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Abstract. Cuicocha is a young volcano adjacent to the inac-1 Introduction

tive Pleistocene Cotacachi volcano complex, located in the

western cordilleras of the Ecuadorian Andes. A series ofLakes, built up in a crater or caldera, are strongly influenced
eruptions with intensive ash emission and collapse of theby volcanic or post-volcanic activities such as gas emission
caldera occurred around 4500-3000y BP. A crater 3.2 km irand hydrothermal water springs or by deep seated geother-
diameter and a maximum depth of 450 m was formed. Fur-mal systems. Thus, different volcanic lake types are formed,
ther eruptions of the volcano occurred 1300y BP and formedand have been classified by their water physico-chemical
four smaller domes within the caldera. Over the last few hun-constraints by Pasternack and Varekamp (1997). These au-
dred years, a caldera lake has developed, with a maximunthors distinguished volcanic lakes with different levels of ac-
depth of 148 m. The lake water is characterized by sodiuntivity, namely cool to hot acid-brine lakes, reduced to oxi-
carbonate with elevated concentrations of manganese, catlized acid-saline lakes, acid-sulphate lakes and bursting to
cium and chloride. Nowadays, an emission of gases, mainibuoyant plume bicarbonate lakes; only neutral dilute vol-
CO,, and an input of warm spring water occur in Lake canic lakes do not show any activity. Interaction of a rising
Cuicocha. The zone of high activity is in the western basinfragmented magma with the lake water can produce violent
of the lake at a depth of 78 m, and continuous gas emissionRydromagmatic explosions that may generate very hazardous
with sediment resuspension were observed using sonar. lbase surges and a huge emission of fine ash. In lakes where
the hypolimnion of the lake, Caccumulation occurs up the water level is near to the rim, water overflow may occur
to 0.2% saturation, but the risk of a limnic eruption can be with generation of lahars and floods.

excluded at present. The lake possesses monomictic strati- An extensive survey of lake eruptions is given by Mastin
fication behaviour, and during overturn an intensive gas ex-and Witter (2000), listing in total 47 volcanoes with 275 lake
change with the atmosphere occurs. Investigations concerreruptions; they are dominated by numerous events of rela-
ing the sedimentation processes of the lake suggest only gvely few volcanoes. Base surges, lahars and floods have
thin sediment layer of up to 10-20cm in the deeper lakebeen devastating during some eruptions, but up to now no
basin; in the western bay, in the area of gas emissions, thepecific conditions are recognized to produce these hazards
lake bottom is partly depleted of sediment in the form of (Christenson, 2000; Matthews et al., 2002). The evaluation
holes, and no lake colmation exists. Decreases in the lakef the natural hazard from volcanic lakes should be focus
water level of about 30 cnTy indicate a percolation of wa-  of investigations due to the devastation of eruptions through
ter into fractures and fissures of the volcano, triggered by auch lakes.

nearby earthquake in 1987. In many volcanic areas and geothermal fields, high emis-
sions of CQ gas occur and the CQs dissolved in lake wa-

ter (Martini, 1993; Chiodini and Frondini, 2001). The accu-
mulation of CQ in volcanic lakes is a process well known
since the disaster of Lake Nyos, which was followed by in-
tensive international research to analyze the phenomenon of
gaseous eruption (Le Guern and Sigvaldason, 1989, 1990;

Correspondence td5. Gunkel Evans et al., 1994; Kusakabe et al., 2000; Kling et al., 2005).
BY (guenter.gunkel@tu-berlin.de) Under pressure, large amounts of £&e soluble in water,
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and at a depth of 100m up to 151 of pure £@as can be 7~ &g B 7 AR NS
dissolved in 11 of water at equilibrium (Colt, 1984). Con- /' TS #f'\‘“ :
sequently, a significant level of GGaccumulation can oc- ., 3 o :
cur only in deep volcanic lakes. This G@ccumulation is LS A

strongly influenced by limnological processes such as ther-; j/
mal or chemical stratification of the water body (with inhibi- -.' _¢*
tion of lake mixing and C@ degassing to the atmosphere), 7/ ”
chemical reactions of C£such as the formation and precip- =~ /.~
itation of siderite (FeCg) or calcite/aragonite (CaCpand % 4
the bacterial reduction of G{1o CH, (Schoell et al., 1988).
Up to now, the processes of G@nput in volcanic lakes and
the possible degassing or eruption mechanisms are not ye"
sufficiently understood, and many of the deep caldera lakes 4 1
with regard to their eruption risk have not yet been studied. 4}';

Worldwide 75 calderas contain one or more lakes, 24 caldera-
lakes are known to be 100 m depth, but for most the depth - /)
is unknown (Larson, 1989). AR m ]
Many Andean crater lakes are poorly investigated, al-* ,,,,,"; 0
though this is a region with a great number of active volca- - o
noes. In Ecuador, two lakes are known to be active volcanic’ - 7
lakes, the Quilotoa (Aguilera et al., 2000) and the Cuicocha /=
(von Hillebrandt and Hall, 1988), located in the high Andean "+
region>3000 m a.s.l.; both volcanoes have formed large and
deep caldera lakes. 42
The focus of this study was the integrative evaluation of ¢ ,
the Cuicocha crater lake to obtain a better understanding of/ 1“"‘ i
the lake evolution, the Cemissions and the possible haz- ,;.f)_u;,_',
ards of caldera lakes (Gunkel et al., 2008). ? %

2 Regional setting Fig. 1. Northern part of Ecuador with the crater lakes Cuicocha and
Mojanda and the glacial formed Lake San Pablo.

Lake Cuicocha is a caldera lake in the western cordilleras of
the Andes, located about 100 km north of Quito, Ecuador,
near Otavalo (Fig. 1). Itis situated 3072 ma.s.l., has a diam-
eter of 3.2km, a surface area of 3.78kand a maximum
depth of 148 m; two islands, which represent the last main
volcanic events form the central part of the caldera, Island ==
Yerovi (0.26 kn?) and Island Wolf (0.41 kfy Fig. 2).

Cuicocha is a parasitic volcano of the Cotacachi volcano,
which was active in the Pleistocene period (Fig. 3); Cota-
cachiis situated in the Otavalo-Umpdtacture zone (Har&
1987). Geochemical and mineralogical investigations do
not indicate that both volcanoes were fed by the same type
of magma (Gunkel et al., 2009b). Cuicocha began its ac-
tivity with a series of eruptions 4490-2990y BP, including
lava flows and ash falls with depositions of 150 m thick-
ness (Fig. 3). The collapse of the dome with the formation
of a caldera after the 2990y BP eruption (Mothes and Hall,
1991) was followed by further eruptions which finally built Fig. 2. Lake Cuicocha with domes Yerovi (left) and Wolf (right).
up four domes within the caldera (1350-1230 BP; Gunkel et
al., 2009b). The absence of volcanic glass in the erupted
fresh lava flow of the Yerovi and Wolf domes indicate that the crater walls and sediments from the catchment area, and
the lava had no contact to water; the lake formation begarfractures and fissures were clogged, approximately 1000—
later, after the caldera was partly filled with slope debris from 500 years ago.
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The water basin of Lake Cuicocha is formed by the flanks
of Cotacachi volcano (Fig. 3), the soils consist of volcanic
deposits mainly andesite with a high Si(®7.4-61.3%) and
Al203 (16.8-18.3%) content and are of remarkably uniform
composition, presumably reflecting a steady state process o
magma genesis over a long period of time. The investigated
rocks from Cotacachi are medium calc-alcalic with K -
content that ranges between 1.1-1.3% and gONeontent
between 3.4-3.9% (Gunkel et al., 2009b).

The soils are in an early stage of development with a low
clay content classified as andisols with paramo vegetation.
Allophane and Al-humus complexes dominate the colloidalFig. 3. DEM of Cotacachi volcano complex with the parasitic Cuic-
fraction. The topsoils are rich in organic matter because thevpcha volcano and the caldera lake (DEM development with data of
cold temperatures favour an accumulation of organic carborPouris, IRD, France), scale: the diameter of Lake Cuicocha is 3 km.
(Zehetner et al., 2003).

Two other lakes, located near to the Cuicocha volcano,
were used as reference systems (Fig. 1). Lake Mojanda i<
a caldera lake of the Mojanda volcano, which was active |
43000y BP (Robin et al., 1997); the caldera lake has a depth |
of 80 m with a maximum diameter of 2.6 km. Lake San Pablo |/
is a 35m deep glacial lake on the flanks of the volcano Im-
babura (Casallas and Gunkel, 2002; Gunkel and Casallas
2002; Casallas, 2005).

Cuicocha

3 Materials and methods
3.1 Digital elevation model (DEM)

A digital elevation model (DEM) including the lake basin,

was developed with data from the IDR, France, based on

digitalized topographic maps 1:50 000 (Souris, IRD, France), ) _ ]

together with GPS field data of the crater rim, and with aboutFi9- 4- Bathymetric map of Lake Cuicocha, based on 100 profiles

1250 data points in 100 profiles from the lake. Bathymetryw'th 1.250 data points, given are the 50.r.n contour lines, .Iake level
. . . A .2 3072ma.s.l.; WS = water sampling positions; C = water inflow by

was investigated using sonar (Garmin Fishfinder 250 C) W'thcasca des; WWS = warm water springs; areas with volcanic gas

a double frequency (50/200 kHz) and a GPS (Garmin 60 CS), iccions. ’

for localisation. The DEM was developed using ArcGis 9.0

with Spatial Analyt software, and a horizontal resolution of

10 m was reached. July to October (dry period). Different positions were in-
vestigated, the deepest 148 m area (in total 17 profiles) and
the western basins 78 m depth (4 profiles) as well as 6 other
. . . . rofiles at different places (Fig. 4). Water chemistry data in-
;Z?C':t';? Z V“LTSZL?ZZ' "é‘f; reegrﬁif[ggé‘f_";%gg)'”i?é'fiéﬁf,iﬁlude 6 vertical profiles (in 08/03, 09/03, 03/03, 08/04, 03/05,
yearp » Precip 08/05), and lake profiler data diagrams (T, pH, congl),d&e

was determined by a simple rain water collector, and evapy oo i'o 10 profiles (in 08/03, 09/03, 03/04, 08/04, 03/05,
oration was registered in a water filled tank, both were in-

stalled near the lake shore on a house roof in the shade. 88/05’ 04/06). Too horizontal drifting of the lake profiler
near the lake bottom was done frequently.

direct measurement of evaporation by a tank in the lake was o i ,
Sampling in the nearby Mojanda crater lake was carried

not possible due to frequent theft. Air temperature was mea- >¢ . o
sured daily with a minimum/maximum thermometer. out in August 2003, and investigation of Lake San Pablo

was done in 1998-1999 by an intensive monitoring every 2—
3.3 Water analyses 3 weeks (Gunkel and Casallas 2002; Casallas and Gunkel,
2002).
Lake Cuicocha was investigated by a regular monitoring pro- Temperature, pH, conductivity, GCGand redox potential
gram during the years 2004—-2006, every year there were tw@E7) were determined using a lake profiler (Ocean Seven 316
investigation periods, February to April (rainy period) and with CO, probe, Idronaut, Italy). The data acquisition was

3.2 Meteorological data
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Temperature (°C) was calculated by the total ionic content. Calcium carbonate
15,00 15,50 16,00 16,50 17,00 saturation index was calculated with the MINEQL 4.5 pro-

gram.
f Water samples were taken using a Ruttner type water sam-
= pler (Hydrobios, Germany). Depth of water sampling as

25
well as of other equipment was controlled by sonar (Garmin

Wwﬁ” o Fishfinder 250 C) which enabled a high precision for data
o0 % registration near the sediment. For cation and anion analy-

ses, the water was filtered immediately after sampling into
HDPE bottles, using 0.45m polyacetate filters. Water was
preserved with HN@ respectively HCI (at pH1). Samples
of suspended material were obtained by filtration of 250 mL
lake water using 04m polycarbonate filters (Nuclepore)
for Scanning Electron Microscopy with Energy Dispersive
rrrrrrr Spectroscopy (SEM-EDS) analyses. The wet polycarbon-
> 16.03.2005 - Baja ate filters were stored in plastic bags with taps soaked with
formaldehyde (37%) for preservation.

On Island Yerovi, the warm water spring was sampled by
Fig. 5. Temperature profiles in the 148m and 78m basins,asmall well with 0.5m depth. . .
16 March 2005, during thermal stratification period. The data base for the lake water chemistry includes 6 pro-
files (36 data points), isopleths diagrams (T, pH) Bre
based on 10 vertical profiles with 2275 data points, Ca-

75

Depth (m)

100

125 - deep lake position (148 m)

150

0 T(0) carbonate saturation index includes 69 data points, and CO
0] 16.8 concentration is based on 86 analyses.
166 CO, HCO; and C@‘ determinations were carried out on

the sampling day according to the German Standard Meth-
ods for pK, and pkK, determination (DEV, 2005). Water
16.2 chemistry of the non-reactive cations and anions was investi-
60 gated in the laboratory of the Technical University of Berlin,
Department of Water Quality Control, Germany, using pre-
served water samples.
-1007 kA Dissolved as well as total cations €a Na*, Mg?+, K™,
154 As*t, AI3+(50-200ug L~1) and Fét/Fe*t (2-50mg 1)
were analyzed by flame atomic absorption spectroscopy
(AAS; GBC Scientific Equipment, Pty. Ltd. Victoria,
“T2008 1 20041 2005 Australia); for some cation analyses a graphite ASS (Var-
date [months] ian Spectra A-400) was used {Li Al3* [10-50ugL~Y],
FEt/Fet [10-50ugL~1] and Mr?*). The determination
of Al was recognized to be critical, because settling of
fine suspended precipitates occurred in the GC vials, thus
only freshly diluted samples were injected by hand imme-

. , ) , diately after preparation into the AAS analyser (Gunkel et
linear every 1.0 m, a few high resolution profiles were takenaL, 2009a). Anions Cl, SO?[, POZ—' NO; were ana-

every 02 m. The accuracy of the probes was extremely higr?yzed using an ionic chromatograph (AS 50 Dionex) with
and within values for temperature 0.0G3 for pH 0.01pH  ~p 29 detector, GD 50 gradient pump and AS 11 col-

units and for redox potential 1mV were determined. Then, tor separation. Boron was determined photometrically
CO, probe was not stable over daily periods, and it was necypey; 19g1; Dr. Lange test LCK 307) with a detection limit
essary to calibrate the probe before use. Oxygen within they 5 o5 mg L1,

carbonate precipitations was determined using optical oxy-
gen sensors ¢f2 mm with a Fibox 3 oxygen meter (PreSens, 34 Gas analyses
Germany).

The density of the water was calculated under considerGas sampling was done directly with gas chromatogra-
ation of salinity, local pressure and temperature using thephy (GC) vials at the lake shore and on Island Yerovi. Anal-
formula of Chen and Millero (1986) for natural waters and yses of CQ, CO, &, N2, N2O, and CH were carried
is expressed 8&s,T,Psurface (=density 1000 kg/M); salinity out using a GC with flame ionisation detection (FID) and

A
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depth [m]

&
Q

—115.8

-120 L
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Fig. 6. Temperature isopleths of Lake Cuicocha with overturn pe-
riod in June to September, 148 m position.
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thermal conductivity detection (TCD) at the Leibniz-Institute
of Freshwater Ecology and Inland Fisheries, Berlin, Ger-
many, a few weeks after sampling. Vial storage and gas fill-
ing of the syringe was done underwater due to the low pres- T5mbesn ft
sure in the vials. Detection of gas emissions was done by = s e :
sonar, a method applied sometimes in limnological research nos f
(Ostrovsky, 2003; Ostrovsky et al., 2008) using a Garmin

Fishfinder 250 C (double frequency, 50/200 kHz), the boat
was not moved, so that the rising gas bubbles gave a diag- = rm—
onal line signal. The signal could be verified by visual gas s 137141 m et
bubbles at the lake surface. =

810
15.15 1517 15.19 15.21 15.23 15.25 15.27 15.29 1531 1533
Temperature (*C)

850

845 -

Conduetivity (S/em, 25 °C)
@ @
28
58
\:\NN

3.5 Sediment analyses

Suspended material was collected using 8 sediment trapgig- 7. Relationship of temperature and conductivity of Lake
8 cmy, 50 cm length, which were exposed in the lake for two Cuicocha near lake bottom at 59-73m depth (78 m basin) and at
periods, each one for 2 weeks at depths of 15, 30, 50 and20-141m depth (148 m basin).

70 m in the western bay of the lake. Samples were preserved

0 : . ST
with 4% glutaraldehyde solution for further investigation. very young eruptive material with little consolidation, but ex-

For water depth determination, Garmin Fishfinder 250Cisting vegetation reduces the hazard of landslides. However,

S?;?r IWES flljsed’ the z?lppllcatlon 0,: son?r allowed (?e(;ecudq%arthquakes, common in the area (6 earthquakes in 140 years
orIne fake floor as well as recognition of resuspended Sedi, o . registered by a chronicler in Otavalo), can trigger rock
ments as a consequence of gas eruptions and gave an indi

. : : s and landslides; during the earthquake in 5 March 1987
tion of sediment density.

. ) .. . (Mercalli mg. VII), that affected the district of Ibarra, a land-
A Sony HCR-HCI6E digital video camera was modified gjjye transported large amounts of volcanic debris of some

as an underwater camera, protected by a purpose built aILto 000 n3 into the crater lake.

minium housing, equipped with 4 underwater 1amps type g pathymetric map shows two separate lake basins, one
Nemo 8C Xenon, 14 watt. With this camera, the sediment, ;i the maximum depth of 148 m extending east of the is-
type and gas emissions with sediment resuspension were régs, 45 and the other with a depth of 78 m, situated in the west-
istered as well as the penetration of the sediment core sanlsm part of the lake. The declination of the lake’s littoral zone
pler into the sediment was studied. is extremely high, and in some parts of the crater rim, a wa-

Sediment samples were collected by an Ekmann-Birg&er depth of 50 m is reached only 20 m from the shoreline
sediment sampler and a sediment gravity corer, B ewth a Fig. 4).

sediment capturer. Sediment sampling was recognized to be | 5xe Cuicocha has no visible continuous inflow, two cas-
very difficult due to only a thin sediment layer on the stony c4qes are served by rain and drainage water and discharge
floor and to sediment oversaturation by gases, which led qng the |ake at the steep northern flank of the crater rim
the loss of sediments while degassing during lifting of the(,:ig_ 4); no direct outflow exists, but one nearby spring is

equipment. fed by the lake (flow rate-1.5 L s™1).

Sediment samples were prepared using an HCl/glbkkld 4.2 Thermal stratification

digestion method (VDLUFA, 1991), and then analyzed using ) ) )
the above mentioned analytical methods. The temperature in Lake Cuicocha (148 m basin) was char-

acterized by a thermal stratification with very small tempera-
ture differences of aboutZ between the epilimnion, which

4 Results stretched down to 25m and the hypolimnion below 50 m;
the metalimnion was expended and stretched down from 25
4.1 Lake morphology to 50 m (Fig. 5). However, this temperature difference was

sufficient to build up a relatively weak thermal stratifica-
The watershed of Lake Cuicocha is very small and amountgion, confirmed by the density calculation$=0.2795, in
to 18.2 kn?, extending onto the flanks of Cotacachi volcano March 2005, Table 1a). The stratification of the lake was
(Fig. 3). Most of the caldera flanks and of the islands haveconfirmed by a corresponding stratification of some physical
steep inclinations, and a flank inclination mapping based orand chemical parameters (pH;,EEond., CQ; Table 1a).
the DEM model showed for about 75% of the shore lineincli-  The lake circulation is characterized by a monomictic be-
nation areas-45°, only the south-east shore of the lake has haviour, overturn occurs in June to September, due to strong
small inclinations with 10—-25 The crater rim consists of winds passing the lake through a shallow caldera flank,

www.nat-hazards-earth-syst-sci.net/9/699/2009/ Nat. Hazards Earth Syst. Sci., BLB2909
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Table 1aVertical water physical and chemical parameters of Lake Cuicocha, 148 m basin, 17 March 2005.

Depth Temp. pH Cond  Density Ey 0, Co,  HCO* cod~ - SOZ~  NHgN Not Prot
[25°C] P(ST,PO
m °C ;;.Scm’1 kg m-3 mvV mgl*1 mg -1 mgl*1 mg [ mg -1 mg -1 mg -1 mg -1 mg -1
2 16.86 8.10 789 999.0191 154 7.0 70.4 10.4 0.01 0.024 0.006
5 16.85 8.11 789 999.0209 155 - 69.0 9.7 0.01 0.081 0.007
10 16.85 8.12 790 999.0221 156 7.2 3.24 365.0 3.91 727 10.9 0.02 0.130 0.009
30 16.60 7.95 795 999.0721 150 6.9 3.12 351.3 3.76 68.7 9.4 0.01 0.101 0.008
35 16.04 7.46 810 999.1583 127 6.4 - - - 71.0 11.1 0.02 0.080 0.009
40 15.54 7.33 813 999.2422 123 4.8 17.91 313.9 0.52 70.6 9.2 0.02 0.067 0.005
60 15.26 7.19 820 999.2814 119 3.0 21.24 308.2 0.42 70.0 9.2 <0.01 0.029 0.008
80 15.18 7.25 814 999.2941 125 3.2 24.15 349.8 0.48 69.1 9.4 0.04 0.053 0.007
100 15.15 7.20 813 999.2983 124 2.2 26.91 330.2 0.38 70.9 10.0<0.01 0.102 0.015
120 15.15 7.18 811 999.2989 125 - 24.72 296.7 0.33 69.4 9.2 0.62 0.045 0.019
130 15.15 7.17 813 999.2987 125 - - - - 711 9.8 <0.01 0.014 0.006
140 15.15 7.17 813 999.2986 125 2.1 27.81 318.7 0.34 71.0 10.8<0.01 0.064 0.011
142 15.15 7.16 813 999.2986 125 3.1 - - - 72.3 9.9 0.02 0.047 0.015
Depth  Naot Ktot Caot Mgtot Lisol Feot Mntot  Altot Btot Sitot Astot
m mgr? mgl~! mgr!  mgl?! mgl~t mglt mglt mgl! mgl! mgll mgl?!
2 63.1 57 39.9 29.6 0.10 0.004 0.017 0.004 4.4 14.1 0.007
5 61.7 57 41.4 29.7 0.10 0.004 0.016 0.006 3.8 14.7 0.008
10 62.6 57 39.7 30.2 0.10 0.004 0.012 0.004 4.0 16.0 0.005
30 63.9 5.6 40.6 29.1 0.10 0.003 0.003 0.004 4.5 17.0 0.006
35 62.2 5.6 40.9 294 0.09 0.005 0.009 0.003 4.1 18.4 0.006
40 65.5 55 43.0 29.7 0.09 0.004 0.002 0.004 3.9 19.1 0.006
60 63.9 57 44.4 28.6 0.11 0.024 0.004 0.004 35 20.8 0.005
80 63.5 57 42.2 29.5 0.10 0.008 0.002 0.002 3.7 20.8 0.005
100 64.0 55 42.8 295 0.10 0.010 0.008 0.003 4.1 18.1 0.004
120 63.3 55 42.4 29.3 0.10 0.026 0.041 0.007 3.6 18.0 0.004
130 62.4 58 40.1 28.9 0.10 0.005 0.001 0.004 2.9 22.2 0.005
140 63.6 5.6 42.7 28.1 0.10 0.037 0.035 0.002 3.2 218 0.005
142 63.0 5.7 42.7 31.2 0.10 0.010 0.003 0.003 25 0.004
Table 1bMertical water physical and chemical parameters of Lake Cuicocha, 78 m basin, 18 March 2005.
Depth Temp. pH Cond  Density E7 0, co, HCO* co2™ ¢ SO42~  NHa-N Nt Prot
[25°C] P(S.T, Po)
m °C uScntl kgm3 mv mglt mgll mgl? mgl? mgrr! mgr? mgl! mgrl mgl?
1 16.89 8.14 789 999.0087 150 6.7 72.7 11.0 0.04 0.104 0.006
5 16.87 8.15 789 999.0188 151 7.2 717 10.7 0.03 0.091 0.005
10 16.86 8.16 789 999.0202 153 3.18 351.3 3.62 72.4 10.9 0.04 0.092 0.011
30 16.53 7.72 800 999.0754 135 7.1 - - 71.3 11.4 0.02 0.099 0.010
35 16.03 7.42 809 999.1594 121 6.0 - - - 69.0 9.6 0.01 0.060 0.012
40 15.62 7.33 814 999.2258 118 3.9 6.87 315.6 1.33 72.3 11.0 0.01 0.086 0.010
60 15.28 7.11 823 999.2792 108 2.7 36.28 269.9 0.18 74.6 10.8 0.04 0.061 0.007
70 15.31 6.95 838 999.2736 101 2.1 74.1 10.9 0.07 0.052 0.010
74 15.31 6.93 840 999.2731 100 1.2 70.9 9.0 0.08 0.125 0.014
Depth  Naot Kot Caot Mdtot Lisol Feot Mntot  Altot Btot Sitot Astot
m mgrl mglt mgl?! mgl~t mgl~t mgl~l mgl! mgl! mgr! mgl! mgi!
1 63.0 5.6 42.8 29.7 0.10 0.004 0.003 0.011 4.7 22.6 0.006
5 63.0 55 39.9 31.6 0.09 0.004 0.002 0.003 4.6 19.9 0.007
10 60.9 5.6 39.8 30.5 0.11 0.004 0.002 0.006 4.7 19.4 0.006
30 63.0 5.6 43.0 30.8 0.11 0.004 0.002 0.008 4.6 19.3 0.007
35 62.8 5.8 44.1 30.8 0.12 0.004 0.001 0.004 4.0 20.1 0.004
40 62.2 5.6 45.6 313 0.11 0.006 0.002 0.003 4.4 20.4 0.008
60 62.9 57 47.1 31.8 0.11 0.030 0.007 0.003 4.1 19.9 0.004
70 63.0 57 48.1 31.7 0.11 0.080 0.019 0.003 4.6 19.9 0.004
75 63.9 5.8 49.1 32.2 0.11 0.179 - 0.004 4.6 19.9 0.004

located southeast of the crater lake (Fig. 6). The monomicti®,,=+0.005W nT2, while for the total lake the heat flow

circulation behaviour of the lake was confirmed by a corre-was calculated tod,,=+0.012 W n72.
sponding change of pH and G(see Figs. 11 and 12).

Nevertheless the
heat balance of the lake was determined by lake mixing
(overturn) and nocturnal surface cooling, and the heat con-

The temperature of the total water body of Lake Cui- tent changed from 31 March 2004 to 1 September 2004
cocha had the tendency to increased values since the begi%r 6,,=—0.124 W nT2: thus the hypolimnic temperature in
w—— Y. 1 -

ning of da_\ta acqu_|5|t|(_)n in August 20(.)3 by about°@1per crease in Lake Cuicocha cannot be used as an indicator of
year. This hypolimnic temperature increase (April 2004— : -
volcanic activity.

April 2006) corresponds to a mean hypolimnic heat flow

Nat. Hazards Earth Syst. Sci., 9, 6992 2009 www.nhat-hazards-earth-syst-sci.net/9/699/2009/
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Table 2. Water chemistry (in mgt?l) of Lake Cuicocha (78 m and 148 m basin; YWS8espectively WS, Fig. 4) and its water inflow
(cascade ¢), the hydrothermal water inflow in Island Yerovi (WWS), and Lake Mojanda (central profile in the lake), mean of 2003—-2005,
Mojanda mean of 2003. sd = standard diviationz=p.

Parameter  Lake Cuicocha  Lake Cuicocha Water inflow Hydrothermal water  Lake Mojanda

148 m basin 78 m basin (cascades) Island Yerovi

mean sd mean sd Mean sd mean sd mean sd

(n=38) (n=17) (n=5) (n=11) (n=9)
Naotal 61.7 5.2 61.7 1.9 10.2 1.9 247 11.9 1.6 0.3
Caotal 474 100 435 2.6 18.5 19.7 120 13.0 2.6 0.3
Kiotal 5.4 0.5 5.7 0.1 1.3 0.3 14.4 1.1 0.66 0.13
Litotal 0.113 0.011 0.112 0.014 0.017 0.008 0.330 0.007 0.001 0.001
M0iotal 32.0 5.6 30.5 1.1 4.0 1.2 70.2 1.2 32 031
Faotal 0.028 0.080 0.025 0.045 0.144 0.011 7.4 4.6 0.025 0.026
Mnyotal 0.021 0.050 0.006 0.008 0.010 0.007 0.220 0.025 0.002 0.005
Aliotal 0.021 0.035 0.006 0.003 0.250 0.092 0.164 0.23 0.100 0.048
B3+ 4.3 0.8 4.1 0.6 0.03 0.07 5.6 1.4 0.68 0.23
HCO3 240.4 89.3 341 28.9 (69.1%) 420 26.4 6.8
Siotal 20.6 2.0 21.1 0.2 25.3 48 51.6 25 452 056
ASiotal 0.003 0.001 0.006 0.002 0.003 0.001 0.243 0.259 0.001 0.002
Cl— 69.4 2.4 72.0 1.7 3.2 1.8 171 2.6 0.15 0.15
SOZ- 13.8 3.1 12,5 2.3 9.7 46 193 14.6 15  0.07
Protal 0.015 0.017 0.017 0.011 0.15 0.06 0.21 0.02 0.011 0.006

4.3 Warm water spring inflow 4.4 Water chemistry

Temperature profiles point out an increase in conductivityLake Cuicocha is a sodium bicarbonate lake (mean con-
and temperature in the 78 m lake basin a few meters aboveentration 62 mg L Na*, 240 mg L=t HCO;y) with signifi-

the lake floor, indicating a warm water inflow; in the 148 m cant amounts of magnesium and calcium (32 mgMg?*,

lake basin, no increased temperature and conductivity in th&7 mg L1 C&t) as cations and chloride (69 mgLCI™)
sediment overlying water were observed (Fig. 5). But in theas an anion (Table 2). lons of minor concentration are
78 m lake basin the differences in temperature and conducthe cations K, Lit, F&t, Mn?t, AI3t and the anions
tivity were small, about +0.0% and +17.S cnT ! between SOfi_, SiO%‘, BOZ, and ch_. In relation to non-volcanic

60 and 74 m (Table 1b). The significance of this warm wa-waters, the concentration of Si must be classified as very
ter inflow in 78 m could be verified by horizontal monitoring high (21 mg =1 Si).

near the sediment with the lake profiler in both lake basins, The dissolved ionic concentration of Lake Cuicocha is
resulting in a positive temperature — conductivity correlation significantly elevated with a conductivity value of about
(Fig. 7), being characteristic for warm water interference.800.Scni!, compared with the inflow from cascades
The density of this water amount@@-999.3921-999.3981, (260xScnT?) and the non active caldera Lake Mojanda
that means the density was a little bit increased to lake wa{35.S cn1). lonic concentrations indicate a significant in-
ter (Table 1b) and it could accumulate at the lake bottom,fluence of the warm water springs for the water balance.
but uprising of gas bubbles and the formation of billows led The geochemical mass balances of Lake Cuicocha (Cuicocha
to a good mixing. In the 148 m basin such a temperaturedlake water, Lake Mojanda water as rainwater filled caldera,
— conductivity correlation did not exist and water near theand warm water spring at Yerovi; Table 2) give a portion
sediment was quite homogenous in conductivity and temperef warm and ionic rich water of 34% (based on potas-

ature. sium balance), of 24% (sodium balance), respectively of
Close to Island Yerovi, an outlet of rising warm water 34% (lithium balance).
(mean temperature of 246, sd=1.2C; mean conductivity The water chemistry of Lake Cuicocha (78 m, 148 m), the

=2879uScnm?, sd =859uS cnT 1) enters into the lake. The cascades and of Lake Mojanda do not differ significantly in
warm water temperature was abo8€8above epilimnic lake terms of relative CT-SO?[-HCOg-content (Fig. 8a), the wa-
water and above the air temperature (July as hottest monthers are bicarbonate water. The warm water spring possesses
10.5-24.2C as mean min/max night/day temperature, De-a higher sulphate content. The relative cation content (K-
cember as coldest month: 8.1-1%4as mean min/max Mg-Na-diagram, Fig. 8b) shows quite similar ionic composi-
night/day temperature). The water is rich in sodium, calciumtion for Lake Cuicocha, the cascades, the warm water inflow
and magnesium as cations and chloride, sulphate, bicarbor{sodium dominated water), while Lake Mojanda has mag-
ate and silicate as anions (Table 2), density of the wajeris nesium rich water. The NHLi-B-digram (Fig. 8c) shows
997.9261, that means after inflow into the lake an overflowa high significance of boron in Lake Cuicocha and in the
occured. warm water spring; migration of boron is mainly associated

www.nat-hazards-earth-syst-sci.net/9/699/2009/ Nat. Hazards Earth Syst. Sci., BLB2909
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(Fig. 6) show an epilimnion, which stretches down to 35m.
In the 148 basin chemical composition of the epilimnic water
and of the hypolimnic water does not differ very much, due to
the weak thermal stratificatiod\(T=1.7°C) and to the partial
mixing processes by night cooling, the so called atelomixis
(Gunkel and Beulker, 2008).

In the 78 m basin, the epilimnic water does not differ sig-
nificantly from the 148 m basin, due to strong wind induced
horizontal water currents. But the water samples near the
lake bottom show clearly the inflow of warm water springs
with increased temperatureAT=0.03C, compared with
the 148 m basin) and conductivitACond.=26uS cnt 1) as
well as reduced pHApH=0.4) and & (A18 mV). The input
of warm water is too confirmed by the concentration gradi-
ent near the lake floor of some water chemical parameters
(O, Ca, Mg, Fe). But this inflow water does not build up a
chemocline, a consequence of mixing by uprising gas bub-
bles (see below).

In Lake Cuicocha At concentration is elevated (up to
0.14mg -1 AI3*), but still within the range of surface wa-
ters. Soluble Al from weathered andesitic rocks covering the
catchment area is washed out and transported into the lake by
subsurface runoff. After input into the lake, polymerisation
reactions occur, forming gelatinoussAlpolynuclear cations
aging to microcrystals (Gunkel et al., 2009a).

The concentration of boron is increased in the lake and
amounts to about 4.3mgt (= mean, max.= 6.2 mgt?).
Whereas the incoming waters (cascades, rain) supply boron
in only negligible concentrations (Table 2), elevated amounts
were found in the warm water emission at Island Yerovi. It
must be assumed that boron is entering the lake water by
dissolution of volcanic gases into warm water below the lake
bottom or by steam leakage from a high enthalpy geothermal
reservoirr.

45 CO, emissions

Continuous gas emissions in Lake Cuicocha occur at four
positions, two sites near the shore at a depth of up to 2 m,
in the channel between the islands at 5-10m depth (a new
emission area detected in 2006), and in the western basin of
the lake at a depth of 78 m (see Fig. 4). The emission of gases
from the bottom of the lake was verified by using sonar and
divers (Fig. 9).

Underwater gas bubble analyses near Island Yerovi show
the main components to be G@ith 51.1% (sd=10.1;=16)
and N with 23.1% (sd=3.5) and with small amounts of
05 (3.04%, sd=1.64), CIH(1.66%, sd=0.72) and CO (0.32%,
sd=0.18). Gas emission at the north-west shore show a sim-
ilar composition.

In Lake Cuicocha, increased concentrations ohb@@re

to vapour phase which requires a high temperature, negligiregistered with a C@ concentration of about 35 mgil
ble concentrations of Li indicate to insignificant leaching of (=27 mL CQ, per litre water at local surface pressure). The

rocks (Martini et al., 1994).

highest concentrations occurred in the deep wat®d0 m

The vertical profiles during thermal stratification period (Fig. 10), a consequence of the carbonic acid equilibrium

Nat. Hazards Earth Syst. Sci., 9, 6992 2009
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Precipitation of calcium carbonate was registered at the
shoreline of Lake Cuicocha leading to Cagusts (calcite)
of about 1 cm thickness, reaching down deep into the epi-

and the decreasing pH in the hypolimnic water; the hydro-limnion. These precipitations are caused mainly by epibion-
gen carbonate concentration was much higher than the cotic diatoms and blue green algae, which establish a micro-
concentration and amounted 320 mgll(Table 1a). Inthe €nvironment. The intensive photosynthetic production (with
78 m basin, where the GGemission took place, were regis- mean Q oversaturation of 199% 5mm inside the CafO
tered slightly higher C@concentrations in the hypolimnion ~ Crusts, min.=152%, max.=216%s13) leads to an increase
than in the 148 m basin. Nevertheless, in sitw,G@turation  in pH and favours carbonate precipitation. In this way,
is low, corresponding to 0.2% saturation level based on ga§aCQ; is continuously precipitated, but wave action partly

input. Therefore spontaneous degassing can be excluded. destroys these crusts, forming fine carbonate debris, which
sinks down to the lake bottom.

In deeper water 40 m) carbonate re-dissolution con-
ditions exist (Fig. 13) and the Ca-carbonate precipitates
will be dissolved. The Ca-carbonate saturation index is
strongly correlated to pH and temperature and inversely cor-
related to conductivity, these parameters change character-
istic within the epilimnic/hypolimnic zone. This leads to a

In the epilimnion and metalimnion<50 m water depth)
reduced CQ saturation concentrations occurred due to wa-
ter heating and pH increase by primary production (Fig. 11).
Only directly near the water surface a slightly increased
CO, concentrations up to 23mgi were also registered
with an oversaturation level of up to 46 times, related

to partial pressure of COat the lake surface. These . L _ _ . N
changes of the C®concentration were given by the car- cycling of C&* and C@ /HCO5/COp, in the epilimnion

bonic acid equilibrium and the high portion of bicarbonate CO%‘./HC.O:)T/COZ is reduced dl.Je.'[O precipitation, ang in the
in the water, and the sum of the G@pecies (C@, HCO;, hypolimnion C@*/HCOQ/COZ is increased due to dissolu-

CO2™) was equal in the upper water body (0-50m) with tion of the carbonate debris (Fig. 14). This re-dissolution of
35432 mg 1! (sd=15.8 mg £1) and in water depths-50 m carbonate in connection with decreased pH must be regarded
to 3;16 AmglL (sd=é5 1) as another source of G@n the hypolimnic water.

The accumulated C£n the hypolimnic water is reduced 4.7 Lake colmation
during the lake’s overturn period from June to August, and
an emission of C@to the atmosphere occurs (Fig. 12). This The sediments in Lake Cuicocha form a thin layer of up
monomictic circulation behaviour of the lake prevents an in-to 10 cm, which covers the stony lake bottom (with stones
crease in C@to dangerous concentration levels. of about 20cm ). The sediment was covered by a thin

www.nat-hazards-earth-syst-sci.net/9/699/2009/ Nat. Hazards Earth Syst. Sci., Bl B28B09
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of fine anoxic material was registered. The anoxic sedi- g ; i '

ment was formed by mineral and organic detritus (Table 3).
Sediments from the lake bottom (78 m, 148 m) only con-
tained traces of CaC§(10-20 g/kg ds), due to CaGUe- 40
dissolution, normally the main sediment building component
in lakes. The upper oxic sediment layer is formed by pre-

@
-]
1

E
cipitation of Al and Si in the water column, which leads § @
. (7]
to Al polymers, fo.rmlngllarge_ gggregates (50-500) tp— B o
gether with organic detritus, living algal cells, bacteria and —= Cadl
mineral detritus. These flocs sink down, but are easily re- 120 —=a— Conductivity

—o— Temperature
——pH

suspended by uprising gas bubbles. Sediment traps, which
were exposed to different water depths, showed high sedi-
mentation rates and collected fresh material in the range of a
few millimetres (15 m depth) up to 1 cm (75 m depth). The Fig. 13. Calcium carbonate solution index (MINEQL 4.5), temper-
composition of the settled material revealed high concentraature, pH and conductivity in Lake Cuicocha (25 March 2004).
tions of mineral detritus, pyrite, iron oxidizing bacteria and
diatom frustules. The trapped material had a much higher
Fe concentration than the lake sediment, a consequence gbnal communications of the National Park guide, 2004).
anoxic conditions in the lake sediment with®Fereduction  The earthquake with two seismic shocks occurred 60 km
to soluble F&" and of oxidising of F&' in the lake water east of Cuicocha, in 3 and 12 km depth, with a magnitude
with formation of FeO(OH) precipitates. Ms=6.9 (Espinosa et al., 1991). Today, the water level is
The gas emissions and the inflow by warm water springsdecreasing continuously by about 300 mm per year, and up
led to the formation of holes in the sediment, registered byto now the total decrease in the water level amounts to 6 m.
the underwater camera (see Gunkel et al., 2008). Thus th&his is obvious at the lake shoreline, where carbonate precip-
lake colmation in the 78 m basin is destroyed, and this is pro4tations above the recent water level document former lake
moted by the thin sediment layer due to calcium carbonatevater levels. The water balance of the lake is determined by
dissolution, the young age of the lake, and by the uprisingnearly similar precipitation and evaporation rates (2005: pre-
of gas bubbles, which occur continuously with high intensity cipitation=1294 mm/a, evaporation=1460 mm/a), while the

140 4

and lead to a re-suspension of the sediments. decrease of the water level was 390 mm (Fig. 15). A sea-
sonal increase of the water level can be observed during the
4.8 Water losses rainy period, but the input of surface water from the catch-

ment area is not able to compensate for the permanent de-
After an earthquake in 5 March 1987, a rapid water levelcrease in the water level. Already an inflow of 5% of the
decrease of about 2m was observed within two weeksyearly precipitation in the watershed (runoff coefficient of
probably caused by damage to the lake’s colmation (per«=0.05) corresponds to a 310 mm lake level rise. The two
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Table 3. Composition of settling material collected in sediment
traps at the centre of the 78 m basin and of sediments (78 and 148
depth) of Lake Cuicocha (ds = dry substance).

of 0.5mg L1 B by nearly 10-fold (WHO, 2004). Although
rBoron is not a highly toxic water constituent for humans,
permanent use of Lake Cuicocha water for drinking can im-
pact on human health. The water can not be used for irriga-

Parameter Settling material Sediment78m  Sediment 148 m i . - .

(n=3) (=1) (n=2) tion agriculture, because the boron concentration is acutely
Ca(gkglds) 12.4 20.3 106 toxic to plants, for sensitive plants a limiting value of 0.5—
Fe(gkglds) 736 9.9 12.7 1.0mg L1 B is given, while tolerant plants are affected by
Mg (gkg *ds) 4.1 3.3 21 2.0-4.0mg L1 B. Boron is known to be beneficial to plants
K(gkg~lds) 0.68 0.24 0.15 : . but i . lants at high ¢
Mg (gkg lds) 4.1 33 o1 asa micronutrient, but is toxic to plants at higher concentra-
P (gkg1ds) 46.1 241 tions (Scheffer and Schachtschabel, 1989; Moss and Nagpal,

2003).

permanent cascade have a delivery of a few litfe svhile 5.2 Occurrence of underwater volcanic activities
the periodical cascade of the intermittent inflow river (Que- ) o )
brada Chunabi) has a high delivery (a fe snl) but water In Lake Cuicocha, emission of gases can be registered at sev-
flow occurs very scarcely; an estimation of the inflow rate is &l areas by the application of sonar and the use of divers.
not possible, because the water losses by percolation are ud '€ composition of the gases, with high conc%ntranons of
known. The discharge of the nearby spring (delivery in the ©C2 @nd parts of CO as well as the occurrence ofB(after
range of 1-21s1) corresponds only to a yearly water level the gaseous emission _of B_cpmpounds) indicate that the mi-
decrease in Lake Cuicocha of 12mm. Thus a rough calcydrating gas is of volcanic origin, respectively of a gepthermal
lation of the water losses by percolation gives about 610 mpfAnomaly (Freeth, 1992; Noll et al., 1996; Martini, 1993;
per year (rainwater run off and observed decrease of the wachiodini and Marini, 1998), but increased concentrations of
ter table). N> and CH, are not completely understood, maybe methano-
Water level decrease is not caused by reduced rainfall dugenese and Qenitrification are of some significance. The ris-
to climate change, because it does not take place at the neartfjd ©f volcanic gases through fractures beneath the lake bot-
lakes Laguna Mojanda and Lago San Pablo. Thus, a signifilom is an indication of volcanic or post volcanic activity and

cant amount of the lake’s water is lost yearly by percolation, SU99€sts the necessity for a more complex monitoring. How-
ever, gas sampling at the lake floor is still complicated, while

for shallow areas the use of divers is helpful. In future, the

5 Discussion monitoring of underwater volcanic activity has to be further
developed, mainly for quantitative analyses of gases, the in-
5.1 Lake water use and health impact flow of warm water, respectively hydrothermal water and the

lake colmation. The detection of a new gas emission area be-

Water quality of Lake Cuicocha is characterised by an ele-tween the islands with warm water springs demonstrates the
vated concentration of ions, due to the inflow of warm wa- need for monitoring.
ter springs. The comparison with Lake Mojanda, a nearby Warm water inflow leads to heating of the lake. Despite
inactive caldera lake, fed by rain water, confirms the dif- the increased temperatures near the lake floor and the higher
ferent water qualities: Mojanda has a conductivity of abouttemperature in the western basin, the lake shows low temper-
35,Scnt?, Lake Cuicocha of 80pScnT!. This elevated  ature gradients, because the inflow of warm water in the 78 m
conductivity of Lake Cuicocha points at an inflow of ionic basin is rapidly dispersed by billows formed with gas bubble
rich water such as warm water springs or hydrothermal waising.
ter, confirmed by the geochemical mass balances of Lake
Cuicocha with a portion of warm and ionic rich water of 5.3 Hazard of CO, accumulation in the lake
about 25-35% (potassium, sodium and lithium balance). The
Na/Cl as well as the Cl/SQratio does not give a mixing tri- In general, deep lakes-60m) with CQ input possess a
angle, but some input of HCI and S@ith volcanic gases potential risk of limnic eruption, because under pressure a
must be taken into account. large amount of C@is soluble in water. The occurrence

Nowadays, Lake Cuicocha water is used directly as drink-of increased C@concentrations in a volcanic lake depends
ing water by some of the nearby population and the springstrongly on mixing processes. This means that long term
fed by the lake is used by many people for drinking and ir- CO, accumulation occurs only in amictic and meromictic
rigation. Although Lake Cuicocha is an oligotrophic lake, lakes, while in mono- to polymictic lakes periodical de-
it must be stated that the water does not reach drinking wagassing to the atmosphere reduces the €@ncentration.
ter quality. The main reason is the elevated concentration of ake circulation behaviour depends on water density as a
boron (4.2mg 1B, sd=0.7 mg L1, n=83, data from 2003— function of temperature and salt content, and is determined
2005), which exceeds the WHO provisional guideline valueby heating of the epilimnion (increased stability of thermal
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t nent diffuse CQ emission. Padm et al. (2008) investigated
g this diffuse CQ emission rate from Lake Cuicocha and cal-

Travertine culated a flux of even 53t per day, being feasible due to the
weak thermal stratification. This Gemission rate can be
used to calculate the time needed to reach dangeroys CO
concentration in the lake if water mixing is hindered: in only
45 years the total hypolimnic water would have reach, CO
oversaturation and a triggered degassing, the limnic eruption
can occur. This points out clearly the significance and need
of a regular lake monitoring.

[Co:]=>H.co, ==—Hco, ==——co; 2%
e themoome __
lime lysocline
e ko0, =[] = <o
1} 1} oy + Ca®

Fig. 14. Scheme of calcium and Cfhydrogen carbon-

ate/carbonate cycling in Lake Cuicocha. ) .
6 Lake sediments and colmation processes

B ™ Lake Cuicocha is a very young lake, only a few hundred
m Precipitation | | years old, and therefore no nutrient accumulation has oc-
. B Bvaporation [ 0 curred, and sediment deposition level is very low; typical
o sedimentation rates in oligotrophic lakes amoun&tbmm
per year; the nearby eutrophic Lake San Pablo has a sedimen-
tation rate of 3.5 mm per year (Gunkel, 2003). In many lakes,
calcium carbonate precipitation is the main mechanism of
0 sediment formation by so-called calcareous mud. In Lake
Cuicocha this process is interrupted, and the Ca-carbonate
0 saturation index points out clearly an oversaturation in the
epilimnion with CaCQ precipitation (down to~40 m) and
a Ca-carbonate undersaturation in the hypolimnisAQ m)
Fig. 15. Water balance of the Lake Cuicocha, evaporation was de-due to decreased pH as a consequence of @dissions.
termined by water losses of a tank at the lake shore. Calcite formed in the epilimnion by primary production will
be dissolved after sedimentation to greater depths. The cal-
cium carbonate cycling process must be regarded as an in-
stratification), mixing processes due to wind or night cool- ternal source of CQ too, under neutral to acid conditions.
ing, and lake floor heating due to geothermal or hydrothermalCalcite crusts at the shoreline and the lack of calcite deposits
effects (upwelling of heated water). Lake Cuicocha is a mo-and shells from mussels and snails in the deposited sediments
nomictic lake with a tendency to atelomixis processes, whichconfirm this process.
means deep diurnal convergence currents by night cooling; In Lake Cuicocha the maximum sediment deposition of
this process was proved by results from the nearby lake Lagenly a few decimetres since lake formation leads to a very
San Pablo (Gunkel and Casallas, 2002), being in a compargine colmation layer. This fine sediment layer cause many
ble climatic situation. problems in sediment sampling, and information was ob-
An accumulation of C@ to a dangerous level does not tained by using an underwater camera, together with the sed-
occur in Lake Cuicocha, even when high amounts 0% CO iment corer. This technology confirmed a thin sediment layer
are introduced into the lake. This is caused by the emissiorn the stony floor, and in the western basin, holes without any
of gas bubbles and the turbulent exchange processes whikediment cover were observed between the rocks (Gunkel et
rising, the inflow of warm water — may be of hydrothermal al., 2008). These pores were probably formed by gas bubbles
origin — alone would lead to a chemocline and the long timerising up and by sediment resuspension due to the gas bub-
accumulation of dissolved ions and €0 bles, suspended sediments which reach the epilimnic zone
Information about hydrothermal vents in lakes are verywill be transferred by wind induced currents and deposited
scare (Ronde et al., 2002); and hydrothermal venting within the 148 m basin of the lake.
the build up of chimneys as it was observed in Lake Taupo In Lake Cuicocha a decrease in the water level of about
(Ronde et al., 2002) were not found in Lake Cuicocha. The2m in two weeks has been observed after the nearby earth-
warm water rised up over a large area through pores and fisguake of 5 March 1987, and a landslide of some 10080 m
sures in the lake bottom with simultaneous degassing. occurred. Since this event, a continuous water level decrease
A rough estimation of C@input (the difference in C®  of about 30 cm can be observed by calcareous deposits above
concentration in water between overturn and stratification pethe water level as well as by a water gauge during the inves-
riods) amounts to 3t per day or 3406 pure CQ gas per tigations period. Small fractures in the volcano must be still
month at surface pressure, this value does not include permapen and permanently cause water loss. Interaction between
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ground and surface water and pre-existing or uprising magmahiodini, G. and Frondini, F.: Carbon dioxide degassing from the
will usually result in the generation of stream-driven explo-  Albani Hills volcanic region, Central Italy, Chem. Geol., 177,
sive activity (Mastin and Witter, 2000; Matthews, 2004), 67-83, 2001.
and recently coincidence of increased volcanic activity with Chiodini, G. and Marini, L.. Hydrothermal gas equilibria: The
intensive rainfall has been discussed on several volcanoes ;'é%HZZég%iggécm system, Geochim. Cosmochim. Ac., 62,
(Zl\c/)lgg)h e'i/)vs tgtnzll.\} tﬁgos?g']nli\f/il?::s;v(s);‘ Cza?g:;a?;ggliglggt?gr’]Christenson, B. W.:. Geochemistry of fluids associatedlwith the
' - L. .. . 1995-1996 eruption of Mt. Ruapehu, New Zealand: signatures
and lake water losses with pre-existing or uprising magma is

. i and processes in the magmatic-hydrothermal system, J. Volcanol.
less clear, but the percolation of lake water can lead to an in-  geoth. Res., 97, 1-30, 2000.

creased risk of a phreato-magmatic eruption when it becomeolt, 3.: Computation of dissolved gas concentrations in water as
contact to magma. The caldera of the volcano Cuicocha has functions of temperature, salinity, and pressure, Am. Fish. Soc.,
been formed about 3000 years BP by an explosive process, Spec. Publ., 14, 155 pp., 1984.
and pyroclastic flows covered 180 krwith a total volume  DEV: Bestimmung von Borat lonen, Deutsche Einheitsverfahren
of 4.1 km?, consisting mostly of dacite material (Mothes and ~ zur Wasser-, Abwasser- und Schlammuntersuchung, Lose-
Hall, 1991), which may indicate a geothermal activity. This _ Plattsammiung, Wiley, 6 pp., 1981. )
possibility is supported by isotopes analys%lsl,(lOO) of DEV: DIN 384_09-!—_|7, Bestimmung derdsire- und Basekapaitt
Lake Cuicocha water which show significant differences to Deutsche Einheitsverfahren zur Wasser, Abwasser- und Schlam-
. . . muntersuchung, Loseblattsammlung, Wiley, 28 pp., 2005.
the rain vyatgr Ilne (.von. H|IIebr.andt, 1989) and too by_the Espinosa, A. F., Hall, M. L., and Yepes, H.: Tectonics and seis-
boron emission, indicating a high temperature reservoir for

> e ; S micity, in: The March 5, 1987, Ecuador Earthquakes — Mass
gas formation (Martini et al., 1994). Further investigations  \yasting and Socioeconomic Effects, Natural Disaster Studies 5,

of lake colmation and regular monitoring of Lake Cuicocha  National Academy of Sciences, National Academy Press, Wash-
heating, gas emissions and a hydrothermal activity must be ington, DC, USA, 29-41, 1991.
carried out, together with volcanological monitoring. Evans, W. C., White, L. D., Tuttle, M., Kling, G. W., Tanyileke, G.,
and Michel, R. L.: Six years of change at Lake Nyos, Cameroon,
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