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Evolution of CO, in Lakes Monoun and Nyos, Cameroon,
before and during controlled degassing
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Evolution of CO, in Lakes Monoun and Nyos (Cameroon) before and during controlled degassing is described using
results of regular monitoring obtained during the last 21 years. The CO,,q, profiles soon after the limnic eruptions were
estimated for Lakes Monoun and Nyos using the CTD data obtained in October and November 1986, respectively. Based
on the COy,, profiles through time, the CO, content and its change over time were calculated for both lakes. The CO,
accumulation rate calculated from the pre-degassing data, was constant after the limnic eruption at Lake Nyos (1986—
2001), whereas the rate appeared initially high (1986-1996) but later slowed down (1996-2003) at Lake Monoun. The
CO, concentration at 58 m depth in Lake Monoun in January 2003 was very close to saturation due to the CO, accumula-
tion. This situation is suggestive of a mechanism for the limnic eruption , because it may take place spontaneously without
receiving an external trigger.

The CO, content of the lakes decreased significantly after controlled degassing started in March 2001 at Lake Nyos
and in February 2003 at Lake Monoun. The current content is lower than the content estimated soon after the limnic
eruption at both lakes. At Monoun the degassing rate increased greatly after February 2006 due to an increase of the
number of degassing pipes and deepening of the pipe intake depth. The current CO, content is ~40% of the maximum
content attained just before the degassing started. At current degassing rates the lower chemocline will subside to the
degassing pipe intake depth of 93 m in about one year. After this depth is reached, the gas removal rate will progressively
decline because water of lower CO,,q, concentration will be tapped by the pipes. To keep the CO, content of Lake Monoun
as small as possible, it is recommended to set up a new, simple device that sends deep water to the surface since natural
recharge of CO, will continue.

Controlled degassing at Lake Nyos since 2001 has also reduced the CO, content. It is currently slightly below the level
estimated after the limnic eruption in 1986. However, the current CO, content still amounts to 80% of the maximum level
of 14.8 giga moles observed in January 2001. The depth of the lower chemocline may reach the pipe intake depth of 203
m within a few years. After this situation is reached the degassing rate with the current system will progressively decline,
and it would take decades to remove the majority of dissolved gases even if the degassing system keeps working continu-
ously. Additional degassing pipes must be installed to speed up gas removal from Lake Nyos in order to make the area
safer for local populations.
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INTRODUCTION

Volatiles in the deep interior of the Earth are brought
*Corresponding author (e-mail: mhk2314@hotmail.com) to the surface mainly by volcanic activity. In terms of the
*Present address: Korea Polar Research Institute, KORDI, Songdo present-day global carbon cycle, C02 discharge from
Techno Park, 7-50, Songdo-dong, Yeonsu-gu, Incheon 406-840, Ko- gypaerial volcanism and passive CO, discharge from the
rea. craters or flanks of volcanoes are the major non-
Copyright © 2008 by The Geochemical Society of Japan. anthropogenic contributors to atmospheric CO, (e.g.,
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Kerrick, 2001). Lakes Nyos and Monoun in Cameroon,
West Africa, are typical sites of passive degassing. They
are volcanic crater lakes situated along the Cameroon
Volcanic Line. Although no active volcanism is found near
the lakes, magmatic CO, is continuously discharged from
depth, and is trapped and accumulates in deep waters of
the lakes (e.g., Kusakabe and Sano, 1992). This accumu-
lation resulted in sudden outbursts of dissolved gases from
Lakes Nyos and Monoun in 1986 and 1984, respectively,
causing the gas disasters that claimed altogether close to
1800 lives (Sigurdsson et al., 1987; Sigvaldason, 1989).
The term “limnic eruption” was coined by J.-C. Sabroux
to describe gas outburst from a lake (Halbwachs et al.,
2004), and will be used in this article. After the 1986 Lake
Nyos gas disaster, many papers were published on the
geological, geochemical, limnological, medical, and
socio-anthropological aspects of the Nyos and Monoun
events, some of which were included in the special issue
of Journal of Volcanology and Geothermal Research ed-
ited by Sigvaldason (1989).

Follow-up studies of Lakes Nyos and Monoun indi-
cated clearly that CO, content in the lakes was increas-
ing at a high rate, unusually high as a geological phe-
nomenon (Evans et al., 1993; Kusakabe et al., 2000). This
situation induced scientists working on Lakes Nyos and
Monoun to warn of the possible recurrence of a limnic
eruption in the near future and to recommend artificial
removal of dissolved gases from the lakes (Freeth et al.,
1990; Tietze, 1992; Kling et al., 1994; Kusakabe et al.,
2000). To achieve this goal, the Nyos-Monoun Degassing
Program (NMDP) was set up. After experimental
degassing at Lake Monoun (Halbwachs et al., 1993) and
Lake Nyos (Halbwachs and Sabroux, 2001; Kusakabe,
2001), a permanent degassing apparatus was installed at
Lake Nyos in 2001 and at Lake Monoun in 2003 under
NMDP, funded by the U.S. Office of Foreign Disaster
Assistance (USAID) and the Cameroonian and French
Governments. The controlled degassing is continuing at
both lakes. The degassing techniques and construction of
the degassing system are described in Halbwachs et al.
(2004). There was concern that artificial degassing might
trigger another limnic eruption (e.g., Freeth, 1994). Nu-
merical modeling of the evolution of CO, under different
input conditions (Kantha and Freeth, 1996; McCord and
Schladow, 1998; Kusakabe et al., 2000; Schmid et al.,
2003, 2006) suggested that destabilization of the water
column due to controlled degassing would not be a prob-
lem. In accordance with the results of the numerical
modeling, the observed chemical structure of the lakes
after initiation of the controlled degassing operation in-
dicates that stable stratification has been maintained, and
it remains basically the same as the pre-degassing situa-
tions at both lakes (Kling et al., 2005). This point will be
confirmed by the present work.
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Initially the controlled degassing system used a sin-
gle pipe at each lake. The intake depth of degassing pipe
was 203 m at Lake Nyos and 73 m at Lake Monoun. In
January 2006, with funding from the French and
Cameroonian Governments, two additional pipes were
installed at Lake Monoun. At this occasion the intake
depth was deepened from 73 m to 93 m (Michel
Halbwachs, personal communication). The three pipes
accelerated the rate of gas removal from the lake drasti-
cally, resulting in considerable deepening of the level of
gas-rich water in a short period of time as shown in this
paper. The gas removal rate by a single pipe at Lake Nyos,
however, is low and insufficient to reduce the gas con-
tent to a safe level within several years (Kling et al., 2005).
It is still important to keep monitoring the lakes’ chemis-
try in order to know how much gas has been removed
and to ascertain a stable stratification to avoid sudden
releases of the remaining gas. This monitoring will serve
to assess the safety of the lakes in the future. The pur-
pose of the present paper is (1) to present the chemical
compositions and CTD results of Lakes Monoun and Nyos
obtained during the last 21 years, (2) to show chemical
evolution of the lakes before and during controlled
degassing, and (3) to assess the safety of these gassy lakes
in the future. It is noted that only a limited number of
papers have shown the chemical compositions of the lake
water (e.g., Kling et al., 1987; Kusakabe et al., 1989;
Evans et al., 1993, 1994; Nojiri et al., 1993). This paper
compiles the chemical data obtained so far. The results
before and during controlled degassing will be described
using adjectives “pre-degassing” and “during degassing”,
respectively.

SAMPLING AND ANALYTICAL METHODS

Water was collected at the center of the lakes using a
Niskin water sampler to which a plastic or aluminum gas
bag was attached to prevent excessive pressure buildup
by exsolving gases inside the sampler (Kusakabe et al.,
1989) or by releasing the exsolved gases through a hole
of the sampler when the sampler was retrieved to a depth
of ca. 10 m. Immediately after water collection, sample
water was filtered through a 0.45 ym membrane filter and
divided into two fractions, one of which was acidified
for cation analysis and another was untreated for anion
and Na*, K*, NH,* analyses. Mg?*, Ca®*, Fe?*, Mn* and
Si0, were analyzed with ICP (Inductively Coupled
Plasma spectrometry), and Na*, K*, NH,* were analyzed
with IC (Ion Chromatography). Anions except HCO;~
were analyzed with IC. Since the total number of moles
of the sum of CI~, NO;~ and SO,*~ was less than 0.5% of
that of total cations, essentially HCO;™ electrically bal-
ances cations such as Na*, K*, NH,*, Mg?*, Ca** and Fe**.
Thus, the HCO;™ concentration was calculated as a dif-



ference between the sum of equivalent concentration of
cations and that of CI7, NO;™ and SO42‘. Dissolved silica
was assumed to exist as a neutral species.

CO, concentration was determined with two methods;
the syringe method and the pH method (Kusakabe et al.,
2000). In the syringe method, the total dissolved carbon-
ate (=H,CO; + HCO;™ + CO;*) was fixed in situ in a
plastic syringe containing concentrated solution of KOH
and later determined in the laboratory using micro-
diffusion analysis. The CO,,q, (or H,CO;) concentration
was obtained by subtracting HCO;~ concentration from
the total carbonate concentration. Analytical error of
CO,(,q) determination by the syringe method is £4.5
mmol/kg for CO,,q, > 40 mmol/kg. For shallow waters
which contain little CO,,, the syringe method gives in-
creasingly inaccurate results because the titration differ-
ence between sample and blank becomes small. For this
reason, CO,,,, data from the pH method was used for
waters containing CO,,q, less than 40 mmol/kg after ap-
plying a small correction to the measured pH values to
make the results consistent with the syringe CO, data. In
the pH method, CO,, concentration (or H,COj; activ-
ity) was calculated using measured pH and temperature
under the assumption that chemical equilibrium had been
attained between dissolved carbonate species, i.e.,

log(ay,co,) =—pH+ IOg(aHCO; )—logK, 1)

where K stands for the first dissociation constant of car-
bonic acid. The activity coefficient of HCO5~ was calcu-
lated using the Debye-Hiickel equations. A CTD
(Conductivity- Temperature-Depth profiler) provided con-
tinuous pH values from the surface to bottom, whereas
the HCO;~ values were obtained only for depths where
chemical analysis was done after water sampling. Thus,
aregressed relationship between HCO;™ concentration and
electric conductivity normalized to 25°C (abbreviated as
C25 hereafter) was used to obtain HCO;5™ concentration
at any depth. The temperature coefficient of electric con-
ductivity was assumed to be 2%/°C. Since samples for
total dissolved carbonate were collected using a syringe
sampler (Kusakabe et al., 2000) at depths slightly differ-
ent from the depths where water was collected using a
Niskin water sampler, the CO,,q concentration at a given
depth in Table 1 was estimated to the appropriate depth
from the relationship between C25 and COy,).

In this paper the CO,,, concentrations by the syringe
method were used preferentially, unless CO,,q, data by
the syringe method were not available (April 1996, June
2006 and January 2007). In the pH method, the results
are influenced considerably by the accuracy of pH meas-
urement. Measured pH values were corrected to align the
pH-based CO,,,, concentrations with the syringe-based
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Fig. 1. Chemical structure of Lake Monoun as exemplified by
C25 distribution measured in January 2003. Layers I, Il and
111 are bordered by the upper and lower chemoclines. Layer IV
is the deepest water characterized by increasing C25 toward
the bottom.

COy(yq) values when both were available. This correction
may be justified because CO,,,, concentrations of wa-
ters in mid-depth (80—140 m) of Lake Nyos show little
change with time and those below the lower chemocline
have become almost constant at Lake Monoun after No-
vember 1999. Such waters can be used to “calibrate” the
measured pH values. The pH correction applied varied
from year to year ranging from —0.13 to +0.18 pH unit.
However, the precision of pH measurement is £0.001, so
the shape of CO,,,, profiles from the corrected pH pro-
files is reliable. A change of £0.01 pH unit resulted in a
correction of £0.3 mmol/kg of CO,,).

CTD MEASUREMENTS, CHEMICAL COMPOSITION
AND CO, PROFILES OF LAKE MONOUN

For Lake Monoun we have CTD data in October 1986
(Kanari, 1989), March 1993, April 1996, November 1999,
December 2001 and January 2003 as the pre-degassing
casts, and in January 2004, January 2005, January 2006,
June 2006 and January 2007 as the during-degassing casts.
We used an Idronaut Model 316 CTD for most measure-
ments. The CTD results were coupled with CO,
determinations as stated below. There are too many CTD
and CO, data to include in this paper, so they are pre-
sented only as figures. However, raw and processed data
are accessible, for they are stored in a data archive oper-
ated by the Geochemical Society of Japan (Kusakabe,
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Fig. 2. (a) Relationship between C25 and HCO;™ for waters collected before controlled degassing (November 1993, December
2001 and January 2003) at Lake Monoun. (b) Relationship between C25 and HCO;™ for during-degassing waters (January 2004,
January 2005, January 2006 and June 2006). (c) A typical relationship between COy,,, and C25. The data points were connected

from a segment to segment by appropriate linear or quadratic curves to smooth the data.

2007).

Table 1 shows the chemical composition of Lake
Monoun collected at different depths at different times
(1993-2006). Obviously CO,,,, and HCO;™ show over-
whelmingly the highest concentrations. The cation com-
position of Lake Monoun water is characterized by high
concentrations of Fe** with subordinate concentrations
of Mg?* and Ca?*. These metal elements derive from sub-
surface interaction of basaltic and peridotitic components
with carbonic acid (Kusakabe et al., 1989; Tuttle et al.,
1992). Unusually high Fe?* concentration in deep waters
has been attributed to reduction of laterite that was brought
into the lake by the inflowing river and aeolian transport
(Sigurdsson et al., 1987).

The chemical structure of Lake Monoun is best shown
by a depth-C25 relationship (Fig. 1, measured in January
2003). Lake Monoun can be divided into 4 layers. In Janu-
ary 2003 layer I is the shallowest, well-mixed, low con-
ductivity water down to 23 m. It is separated by a sharp
upper chemocline at 23 m, which is underlain by layer II
that extends down to 51 m, where the lower chemocline
develops. Below the lower chemocline, a well-mixed layer
IIT continues down to ca. 85 m. Below this depth, con-
ductivity (and temperature) increases steadily toward the
bottom (layer IV). The C25 profile shown in Fig. 1 has
changed with time, especially after initiation of control-
led degassing. A general pattern, however, has remained
similar as controlled degassing has proceeded.

Several steps were taken to obtain CO, profiles that
form the basis for estimating the natural recharge and re-
moval of CO, from the lake. Firstly, the measured HCO;~
concentrations were smoothed by correlating to C25. Fig-
ure 2a shows the pre-controlled degassing relationship
between C25 and HCO;™ for waters collected in Novem-
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ber 1993, December 2001 and January 2003. HCO;™ con-
centration is linearly correlated to C25. Although con-
siderable scatter around the regression line can be seen,
we believe the regression line represents the overall C25—
HCOj; relationship prior to the controlled degassing. The
C25-HCOj™ relationship during-degassing for waters
collected in January 2004, January 2005, January 2006
and June 2006 is shown in Fig. 2b. HCO;™ concentration
is linearly correlated to C25, but the slope changes con-
siderably to a higher value for waters with C25 > 2400
uS/cm. High C25 waters collected during controlled
degassing tend to contain more Fe?* than the other wa-
ters (Table 1). Calculations using a commercially avail-
able speciation program (REACT in Geochemist’s Work-
bench 3.0, Bethke, 1996) indicate that up to 30% of total
Fe exists as FeHCO;™, 20% of Ca as CaHCO;~, and 15%
of Mg as MgHCO;". Existence of these ion pairs would
reduce C25 when compared to C25 of the solution in
which Fe, Ca and Mg exist as free Fe?*, Ca** and Mg?*
ions, since these ion pairs are monovalent and therefore
would carry less electric conductivity per mole than un-
paired ions, although molar ionic conductivity of the
above ion pairs are not known. This effect may be partly
responsible for a higher slope in the HCO;—C25 rela-
tionship of deep waters having C25 > 2400 uS/cm. The
slope of the regression for waters with C25 < 2400 uS/
cm collected during controlled degassing is almost the
same as that of the pre-degassing relationship. Enhanced
Fe?* concentrations of during-degassing deep waters were
probably caused by dissolution of Fe(OH); precipitates,
which formed by oxidation of Fe?* when Fe?*-rich deep
water from the degassing pipe was oxidized at the sur-
face upon contact with the atmospheric oxygen through a
reaction
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ues for pre-degassing waters (November 1993 to January 2003)
at Lake Monoun. Two linear relationships, shown by solid lines,
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and another for waters with C25 > 2300 uS/cm. See text for
regression equations. Open circles are for May 1987, Decem-
ber 1989 and April 1992. CO, concentration was measured with
the cylinder method (Evans et al., 1993). Since no CTD data is
available during these periods, C25 values were indirectly es-
timated using a C25-8i0,,,,, relationship observed during the
pre-degassing period (November 1993 to January 2003). The
CO54)/C25-C25 relationship for waters with C25 < 1700 was
assumed as shown by a dotted line.

Fe’* +2HCO5 + 140, + 14 H,0 — Fe(OH), + 2C0, .-
2)

The precipitates sank to the deep anoxic zone (layers I1I
and IV) where they were reduced to Fe?* by reaction with
organic matter. This interpretation may be supported by
a constant Fe?*/NH,* ratio of waters in layers ITI and TV.
Thus, we used the following regression equations for the
pre- and during-degassing HCO;—C25 relationships,

HCO;™=0.01444+C25 - 2.86

(pre-degassing, Fig. 2a) (3a)
HCO;™=0.01449+C25 - 0.48 (100 < C25 < 2400)
(during-degassing, Fig. 2b) (3b)

HCO;=0.03460+C25 — 47.61 (2400 < C25 < 2800)

(during-degassing, Fig. 2c). (3¢)
HCOj;™ concentration (in mmol/kg) calculated using Eqs.
(3a) through (3c) was subtracted from the observed total

CO, concentration (COy,q + HCO;™ fixed in a syringe)
to work out CO,,, concentration. Next, the CO,,q, con-
centrations thus determined by the syringe method were
correlated to C25 to obtain a smooth CO,,q, profile. A
typical correlation between CO,,q, and C25 is shown in
Fig. 2c. The data points were connected from segment to
segment by appropriate linear or quadratic curves to
smooth the data. This practice was applied to all obser-
vations of total CO, determinations by the syringe method
from November 1993 to June 2006.

The earliest CTD measurement of Lakes Nyos and
Monoun was made in October 1986 (Kanari, 1989). Com-
parison of the C25 data with those measured at Lake Nyos
in November 1986 (Tietze, 1987) and later dates at Lake
Nyos suggested that Kanari’s C25 data appeared too low
approximately by 25 uS/cm. After correcting the C25 data,
the CO,,g, profile in October 1986 was estimated as fol-
lows. If CO,,q)/C25 ratios obtained during the pre-
degassing periods (November 1993 to January 2003) are
plotted against C25, a linear correlation can be seen for
waters having C25 between 1700 and 2300 uS/cm (Fig.
3). A regression analysis gave the following equation for
the waters with C25 between 1700 and 2300 uS/cm
Y =-111.9 (£7.9) + 0.078 (0.004)*X (R*> = 0.93) (4a)
where Y stands for CO,,,,/C25%1000 and X for C25. An-
other linear relationship with a reversed slope exists for
deep waters with C25 greater than 2260 uS/cm

Y=123.59 - 0.0248+*X. (4b)
It was assumed that both CO,,,,/C25%1000 and C25 de-
crease linearly to the point of origin for layer II waters
with C25 < 1700 uS/cm (Fig. 3). These linear relation-
ships were used to estimate a CO,,q, profile for October
1986. Since no CTD data is available between 1987 and
1992 for Lake Monoun, we estimated C25 values of this
period using a relationship between pre-degassing C25
and SiO,,q) (Table 1) and SiO,,q, analysis of pre-
November 1993 waters (W. C. Evans, unpublished data).
The estimated C25 combined with CO,,,, values mea-
sured by the cylinder method (Evans et al., 1993, and
unpublished data) confirmed the relationship in Fig. 3.

Temperature, C25, pH and CO, profiles of Lake Monoun
before controlled degassing

Chemical evolution of Lake Monoun water before the
controlled degassing is shown in Fig. 4. The temperature
profiles (Fig. 4a) show minima at around 20 m, the depth
of which changed with year and season when measure-
ments were made. Below the minima, temperature in-
creases gradually to ca. 23°C down to the lower
chemocline at 50—-60 m, remains constant down to 93 m,
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Fig. 4. Evolution of temperature (a), C25 (b), pH (c¢) and COy,,, (d) at Lake Monoun before controlled degassing (October
1986—January 2003). CO, saturation curve was calculated from Duan and Sun (2003 ).

and increases sharply to >24°C toward the bottom. It is
noted that the temperature of water below layer II in-
creased significantly between 1986 and 1999, and at the
same time the layer III (thermally homogeneous zone)
thickened forming a “shoulder” at a depth of 51 m by
January 2003. Figure 4b shows the conductivity profiles
of 1986, 1993, 2001 and 2003. An upper chemocline at 8§
m in 1986 deepened to 23 m by 1999 (not shown) and
remained unchanged until 2003. Below the upper
chemocline, conductivity increased gradually until around
60 m depth, and stayed constant down to 90 m. Similar to
the temperature profiles, a clear “shoulder” of conduc-
tivity formed at 51 m in 2003, shallower by 8 m than in
1993, which indicates thickening of homogeneous layer
IIT having higher temperature and more salinity. In the
very bottom water (layer IV, 90 m and below) conductiv-
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ity increases sharply toward the bottom. The evolution of
pH values is shown in Fig. 4c. Shallow water pH values
varied with time, reflecting different rates of CO, con-
sumption by algae in surface waters. Below the upper
chemocline, pH decreases gradually until layer III is
reached at around 60 m, and stays constant in layer III as
is the case for temperature and conductivity. The pH val-
ues increase slightly toward the bottom in layer IV. CO,,
profiles obtained through the procedure previously de-
scribed are collectively shown in Fig. 4d for the pre-
controlled degassing period (October 1986-January
2003). Obviously the 1986 profile shows the lowest
COyyq) concentrations in deep water (around 130 mmol/
kg in layers IIT and IV) and the CO, shoulder at a depth
of ca. 63 m. It is interesting to note that the CO,,,, pro-
files evolved with time, but the greatest change appears
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to have taken place between 1986 and 1993. Evolution
after November 1999 seems slowed down. Layers I and
IV expanded with time due to recharge of CO,-rich water
from the bottom, and the maximum CO,,, concentra-
tion reached 157 mmol/kg at 58 m depth in January 2003.
A CO, profile close to the one of January 2003 was al-
ready attained in December 2001. The CO, shoulder at
58 m was very close to the CO, saturation curve at the
depth. Since the depth of CO, saturation at 157 mmol/kg
is 50 m (using the solubility equations in Duan and Sun,
2003), we had a saturation distance of only 8 m in Janu-
ary 2003. This was critical because spontaneous
exsolution of CO, bubbles capable of triggering another
limnic eruption could have occurred in a very short time
if the degassing operation started later than 2003 (Kling
et al., 2005).

Evolution of CO, in Lakes Monoun and Nyos before and during controlled degassing

Temperature, C25, pH and CO, profiles of Lake Monoun
during controlled degassing

Figure 5 shows evolution of temperature (a), conduc-
tivity (b), pH (c) and CO, (d) profiles at Lake Monoun
during controlled degassing (January 2003-January
2007). Compared to the January 2003 profiles which are
shown as the reference for the period just before control-
led degassing started, all profiles maintained a similar
shape but subsided considerably as degassing proceeded.
Noticeable deepening of the upper and lower chemoclines
with reduction of layer III thickness took place during
the first 2 years (2003-2005) of degassing. However, lit-
tle change was observed during 2005 and 2006, which
indicates that performance of the degassing system de-
clined during that period and that gas removal rate and
recharge rate started balancing as predicted by a model
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calculation (Kling et al., 2005). After February 2006 when
2 additional degassing pipes were installed with intake
depth deepened to 93 m (Halbwachs, personal communi-
cation), appreciable and rapid deepening of layer III re-
sumed (Fig. 5, January 2006—January 2007).

A temperature minimum at 21 m in January 2003 deep-
ened to 33 m in June 2006 resulting in expansion of layer
I and lessening of sharpness of the upper thermocline (Fig.
5a). The lower chemocline deepened by 19 m from 51m
in Jan 2003 to 70 m in June 2006 with associated deepen-
ing of the shoulders of temperature, conductivity, pH and
CO,. The meandering shape of shallow water pH profiles
after 2005 reflects mainly changes in temperature, pho-
tosynthesis, and respiration that control CO, concentra-
tions.

From the changes observed during 2003 and 2006 (Fig.
5), we can evaluate the change in CO, content over time
and gas removal rate during controlled degassing as shown
below. Note that the shape of each curve in Fig. 5 has
remained similar during controlled degassing, indicating
that layer III water has been carried up and added to the
surface by the degassing pipe without changing a major
chemical structure of the lake.

RECHARGE AND REMOVAL OF CO, AT LAKE MONOUN

The change in CO, content with time was quantita-
tively evaluated from the CO,,q, profiles before control-
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led degassing (Fig. 4d) and during controlled degassing
(Fig. 5d). It is summarized in Table 2 and graphically
shown in Fig. 6. The bathymetry used in Kling et al.
(2005) was adopted to estimate the CO, content. In Table
2 the CO, contents of Lake Monoun were calculated for
the main basin of the lake (total CO,) and for waters be-
low the surface chemocline (CO, below layer II) and be-
low the deep chemocline (CO, below layer III). Since the
water of Lake Monoun shallower than ca. 15 m is replen-
ished by the Panke River, it is reasonable to discuss the
change of CO, content below layer II in the main basin.
The CO, content below layer II soon after the 1984 erup-
tion is estimated to be approximately 330 mega moles
(Fig. 6). It appears that the CO, content increased rapidly
until 1996. Considering the fact that the CO, content in
October 1986 was based on CO,,, concentrations esti-
mated in an indirect way as mentioned previously, the
overall rate of CO, accumulation below layer II is best
calculated to be 8.4 + 3.6 mega mole CO, per year for the
pre-degassing period of 1993 to 2003 (Table 2). The CO,
content below layer III also increased until January 2003
with the CO, accumulation rate of about 14 mega mole
CO, per year. Kling et al. (2005) calculated a CO, re-
charge rate of 8.2 £ 1.5 mega mole CO, per year using
data below layer II from 1992 to 2003. The value is con-
sistent with the present value obtained using the syringe
CO,—C25 relationship. The recharge of CO, with this rate
pushed the depth of lower chemocline gradually upward



Table 2. Change with time in CO, content of Lake Monoun

Date Year after  Total CO, CO, below layer I CO, below layer IIl CO, accumulation rate CO, removal rate
Aug. 1984
mega mole mega mole mega mole mega-mole/yr mega-mole/yr

Pre-degassing

October 1986 2.17 383 382 288 — —

November 1993 9.25 531+23 530+23 334+11 — —

April 1996 11.67 593+9 588+9 343+9 — —

November 1999 15.25 603 +26 59726 356 %10 — —

December 2001 17.33 612+ 17 612+ 17 4589 — —

January 2003 18.42 608 + 24 607 =24 459+ 13 8.4 +3.6 (1993-2003) —
Post-degassing

January 2004 19.42 533+23 521423 345+ 10 — —

January 2005 20.42 421+17 418+ 17 250+7 —

January 2006 21.42 430+ 13 422+ 12 275+6 — 61.7 + 8.9 (2003-2006)

June 2006 21.83 351+9 337+8 211+5 — —

January 2007 2242 254+06 2405 130+ 3 — 182.0 + 13.0 (2006—-2007)

Note 1. The values for October 1986 were estimated using the CO,/C25 vs. C25 relation ship (see text). Errors were not attached due to the

assumptions involved.
Note 2. Italicized figures were obtained with the pH-CO, method.

Note 3. Errors associated with the figures were calculated for the uncertainties of 4.5 mmole CO,,,/kg for the syringe method and that of +

0.01 pH unit in the pH-CO, method.

from 63 m in October 1986 to 51 m in January 2003 (Fig.
4). As stated earlier the CO,,,, concentration at 58 m
depth in January 2003 was close to saturation. If the CO,
profile before the 1984 event was similar to the profile in
January 2003, natural recharge of CO, would have made
the water at that depth saturated with CO,, leading to spon-
taneous exsolution of gas bubbles and a limnic eruption.
Although we have no data on the natural CO, recharge
rate at that time, it could be higher than 8.4 mega moles
CO, per year. In this scenario no external force is required
to trigger a limnic eruption.

The effect of controlled degassing is remarkable (Fig.
6). The CO, content below layer II in January 2003, just
before the degassing operation started, was 607 mega
moles. It dropped to 521 mega moles in January 2004,
and to 422 mega moles in January 2006, with a mean gas
removal rate of 62 mega moles per year by a single pipe.
This rate is slightly less than the initial gas removal rate
of 86 mega moles per year calculated from the CO, con-
tents below layer II in January 2003 and January 2004,
but much greater than the recent natural recharge of ~8
mega moles per year. The observed pattern of the CO,
content after 2003 is, generally, in good agreement with
the prediction of model calculations by Kling et al. (2005).
Between January 2005 and January 2006, the gas content
below layer II remained unchanged. This observation is
consistent with a model prediction (Kling et al., 2005)
that the rates of gas removal and recharge balance after 2
years of controlled degassing with the pipe intake at 73

m depth. The gas removal rate was also lowered by mal-
functioning of the degassing pipe during that period.
However, natural recharge of CO, continued as shown
by the increase in the CO, content below layer III from
250 to 275 mega moles. After April 2006 when 3 pipes
started extracting water from 93 m depth, CO, contents
below layers IT and III reduced drastically to 240 and 130
mega moles, respectively, as observed in January 2007.
This reduction of the CO, contents translates into a gas
removal rate of 182 mega moles per year. The acceler-
ated reduction of the CO, content is similar to the model
prediction which used two pipes. The observed pattern
of reduction of the CO, content agrees with the predic-
tion, although there was a delay of ~1 year in the initia-
tion of actual degassing by three pipes compared to the
model calculations.

If the current degassing systems keep working, gases
dissolved in layer III (water between 80 to 92 m) will be
removed by the end of 2007 since the amount of CO,
there in January 2007 is 130 mega moles. After this, the
COy(,q) profile would be similar to the one in January 2007
(Fig. 5d) but with the lowest chemocline having deep-
ened to 93 m. The gas content below 93 m will be un-
changed at 24 mega moles unless the intake depth is deep-
ened. CO,,,, concentration coming into the pipes will
gradually reduce from ~80 mmol/kg (Fig. 5d) to lower
concentrations. This would result in a much smaller rate
of gas removal leading to stoppage of self-siphoning from
the pipe. After this stage has been reached, further deepen-

Evolution of CO, in Lakes Monoun and Nyos before and during controlled degassing 105
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ing of the intake depth of the existing pipes is required,
but the stoppage of self-siphoning will follow soon. Since
natural recharge of CO, will continue, it is recommended
to pump deep water continuously to the surface. For ex-
ample, a screw pump driven by solar panels may be used,
because it requires little maintenance. Another possibil-
ity may be the use of an air-lift system. Compressed air is
sent to depth in the degassing pipe to facilitate pumping

0 T

50 F T Upper chemocline -
E  -100 .
=
= Layer 11
D
/| ~150 - Lower |

chemocline
200 Lo Leyer!t
Layer IV
Bottom
1 | 1
0 500 1000 1500 2000

C25 (uS/cm)

Fig.7. Chemical structure of Lake Nyos as exemplified by C25
distribution measured in January 2001. Layers I, Il and 11 are
bordered by the upper and lower chemoclines. Layer 1V is the
deepest water characterized by increasing C25 toward the bot-
tom.

water of that depth. A compressor powered by solar en-
ergy can be placed on shore. These additional pumping
methods could make Lake Monoun completely free of
dissolved gases and safe over the long-term. This attempt
should be initiated as soon as most of dissolved gases
have been removed from the lake by the current degassing
system.

CHEMICAL COMPOSITION, CTD MEASUREMENTS
AND CO, PROFILES OF LAKE NYOS

For Lake Nyos we have CTD data measured in Octo-
ber 1986 (Kanari, 1989), December 1988 (Nojiri et al.,
1993), November 1993, March 1995, April 1996, April
1998, November 1999, and January 2001 as the pre-
controlled degassing casts, and in December 2001, Janu-
ary 2003, January 2004, January 2005, January 2006, June
2006, and January 2007 as the post-controlled degassing
casts. As is the case for Lake Monoun, the CTD data are
only partly shown by figures in this paper, but the raw
and processed data can be found in a data archive oper-
ated by the Geochemical Society of Japan (Kusakabe,
2007). Table 3 shows the chemical composition of Lake
Nyos waters sampled at different depths and at different
times (1986-2006). For the sake of completeness, pub-
lished data of October 1986 (Kusakabe et al., 1989) and
of December 1988 (Nojiri et al., 1993) are included in
Table 3, where CO,,q, values were estimated using the
relationship between CO,,,/C25 and C25 as described
below. CO,,q concentrations in Table 3 were basically
obtained by the syringe method, but those for shallow
waters were calculated by the pH method. The sampling
and analytical methods are the same as those for Lake

w E N S
o T~ I S : : : : : :
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N6°26'30" -
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-1501 B b
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— .
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E10°17'39"
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Fig. 8. Three-dimensional CTD measurements at Lake Nyos in January 2001. (a) Map of Lake Nyos. CTD cast was made at the
points along the W-E and N-S transects. (b) C25 distribution along the W-E transect. (c) C25 distribution along the N-S transect.

C25 values are given in US/cm.
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Monoun.

The chemical composition of Lake Nyos waters is, in
general, similar to that of Lake Monoun (Table 1) with
obvious predominance of CO,., and HCO;5™ over the
other dissolved chemical species. Ferrous ion concentra-
tions in deep waters and salinity are lower than those of
Lake Monoun as indicated by lower C25 values. Bicar-
bonate ion comprises more than 99.8% judging from the
analyzed anion concentrations, again justifying the
method of calculating HCO;~ concentrations by the dif-
ference method as we did for Lake Monoun.

The chemical structure of Lake Nyos water is shown
in Fig. 7 by the C25-depth relationship measured in Janu-
ary 2001. Similar to Lake Monoun, Lake Nyos can be
divided into 4 layers. Layer I is the shallowest, well-
mixed, low conductivity water, which is separated by a
sharp upper chemocline at about 50 m. It is underlain by

layer II that extends down to 180 m. A lower chemocline
develops around this depth, below which a well-mixed
layer III continues down to ca. 203 m. Below this depth,
conductivity (and temperature) increases sharply toward
the bottom (layer IV). Relatively speaking layer I1I thick-
ness is much smaller than that of Lake Monoun.

Temperature, C25, pH and CO,,,, profiles of Lake Nyos
before controlled degassing

In January 2001 we made a CTD survey to determine
the three-dimensional structure of the lake. Measurements
were undertaken along the west-east and north-south
transects of the lake following the mooring ropes for fix-
ing the instrumental raft (Fig. 8a). Closely-spaced
isopleths of C25 in Figs. 8b and 8c show the upper and
lower chemoclines, respectively. Generally speaking the
lake water was horizontally homogeneous and well-strati-
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Fig. 9. Evolution of temperature (a), C25 (b), pH (c) and CO,,, (d) before controlled degassing (November 1986—January
2003) at Lake Nyos. CO, saturation curve was calculated from Duan and Sun (2003 ).
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Fig. 10. Relationship between CO,,/C25 ratios and C25 val-
ues for waters collected before controlled degassing (Decem-
ber 1988 to January 2001) at Lake Nyos. Two linear relation-
ships can be seen; one for waters with C25 < 1200 uS/cm, and
another for waters with C25 > 1200 uS/cm. See text for regres-
sion equations.

fied below the upper chemocline. C25 values of the shal-
low water above the upper chemocline were slightly vari-
able along the transects, reflecting diurnal effects, because
measurements were made on different days and times.
Figure 9 shows the temperature, conductivity, pH and
CO, profiles of Lake Nyos before controlled degassing
started. The earliest temperature profiles in October 1986
(Kanari, 1989), measured 2 months after the limnic erup-
tion in August 1986, showed monotonous increase below
10 m down to 145 m followed by constant temperature
down to ca. 190 m. This pattern was confirmed by the
CTD measurement in November 1986 (Fig. 9a) (Tietze,
1987). Below 190 m, a sharp rise of temperature was still
observable even after the large scale gas explosion at that
time. This may suggest that either the deepest water was
disturbed only slightly during the explosion or the initial
supply rate of warm recharge fluid from the bottom was
very high. Surface temperatures changed considerably de-
pending on the timing of measurements, but they decrease
sharply towards the temperature minima just above the
upper chemocline. The temperature variability in Layer I
is affected by surface meteorological forcing such as so-
lar irradiation, air temperature and rainfall, down to ~50
m (Kusakabe et al., 2000; Schmid et al., 2003, 2006; Kling
et al., 2005). Temperatures below the upper chemocline
increase gradually down to ca. 170 m. Below this depth,
temperature increases sharply towards the bottom, exceed-
ing 25°C at the deepest point after November 1993. The
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temperature of deep water (170-210 m) increased notice-
ably with time as shown in Fig. 9a. There is a “tempera-
ture shoulder” in the January 2001 profile, but the shoul-
der appears to have already started to form back in 1998,
suggesting initiation of mixing in layer III.

Similar to the temperature profiles, shallow waters in
1986 showed higher conductivity (Fig. 9b), indicating that
deep, saline water was brought to the surface during the
limnic eruption. The upper chemocline in October 1986
was at 7 m depth, but it deepened with time down to 47 m
in 1993 and 50 m in 2001. Unfortunately the CTD meas-
urement of October 1986 (Kanari, 1989) did not go deeper
than 195 m. So we used the C25 data of November 1986
(Tietze, 1987) to estimate the COz(aq) profile in 1986 as
stated below. Conductivity profiles at mid-depths (70-
160 m) stayed almost unchanged for 15 years after the
eruption. The conductivity of the deep water (170-210
m) increased noticeably with time as shown in Fig. 9b. In
January 2001 the conductivity profile between 185 m and
202 m became steep, with the associated reduction of
earlier high conductivity in layer IV, indicating initiation
of mixing in the deepest zone. From 205 m to the bottom,
conductivity increased sharply towards a maximum value.
Figure 9c shows that surface pH values are greater than
6.5 and decrease sharply toward the upper chemocline,
converging at ca. 5.5. They then decrease gradually be-
tween 50 and 140 m, and stay almost constant between
140 and 185 m. They sharply decrease towards 195 m
with minimum values found at around 200 m. The 2001
pH values are slightly lower than the 1993 and 1996 val-
ues when compared at the same depths, reflecting the CO,
build-up in layers II and III.

Pre-controlled degassing CO,,, profiles obtained
mainly by the syringe method are shown in Fig. 9d. We
used COy,g values estimated by the pH method for shal-
low waters that contain CO,,q, less than 40 mmol/kg for
the reasons described in the Lake Monoun section. We
estimated the CO,,, profiles of November 1986 and part
of December 1988 using the syringe-CO,/C25 versus C25
relationship (Fig. 10). The relationship was obtained on
the basis of measured CO,,q, and C25 values during the
pre-degassing period. It is approximated by equations

Y =0.1476 (£0.0076)*X — 1.76 (£6.78)

(500 < C25 < 1200 uS/cm) (5a)
Y =0.0572 (£0.0076)*X + 111.19 (£6.77)
(1200 < C25 < 1600 uS/cm)  (5b)

where Y stands for CO,,,)/C25+1000 and X for C25. The
uncertainties are for the standard error of regression. The
COyyq) values for November 1986 and December 1988
thus estimated are included in Fig. 9d. It shows that
COy,q) concentrations below the lower chemocline in-
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Fig. 11. Evolution of temperature (a), C25 (b), pH (c) and COs4q) (d) during controlled degassing (January 2001-January 2006)

at Lake Nyos.

creased considerably with time when compared at a given
depth. This is especially conspicuous below 180 m, sug-
gesting that CO,,,, was added to water below 180 m (lay-
ers III and IV) during the pre-degassing period. COy,q,
concentration at the bottom-most water is almost constant
at a steady value of 360 mmol/kg since 1999.

Temperature, C25, pH and CO,,,, profiles of Lake Nyos
during controlled degassing

Following experimental degassing attempts, the first
permanent degassing system was installed at Lake Nyos
in January 2001 (Halbwachs et al., 2004). A hardened
polyethylene pipe of 203 m long carried water at that depth
up to the surface. Since the initiation of controlled
degassing, dissolved CO, has been released to the atmos-
phere while the water from 203 m depth has rained back
to the surface of the lake. This has resulted in a small

Evolution of CO, in Lakes Monoun and Nyos before and during controlled degassing

increase in C25 values in layer I water and in gradual
subsidence of temperature, pH and CO,,, profiles be-
low the upper chemocline as shown in Fig. 11. It shows
the during degassing evolution of temperature (a), con-
ductivity (b), pH (c) and CO, (d) profiles for the period
from January 2001 to January 2006. Compared to the
January 2001 profiles which are shown as the reference
for the last pre-degassing period, all the profiles main-
tained their general shape and structure but subsided no-
ticeably as degassing proceeded. The upper chemocline
deepened from the 2001 level of 47 m to 59 m in January
2006 (it deepened to 61 m in January 2007, not shown in
Fig. 11b). The lower chemocline also subsided from the
2001 level of 188 m to 193 m in January 2006 (it deep-
ened to 200 m in January 2007, not shown in Fig. 11b).
The rate of subsidence of the lower chemocline is calcu-
lated to be ~1 m/year if the data between 2001 and 2007
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Table 4. Change with time in CO, content of Lake Nyos

Date Year after Total CO, CO, below layer I CO, below layer I CO, accumulation rate CO, removal rate
Aug. 1984
giga mole giga mole giga mole giga-mole/yr giga-mole/yr

Pre-degassing

November 1986 0.17 13.05+£0.07 12.88+0.07 046 +0.02 — —

December 1988 2.33 13.33+0.05 13.29£0.05 1.76 £0.02 — —

November 1993 7.25 13.57£0.54 13.55+0.54 2.57+0.04 — —

April 1998 11.67 14.06 £0.53 14.02£0.54 3.48 £0.05 — —

November 1999 13.25 1441 +0.51 14.04 £0.52 3.39+0.05 — —

January 2001 14.42 14.78 £0.52 14.63 £0.62 3.52+0.05 0.12 £0.04 (1986-2001) —
Post-degassing

December 2001 15.33 14.20£0.49 14.13+£0.49 3.32+0.04 — —

January 2003 16.42 13.10£0.48 13.05+£0.48 3.42+0.04 — —

January 2004 17.42 13.16 £0.49 12.96 £0.49 3.21+£0.04 — —

January 2005 18.42 12.29£0.45 12.17+£0.45 3.06 £0.04 — —

January 2006 19.42 11.83+£0.43 11.70£0.43 2.63£0.04 — 0.59 £0.15 (2001-2006)

Note 1. Errors attached to the November 1986 and December 1988 figures were calculated for the standard error in the slope of regression

equations. See text and Fig. 9 for the equations.

Note 2. Errors for the figures other than the November 1986 and December 1988 figures were calculated for the uncertainties of 4.5 mmole

COyyq) at each depth in smoothing the syringe and pH data.

are used. This implies that the lower chemocline will sub-
side to 203 m, the current intake depth of the degassing
pipe, in a few years, resulting in a reduced gas removal
rate because of decreasing CO,(,,, concentration of in-
coming water to the pipe. It is recommended not only to
increase the number of the degassing pipes but also to
deepen the intake depth of the pipe at Lake Nyos in the
near future in order to remove CO,,, and other dissolved
gases in layer IV where the highest gas concentrations
are observed.

A sudden rise in C25 of the deepest water was ob-
served after the degassing operation was initiated (com-
pare Figs. 9b and 11b). The deepest C25 values never
exceeded ~1700 uS/cm in the pre-controlled degassing
period, whereas those in the during-degassing period
reached as high as 2700 yuS/cm (January 2003, Fig. 11b).
Ferrous iron concentration of the deepest water in Janu-
ary 2003 was unusually high (Table 3) while concentra-
tions of the other dissolved ionic species including SiOy,q,
did not show such an abrupt rise. The increase in C25 is,
therefore, likely due to dissolution of Fe(OH); precipi-
tate which formed when Fe?*-rich deep water from the
degassing pipe was exposed to the atmosphere at the sur-
face; these particles then sank and redissolved under an-
oxic conditions in the deepest water.

RECHARGE AND REMOVAL OF CO, AT LAKE NYOS

The change in CO, content with time was quantita-
tively evaluated from the CO,,, profiles before control-
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led degassing (Fig. 9d) and those during-degassing (Fig.
11d). It is summarized in Table 4 and graphically shown
in Fig. 12. The bathymetry used by Kling et al. (2005)
was adopted for quantification. In Table 4 the CO, con-
tent of Lake Nyos from 1986 to 2006 was calculated for
the whole lake (total CO,) and for waters below the up-
per chemocline (CO, below layer II) and below the lower
chemocline (CO, below layer III). The first CTD meas-
urement at Lake Nyos was made in October 1986 by
Kanari (1989). However, his C25 data are consistently
lower than the later measurements when compared at the
same depth range, e.g., between 70 and 150 m, a zone of
little change with time. For this reason, we used C25 val-
ues obtained in November 1986 by Tietze (1987) to make
an estimate of the earliest CO, content after the limnic
eruption. Using the C25 profile of November 1986
(Tietze, 1987) and the syringe-CO,/C25 versus C25 rela-
tionship (Fig. 10), a CO, profile of November 1986 was
estimated. It is consistent with measurements carried out
in 1987 using the cylinder method (Evans et al., 1994).
Using the CO, profile, total CO, content in November
1986 was estimated to be 13.05 + 0.07 giga-moles. CO,
content below the upper chemocline was 12.88 + 0.07
giga moles. The error was estimated only from the stand-
ard error of the regression equation used in Fig. 10, and
the accuracy of the 1986 C25 measurement was not taken
into account. This estimate of CO, content must be close
to that of Lake Nyos soon after the August 1986 limnic
eruption. CO, content below the upper chemocline kept
steadily increasing and it reached 14.63 + 0.62 giga moles
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Fig. 12. Change with time in CO, content at Lake Nyos. Closed circles and open squares are for CO, content below the upper
chemocline and below the lower chemocline, respectively. Error bars indicate the standard error associated with the estimation

of each data point.

in January 2001, a maximum value in the pre-degassing
period. The values in Table 4 are consistent with those
reported in Kling et al. (2005) within error. From the
change over time of the CO, content below the upper
chemocline, we can evaluate the rate of CO, accumula-
tion in Lake Nyos since its explosion in 1986 (Table 4).
The mean rate of CO, accumulation below the upper
chemocline is calculated as 0.12 £ 0.04 giga moles/year
based on the data of November 1986 to January 2001.
This agrees well with the CO, recharge rate of 0.126 £
0.048 giga moles/year reported in Kling et al. (2005) who
used the CO, contents of 1992 and 2001. Note that the
CO, accumulation rate of 0.23 giga moles/year reported
by Kusakabe et al. (2000) is considerably higher than 0.12
+ 0.04 giga moles/year stated above. The reason for the
discrepancy is that Kusakabe et al. (2000) did not use
CO, data below the upper chemocline but below 180 m
only. The continued recharge of CO,-rich water from the
bottom resulted in the thickening of layer III (Fig. 9d).
The increase in the CO, content in layer III since 1986 is
3.06 £ 0.01 giga moles (Table 4).

Evolution of the water column structure before con-
trolled degassing (Fig. 9) indicates thickening of layers
III and IV with time. This suggests that the CO, profile
was developing in a similar way to the profiles observed
at Lake Monoun. There is a possibility that layers III and
IV of Lake Nyos may have been much thicker before the
1986 catastrophic event, and that the shape of pre-event
CO, profile may have been similar to that observed at

Lake Monoun in 2003 (Fig. 4d), with the COz(aq) concen-
tration almost constant at 360 mmol/kg below the lower
chemocline down to the bottom. If the lower chemocline
was around 113 m (saturation depth for water containing
360 mmole-CO,/kg) at that time, a small addition of CO,
from natural recharge would have made the water at that
depth saturated with CO,, leading to spontaneous
exsolution of gas bubbles and eventually to a limnic erup-
tion. If this model is correct, the amount of CO, gas re-
leased to the atmosphere during the 1986 limnic eruption
is calculated as ~14 giga moles or 0.31 km? at STP as a
difference between the above assumed pre-event profile
and the November 1986 profile multiplied by the lake’s
bathymetry. This value is greater than the estimate (0.14
km® STP) by Evans et al. (1994) by a factor of 2, but
much smaller than an early estimate of ~1 km? at STP
(Tuttle et al., 1987; Faivre Pierret et al., 1992). The esti-
mated amount of CO, released obviously depends on the
assumptions involved. As long as the lake receives natu-
ral recharge of CO,, limnic eruptions can occur repeti-
tively (Tietze, 1992; Kling et al., 1994) but may not be
regular as described in a model calculation by Chau et al.
(1996).

Controlled degassing started in March 2001 at Lake
Nyos. The observed decrease of CO, content after 2001
(Fig. 12) is in general agreement with the prediction of
the model calculations by Kling et al. (2005). The CO,
content below the upper chemocline in January 2006 was
11.70 + 0.43 giga moles, which is smaller than that soon
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after the 1986 limnic eruption. The mean rate of gas re-
moval in the during-degassing period is 0.59 £ 0.15 giga
moles/year. The year-by-year rate of gas removal varies
from 0.09 to 0.99 giga moles/year with the minimum rate
observed between January 2003 and January 2004. Dur-
ing this period the degassing system was not functioning
at its optimal rate and the gas recharge rate may have
balanced the gas removal rate. Although the mean rate of
gas removal of 0.59 = 0.15 giga moles/year (calculated
for the period 2001-2006) is greater than the mean rate
of CO, recharge of 0.12 giga moles/year, the gas removal
rate will reduce substantially when the lower chemocline
subsides below the water tapping depth of 203 m. Cur-
rently the lower chemocline subsides approximately 1 m
per year, and the lower chemocline was at 193 m depth in
January 2006 and 200 m depth in January 2007. Thus it
takes only a few years for the lower chemocline to reach
the water tapping depth. After this is reached, CO, con-
tent of water tapped by the pipe will become lower and
the gas removal will take several decades (Kling et al.,
2005; Schmid et al., 2006). After this stage, the pipe
should be lowered as close to the bottom as possible, and
also a system to carry the bottom-most waters up to the
surface to remove gas continuously (as proposed for Lake
Monoun) must be installed, since natural recharge of CO,
will continue.

The degassing operation since 2001 at Lake Nyos and
2003 at Lake Monoun has not changed the overall shape
of each profile (Fig. 11), and has proven that the lakes
have not been destabilized as initially suspected (e.g.,
Freeth, 1994). Since the effect of dissolved CO, on the
density of lake water is far greater than that of the other
dissolved chemical species at a given temperature (e.g.,
Kusakabe et al., 1989), the CO, profiles essentially de-
termine the density profiles. This implies that the overall
stability of the lakes has become greater as degassing has
proceeded, and therefore spontaneous overturn of the lake
water is unlikely.

CONCLUSIONS

Regular monitoring of Lakes Monoun and Nyos since
1986 has shown that chemical evolution of the lakes is
remarkably rapid as geological phenomena. Results of the
monitoring obtained during the last 21 years including
the earliest CTD measurement made in October/Novem-
ber 1986 indicated that the greatest changes of tempera-
ture, C25 and CO, concentration in the lake took place
during the initial 10 years at Lake Monoun. Changes at
Lake Nyos are fairly steady. The accumulation rate of CO,
was estimated to be ca. 8§ mega-moles/year at Lake
Monoun before controlled degassing (November 1993 to
January 2003). Similarly at Lake Nyos, the CO, accumu-
lation rate was ~0.12 giga moles per year until January
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2001 when controlled degassing started. If the pre-event
CO, profile was close to saturation at a certain depth as
observed at Lake Monoun in 2001, the lakes may have
exploded spontaneously without receiving an external
trigger.

The effect of degassing on CO, content is remarkable
especially for Lake Monoun. By January 2007 the CO,
content was lowered to ~40% of the maximum content
attained just before controlled degassing started. The cur-
rent CO, content is lower than the estimated initial con-
tent soon after the 1984 limnic eruption. The rate of gas
removal will drastically decrease in a short period of time,
because the lower chemocline will subside to the current
pipe intake depth of 93 m within a year or so, assuming
full performance of the degassing systems. After this stage
is reached, the degassing pipe should be lowered as close
to the bottom as possible to remove the remaining dis-
solved gases. The rate of CO, recharge seems to have
declined in recent years at Lake Monoun, but it may
change to a higher rate in the future. So, a system that
carries the bottom water to the surface needs to be in-
stalled after degassing by the current system becomes
ineffective. The new system should be simple, robust and
maintenance-free, e.g., a small pump driven by solar
power that pumps deep water to the surface.

Controlled degassing at Lake Nyos since 2001 has
reduced the CO, content below the level found soon after
the limnic eruption in 1986. However, the CO, content
still remaining in the lake amounts to 80% of the maxi-
mum level of 14.8 giga moles observed in January 2001
and is thus still dangerous to people living around the
lake. The depth of the lower chemocline may reach the
water intake depth of 203 m within a few years. After
this situation is reached the degassing rate with the cur-
rent system will progressively be lowered, and it would
take decades to remove a majority of dissolved gases even
if the degassing system keeps working continuously for
such a long time. Therefore additional gas removal sys-
tems need to be installed in order to speed up gas removal
from Lake Nyos in a short period of time.
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