

 

K

 

(0.87)

 

and

 

N a

 

(0.90)

 

de-

creased

 

in

 

concentration;

 

the

 

Cl

 

and

 

total

 

S

 

con-

centrations

 

did

 

not

 

vary

 

m uch.

 

The

 

tw o

 

TA M

 

data

 

sets

 

(Table

 

4)

 

only

 

show

 

sm all

 

differences

 

betw een

 

1

 

989

 

and

 

1

 

992

 

concentrations

 

and

 

the

 

lake

 

w aters

 

thus

 

rem ained

 

alm ost

 

constant

 

in

 

com position

 

for

 

the

 

three

 

year

 

period.

 

The

 

1989

 

TiN

 

sam ples

 

w ere

 

analyzed

 

in

 

1992

 

for

 

polythionates

 

and

 

the

 

sm aller

 

concentrations

 

in

 

the

 

1989

 

sam ples

 

m ay

 

be
 

partly

 

related

 

to

 

degradation

 

during

 

storage.

 

B ulk

 

IC P

 

sulfur

 

analyses

 

of

 

the

 

1989

 

sam ples

 

in

 

1989

 

gave

 

sim ilar

 

concentrations

 

as

 

the

 

1989

 

S04

 

analyses

 

w ith

 

ion

 

chrom atography,

 

suggesting

 

that

 

low

 

concentra-
tions

 

ofpolythionates

 

in

 

the

 

1989

 

sam ples

 

already

 

occurr ed

 

before

 

storage.

 

The

 

1929,

 

1971,

 

1978,

 

1989

 

and

 

1992

 

data

 

for

 

Table

 

7.

 

Historic

 

chemical

 

composition

 

of

 

the

 

K eli

 

M utu

 

lakes

 

1

 

929

 

1

 

97

 

l

 

1978

 

1989

 

1992

 

TAP

 

Cl

 

S

 

04

 

Ca

 

Mg

 

Fe

 

Na

 

Al

 

Si

 

533

 

3

 

1

 

66

 

265

 

51

 

356

 

NA

 

392

 

56

 

1

 

1

 

80

 

1033

 

484

 

140

 

NA

 

136

 

NA

 

83

 

l

 

1008

 

2765

 

64

 

8

 

165

 

713

 

1

 

14

 

NA

 

482

 

2630

 

8600

 

607

 

217

 

l020

 

213

 

1260

 

94

 

2670

 

9780

 

599

 

242

 

1

 

190

 

229

 

1500

 

91

 

T

 

iN

 

C1

 

S

 

04

 

Ca

 

Mg

 

Fe

 

Na

 

Al

 

Si

 

5298

 

10286

 

261

 

203

 

546

 

NA

 

1

 

624

 

50

 

28150

 

10160

 

280

 

1420

 

NA

 

1

 

164

 

NA

 

40
 

29888

 

9812

 

1

 

022

 

520

 

857

 

1

 

044

 

NA

 

1137

 

25600

 

47000

 

1032

 

1

 

1

 

94

 

2

 

1

 

80

 

1

 

042

 

8460

 

83

 

25

 

1

 

OO

 

49

 

1

 

OO

 

869

 

1280

 

2620

 

939

 

8

 

63

 

O

 

66

 

TAM

 

Cl

 

S

 

04

 

Ca

 

Mg

 

Fe

 

Na

 

Al

 

Si

 

4154

 

4039

 

808

 

206

 

378

 

NA

 

NA

 

42

 

630

 

318

 

376

 

55

 

NA

 

74

 

759

 

NA

 

1

 

907

 

l

 

892

 

399

 

129

 

77

 

60

 

NA

 

81

 

1

 

OO

 

1475

 

434

 

32

 

10

 

43

 

68

 

44

 

88

 

1585

 

437

 

34

 

21

 

53

 

69

 

50

 

NA

 

=

 

not

 

analyzed,

 

Units.'

 

ppm,'

 

1929

 

data.'

 

Badrudin

 

and

 

Sriwana

 

(VSI)

 

(pers.

 

comm.).

 

Kemmerling

 

(1929),- 1971

 

data.'

 

Krafft

 

and

 

Krafft

 

(pers.

 

comm.).'

 

1978

 

data.'

 



Keli

 

M utu

 

crater

 

lakes,

 

Indonesia

 

253

 

som e

 

elem ents

 

are

 

given

 

in

 

Table

 

7.

 

These

 

data

 

w ere

 

collected

 

and

 

analyzed

 

m any

 

years

 

ago

 

with

 

different

 

m ethods

 

and

 

so

 

are

 

not

 

com pletely

 

com -

parable

 

to

 

our

 

data.

 

The

 

search

 

for

 

a

 

long

 

term

 

secular

 

trend

 

is

 

even

 

m ore

 

uncertain

 

than

 

that

 

just

 

attem pted

 

with

 

the

 

1

 

989

 

and

 

1

 

992

 

data.

 

N ever-
theless,

 

w e

 

observe

 

an

 

overall

 

increase

 

in

 

m ajor

 

cations

 

(especially

 

M g),

 

halogens,

 

and

 

S

 

in

 

TA P,

 

with

 

a

 

peak

 

event

 

in

 

Cl

 

around

 

1

 

978.

 

W aters

 

from

 

TA M

 

show

 

a

 

strongly

 

fluctuating

 

S

 

content

 

and

 

an

 

overall

 

decrease

 

in

 

halogens.

 

Also,

 

m ost

 

m ajor

 

cations

 

in

 

TA M

 

are

 

now

 

present

 

in

 

m uch

 

low er

 

concentrations

 

than

 

in

 

1929.

 

K em m erling

 

(1929)

 

described

 

extensive

 

fum arolic

 

activity

 

around

 

TA M

 

w hich

 

is

 

not

 

present

 

today,

 

consistent

 

with

 

a

 

w aning

 

volcanic/hydrotherm al

 

fl uid

 

input

 

in

 

TA M ,

 

but

 

possibly

 

with

 

an

 

increased

 

fluid

 

input

 

during

 

1

 

978.

 

The

 

data

 

from

 

TiN

 

are

 

incom plete

 

and

 

show

 

strong

 

variations

 

of

 

S

 

and

 

a

 

strong

 

in-

crease

 

of

 

M g,

 

Fe,

 

and

 

Al

 

during

 

this

 

century.

 

A QUEOUS

 

SpECIATION

 

AND

 

M INERAL

 

SATURATION

 

M ODELIN G

 

The

 

ionic

 

speciation

 

and

 

m ineral

 

saturation

 

in

 

each

 

Keli

 

M utu

 

lake

 

was

 

assessed

 

using

 

SO LV EQ,

 

a

 

corn puter

 

program

 

that

 

calculates

 

w ater-m ineral-
gas

 

equilibria

 

(R eed,

 

1982).

 

A

 

requisite

 

for

 

this

 

m odeling

 

is

 

a

 

calculated

 

charge

 

balance

 

in

 

the

 

solution,

 

w hich

 

depends

 

on

 

the

 

analyiical

 

precision

 

and

 

redox

 

conditions

 

(e.g.,

 

Fe2+/Fe3+).

 

The

 

ex-
trem e

 

acidity

 

and

 

high

 

ionic

 

strength

 

of

 

the

 

fluids

 

m ake

 

pH

 

m easurem ents

 

better

 

than

 

ｱ0.05

 

diffi-

cult,

 

and

 

this

 

uncertainty

 

m ay

 

be

 

one

 

source

 

of

 

charge

 

im balance.

 

The

 

SO LV EQ

 

routine

 

m odifies

 

the

 

analytical

 

chlorine

 

concentration

 

to

 

achieve

 

charge

 

balance.

 

W e

 

tried

 

to

 

constrain

 

the

 

lakes'

 

redox

 

conditions,

 

w hich

 

could

 

not

 

be

 

m easured

 

in-situ,

 

by

 

varying

 

the

 

input

 

Eh

 

value

 

and

 

search-
ing

 

for

 

solutions

 

with

 

the

 

sm allest

 

calculated

 

charge

 

im balance.

 

All

 

analyzed

 

1

 

992

 

surface

 

w a-

ter

 

sam ples

 

w ere

 

undersaturated

 

w ith

 

respect

 

to

 

atm ospheric

 

oxygen

 

(Tables

 

2,

 

3

 

and

 

4).

 

The

 

convective

 

overtu rn

 

continuously

 

mixes

 

the

 

surface

 

w aters

 

with

 

deeper

 

w aters

 

that

 

have

 

not

 

yet

 

been

 

exposed

 

to

 

atm ospheric

 

oxygen,

 

and

 

so

 

these

 

deeper

 

w aters

 

m ust

 

have

 

E h

 

values

 

below

 

those

 

m easured

 

at

 

the

 

surface.

 

C alculated

 

E h

 

values

 

are

 

low

 

(<0.5).

 

in

 

agreem ent

 

w ith

 

the

 

m easurem ents.

 

W e

 

com pared

 

the

 

m ineral

 

stabilities

 

predicted

 

by

 

SO LV E Q

 

with

 

the

 

chemical

 

com position

 

of

 

the

 

sedim ents

 

and

 

evaluated

 

the

 

obtained

 

speciation

 

m odel.

 

SO LV E Q

 

m odeling

 

of

 

TA P

 

show ed

 

that

 

trials

 

with

 

Eh

 

<

 

0.5

 

required

 

22010

 

change

 

in

 

Cl

 

con-
centration,

 

w hereas

 

higher

 

Eh

 

scenarios

 

required

 

up

 

to

 

47010

 

Cl

 

m odification.

 

The

 

cations

 

in

 

TA P

 

occur

 

prim arily

 

as

 

free

 

cations

 

and

 

cation-sulfate

 

pairs.

 

The

 

dom inant

 

S

 

species

 

are

 

H S04-

 

and

 

S042 ;

 

the

 

A 1

 

speciation

 

is

 

dom inated

 

by

 

the

 

charged

 

com plexes

 

AIS04+,

 

A l(S04)2-,

 

and

 

AIF2+

 

M ost

 

F

 

occurs

 

in

 

Al-F

 

com plexes

 

instead

 

of

 

free

 

F-,

 

com parable

 

to

 

fi ndings

 

at

 

Po~s

 

(R ow e

 

et

 

a/.,

 

1991).

 

The

 

stability

 

of

 

m ost

 

Fe-,

 

Cu-,

 

and

 

A s-bearing

 

phases

 

is

 

redox

 

sensitive

 

and

 

an

 

Eh

 

>

 

0.6

 

gives

 

saturation

 

with

 

respect

 

to

 

hem atite

 

(Fig.

 

3).

 

Be-

tw een

 

Eh

 

=

 

0.21

 

and

 

0.6

 

the

 

surface

 

w aters

 

of

 

TA P

 

are

 

not

 

saturated

 

with

 

respect

 

to

 

any

 

Fe

 

mineral.

 

W hen

 

the

 

fluid

 

is

 

m odeled

 

with

 

Eh

 

=

 

0.21
 

the
 

m inerals
 

tennantite,
 

enargite,
 

chalcocite,
 

bornite,

 

covellite,

 

pyrite

 

and

 

chalcopyrite

 

are

 

saturated.

 

N o

 

C u-m ineral

 

phases

 

are

 

near

 

satura-
tion

 

unless

 

the

 

Eh

 

is

 

below

 

0.29.

 

N ative

 

sulfur

 

and

 

pyrite

 

are

 

only

 

saturated

 

w hen

 

E h

 

<

 

0.205

 

and

 

Eh

 

<

 

0.21,

 

respectively.

 

T he

 

silica

 

m inerals

 

(except

 

for

 

am orp hous

 

silica)

 

are

 

saturated

 

in

 

the

 

TA P

 

solution,

 

and

 

gypsum /anhydrite

 

and

 

celestite

 

are

 

close

 

to

 

saturation

 

(T able

 

8).

 

The

 

lack

 

of

 

native

 

S

 

accum ulations

 

on

 

the

 

lake's

 

surface

 

and

 

the

 

absence

 

of

 

an

 

H 2S

 

odor

 

(both

 

present

 

in

 

TiN )

 

suggest

 

that

 

TA P

 

has

 

low

 

dissolv ed

 

H 2S

 

contents.

 

T A P

 

sedim ents

 

are

 

strongly

 

enriched

 

in

 

Cu

 

and

 

A s,

 

but

 

not

 

in

 

Fe

 

relative

 

to

 

local

 

ash

 

and

 

average

 

andesitic

 

rock

 

(Table

 

5),

 

w hich

 

is

 

even

 

m ore

 

obvious

 

w hen

 

the

 

analyses

 

are

 

norm alized

 

on

 

a

 

S-free

 

basis.

 

These

 

sedim ent

 

data

 

suggest

 

that

 

C u-A s

 

bearing

 

phases

 

precipitated

 

from

 

the

 

fluids

 

but

 

no

 

Fe-rich

 

phases.

 

The

 

best

 

approxim ation

 

for

 

the

 

redox

 

conditions

 

in

 

T A P

 

according

 

to

 

the

 

SO LV EQ

 

output

 

and

 

in

 

agreem ent

 

with

 

the

 

chem ical

 

com position

 

of

 

the
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Fig.

 

3.

 

Eh-pH

 

diagramsfor

 

TAP

 

and

 

TAM,

 

with

 

aFe

 

and

 

aH S04-

 

+

 

aS04

 

=

 

from

 

SOL

 

VE Q

 

output.

 

Probable

 

1992

 
redox

 
conditions

 
are

 
shaded.

 
Arrow  for

 
TAP

 
towards

 
conditions

 
for

 
the

 
"red

 
stage

 
",'

 
for

 
TAM,

 
arrow

 
points

 
to 

m ore

 

reducing

 

conditions

 

indicated

 

by

 

some

 

of

 

the

 

sediments.

 

Table

 

8.

 

Results

 

of

 

SOL

 

VEQ

 

modelling

 

Mineral

 

F

 

ormul

 

a

 

Mineral

 

saturation

 

index*

 

at

 

the

 

relevant

 

Eh.

 

TAP

 

TiN

 

Ta M

 

0.2352

 

0.2894

 

0.443

 

l

 

quartz

 

chalcedony

 

a-cristobalite

 

barite

 

b-cristobalite

 

am.

 

silica

 

Si02

 

Si02

 

Si02

 

BaS04

 

Si02

 

Si02

 

1.52

 

1.32

 

1.03

 

0.58

 

0.27

 

1

 

.27

 

1.05

 

O.77

 

0.78

 

0.35

 

0.07

 

1

 

.25

 

l

 

.05

 

0.76

 

BS

 

0.31

 

0.01

 

hematite

 

Fe203

 

BS

 

BS

 

o

 

native

 

sulfur

 

S

 

BS

 

0.91

 

BS

 

tennantite

 

enargite

 

chalcocite

 

bornite

 

covellite

 

chalco

 

pyrite

 

pyrite

 

or

 

piment

 

Cu

 

As

 

S

 

12

 

4

 

13

 

Cu3AsS4

 

Cu2S

 

Cu5FeS4

 

CuS

 

CuFeS2

 

FeS2

 

As2S3

 

O.

 

1

 

0.04

 

2.21

 

0.83

 

0.91

 

-5.05

 

BS

 

BS

 

4.96

 

4.97

 

1.31

 

0.52

 

2.75

 

-0.44

 

1.98

 

2.96

 

BS

 

BS

 

BS

 

BS

 

BS

 

BS

 

BS

 

BS

 

gy

 

psum

 

anhydrite

 

celestite

 

pyrophyllite

 

kaolinite

 

alunite

 

CaS04-2H20

 

CaS04

 

SrS04

 

A12Si4010(OH)2

 

Al2Si205(OH)4

 

KA13(S04)2(OH)6

 

-O.

 

1

 

7

 

-0.38

 

-0.94

 

BS

 

BS

 

BS

 

-0.42

 

-O.46

 

-0.39

 

BS

 

BS

 

BS

 

-O

 

.

 

3

 

-O

 

.

 

5

 

2

 

l.48

 

-O.93

 

-1.91

 

-2.29

 

BS

 

=

 

far

 

below

 

saturation.

 

*Index

 

is

 

log

 

(ion

 

activity

 

product/solubility

 

product).

 



Keli

 

M utu

 

crater

 

lakes,

 

Indonesia

 

255

 

sedim ent

 

is

 

an

 

Eh

 

value

 

of

 

-0.24,

 

w here

 

the

 

m in-

erals

 

tennantite,

 

enargite,

 

chalcocite,

 

born ite

 

and

 

covellite

 

are

 

saturated,

 

but

 

the

 

Fe-rich

 

m inerals

 

chalcopyrite,

 

pyrite,

 

and

 

orp im ent

 

are

 

not

 

satu-
rated;

 

also

 

native

 

S

 

is

 

not

 

saturated

 

at

 

this

 

Eh

 

and

 

H2S

 

activities

 

are

 

sm all.

 

M odeling

 

of

 

the

 

TiN

 

w ater

 

com position

 

de-
m anded

 

the

 

sm allest

 

C1

 

adjustm ents

 

for

 

calculated

 

charge

 

balance

 

at

 

Eh

 

=

 

0.3 0.5.

 

The

 

H S0 4

 

ac-

tivity

 

is

 

45x

 

greater

 

than

 

S0 42-

 

because

 

of

 

the

 

extrem ely

 

low

 

pH

 

in

 

TiN,

 

and

 

this

 

paucity

 

of

 

free

 

sulfate

 

causes

 

the

 

predom inance

 

of

 

m etal

 

chloride

 

com plexes,

 

com parable

 

to

 

data

 

from

 

Po~s

 

(R ow e

 

et

 

al.,

 

1991).

 

The

 

non-am orp hous

 

silica

 

minerals

 

are

 

saturated

 

in

 

TiN,

 

and

 

celestite

 

and

 

gypsum /

 

anhydrite

 

are

 

close

 

to

 

saturation.

 

Pyrite

 

and

 

native

 

sulfur

 

becom e

 

saturated

 

at

 

Eh

 

<

 

0.298.

 

A t

 

Eh

 

<

 

0.282

 

the

 

minerals

 

tennantite,

 

enargite,

 

covellite,

 

chalcocite,

 

bornite,

 

chalcopyrite,

 

and

 

orp im ent

 

are

 

all

 

saturated.

 

N o

 

TiN

 

bottom

 

sedim ents

 

are

 

available

 

for

 

verification

 

of

 

the

 

m odeling,

 

but

 

the

 

yellow

 

froth

 

on

 

the

 

surface

 

of

 

TiN

 

is

 

native

 

sulfur.

 

SEM /ED S

 
analysis

 

of

 

suspended

 

grains

 

from

 

TiN

 

w ere

 

also

 

found

 

to

 

be

 

coated

 

with

 

a

 

veneer

 

of

 

native

 

S.

 

The

 

TiN

 

bottom

 

sedim ents

 

probably

 

carry

 

pyrite,

 

silica,

 

and

 

Cu-A s

 

m inerals

 

if

 

the

 

Eh

 

in

 

TiN

 

is

 

less

 

than

 

the

 

upper

 

lim it

 

for

 

So

 

saturation.

 

E xtraction

 

of

 

Cu

 

minerals

 

from

 

TiN

 

w ater

 

is

 

suggested

 

by

 

its

 

low

 

Cu

 

concentrations.

 

The

 

TiN

 

fluids

 

probably

 

have

 

Eh

 

<

 

0.28,

 

as

 

also

 

suggested

 

by

 

the

 

copious

 

em issions

 

of

 

H 2S

 

from

 

this

 

lake.

 

SO LV E Q

 

m odeling

 

of

 

TA M

 

suggests

 

that

 

the

 

lake

 

w ater

 

has

 

Eh

 

<

 

0.5

 

(best

 

charge

 

balance

 

sce-

nario).

 

M any

 

ions

 

occur

 

in

 

uncom plexed

 

form,

 

except

 

for

 

Al

 

w hich

 

occurs

 

predom inantly

 

as

 

A1-

sulfate

 

com plexes.

 

Sulfur

 

is

 

principally

 

present

 

as

 

sulfate.

 

The

 

non-am orphous

 

silica

 

m inerals

 

are

 

saturated

 

in

 

TA M

 

and

 

gypsum/anhydrite

 

and

 

py-

rophyllite

 

are

 

close

 

to

 

saturation.

 

H em atite

 

is

 

saturated

 

at

 

Eh

 

>

 

0.44

 

(Fig.

 

3)

 

and

 

FeO O H

 

and

 

Fe(O H)3

 

are

 

saturated

 

at

 

higher

 

E h

 

values.

 

The

 

red

 

TA M

 

sedim ents

 

(sed

 

I

 

a)

 

are

 

strongly

 

enriched

 

in

 

Fe,

 

suggesting

 

precipitation

 

of

 

an

 

Fe-
oxide.  The  Cu  and  A s  enrichm ents  in  the  sedi-

m ents
 

as
 

w ell

 

as

 

the

 

S

 

coatings

 

on

 

som e

 

grains

 

cannot

 

be

 

explained

 

at

 

an

 

Eh

 

>

 

0.44.

 

TA M

 

w as

 

not

 

visibly

 

in

 

a

 

convective

 

state,

 

so

 

the

 

lake

 

m ay

 

be

 

stratified

 

with

 

respect

 

to

 

redox

 

conditions,

 

with

 

precipitation

 

of

 

an

 

Fe-oxide

 

in

 

the

 

upper

 

w ater

 

body

 

and

 

m ore

 

reducing

 

conditions

 

in

 

the

 

bottom

 

w aters.

 

N one

 

of

 

the

 

lakes

 

is

 

saturated

 

with

 

alunite,

 

a

 

m ineral

 

described

 

from

 

other

 

sulfate-rich

 

crater

 

lakes

 

(e.g.,

 

Zotov,

 

1967),

 

w hich

 

is

 

probably

 

a

 

re-

sult
 

ofthe
 

strong
 

com plexation
 

of
 

Al
 

and
 

S04.
 

The
 
changes

 

in

 

color

 

of

 

TA P,

 

and

 

possibly

 

TA M ,

 

from

 

red

 

to

 

green

 

and

 

back

 

seem

 

to

 

correlate

 

with

 

the

 

altern ation

 

of

 

dry

 

and

 

w et

 

seasons

 

(Pasternack,

 

1993).

 

T hey

 

m ay

 

be

 

caused

 

both

 

by

 

E h

 

(e.g.,

 

en-

hanced

 

influx

 

of

 

atm ospheric

 

02

 

w ith

 

rain

 

input)

 

and

 

pH

 

(dilution

 

effect)

 

changes,

 

w hich

 

w ill

 

m ove

 

the

 

fluids

 

in

 

or

 

out

 

of

 

the

 

hem atite

 

(or

 

goethite/

 

lim onite)

 

stability

 

fields

 

(arrow s,

 

Fig.

 

3).

 

O RIGIN

 

OF

 

THE

 

K ELI

 

M UTU

 

L AKE

 

FLUIDS

 

Volcanic

 

elem ent

 

fl uxes

 

Crater

 

lakes

 

are

 

m ixtures

 

of

 

endogene

 

and

 

exogene

 

fluids.

 

The

 

origin

 

and

 

com position

 

of

 

the

 

endogene

 

fl uid

 

can

 

usually

 

only

 

be

 

inferred

 

be-
cause

 

it

 

cannot

 

be

 

sam pled

 

directly.

 

The

 

input

 

fluid

 

at

 

K eli

 

M utu

 

has

 

the

 

chem ical

 

signature

 

of

 

a

 

vol-

canic

 

gas:

 

rich

 

in

 

S,

 

Cl,

 

and

 

F

 

and

 

to

 

a

 

lesser

 

degree

 

B

 

and

 

Li,

 

and

 

extrem ely

 

acidic.

 

M ost

 

hy-

drotherm al

 

fluids

 

of

 

m eteoric

 

origin

 

are

 

not

 

highly

 

acidic,

 

except

 

w hen

 

shallow -1evel

 

boiling

 

of

 

H 2S-

bearing

 

fluids

 

occurs,

 

but

 

then

 

the

 

resulting

 

fluids

 

tend

 

to

 

be

 

poor

 

in

 

Cl.

 

M ost

 

likely,

 

the

 

volcanic

 

input

 

at

 

K eli

 

M utu

 

is

 

either

 

a

 

volcanic

 

gas

 

that

 

is

 

absorbed

 

directly

 

by

 

the

 

lake

 

w aters

 

or

 

w as

 

already

 

absorbed

 

by

 

fluids

 

deeper

 

in

 

the

 

volcanic

 

system

 

w hich

 

are

 

then

 

injected

 

into

 

the

 

lakes.

 

T he

 

re-

lease

 

of

 

large

 

gas

 

bubbles

 

(probably

 

C 02)

 

at

 

the

 

surface

 

of

 

TA P

 

is

 

as

 

expected

 

for

 

a

 

volcanic

 

gas

 

input

 

into

 

the

 

lakes.

 

The

 

tem perature

 

of

 

the

 

TiN

 

lake

 

w aters

 

above

 

local

 

am bient

 

tem peratures

 

in-
dicates

 

the

 

input

 

of

 

a

 

hot

 

fluid,

 

presum ably

 

a

 

va-

por,

 

because

 

the

 

enthalpy

 

of

 

condensation

 

is

 

needed

 

to

 

keep

 

the

 

lake

 

w ater

 

at

 

the

 

elevated

 

tem perature

 

(Brow n

 

et

 

al.,

 

1

 

991).

 

The

 

presence

 

of

 

the

 

polythionates

 

in

 

tw o

 

lakes

 

is

 

also

 

evidence

 

for
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4.

 

Volcanic

 

elem ent

 

ratios

 

for

 

the

 

three

 

lakes.

 

The

 

S/F

 

and

 

SICI

 

ratios

 

decline

 

from

 

TAM

 

to

 

TAP

 

to

 
TiN,

 
whereas

 
the

 
CllF

 
and

 
CllB  ratios  show much less 

variation

 

and

 

have

 

their

 

m axim um

 

in

 

TAP.

 

an

 

active

 

volcanic

 

gas

 

input

 

(T akano,

 

1987).

 

The

 

elem ent

 

ratios

 

of

 

the

 

volcanic/hydrother-

m al

 

input

 

vary

 

in

 

the

 

three

 

lakes,

 

w ith

 

SICI

 

and

 

S/F

 

ratios

 

decreasing

 

with

 

increasing

 

S

 

content

 

of

 

the

 

lakes

 

(Fig.

 

4).

 

This

 

is

 

probably

 

largely

 

the

 

result

 

of

 

the

 

precipitation

 

of

 

native

 

sulfur

 

and

 

S-

bearing

 

m inerals

 

in

 

the

 

m ore

 

concentrated

 

lakes.

 

The

 

CllF

 

and

 

CllB

 

ratios

 

show

 

m uch

 

less

 

variation

 

and

 

have

 

their

 

m axim um

 

value

 

in

 

TA P.

 

The

 

F/B

 

ratios

 

are

 

close

 

to

 

constant.

 

V olcanic

 

crater

 

fum a-
roles

 

with

 

a

 

low

 

m ass

 

output

 

com m only

 

also

 

have

 

a

 

relatively

 

low

 

tem perature

 

(about

 

100-200'C)

 

and

 

m ay

 

be

 

vapors

 

escaping

 

from

 

a

 

hydrotherm al

 

system

 

at

 

depth.

 

The

 

species

 

H F

 

and

 

H CI

 

are

 

de-
pleted

 

in

 

such

 

low

 

tem perature

 

fum aroles

 

because

 

they

 

rem ain

 

largely

 

behind

 

in

 

the

 

fluid,

 

and

 

H F

 

also

 

tends

 

to

 

be

 

depleted

 

in

 

cooler

 

fum aroles,

 

possibly

 

as

 

a

 

result

 

of

 

extensive

 

w all-rock

 

inter-
action

 

during

 

cooling

 

of

 

the

 

gases

 

(e.g.,

 

Poort er

 

et

 

al.,

 

1991).

 

The

 

three

 

lakes

 

m ay

 

be

 

ultim ately

 

fed

 

by

 

a

 

com m on

 

volcanic

 

gas

 

phase,

 

but

 

TA M

 

m ay

 

be

 

fed

 

by

 

sm all

 

and

 

cool

 

fum aroles

 

with

 

a

 

fractionated

 

com position

 

rich

 

in

 

H 2S

 

(oxidized

 

to

 

S0 4

 

in

 

the

 

lake

 

w aters)

 

and

 

probably

 

C0 2.

 

TiN

 

is

 

fed

 

by

 

fum aroles

 

with

 

a

 

high

 

m ass

 

flux

 

and

 

a

 

higher

 

tem perature;

 

this

 

w ould

 

represent

 

the

 

least

 

fractionated

 

volcanic

 

gas

 

that

 

possibly

 

carries

 

both

 

S0 2

 

and

 

H2S

 

as

 

suggested

 

by

 

the

 

abundance

 

of

 

the

 

polythionates

 

in

 

TiN

 

(Takano,

 

1987).

 

TA P

 

w ould

 

be

 

fed

 

by

 

an

 

interm ediately

 

fractionated

 

source.

 

The

 

atom ic

 

SICI

 

of

 

about

 

1.3

 

of

 

TA P

 

is

 

in

 

the

 

com m on

 

range

 

of

 

volcanic

 

arc

 

gases

 

(e.g.,

 

V arekam p

 

et

 

al.,

 

1984;

 

Poorter

 

et

 

a/.,

 

1991),

 

w hereas

 

the

 

value

 

of

 

0.6

 

of

 

TiN

 

is

 

in

 

the

 

low

 

part

 

of

 

that

 

range.

 

The

 

relative

 

sulfur

 

depletion

 

of

 

TiN

 

is

 

m ost

 

likely

 

linked

 

to

 

its

 

precipitation

 

of

 

native

 

sulfur.

 

W e

 

calculated

 

the

 

sulfur

 

budget

 

for

 

each

 

lake

 

over

 

the

 

periods

 

1989-1992

 

and

 

1978-1992

 

(Table

 

9).

 

T hese

 

values

 

represent

 

the

 

differences

 

in

 

sur-

face

 

w ater

 

concentrations

 

over

 

that

 

period

 

(T able

 

7)

 

m ultiplied

 

by

 

their

 

lake

 

m asses

 

(from

 

Table

 

1).

 

These

 

calculations

 

are

 

for

 

static

 

lake

 

system s,

 

that

 

is,

 

without

 

elem ent

 

loss

 

through

 

seepage

 

and

 

m ineral

 

precipitation,

 

and

 

thus

 

provide

 

minim um

 

fl ux

 

values.

 

These

 

spot

 

m easurem ents

 

carry

 

un-
certainties

 

with

 

regard

 

to

 

tru e

 

secular

 

trends,

 

and

 

there

 

m ay

 

have

 

been

 

other

 

periodic

 

fluctuations

 

in

 

com position

 

related

 

to

 

evaporation

 

and

 

other

 

physical

 

processes.

 

The

 

S

 

fluxes

 

for

 

TiN

 

are

 

sig-

nificant

 

and

 

fall

 

in

 

the

 

low er

 

range

 

of

 

values

 

m easured

 

at

 

active

 

volcanoes

 

(C asadevall

 

et

 

al.,

 

Table

 

9.

 

N et

 

changes

 

of

 

dissolved

 

elem ents.'

 

changes

 

in

 

sulfur

 

concentration

 

expressed

 

as

 

sulfur

 

fluxes

 

(tonnes

 

S02lday)

 

for

 

the

 

three

 

lakes

 

over

 

the

 

periods

 

1989-1992

 

and

 

1978-1992,･

 

the

 

total

 

change

 

in

 

dis-
solved

 

cation

 

m asses

 

for

 

J989=J992

 

is

 

expressed

 

in

 

tonnes.

 

Estimates

 

of

 

the

 

dissolved

 

equivalent

 

rock

 

m ass

 

over

 

that

 

period

 

(in

 

kilotonnes)

 

are

 

based

 

on

 

quantita-
tive

 

M a

 

transfer

 

from

 

rocks

 

with

 

the

 

K M

 

scoria

 

com-
position

 

in

 

Table

 

5.

 

TAP

 

TihT

 

TAM

 

S

 

(1989-]992)

 

S

 

(1978-1992)

 

Ca

 

Mg

 

Fe

 

Mn

 

K

 

Na

 

Al

 

Eq,

 

rock

 

mass

 

3.8

 

4.8

 

-42

 

133

 

90

 

l

 

3,7

 

53

 

85

 

1

 

272

 

5

 

8

 

32

 

-1

 

043

 

550

 

28

 

1

 

6

 

13

 

-563

 

-660

 

1

 

088

 

20

 

0.3

 

-o

 

.

 

3

 

12

 

8

 

46

 

0.4

 

2

 

40

 

4

 

o._3
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1984).

 

The

 

fluxes

 

for

 

TA M

 

are

 

sm all

 

and

 

well

 

within

 

the

 

m argin

 

of

 

analytical

 

error,

 

w hereas

 

those

 

for

 

T A P

 

are

 

ten

 

time s

 

larger

 

and

 

apparently

 

consistent

 

over

 

tim e.

 

B oth

 

T A P

 

and

 

TiN

 

were

 

building

 

up

 

tow ards

 

higher

 

S

 

concentrations

 

dur-

ing

 

the

 

1980's

 

whereas

 

TiN

 

and

 

TA M

 

m ay

 

be

 

now

 

close

 

to

 

reaching

 

a

 

chem ical

 

steady

 

state

 

for

 

S.

 

If

 

there

 

is

 

a

 

consistent

 

input,

 

there

 

m ust

 

also

 

be

 

an

 

output

 

of

 

fluids

 

from

 

these

 

system s,

 

m ost

 

likely

 

a

 

seepage

 

flux

 

(as

 

indicated

 

by

 

the

 

acid

 

rivers

 

on

 

the

 

K eli

 

M utu

 

m ountain

 

flank)

 

and

 

a

 

significant

 

sulfur

 

precipitation

 

flux,

 

especially

 

for

 

TiN.

 

The

 

nature

 

of

 

water-rock

 

interaction

 

processes

 

C onceptual

 

m odels

 

of

 

crater

 

lakes

 

m ay

 

invoke

 

input

 

of

 

a

 

hyperacid

 

volcanic-hydrotherm al

 

com -
ponent,

 

rich

 

both

 

in

 

volcanic

 

elem ents

 

and

 

cations,

 

as

 

e.g.,

 

found

 

in

 

Siru ng,

 

Indonesia

 

(Poorter

 

et

 

al.,

 

1989a,

 

1989b).

 

A lternately,

 

a

 

volcanic

 

gas

 

input

 

m ay

 

acidify

 

the

 

lake

 

w aters,

 

w hich

 

then

 

react

 

with

 

rock

 

debris

 

in

 

the

 

lake

 

and

 

build

 

up

 

an

 

inventory

 

of

 

cations

 

until

 

saturation

 

and

 

precipitation

 

of

 

new

 

m ineral

 

phases

 

occurs

 

(e.g.,

 

Sigurdsson,

 

1977).

 

A

 

m ore

 

com plex

 

m odel
 

invokes

 

an

 

input

 

of

 

a

 

vol-

canic/hydrotherm al

 

gas

 

phase

 

into

 

the

 

lake

 

and

 

the

 

acidified

 

lake

 

w aters

 

circulate

 

through

 

the

 

m oun-
tain,

 

react

 

with

 

volcanic

 

rocks

 

and

 

the

 

resulting

 

brines

 

are

 

partly

 

reinjected

 

into

 

the

 

lake

 

and

 

partly

 

lost

 

from

 

the

 

crater

 

lake

 

system .

 

In

 

this

 

section

 

w e

 

try

 

to

 

constrain

 

the

 

nature

 

and

 

location

 

(inside

 

or

 

outside

 

the

 

lake)

 

of

 

the

 

w ater-rock

 

interaction

 

processes.

 

H igh

 

tem perature

 

volcanic

 

gases

 

transport

 

heavy

 

m etals

 

like

 

Z n,

 

Pb

 

and

 

Cu

 

as

 

volatile

 

chlo-

rides,

 

Al

 

and

 

Ca

 

as

 

volatile

 

F-com pounds,

 

and

 

N a

 

and

 

K

 

as

 

volatile

 

chlorides

 

(e.g.,

 

Sym onds

 

et

 

al.,

 

1987,

 

1992;

 

V arekam p

 

et

 

al.,

 

1986;

 

Thom as

 

et

 

al.,

 

1982).

 

A

 

volcanic

 

gas

 

input

 

m ay

 

thus

 

w ell

 

be

 

as-

sociated

 

with

 

a

 

substantial

 

cation

 

input.

 

R ock

 

di-

gestion

 

within

 

the

 

lake

 

m ay

 

be

 

im portant

 

too,

 

be-
cause

 

rainstorm s

 

carry

 

large

 

am ounts

 

of

 

fine-

grained

 

m aterial

 

into

 

the

 

lakes.

 

A

 

com parison

 

of

 

the

 

three

 

lake

 

system s

 

shows

 

approxim ately

 

linear

 

increases

 

for

 

N a,

 

K,

 

Al

 

and

 

M g

 

from

 

T A M

 

to

 

T A P

 

to

 

TiN

 

w hen

 

plotted

 

against

 

B.

 

Other

 

cation

 

ratios

 

differ

 

considerably

 

betw een

 

the

 

lakes

 

(Fig.

 

5;

 

Tables

 

2-4),

 

including

 

elem ents

 

not

 

present

 

in

 

m inerals

 

saturated

 

in

 

the

 

lakes.

 

Strong

 

deviations

 

from

 

a

 

linear

 

trend

 

are

 

found

 

for

 

Ca

 

and

 

Fe

 

and

 

TiN

 

is

 

depleted

 

in

 

these

 

elem ents

 

relative

 

to

 

the

 

other

 

lakes,

 

possibly

 

a

 

re-

sult

 

of

 

precipitation

 

of

 

pyrite

 

and

 

gypsum.

 

The

 

roughly

 

linear

 

com positional

 

trends

 

for

 

several

 

elem ents

 

in

 

the

 

three

 

lakes

 

either

 

suggest

 

an

 

ap-
proxim ately

 

com m on

 

fluid

 

input

 

for

 

cations

 

and

 

anions

 

(a

 

volcanic/hydrotherm al

 

fluid)

 

or

 

the

 

m ore

 

strongly

 

acidified

 

lake

 

w aters

 

dissolved

 

a

 

propor-

tionately

 

larger

 

m ass

 

of

 

rock.

 

The

 

S O L V E Q

 

m odeling

 

indicates

 

that

 

no

 

com m on

 

alteration

 

products

 

(clays

 

or

 

m icas)

 

are

 

stable

 

in

 

the

 

lake

 

w aters

 

(except

 

the

 

approxim ate

 

pyrophyllite

 

stability

 

in

 

TA M ).

 

Possibly,

 

prim ary

 

rock

 

m inerals

 

dissolved

 

only

 

slightly

 

and

 

congru-

ently

 

in

 

the

 

hyper-acid

 

fluids.

 

Alternatively,

 

hy-

drotherm al

 

fluids

 

that

 

w ere

 

produced

 

by

 

w ater-

Table

 

10.

 

Rock-to-fl uid

 

elem ent

 

transfer

 

ra-
tios

 

(ETR,

 

in

 

%)

 

TAP

 

TrN

 

TAM

 

Mg

 

Li

 

B

 

As

 

Zn

 

Na

 

K

 

Ca

 

Al

 

Fe

 

Si

 

Ba

 

Ti

 

Zr

 

Cu

 

Sr

 

P

 

Mn

 

Cr

 

Co

 

Ge

 

Ni

 

l

 

OO

 

244

 

30200

 

4388
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lOO
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5.

 

Cation

 

versus

 

B

 

relations

 

for

 

the

 

three

 

lakes.

 

The

 

elements

 

Na,

 

K,

 

M g,

 

and

 

A/

 

show

 

approxim ately

 

linear

 
relations  whereas  Fe  and  Ca  show  strongly  kinked  curves.  

rock

 

interaction

 

outside

 

the

 

lake

 

system

 

m ay

 

have

 

becom e

 

diluted

 

by

 

the

 

lake

 

w aters

 

and

 

so

 

pro-
duced

 

fluids

 

undersaturated

 

in

 

com m on

 

second-

ary

 

phases.

 

W e

 

can

 

use

 

a

 

qualitative

 

elem ent

 

m ass

 

bal-

ance

 

expression

 

if

 

w ater-rock

 

interaction

 

takes

 

place

 

predom inantly

 

inside

 

the

 

lake

 

system :

 

sedim ent

 

+

 

cations-in-1ake-fluids

 

=>

 

original

 

rocks.

 

The

 

lake

 

sedim ents

 

are

 

m ade

 

up

 

of

 

altered

 

rock

 

debris

 

and

 

m inor

 

am ounts

 

of

 

newly

 

precipitated

 
phases.

 
The

 
scoria

 
sam ple

 
and

 
ashes

 
from

 
the
 

TA M

 

crater

 

w alls

 

serve

 

as

 

possible

 

rock

 

protoliths

 

for

 

dissolution

 

and

 

w ater-rock

 

interaction

 

(Table

 

5).

 

W e

 

norm alized

 

the

 

rock

 

and

 

sedim ent

 

analy-

ses

 

on

 

a

 

S-free

 

basis

 

for

 

these

 

m ass

 

balance

 

con-
siderations.

 

O ne

 

endm em ber

 

m odel

 

is

 

to

 

consider

 

congru -
ent

 

rock

 

dissolution

 

in

 

the

 

acid

 

lake

 

fluids.

 

C ation

 

concentrations

 

in

 

the

 

fluids

 

can

 

be

 

predicted

 

for

 

congruent

 

rock

 

dissolution

 

using

 

"elem ent

 

transfer

 

ratios"

 

or

 

"ETR "

 

(Table

 

10).

 

The

 

ETR

 

values

 

are

 

the

 

m easured

 

concentrations

 

in

 

the

 

fluid

 

divided

 

by

 

those

 

predicted

 

from

 

congru ent

 

rock

 

dissolution

 

assuming

 

that

 

M g

 

is

 

quantitatively

 

transferred

 

from

 

the

 

rock

 

into

 

the

 

fluid

 

(see

 

e.g.,

 

G iggenbach,

 

1

 

974).

 

Elem ents

 

with

 

an

 

ETR

 

of

 

I

 

OOo/o

 

are

 

quan-
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titatively

 

transferr ed

 

into

 

the

 

fluid;

 

elem ents

 

with

 

an

 

ETR

 

>

 

100010

 

m ay

 

have

 

been

 

contributed

 

by

 

the

 

volcanic

 

gas

 

phase

 

or

 

through

 

non-congru ent

 

rock-dissolution

 

that

 

left

 

M g

 

behind,

 

w hereas

 

ETR

 

<

 

I

 

OOolo

 

suggest

 

precipitation

 

of

 

a

 

m ineral

 

phase

 

with

 

that

 

elem ent

 

or

 

w ater-rock

 

interaction

 

with

 

incom plete

 

elem ent

 

transfer.

 

The

 

elem ents

 

Li,

 

B,

 

As,

 

Pb,

 

and

 

Zn

 

have

 

very

 

high

 

ETR's

 

and

 

m ay

 

be

 

largely

 

derived

 

from

 

a

 

high-tem peratur e

 

volcanic

 

gas

 

com ponent,

 

together

 

with

 

S

 

and

 

the

 

halogens

 

(Sym onds

 

et

 

al.,

 

1987,

 

1

 

992;

 

Thom as

 

et

 

al.,

 

1

 

982).

 

Cu

 

is

 

depleted

 

in

 

the

 

TA P

 

and

 

TiN

 

Iake

 

fluids,

 

although

 

it

 

is

 

also

 

en-

riched

 

in

 

volcanic

 

gases

 

(Sym onds

 

et

 

al.,

 

1992;

 

R ose

 

et

 

al.,

 

1982;

 

V arekam p

 

et

 

al.,

 

1986;

 

Low enstern

 

et

 

al.,

 

1

 

991).

 

The

 

TA P

 

and

 

TiN

 

sedi-

m ents

 

are

 

enriched

 

in

 

Cu

 

com par ed

 

to

 

the

 

andesitic

 

scoria

 

and

 

SO LV EQ

 

m odeling

 

predicts

 

the

 

satu -
ration

 

of

 

Cu

 

m inerals

 

at

 

low

 

Eh.

 

Probably,

 

Cu

 

is

 

extracted

 

from

 

the

 

lake

 

fluids

 

through

 

m ineral

 

precipitation.

 

The

 

TA M

 

fluids

 

have

 

low

 

E TR

 

for

 

Fe

 

and

 

the

 

SO LV E Q

 

output

 

predicts

 

satu ration

 

with

 

Fe-bearing

 

phases;

 

the

 

TA M

 

sedim ents

 

have

 

indeed

 

a

 

strong

 

Fe

 

enrichm ent.

 

O nly

 

0.7

 

to

 

4.5

 

percent

 

of

 

the

 

expected Si

 

an d

 

Ba

 

and

 

half

 

the

 

expected

 

am ount

 

of

 

Sr

 

is

 

found

 

in

 

solution

 

in

 

the

 

tw o

 

m ost

 

acidic

 

lakes.

 

Precipitation

 

of

 

silica

 

m inerals,

 

barite

 

and

 

strontianite,

 

as

 

predicted

 

by

 

the

 

SO L V EQ

 

calculations, m ay

 

be

 

the

 

cause

 

of

 

these

 

depletions,

 

but
 

TA P
 

sedim ents

 

are

 

not

 

en-

riched

 

in

 

Sr,

 

Ba

 

and

 

Si

 

with

 

respect

 

to

 

the

 

scoria

 

and

 

the

 

ashes

 

(Table

 

5)

 

and

 

the

 

SEM /ED S

 

analy-

ses

 

show

 

little

 

evidence

 

for

 

the

 

presence

 

of

 

pure

 

silica

 

phases.

 

U se

 

of

 

the

 

fine

 

ash

 

as

 

a

 

protolith

 

provides

 

ETRS

 

<

 

I

 

OO

 

for

 

all

 

elem ents,

 

but

 

it

 

is

 

unlikely

 

that

 

this

 

fine

 

ash

 

is

 

the

 

only

 

protolith

 

in

 

the

 

system .

 

The

 

ETR

 

approach

 

thus

 

show s

 

that

 

congru ent

 

dissolution,

 

if

 

occurring,

 

is

 

not

 

the

 

only

 

process

 

operating.

 

C ation

 

ratios

 

in

 

the

 

sedim ents,

 

protoliths

 

and

 

fluids

 

show

 

that

 

both

 

the

 

sedim ents

 

and

 

fluids

 

are

 

relatively

 

enriched

 

in

 

A l

 

com pared

 

w ith

 

the

 

protoliths,

 

suggesting

 

an

 

"extern al"

 

elem ent

 

sour ce.

 

The

 

sedim ents

 

and

 

ashes

 

are

 

poor

 

in

 

M g

 

com pared

 

with

 

the

 

TA P

 

and

 

TiN

 

fluids

 

and

 

the

 

scoria

 

sam ple

 

(Fig.

 

6).

 

Silica

 

is

 

depleted

 

in

 

the

 

fluids

 

and

 

show s

 

no

 

enr ichm ents

 

in

 

the

 

sedim ents

 

relative

 

to

 

the

 

protoliths.

 

The

 

Si

 

concentrations

 

in

 

the

 

thr ee

 

lakes

 

are

 

higher

 

than

 

equilibrium

 

saturation

 

values

 

w ith

 

cry stalline

 

silica

 

phases

 

(but

 

unsatur ated

 

with

 

re-
spect

 

to

 

am orp hous

 

silica),

 

and

 

possibly

 

the

 

flu-
ids

 

interacted

 

outside

 

the

 

lak es

 

with

 

cry stalline

 

silica

 

m inerals

 

at

 

a

 

higher

 

tem perature.

 

T he

 

N a/K

 

tem peratures

 

of

 

the

 

lake

 

fl uids

 

(Fournier

 

and

 

T ru esdell,

 

1973)

 

are

 

>150'C,

 

m uch

 

higher

 

than

 

m easured

 

lake

 

tem peratu res,

 

but

 

it

 

is

 

unclear

 

if

 

this

 

geotherm om eter

 

can

 

be

 

used

 

in

 

these

 

hyper-

acid

 

system s.

 

Taken

 

all

 

this

 

evidence

 

together,

 

it

 

seem s

 

that

 

the

 

lakes

 

draw

 

a

 

cation

 

flux

 

from

 

out-

side

 

the

 

lake

 

system .

 

M G

 

N A +

 

K

 

O

 

T

 

AM

 

O

 

TAM

 

TAM

 

O

 

rockS

 

~ ~

 

f ¥ o ckS

 

QOOo,:

 

t~= ~ ;~ ; ~

 

TAM

 

o

 

A L

 

'

 

se d.

 

C A

 

Fig.

 

6.

 

Na+K -Al-M g

 

and

 

Na+K-Al-Ca

 

relationships

 

between

 

rock

 

protoliths

 

(dots,

 

including

 

a

 

feldspar

 

and

 

a

 

volcanic

 

glass

 

analysis),

 

Iakefl uids

 

(open

 

circles

 

and

 

open

 

squares),

 

Iake

 

sediments

 

O~illed

 

squares)

 

and

 

dissolved

 

cations

 

over

 

the

 

period

 

1989-1992

 

(stars).
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W e

 

calculated

 

the

 

total

 

dissolved

 

elem ent

 

quantities

 

from

 

the

 

differences

 

in

 

cation

 

concen-

trations

 

over

 

1

 

989-1992

 

(Table

 

9).

 

W e

 

also

 

cal-

culated

 

equivalent

 

digested

 

rock

 

m asses,

 

again

 

based

 

on

 

quantitative

 

M g

 

transfer

 

from

 

rocks,

 

sim ilar

 

to

 

the

 

E TR

 

approach,

 

but

 

now

 

based

 

on

 

the

 

am ount

 

of

 

dissolved

 

rock

 

over

 

a

 

3

 

year

 

period

 

instead

 

of

 

the

 

instantaneous

 

dissolved

 

cation

 

con-

centrations.

 

The

 

total

 

am ount

 

of

 

M g

 

dissolved

 

in

 

three

 

years

 

obtained

 

from

 

the

 

difference

 

in

 

con-
centration

 

m ultiplied

 

by

 

lake

 

volum e

 

w as

 

recal-

culated

 

as

 

a

 

m ass

 

of

 

rock

 

with

 

M g

 

contents

 

of

 

the

 

scoria

 

sam ple.

 

C om parison

 

of

 

the

 

dissolved

 

rock

 

com ponent

 

with

 

the

 

rock

 

protoliths

 

show s

 

severe

 

m isfits:

 

TA M

 

has

 

a

 

strong

 

excess

 

dem and

 

for

 

N a

 

and

 

Fe,

 

w hereas

 

T A P

 

has

 

an

 

excess

 

dem.and

 

for

 

A1

 

and

 

Fe.

 

The

 

com positions

 

of

 

these

 

dissolved

 

rock

 

m asses

 

are

 

show n

 

as

 

stars

 

in

 

Fig.

 

6,

 

indicat-

ing

 

that

 

over

 

the

 

period

 

1

 

989-1992

 

no

 

congru ent

 

dissolution

 

of

 

the

 

com m on

 

rock

 

types

 

occurred.

 

W e

 

saw

 

earlier

 

that

 

the

 

TA P

 

sedim ents

 

are

 

also

 

relatively

 

enriched

 

in

 

A 1,

 

confinning

 

the

 

lack

 

of

 

intem al

 

m ass

 

balance

 

for

 

Al

 

in

 

TA P.

 

TiN

 

shows

 

evidence

 

for

 

loss

 

ofN a,

 

C a

 

and

 

K

 

over

 

the

 

period

 
1

 
989-1992,

 
w hereas

 
Fe,

 
A1,

 
and
 

M g
 

w ere
 

gained.
 

W e

 

conclude

 

that

 

the

 

cation

 

contents

 

of

 

the

 

lakes

 

are

 

not

 

sim ply

 

derived

 

fr om

 

in-situ

 

dissolu-
tion

 

of

 

the

 

rock

 

protoliths,

 

although

 

w e

 

cannot

 

exclude

 

that

 

sm all

 

degrees

 

of

 

in-situ

 

congru ent

 

solution

 

of

 

a

 

mixture

 

of

 

ashes

 

and

 

m ore

 

m afic

 

rock

 

particles

 

(scoria)

 

contributed

 

to

 

the

 

cation

 

contents.

 

Som e

 

elem ents

 

m ust

 

have

 

been

 

derived

 

from

 

an

 

extern al

 

source

 

(e.g.,

 

Al)

 

and

 

part

 

of

 

the

 

silica

 

m ay

 

be

 

"m issing",

 

that

 

is,

 

not

 

in

 

the

 

sedi-
m ents

 

and

 

not

 

in

 

the

 

fluid.

 

W e

 

suggest

 

that

 

the

 

lakes

 

are

 

not

 

closed

 

system s,

 

but

 

derive

 

part

 

of

 

their

 

cation

 

load

 

from

 

a

 

deeper

 

geotherm al

 

sys-
tem

 

in

 

the

 

m oun tain.

 

Possibly,

 

the

 

lake

 

fluids

 

cir-

culate

 

through

 

the

 

m ountain,

 

react

 

with

 

rocks

 

and

 

leave

 

silica-rich

 

precipitates

 

behind,

 

and

 

acquire

 

other

 

elem ents

 

w hich

 

are

 

then

 

circulated

 

back

 

into

 

the

 

lakes

 

or

 

escape

 

on

 

the

 

flank s.

 

The

 

acid

 

fluids

 

in

 

the

 

river

 

system

 

m ay

 

be

 

diluted

 

TiN

 

fluids

 

(about

 

14010)

 

but

 

then

 

have

 

too

 

high

 

cation

 

contents

 

and

 

a

 

pH

 

that

 

is

 

too

 

high.

 

Possibly,

 

the

 

acid

 

fluids

 

reacted

 

with

 

rocks

 

during

 

their

 

subterranean

 

travel,

 

w hich

 

raised

 

the

 

pH

 

and

 

increased

 

the

 

m ajor

 

cat-
ion

 

loading.

 

The

 

Ai

 

M utu

 

fluids

 

were

 

sam pled

 

further

 

dow nhill

 

and

 

m ay

 

be

 

a

 

m ixture

 

of

 

several

 

acid

 

source

 

fluids.

 

C ONCLUSIONS

 

The

 

above

 

peru sal

 

of

 

the

 

available

 

data

 

on

 

the

 

three

 

K eli

 

M utu

 

lakes

 

provides

 

us

 

with

 

som e

 

constraints

 

on

 

the

 

origin

 

of

 

the

 

K eli

 

M utu

 

fluids

 

and

 

the

 

hydrology

 

of

 

the

 

crater

 

system .

 

The

 

three

 

lakes

 

have

 

w aters

 

of

 

dram atically

 

different

 

com -

position

 

and

 

thus

 

fluid

 

exchange

 

betw een

 

the

 

lakes

 

has

 

to

 

be

 

extrem ely

 

lim ited.

 

D uring

 

this

 

century ,

 

TA M

 

has

 

seen

 

an

 

overall

 

decrease

 

in

 

ion

 

concen-

trations,

 

TA P

 

has

 

seen

 

a

 

build-up

 

in

 

concentrations

 

(with

 

fluctuations),

 

and

 

TiN 's

 

com position

 

has

 

fluctuated

 

m ore

 

widely.

 

The

 

dilution

 

of

 

TA M

 

was

 

accom panied

 

by

 

the

 

disappearance

 

of

 

subaerial

 

fu m aroles,

 

pointing

 

to

 

a

 

w aning

 

input

 

of

 

volcanic-

hydrothern ral

 

fluids

 

into

 

that

 

section

 

of

 

the

 

Keli

 

M utu

 

crater

 

system.

 

It

 

also

 

indicates

 

that

 

the

 

lake

 

fluids

 

gradually

 

seep

 

out

 

of

 

the

 

lakes

 

and

 

are

 

re-
placed

 

by

 

rainw ater.

 

The

 

presence

 

of

 

acid-chloride-
sulfate

 

fluids

 

in

 

a

 

river

 

on

 

the

 

m ountain

 

flank

 

suggests

 

leakage
 

from
 

the
 

lakes,
 

although
 

fluid
 

escape
 
from an

 
acid

 

system

 

that

 

is

 

also

 

feeding

 

the

 

lakes

 

cannot

 

be

 

excluded.

 

TiN

 

and

 

T A P

 

are

 

convectively

 

stirred,

 

but

 

TA M

 

seem s

 

quiet

 

at

 

present

 

and

 

m ay

 

be

 

stratified.

 

A s

 

such,

 

T A M

 

m ay

 

have

 

the

 

greatest

 

potential

 

for

 

accum ulated

 

C0 2

 

in

 

the

 

bottom

 

layer

 

of

 

w ater.

 

The

 

data

 

suggest

 

an

 

input

 

of

 

a

 

hot

 

volcanic

 

fluid

 

rich

 

in

 

S

 

and

 

the

 

halogens

 

in

 

TiN,

 

a

 

sm aller,

 

possibly

 

com positionally

 

different

 

input

 

in

 

TA P

 

and

 

a

 

very

 

sm all

 

input

 

(if

 

any)

 

in

 

TA M .

 

The

 

in-

flux

 

of

 

C u,

 

possibly

 

from

 

these

 

volcanic

 

fluids,

 

m ay

 

be

 

trapped

 

in

 

the

 

lakes

 

and

 

C u

 

is

 

precipitated

 

with

 

A s

 

in

 

the

 

sedim ents,

 

but

 

no

 

strong

 

A u

 

en-

richm ents

 

w ere

 

observed.

 

The

 

lakes

 

m ay

 

be

 

m odern

 

analogs

 

of

 

system s

 

that

 

deposited

 

shallow

 

Cu

 

ores

 

in

 

the

 

past,

 

sim ilar

 

to

 

the

 

periferal

 

zones

 

of

 

the

 

W hite

 

Island

 

volcano-hydr otherm al

 

system

 

(H edenquist

 

et

 

al.,

 

1993).

 

The

 

m inim um

 

volcanic

 

elem ent

 

flux

 

of

 

about

 

30-50

 

tons

 

S02/day

 

is

 

in

 

the

 

low er

 

range

 

for

 

ac-



Keli

 

M utu

 

crater

 

lakes,

 

Indonesia

 

261

 

tive,

 

passively

 

degassing

 

arc

 

volcanoes

 

(Casadevall

 

et

 

al.,

 

1984),

 

but

 

the

 

tru e

 

m ass

 

fluxes

 

are

 

larger

 

because

 

these

 

estim ates

 

are

 

based

 

on

 

static

 

lake

 

system s.

 

Sinks

 

for

 

sulfur

 

m ay

 

be

 

seepage

 

and

 

precipitation

 

of

 

native

 

sulfur

 

and

 

gypsum /anhy-
drite

 

.

 

V arious

 

indications

 

(e.g.,

 

elem ent

 

ratios

 

in

 

w ater,

 

Iack

 

of

 

closure

 

in

 

m ass

 

balance

 

m odeling

 

of

 

sedim ents

 

and

 

fluids

 

versus

 

dissolved

 

rocks)

 suggest  that  the
 

lakes
 
receive

 
a

 
cation

 
input  from

 

below

 

the

 

lake

 

in

 

addition

 

to

 

their

 

cation

 

loading

 

from

 

rock

 

dissolution

 

within

 

the

 

lake.

 

The

 

total

 

elem ent

 

inventories

 

in

 

the

 

lakes

 

are

 

substantial

 

and

 

m ay

 

represent

 

m ass

 

transfer

 

on

 

the

 

order

 

of

 

I

 

09-

1

 

Olo

 

gram s/year.

 

Such

 

acid

 

brine

 

system s

 

can

 

alter

 

a

 

large

 

part

 

of

 

a

 

volcanic

 

m ountain

 

within

 

I

 

0,000

 

years

 

and

 

transport

 

tonnes

 

of

 

m etals

 

within

 

a

 

few

 

centuri

 

es.
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