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Abstract: Surface water manifestations in the vicinity of the Inielika volcano complex have
been investigated by the geochemical analysis of samples obtained from spring and river waters
located on an almost straight line connecting the summit of the volcano, manifestations at
lower altitudes in the Gou area and manifestations at still lower altitudes in the Mengeruda
area with a maximum distance about 12 km east of the volcano. All water samples have been
analyzed for major and trace elements.

The concentrations of major, trace and rare-earth elements of the water geothermal manifes-
tations are temperature and pH dependences. They are also controlled by the nature of the
complexation ligands, the patterns of the original primary minerals in rock that is subject to
leaching or dissolution, glass and magmatic minerals, the dominant phases that control REE
behaviour in volcanic areas, fractionation of secondary minerals during rock alteration, and a

combination of mechanisms, which can be easily envisaged under natural conditions.

1. Introduction

Surface manifestations of volcanic-hydrothermal
systems generally consist of steaming grounds, boil-
ing mud pools or acid spring or gas emissions at
the summit of volcano that are enriched in SO.,
H.S, HCI and CO; (e.g., Giggenbach and Soto, 1992).
Sometimes the manifestations appear as acid crater
lakes fed by fumaroles, in the cases at Ijen volcano
in East Java (Delmelle et al, 2000) and Patuha vol-
cano in West Java (Sriwana et al, 2000). The com-
position of such waters is generally considered to be
controlled by magmatic degassing of volatiles.
Springs on the flanks of volcanoes often show a
succession of water types, whereby acid water is
discharged at higher altitudes and more neutral
water at lower levels. In many cases, there are rela-
tions on the mixing of acid fluid with a magmatic
component and neutral water of meteoric origin.

This report presents the results of the geochemical
study of water manifestations around the Inielika
volcano complex. The area shows a diversity of
manifestations ranging from acid hot springs to
neutral waters. Principal objectives of this work
were to determine the chemical nature of the wa-
ters, identify their mutual relations and origin, and
assess the extent to which a chemical equilibrium
was reached with respect to major rock-forming
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minerals. For this purpose, water samples were col-
lected in June 2000 for the entire central part and
eastern foothills of the volcano and analyzed for
major and trace elements using various techniques.

2. Geological setting and history of
volcanic activity

The study area comprises the Inielika volcano and
its surroundings near Bajawa in the Ngada District,
central Flores (Fig. 1). The area is situated at
120°58'00"E - 121°07'30"E and 08°40'09"S - 08°45'00"S
covering approximately 190 km?®.

Inielika belongs to the row of active volcanoes in
Flores, which are predominant in andesitic lava and
pyroclastic flows affinity and eastern part of the
Lesser Sunda Arc. Other Quaternary volcanoes in
the vicinity of Inielika are Inierie and Ebulobo.

According to historical records, Inielika volcano
has erupted three times, in 1905, 1908, and most re-
cently in 2001. In November 1905, a sudden explosive
eruption occurred. The eruption was probably a
phreatic explosion. Akbar (1984 in Alzwar 1990) rec-
ognized mud and tephra deposits, which were sup-
posedly generated by the phreatic character of the
eruption. Kemmerling (1929) documented that a gas
eruption occurred in 1908. Steam explosions have
been observed in several places producing gas, ash
and fragments of (altered) rocks, which damaged
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Fig. 1 Field setting and sample locations.

the vegetation in the vicinity. Trees around the cra-
ter were burnt.

Information on the most recent eruption of
Inielika on January 11 - 16, 2001 has been given in
VSI's weekly Report No. 599 (January 16 - 22, 2001).
An ash explosion reached an altitude of 100 - 1000
m above the volcano. Two new craters trending SE-
NW were formed. The SE crater has a 10 m deep
hole with diameter of 50 m. The bottom of the cra-
ter is 20 m in diameter and closed. An ash plume
appeared from the northern crater wall and was
blown away to the south. The NW crater has a di-
ameter of 20 m and depth of 1.10 m. The crater bot-
tom 1is closed. An ash plume was ejected vertically.

The erupted material contains light-grey ash and
lapilli. It fell as far as 500 m from the eruption
point. The fumarolic temperature was 95 °C whereas
the ground temperature near the fumarole location
was 89 °C.

3. Analytical methods
3.1 Field methods

Field data on the manifestations of the Inielika
volcano complex, which included observations in the
Gou and Mengeruda areas on the eastern flank of
the volcano, were compiled in June 2000.

Visual characteristics of the water manifestations
were documented and some physical properties were
directly measured in the field including water and
air temperatures (by thermocouple EIRELEC, LTD,
range -65 to 1150 °C), water flow rates and pH of
the waters (by HANNA INSTRUMENT, type HI

8424 MICROCOMPUTER pH meter).

Water samples were collected and prepared for
analysis following the procedures outlined in Mahon
(1977). Each water sample consisted of three bottles.
One 200 ml bottle of original untreated water was
taken for the measurement of conductivity and the
bicarbonate concentration. For other purposes, the
water was directly filtered in the field through 0.45
um millipore filters. One 100 ml bottle was kept for
analysis of the major anions and one 100 ml bottle
was acidified by HNO; conc. until a pH of 2 was
reached, which was tested by universal pH paper.
The bottles were marked with the location, name of
the manifestation and information on the sample
treatment.

3.2 Laboratory methods

Conductivity of the original water sample was
measured with a conductivity meter (CHEMTRIX,
TYPE 700, HILLSBORO OERE USA, range 0 - 20000
(#S/cm), and bicarbonate contents were determined
by titration based on an acidic-basic solution
method (pH 4.2 alkalinity). Both determinations
were conducted in the VSI laboratory in Bandung.

Other chemical components were analyzed between
January and April, 2001 using different techniques
at the Laboratory of Chemical Analysis, Faculty of
Earth Sciences, Utrecht University.

Concentrations of the major anions fluoride (F°),
chloride (Cl’), bromide (Br’) and sulfate (SO/) were
determined by ion chromatography (IC) using a
Dionex Dx-120 instrument.

The system was optimized for analyzing concen-
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trations within the range of 0 - 8 mg/kg for F-, 0
- 200 mg/kg for Cl, 0 - 25 mg/kg for Br and 0 -
500 mg/kg for SO..

Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES) was used to determine the
concentrations of major cations and some minor ele-
ments: Al, B, Ba, Co, Cu, Fe, K, Li, Mg, Mn, Na,
Ni, S, Si, Sr, V and Zn.

Trace elements, in particular the rare earth ele-
ments (REE) were determined by ICP-MS because
this instrument has lower detection limits and is
more sensitive than the ICP-AES technique. The
complete spectrum of REE was analyzed including
the light rare earth elements (LREE) La, Ce, Pr,
Nd, Sm , and Eu, and heavy rare earth elements
(HREE) Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu.

ICP-MS analyses were performed after data on
major cations, anions and conductivity were avail-
able for each sample, based on IC and ICP-AES
analysis. The total concentration of all elements in
a single sample could be around 100 - 200 mg/kg. If
necessary, samples were diluted with a volume of
distilled water up to 10 ml which was acidified with
ultra-pure nitric acid.

4. Results

4.1 Sampling locations and field data

Thirteen water manifestations in the area of
Inielika volcano, distributed between the volcano
summit and the areas of Gou, Piga and Mengeruda
to the east (Fig. 1) were investigated and water
samples were collected from all these locations.
Elevations range between 1405 m a.s.l. at the sum-
mit of Inielika to 275 m a.sl. in the Mengeruda
area.

The sampling sites are from high to low eleva-

tions as follows:

1. Inielika summit area: one sample of acid water
from a cold spring (mada)

2. Gou area: three samples of acid water from
hot springs (mapal, mapaZ2, mapa3)

3. Gou area: one sample of neutral cold water
from Waepunga river (sadnl)

4. Mengeruda area: two samples of acid water
from hot springs (mapa4, mapad)

5. Mengeruda area: three samples of hot water
from the Waebana river, representing mix-
tures of hot-spring and river water (smapal,
smapaZ, smapa3)

6. Mengeruda area: one sample of neutral water
from a hot spring near Waewutu river (imapn)

7. Mengeruda area: one sample of neutral cold
water from Waewutu river (sadn2)

8. Mengeruda area: one sample of acid cold water
from Waewutu river after the confluence with
Waebana river (sada)

Field data are compiled in Table 1. Maximum
temperatures of 47.3 °C were observed in the acid
springs of the Gou area, where pH values range be-
tween 2.7 and 3.7. The acid hot springs in the
Mengeruda area have similar characteristics (T=41 -
44 °C and pH=3.2 - 3.4) as those of the Gou group.
The pH of samples that represent mixtures of the
Waebana river and hot springs is similar (3.4) to
that of the acid hot springs in the area, whereas
temperatures are somewhat lower (32.5 - 42.5 °C). The
influence of the Waebana river water on the charac-
teristics of the Waewutu river is clearly observed at
the sada location after the confluence where the pH
of the originally neutral Waewutu water (pH=6.6)
dropped to a value of 4.5.

In terms of temperature and acidity, the water
from the spring in the summit area of Inielika
(mada) 1s an exception, as it 1s the only acid
(pH=3.9) spring water that is not warm (T=19.1 °C).

4.2 Laboratory data
Major and trace element contents of all water
samples are given in Table 1.

4.2.1 Major element contents

Only the neutral samples showed measurable bi-
carbonate contents (obtained in June 2000 in the
Bandung Laboratory) whereas bicarbonate was not
detected in the other samples.

Concentrations of the other anions F, Cl, Br, and
SO, (Table 1) largely correlate with pH, as they are
highest in the most acid waters, with maximum val-
ues being observed in one of the Gou springs (1737
mg/kg sulfate, 339 mg/kg chloride, 3.2 mg/kg fluo-
ride and 0.54 mg/kg bromide). The acid Inielika
spring 1s an exception because it only shows rela-
tively high sulfate concentrations (653 mg/kg),
whereas the other anions, including chloride, are
low.

A plot of the concentrations in the CI-SO,-HCO;,
triangle diagram of Giggenbach (1988) shows that
all hot spring waters can be classified as sulfate-
type except for the only neutral hot spring (mapn)
in the Mengeruda area, which has a typical bicar-
bonate nature (Fig. 2).

Plots of chloride and fluoride against sulfate
(Figs. 3 and 4) show good correlations for the hot-
spring and spring-fed river waters. Highest values
are observed in two samples of the Gou springs.
The S-Cl and S-F correlations suggest that trends
in the direction of waters are influenced by magma-
derived components.

The concentrations of major cations tend to corre-
late with pH and/or temperature. The SiO; contents
(calculated from Si concentrations as produced by
the ICP-AES technique) range between 93 and 150
mg/kg. As illustrated in Figs. 5 and 6, the highest
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Table 1 Field data and composition of water samples. nd:not detected, <dl:below detection limit.
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Fig. 4 Relationship of sulfate vs. fluoride contents for
spring waters and spring-fed river saters.

values are found in waters with the lowest pH and
highest temperatures, assuming the Inielika spring
sample 1s ignored. The latter is relatively rich in
Si0..

The Na-K-Mg diagram of Giggenbach (1988)
shows that all waters plot in the lower right Mg-
corner (Fig. 7), implying that they should be consid-
ered as immature waters.

Aluminum and iron concentrations strongly de-
pend on pH, as can be expected (Figs. 8 and 9). Both
elements were not detected in the neutral waters by
ICP-AES. Interestingly, the acid Inielika spring con-
tains a relatively high amount of Al (64 mg/kg),
whereas Fe remained below the detection limit. With
some exceptions, the Mengeruda and Gou waters
tend to be higher in Fe and Al

4.2.2 Trace element contents

Trace elements data, obtained by ICP-MS analysis
include Li, B, Ti, Mn, Sr, Ti, Co, Ni, Cu, Zn, Rb,
Zr, Nb, Mo, Cd, Sn, Sb , Ba, Pb, Th, U and the
REE. Strontium was also analyzed by ICP-AES, and
the results from both techniques are generally in
agreement. Results are given in Table 1.

In most cases, the trace-element contents are low-
est in the neutral waters (e.g. rivers and neutral hot
spring mapn) and highest in the acid waters.
Highest concentrations are generally observed in one
of the acid hot springs in the Gou area (mapa3).
Large variations exist for B (2757 ug/kg in mapa3
against 40 ug/kg in sadn2), Ti (210 and 37 ug/kg),
Mn (1560 and 4.9 ug/kg), Zn (105 and 14 ug/kg), Rb
(96 and 13 ug/kg), Sr (775 and 90 ug/kg), Th (5.09
and 0.009 ug/kg), and the REEs. The neutral hot
spring in the Mengeruda area (mapn) is character-
ized by very low concentrations of virtually all trace
elements. In nearly all samples, Zr, Nb, Ta, Mo, Ni,
Co, Cd, Sn and Sb show very low concentrations,
often below detection limits.

In terms of trace elements, the Inielika spring (
mada) 1s again an exception as it shows signifi-
cantly deviating concentrations (Table 1). It has un-
commonly high concentrations of Li, Co, Ni, Cu, Zn
and U, which fall far outside the range observed in
the other waters.

The abundances of total REEs vary between 112
ug/kg in the most acid hot spring of the Gou area
(mapad3) and 0.002 ug/kg in the neutral Waepunga
river on the flank of Inielika (sadnl). The neutral
hot spring along Waewutu river has low REE con-
centrations of 0.02 ug/kg.

The REE abundances have been normalized to
chondritic values and the resulting patterns are dis-
played in Figs. 10 and 11, where the REEs are plot-
ted in order of increasing atomic number (LREE on
the left and HREE on the right) against the loga-
rithm of the ratio of the concentrations in sample
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Fig. 7 Relative Na-K-Mg concentrations of hot springs.
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and chondrite. With the exception of the neutral
sample sadnZ wherein REE concentrations are very
low, all samples show smooth patterns proving the
overall good quality of the REE data. Other neutral
waters were not plotted, because the REE concentra-
tions were too low.

The data quality was also tested by calculating
the 1on balance (IB), expressed in %, whereby nega-
tive values represent an excess in anions and posi-
tive values an excess in cations (Table 1). In general,
deviations are smaller than 6 %.

5. Discussion

5.1 Neutral waters

The neutral waters (cold spring sadnl) and
Waewutu river water (sadnZ) show a very low con-
centration of the major element contents, except for
bicarbonate (100 and 117 mg/kg) and silica (106 and

93 mg/kg). These values are common for subsurface
waters that have interacted with rocks under near
surface conditions.

The high bicarbonate concentration in the neutral
hot spring (mapn), could be explained by the addi-
tion of CO; gas of magmatic origin (in absence of
H.S gas), oxidation of organic matter (the location
is close to the rice fields) or supply of CO. from the
air.

In other cases high bicarbonate contents can be
produced by the dissolution of carbonates, but there
is no evidence for the presence of carbonate rocks in
the subsurface of the Inielika area.

5.2 Acid waters

All acid waters from hot springs and warm rivers
in both the Gou and Mengeruda areas show similar
characteristics. The acidity is largely due to sulfate
but chloride and some fluoride are present as well.
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Good correlations between sulfate and these halo-
gens suggest that all these waters have a compo-
nent in common. In many areas of active volcanism,
S, Cl and F originate from the degassing magma at
depth. Infiltration of magma-derived gas into the
groundwater of meteoric origin produces acid water
that sometimes occurs as acid crater lakes or acid
springs. The correlations mentioned above suggest
that the hot acid waters represent mixtures of acid
fluids of magmatic origin with shallow neutral
water of meteoric origin. The distances between the
Gou and Mengeruda areas indicate that all the
manifestations could be fed by one single (magmatic)
hydrothermal system. The relatively low concentra-
tions of S, Cl and F suggest that the manifestations
are dominated by the meteoric component.

5.3 Inielika spring

The cold acid water of the Inielika spring near
the summit (mada) i1s clearly different from other
acid waters as high sulfate contents are accompa-
nied by very low chloride and fluoride contents.
This spring has the typical characteristics of steam-
heated water, whereby H,S-rich gas enters a small
pond in the crater, but the low temperature sug-
gests a prolonged cooling history or mixing with
cool meteoric water.

5.4 Cations

All the water samples in the Inelika complex are
immature waters plotted in the Mg corner of the
Na-Mg-K triangle (Fig. 7). This means the absence
of an equilibrium with common Na-K minerals,
which 1mplies that the application of the cation
geothermometers i1s not possible. The principal rea-
son 1s the overall acidic nature of the waters, pre-
sumably caused by enrichment of sulfate (and to a
lesser exent Cl and F) which probably has a
magmatic origin. Due to the acidic conditions,
cations may be released from minerals in the coun-
try rock.

The strong dependence of Al contents on the pH
of the water sample in the Inelika volcano complex
1s consistent with many researches on natural wa-
ters in volcanic areas and elsewhere. According to
Nordstrom (1982), the concentration of aluminum in
neutral pH waters is commonly low because it is
difficult to mobilize this element from alumino sili-
cate minerals. The transfer of aluminum from the
rock-forming minerals to the water phase has been
observed in acid mine waters, acid sulfate-bearing
soil waters, acid geothermal waters, and poorly
buffered lakes, streams and groundwater under rela-
tively acidic conditions. In geothermal systems, the
acidification is often produced by the oxidation of
sulfur-bearing species (e.g., H:S) producing SO.*.

Chen and Brantley (1997) studied the dissolution

rate of albite as a function of pH and temperature.
At pH 1 to 4.5 (in the acid water solution), signifi-
cant amounts of albite are dissolved at a tempera-
ture about 50 °C. The concentrations of Al and Na
in the solution are controlled by the dissolution re-
action:

NaAlSisOs + 4H" + 4H,0 — Na® + Al’* + 3H,SiO..
Albite

In a solution of decreasing pH, the increasing
abundance of hydrogen protons causes the reaction
to shift to the right implying an increasing produc-
tion of Na’, Al** and silicic acid.

As will be shown below, nearly all waters in the
study area are unsaturated with respect to albite,
kaolinite, and alunite ruling out the latter two reac-
tions and those discussed by Martin et al (2000). It
is speculated that rock dissolution under acid condi-
tions may be responsible for the observed Al concen-
trations, which would also be consistent with the
REE patterns.

5.5 Rare Earth Element (REE) behavior

The REE patterns shown in Figs. 10 and 11 can
be used to distinguish the origin of spring and river
waters. The patterns of two of the acid hot springs
in the Gou area (mapaZ and mapad) are similar in
shape (Fig. 10) suggesting a common origin. In both
cases, the LREE are enriched relative to the HREE.
Overall higher concentrations in mapad are corre-
lated with a lower pH. Interestingly, the pattern of
the third acid hot spring with the highest pH devi-
ates not only in the overall abundances that are
clearly lower but also in the LREE that are de-
pleted. For comparison, the REE pattern of the
nearby Inielika acid cold spring (mada) is shown as
well. It 1s clearly different from the others with
relatively low LREE abundances and only a minor
LREE/HREE ratio. In all cases, minor negative Eu
anomalies are present.

Figure 11 compares hot-spring and river waters in
the Mengeruda area. In all cases, the patterns are
relatively flat, implying little difference in the be-
havior of LREE and HREE. The acid hot-springs
(mapa4 and mapab) and mixed acid water from hot-
spring+Waebana river (smapad) show an almost
perfect overlap. These patterns are identical in shape
with that of the acid Waewutu river water after the
confluence with the Waebana river (sada). In all
cases a minor Eu anomaly can be observed. These
observations clearly show that the input from the
acid hot springs is dominated in the Waebana river.
The sada sample in the Waewutu river reflects the
contribution from the Waebana river, but overall
REE concentrations are lower because of the low
REE concentrations upstream, represented by sample
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sadn’.

In general, there are clear differences between the
REE patterns of the western (Gou area) and eastern
(Mengeruda area) manifestations. Only the Inielika
spring shows similarities with the Mengeruda wa-
ters although the patterns are not fully identical.

Since the acid hot waters in the Gou and
Mengeruda areas have quite similar water types and
element concentrations, the differences in REE pat-
terns are most likely to be explained by differences
in rock types to which the fluids were exposed.
Possibly, considering their higher LREE/HREE ra-
tios in two of the Gou waters, these REE patterns
are inherited from relatively acid (evolved) rocks
(e.g., andesites). This interpretation may also be ap-
plied to the acid cold spring in the summit area of
Inielika (mada). The deviating REE pattern of the
mapal sample in the Gou area suggests that the
REE  concentrations are influenced by local
heterogeneities in rock types in the subsurface.

Because of the relatively low F concentrations and
absence of bicarbonate, the mobility of the REE in
the acid waters of the study area is possibly en-
hanced by complexation with sulfate. The small
negative Eu anomalies that are observed in all the
samples indicate that Eu is not preferentially mobi-
lized relative to the other REE. Following the crite-
ria of Lewis et al (1997), none of the waters was
exposed to high temperatures under reducing condi-
tions. Instead, it 1s conceivable that the REE pat-
terns largely reflect original patterns of the host
rocks to which the fluids were exposed.

5.6 SOLVEQ modeling

In order to evaluate the saturation state of miner-
als from the water compositions, the SOLVEQ com-
puter program (Spycher and Reed, 1989; Reed and
Spycher, 1990) was applied on selected samples.
Concentrations are the input values. A hypothetical
(low) concentration of HS having a value of 0.01
ppm was adopted.

Results for the acid hot spring (mapad) in the
Gou area show that barite and silica phases (chal-
cedony, cristobalite, quartz, amorphous silica) are
close to or somewhat above saturation, whereas all
other minerals are undersaturated. Similar results
were obtained for the acid hot spring (mapad) in
the Mengeruda area, where pyrite is also close to
saturation. However it should be noted that the
saturation state of the latter mineral is sensitive to
the assumed input value for HS. Mineral saturation
states are also similar in the hot-spring Waebana
river mixture (smapa3), where pyrophyllite is close
to saturation as well. The acid cold spring of
Inielika shows a different pattern. Not only are bar-
ite and the silica phases saturated, but also
kaolinite and pyrophillite. This observation agrees

with the field evidence because the spring is situated
in an area of heavy rock alteration.

5.7 Hydrologic model

Figure 12 shows a hydrologic model for the study
area by integrating the results from the Gou and
Mengeruda areas. It is based on the hypothesis that
S, Cl, and F-rich gas escapes from a magma source
below the Inielika volcano. The ascending gases are
incorporated into the groundwater, producing acid
waters. These waters are thought to mix with mete-
oric recharge water in the upper part of the vol-
canic system. Afterward the mixture flows laterally
away from the center and appears as acid hot-water
manifestations in the Gou and Mengeruda areas.
Transport at relatively shallow levels and limited
buffering capacity of aquifers apparently precludes
that an equilibrium with major rock-forming miner-
als 1s attained. Additional mixing at a greater dis-
tance could involve the addition of bicarbonate
water from local sources.

6. Conclusions

Most of the manifestations produce acid-sulfate
type waters with relatively small amounts of Cl and
F. Bicarbonate type water represents a minority.
Correlations between sulfate, chloride and fluoride
suggest that the acid hot springs in the Gou and
Mengeruda areas (including Waebana river water
that is fed by hot springs) represent mixtures of a
fluid with a magmatic component and water of
largely meteoric origin. The latter mixing end mem-
ber is rather dominant. In terms of Na-K-Mg rela-
tions, the waters are immature indicating a lack of
an equilibrium with major rock-forming minerals.

Concentrations, which are particularly noticeable
for Al and Fe, remain undetected by ICP-AES in
neutral waters.

Chondrite-normalized REE  abundances show
smooth patterns with small negative Eu anomalies.
Despite the overall chemical similarity of acid hot-
spring waters in the Gou and Mengeruda areas, the
REE patterns are distinct.

The chemical composition of an acid cold spring
in the summit area of Inielika indicates that this
water significantly deviates from the other manifes-
tations and is clearly not genetically related.

The results of SOLVEQ modeling indicate that all
the acid hot-spring waters are saturated with bar-
ite, chalcedony, cristobalite, quartz, amorphous sil-
ica, and sometimes possibly pyrite. Saturation of
kaolinite and pyrophillite was only observed in the
acid cold water of the Inielika spring, which can
form with the field evidence for rock alteration.

It 1s hypothesized that S, Cl and F-rich gases es-
cape from a moving magma body below Inielika and
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Fig. 12 Tentative hydrologic model Inielika volcano complex related to cross section A-B modified after Sundhoro (1999).
Vertical scale has been exaggerated two times relative to the horizontal scale.

infiltrate water bodies in the summit region. After
the resulting acid water mixes with a meteoric com-
ponent, the mixture flows laterally towards the east
and 1s discharged as acid hot-springs in the Gou
and Mengeruda areas. Additional mixing with bicar-
bonate water from separate local systems may occur
as well.
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