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Abstract

Lake Albano was stratified at the time of our survey, in December 1997, in agreement with previous observations
[Martini et al., Geochem. J. 28 (1994) 173^184; Cioni et al., Report for the Civil Protection Department (1995);
Pedreschi, Accad. Lucch. Sci. Lett. Arti (1995) 39]. In the absence of phenomena induced by seismic activity, either
local or regional, lake stratification may be perturbed by cooling of shallow waters below V8.5‡C. Circulation is
expected to homogenize lake waters and eventually to trigger gas exsolution when total gas pressure exceeds
hydrostatic pressure. In December 1997, total gas pressure in lake water was very close to atmospheric pressure (0.9^
1.3 bar) at all depths, possibly due to the occurrence of a recent episode of circulation and presumed gas exsolution.
The state of saturation of Lake Albano waters and the similarity of the relative concentrations of Na, K, Mg, and Ca
in lake waters, local groundwaters, and local volcanic rocks indicate that Na, K, Mg, and Ca concentrations in Lake
Albano waters are mainly governed by incongruent dissolution of local volcanic rocks, coupled with minor calcite
precipitation at shallow depths.
< 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In active volcanoes, the interaction between
water masses contained in crater lakes and rising
magmas may bring about high-energy hydrovol-
canic eruptions, such as base surges (e.g., Taal
volcano, Philippines) and debris £ows (e.g., Kelut
volcano, Indonesia). These events have killed
many people in the last 500 years (e.g., Delmelle
and Bernard, 2000; Rodolfo, 2000).

In non-active volcanoes, deep waters of crater

lakes may accumulate gases rich in CO2 and other
carbon components, mainly CH4. If these gas-rich
deep waters are shifted towards the surface by an
external cause (e.g., earthquakes, landslides, cold
rains, strong winds) catastrophic gas exsolution
occurs. Events of this kind, known as limnic erup-
tions (Sabroux et al., 1987), occurred in the 1980s
from the Cameroonian Lakes Nyos and Monoun,
causing V1800 casualties (Sigurdsson et al.,
1987; Giggenbach, 1990 and references therein).

In Italy, gas accumulation takes place in the
deep waters of Lake Piccolo of Monticchio, Vul-
ture volcano (Chiodini et al., 1997, 2000a). In
principle, gas accumulation could also occur in
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Lake Albano, which, with a surface area of
V5.70 km2, is the major lake of the Alban Hills
volcano. Lake Albano is located in a roughly el-
liptical depression with a 3.5-km-long NW-trend-
ing major axis and a 2.2-km-long minor axis. It is
a relatively deep (maximum depth of V175 m),
funnel-shaped volcanic lake and its walls are very
steep, except on the northwestern side. Water lev-
el cannot rise above 293 m a.s.l., due to the pres-
ence of an arti¢cial drain excavated by the Ro-
mans in the 4th century B.C. Its construction was
probably decided as in 390 B.C. ‘‘water £ooded
out of the lake, T not because of rainfall or of any
other natural reason’’, as reported by Titus Livius
in Ab Urbe Condita Libri CXLII. This decision
was evidently taken since the lake is located at
V20 km SE of Rome.

The Alban Hills region is characterized by high
CO2 £uxes and sudden episodes of gas release,
and is frequently a¡ected by seismic activity (see
below). In principle, the high gas £uxes as well as
lake morphology and bathymetry could favor gas
accumulation in the deep waters of Lake Albano,
whereas seismic activity could trigger gas dis-
charge.

The waters of Lake Albano were studied by
Martini et al. (1994), who reported a compara-
tively high CO2 concentration, 222 mg/kg, in
deep lake waters and unusual cation concentra-
tions in both surface waters and deep waters,
with KsNa on a weight basis. To investigate
this rather atypical water chemistry and to gather
data on other dissolved gases, we carried out a
survey of lake waters in December 1997. The pur-
pose of this paper is to present and discuss avail-
able geochemical data and to assess the risk of gas
accumulation in the deep waters of Lake Albano.

2. Geology, hydrogeology, and seismicity

The most prominent features of the Alban Hills
volcano (Fig. 1) are the Tuscolano-Artemisio and
the Faete (or Campi di Annibale) edi¢ces (De
Rita et al., 1995). The activity of the Tuscolano-
Artemisio edi¢ce occurred from 600 to 300 ka,
consisted of the eruption of several ignimbrites
and subordinate lava £ows, and ended with the

collapse of the Tuscolano-Artemisio caldera. In-
side this collapsed area, the Faete edi¢ce was built
from 300 to 200 ka. It was characterized by pre-
vailing strombolian eruptions and by large extru-
sions during its late period. Again, the activity of
the Faete edi¢ce terminated with a summit cal-
dera collapse. The most recent volcanic activity
occurred from 200 ka to 20 ka and consisted of
violent hydromagmatic eruptions from several
craters in the western and subordinate northern
sectors of the Alban Hills volcano. All these cra-
ters are tu¡ rings and erupted wet and dry surges
and lahars. In particular, the Albano volcano-tec-
tonic structure is made up of at least ¢ve coales-
cent craters, located along NW^SE regional frac-
tures.

The products of the Alban Hills volcano are
low in SiO2, 42^50 wt%, very rich in K2O, 5.5^
10%, relatively high in CaO, 9^12%, and compa-
ratively low in MgO, 3.5^7% (Trigila et al., 1995).
Most rock types can be classi¢ed as K-foidites,
phonotephrites, and tephrites based on the total
alkali^silica diagram (Le Bas et al., 1986). The
mineralogy of these volcanic products consists of
phenocrysts of clinopyroxene and leucite in a
groundmass of the same phases, plus magnetite
and less common nepheline^kalsilite, melilite, ol-
ivine, phlogopite, calcite and sanidine.

According to Boni et al. (1995), three hydro-
geologic units are present in the Alban Hills re-
gion. The volcanic products host a multilayered
aquifer £owing outwards, i.e., towards the periph-
ery of the volcano. In particular, the Lake Albano
basin is fed by a westward-£owing perched aqui-
fer extending to the interior of the Tuscolano-Ar-
temisio caldera. Volcanic rocks are separated
from the underlying basal complex by clays and
marls of Plio^Pleistocene age. These are expected
to act as an aquiclude, at least where they are
su⁄ciently thick and continuous. The heteroge-
neous Meso^Cenozoic basal complex hosts sev-
eral aquifers, mainly in fractured limestones and
dolomites, separated by impervious clay layers.

Most of the information on local seismicity was
provided by the study of the seismic swarm of
April 1989^March 1990 (Amato et al., 1994;
Amato and Chiarabba, 1995). Out of the over
3000 earthquakes detected, 1156 events were lo-
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cated. They have Mmax of 4.2^4.5 and are mostly
found within the area where recent hydromag-
matic activity took place, whereas the eastern sec-
tor of the Tuscolano-Artemisio caldera was found
to be aseismic (Fig. 2). Hypocenters are grouped
in two clusters. The ¢rst cluster, north of Lake
Albano, is located at depths of 3^5 km, whereas
the second cluster, between lakes Nemi and Alba-
no, is found at depths of 4^6 km. Based on the
frequency content of recorded waveform, the
1989^90 sequence was probably dominated by
tectonic-like events. However, seismicity was
probably triggered by increased pore pressure.

3. Carbon dioxide degassing from the Alban Hills
region

This matter was recently investigated by Chio-
dini and Frondini (2001). In several zones of the
Alban Hills region, such as Lavinio, Acqua Solfa-
Ardea, Solforata, Trigoria, and Cava dei Selci-
Ciampino (Fig. 1), large amounts of CO2-rich
gases of deep provenance are discharged from

soil. The CO2 output from two of these areas,
Cava dei Selci and Solforata, amounts to
6.1U108 mol/yr. This high gas output poses a
risk for the life of human beings and animals,
which should be taken seriously. The last lethal
accidents occurred in October 1999 and in March
2000 when 30 cows and ¢ve sheep, respectively,
died at Cava dei Selci.

Groundwaters rich in CO2 are present in sev-
eral localities, especially in the northern and west-
ern sectors of the Alban Hills region. They usually
cluster in areas of positive gravity anomalies,
which re£ect the presence of structural highs of
the carbonate basal complex, covered by imper-
vious clays and marls. These structures act as
buried traps for the CO2 of deep provenance, as
testi¢ed by the Torre Al¢na geothermal ¢eld
(Barelli et al., 1978; Chiodini, 1998). Based on
the CO2 distribution in groundwaters and the
water £ux discharging from the volcanic aquifer,
Chiodini and Frondini (2001) computed a total
output of deep CO2 from the Alban Hills (surface
area 1516 km2) of 4.2U109 mol/yr. According to
Chiodini and Frondini (2001), this ¢gure, which

Fig. 1. Simpli¢ed geological map of the Alban Hills volcano.
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includes the CO2 directly released from Cava dei
Selci and Solforata, underestimates the real CO2

output for two reasons: (1) not all the gases of
deep provenance accumulate in groundwaters and
(2) the contribution of direct gas discharges from
soil is underestimated. The corresponding CO2

£ux, 2.8U106 mol/km2/yr, is within the range of
the £ux calculated for the carbonate aquifers of
central Italy, 9.0U103^9.3U106 mol/km2/yr
(Chiodini et al., 2000b), and is ca. three times
greater than the baseline value from areas of
high heat £ow (Kerrick et al., 1995).

A sudden release of CO2-rich gases from the
soil and shallow water wells occurred on Novem-
ber 2, 1995 in the V10-km-long area between
Ciampino and Rocca di Papa (Chiodini and
Frondini, 2001, and references therein). This
densely inhabited area is very close to Lake Alba-
no (Fig. 1), but it seems that the November 2,
1995 event did not a¡ect lake waters, as suggested
by the vertical pro¢les of temperature, dissolved
O2, pH, pCO2, and electrical conductivity (EC)
measured 2 days after the gas release episode
(Cioni et al., 1995). The area impacted by this

event partly coincides with the zone a¡ected by
the April 1989^March 1990 seismic swarm (Fig.
2), although available data are insu⁄cient to es-
tablish the possible relationship between the seis-
mic phenomena and the degassing event. Similar
gas emissions took place in this same area in the
past, as documented by historic chronicles (Funi-
ciello et al., 1992; Voltaggio and Barbieri, 1995).

4. Field and laboratory work

In December 1997, lake waters were surveyed
for temperature, dissolved O2, pH and EC along a
vertical pro¢le. Then water samples were collected
at 10, 30, 50, 70, 90, 110, and 130 m depth for
chemical analysis of the main components, some
trace elements, and dissolved gases.

Physico-chemical parameters were measured
twice along the vertical pro¢le, downward and
upward, by means of OCEAN SEVEN 401 man-
ufactured by Idronaut, Italy. This instrument is
made up of a multi-sensor probe connected to a
portable computer. The probe holds the sensors

Fig. 2. Epicentral distribution of the events recorded during the 1989^1990 seismic swarm in the Alban Hills volcano. Stars indi-
cate local seismic stations (after Amato et al., 1994).
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for the determination of pressure (depth) and
physico-chemical parameters. A microprocessor,
built into the probe, carries out the electronic
scanning of the parameters every 29 ms, trans-
forms the analog signals into digital signals and
transmits them to the computer through a mono-
conductor cable. The nominal precisions are as
follows: pressure V5 mbar, i.e., 0.05 m in depth;
temperature V0.02‡C; O2V6.3 Wmol/l ; pH
V0.05 pH units ; EC V20 mS/cm.

For water sampling, a polyethylene pipe was
lowered to the chosen depth maintaining its sub-
merged end very close to the temperature-O2-pH-
EC sensors. Water was pumped to the surface by
means of a manual vacuum pump. Samples were
collected after displacement of a water volume at
least twice the inner volume of the pipe. Raw,
¢ltered (0.45 Wm) and ¢ltered^acidi¢ed (with
HCl 1:1) samples were collected and stored in
polyethylene bottles. Total alkalinity was mea-
sured immediately by acidimetric titration. Total
H2S was also determined in the ¢eld by means of
the methylene blue colorimetric method.

Lake waters were also collected in evacuated
bottles equipped with a three-way valve, to deter-
mine the concentrations of dissolved gases. Each
bottle was connected to the surface end of the
polyethylene pipe. A reservoir and a manual vac-
uum pump were ¢tted downstream of the bottle.
First the pipe was £ushed with lake water, accu-
mulating it in the reservoir; then lake water was
allowed to enter the sampling bottle and ¢ll about
four-¢fths of it. Since no gas bubbles were ob-
served in the pipe upstream of the bottle, samples
can be considered to be fully representative of
lake waters.

In the IGG-CNR laboratory, water samples
were analyzed as follows: (1) Li, Na, K, Mg,
Ca, Fe, Mn by AAS and/or AES; (2) Cl, SO4,
NO3 by ion chromatography; (3) B, SiO2 by visi-
ble spectrophotometry.

In addition, the partial pressures of CO2, CH4,
N2, O2, and Ar were determined, at the Osserva-
torio Vesuviano-INGV laboratory, by gas chro-
matography (GC) in the headspace gas of the
bottles equipped with a three-way valve. Each
bottle was weighed before and after sampling to
determine the amount of water sampled. The head

space gas volume, at known pressure and temper-
ature conditions (pressure is measured by means
of a high-precision manometer at the GC inlet),
was obtained by di¡erence between the volume of
the bottle and the volume of sampled water. The
molal concentrations of CO2, CH4, N2, O2, and
Ar in water were obtained through simple mass
balance calculations, assuming equilibrium parti-
tioning between the headspace gas and the aque-
ous solution (gas solubilities from Wilhelm et al.,
1977). See Cioni et al. (1998) and Chiodini (1998)
for further details.

Analytical results are reported in Table 1. Con-
centrations of B (6 0.1 mg/kg), NO3 (6 0.1 mg/
kg), and Li (9 0.01 mg/kg) are not reported.

5. Vertical distribution of physical and chemical
parameters in Lake Albano

The vertical pro¢le of dissolved O2 indicates
that Lake Albano is made up of: (1) the oxic
epilimnion, from the surface to a depth of V25
m, (2) a rather thick thermocline (also known as
the metalimnetic zone); and (3) the anoxic hypo-
limnion extending from V55 m depth to lake
bottom (Fig. 3a). The epilimnion has rather con-
stant temperature (V14‡C) and pH (V8.5),
whereas in the hypolimnion temperature and pH
decrease with increasing depth from 9.6 to 8.9‡C
and from 7.2 to 6.6 pH units, respectively (Fig.
3b,c).

These temperatures of deep lake waters com-
pare with the 9‡C measured at 140^160 m by
Martini et al. (1994) and with the temperatures
recorded in the hypolimnion on November 4,
1995 (Cioni et al., 1995), 2 days after the gas
release episode (see above). According to Pedre-
schi (1995) shallow waters exhibit marked temper-
ature oscillations, whereas bottom waters have
temperatures ranging between 7.0 and 8.5‡C, sug-
gesting an appreciable thermal strati¢cation.
Although these data are somewhat lower than
other measurements, the conclusions of Pedreschi
(1995) are certainly right.

Concentrations of Na, K, Mg, and Cl remain
constant, within analytical uncertainties, at any
depth, SO4 concentration decreases with depth,
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whereas concentrations of Ca, HCO3, and SiO2

increase with depth (Fig. 3d^f). Iron and Mn con-
centrations also increase with depth (Table 1). All
lake waters have HCO3 sCls SO4 (in equivalent
units), whereas cation composition (in equivalent
units) changes from NasMgsKsCa near the
surface to CasMg=NasK at deep levels.
Changes in SO4 content are likely due to bacte-
ria-mediated sulfate reduction in the anoxic hypo-
limnion, whereas other chemical changes are dis-
cussed below.

6. Gas chemistry

The vertical distributions of molal concentra-
tions and partial pressures of CO2, CH4, N2,
O2, and Ar are plotted in Fig. 4a,b. In terms of
molal concentrations, N2 is the dominant constit-
uent in shallow lake waters whereas CO2 prevails
below 70 m depth. Oxygen is the second major
component at the shallow depths (6 20 m),
whereas it is virtually ‘absent’ in deep lake waters
(70^130 m depth), where log mO2 is 369.1 to
370.7 based on the HS3/SO23

4 redox couple, or
333.2 to 339.2 based on Fe(OH)3ðsÞ/Fe2þ equilib-
rium, as indicated by speciation calculations car-
ried out by means of the EQ3NR software code
(Wolery, 1992). Carbon dioxide and CH4 increase
with depth by one and three orders of magnitude,
respectively. Nitrogen and Ar experience, instead,
negligible changes with depth and the pN2/pAr ra-
tio is very close to the atmospheric value, 84, at
all depths.

In terms of partial pressures, N2 is the domi-
nant constituent at any depth, whereas the second
major component is O2 in shallow waters and
CH4 in deep waters. These gases are the main
contributors to total gas pressures due to their
low solubilities in water. In contrast, the contri-
bution of CO2 to total gas pressures is subordi-
nate even though it is the major constituent in
deep lake waters on a concentration basis. Total
gas pressure, obtained by summing the partial
pressures of each gas component, ranges between
0.9 and 1.3 bar and is always lower than hydro-
static pressures at any depth above 130 m (Fig.
4c). Therefore, gas exsolution cannot take placeT
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from Lake Albano waters, at least above 130 m.
The only information available below this depth is
related to the sample collected by Martini et al.
(1994) at 160 m depth, whose measured CO2 con-

centration is 5.05 mmol/kg, corresponding to a
pCO2 of 0.098 bar. Interestingly, these values lie
along the prolongation of the CO2 pro¢les in
Fig. 4a,b. Estimated pCH4 and pN2 at 160 m depth,

Fig. 3. Vertical pro¢les of (a) dissolved O2, (b) temperature, (c) pH, (d) Na, K, Mg, and Ca, (e) SO4, Cl, and SiO2, (f) total al-
kalinity, HCO3, and total carbonate in Lake Albano waters in December 1997.

VOLGEO 2528 8-1-03

R. Cioni et al. / Journal of Volcanology and Geothermal Research 120 (2003) 179^195 185



obtained by extrapolation of the corresponding
pro¢les, are 0.5 and 0.85 bar, respectively, and
total gas pressure is 1.4 bar (Fig. 4c). Conse-
quently, gas exsolution seems unlikely at 160 m
depth as well. Incidentally, the concentrations of
dissolved CO2 (see above) and HCO3, 262 mg/kg,
reported by Martini et al. (1994) constrain the pH
at 6.32, in agreement with our data, but in con-
trast with the pH value reported by Martini et al.
(1994), 5.55.

The incremental increases in CO2 and CH4 with
depth indicate that they are largely produced
through decomposition of organic matter under
anoxic conditions in sediments, followed by up-
ward di¡usion in overlying waters. The organic
origin of C gases of Lake Albano is corroborated
by Fig. 5, where both relative partial pressures
and relative molal concentrations of CH4, CO2,
and N2 in Lake Albano waters are compared
with relative partial pressures of the same constit-
uents in gases from gas and oil deposits (from
Sokolov, 1974) and in hydrothermal gases (from
Chiodini and Marini, 1998). In terms of partial
pressures, Lake Albano is similar to the N2-
CH4-rich gases from gas and oil deposits and to-

Fig. 4. Vertical pro¢les of (a) molal concentrations of CO2,
CH4, N2, O2, and Ar, (b) partial pressures of the same gas
constituents and (c) total gas pressure in Lake Albano waters
in December 1997. The concentration and partial pressure of
CO2 at 160 m depth are from Martini et al. (1994). Total gas
pressure at 160 m depth was estimated as explained in the text.

Fig. 5. Relative partial pressures (circles labelled by depth)
and relative molal concentrations (squares labelled by depth)
of CH4, CO2, and N2 in Lake Albano waters. Relative parti-
al pressures of CH4, CO2, and N2 in natural gases from gas
and oil deposits (U, from Sokolov, 1974) and hydrothermal
gases (+, from Chiodini and Marini, 1998) are shown for
reference.
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tally di¡erent from the CO2-rich hydrothermal
gases. Assuming that a gas phase enters the lake
from below and that gas species are completely
dissolved and are not involved in aqueous speci-
ation reactions, molal concentrations of lake
waters are expected to represent the composition
of the source gas instead of partial pressures.
Since relative molalities of CH4, CO2, and N2 in
Lake Albano waters are intermediate between
those of hydrothermal gases and of gases from
gas and oil deposits, neither of these two sources
alone explains the composition of Lake Albano
gases. In other words, admitting input in the
lake of hydrothermal CO2-rich gases from below,
decomposition of organic matter has to be in-
voked to explain the shift towards high CH4/
CO2 molal ratios, with respect to the hypothetical
hydrothermal source.

In anaerobic sediments organic matter is con-
verted to CH4 and CO2 in two steps (Wetzel,
1983). In the ¢rst step, proteins, carbohydrates,
and fats are converted mainly into fatty acids by
acid-forming bacteria, which are facultatively and
obligately anaerobic. In the second step, the or-
ganic acids (e.g., acetic acid) are converted to CH4

and CO2 by CH4-producing bacteria, which are
strictly anaerobic. Generally, CH4 is mainly pro-
duced via the intermediate acetic acid in lake sedi-
ments (Phelps and Zeikus, 1984; Kuivila et al.,
1989):

CH3COOH ! CH4 þ CO2 ð1Þ

whereas the remainder of CH4 is produced
through CO2 reduction, by enzymatic addition
of hydrogen derived from the organic acids:

CO2 þ 8H ! CH4 þ 2H2O ð2Þ
This second reaction is the primary pathway for
CH4 formation in marine sediments (Crill and
Martens, 1986; Hoehler et al., 1994).

In Lake Albano sediments, CH4 production
could be sustained not only by settling organic
matter but also by external CO2 coming from
below (see above), chie£y along the main tectonic
structures present in the lake area. If the £ux of
external CO2 is higher than the amount of CO2

consumed by CH4-producing bacteria in lake
sediments, excess CO2 could even accumulate in

sediments and deep lake waters. This possibility
can neither be con¢rmed nor rejected on the basis
of available data.

Assuming that the concentrations of SO23
4 ,

NO3
3 , and NO3

2 in interstitial waters are very
low relative to the total concentration of inor-
ganic C carbon species, which is a reasonable hy-
pothesis on the basis of the concentrations of
these constituents in lake waters, it seems likely
that these alternative electron acceptors do not
inhibit methanogenesis. Besides some sulfate-re-
ducing bacteria and the methanogens can coexist.
The CH4 and CO2 released from the sediments
di¡use upward into the overlying hypolimnetic
waters of Lake Albano. Consequently, CH4 is
oxidized to CO2, mostly in the metalimnetic water
by CH4-oxidizing bacteria, which are strict aer-
obes although they tolerate microaerobic condi-
tions.

Since the di¡usion coe⁄cients of CH4 and CO2

di¡er only by 2^4% between 5 and 15‡C (Ja«hne et
al., 1987), the ratio between the £uxes of these
two gases is approximately equal to the ratio be-
tween their concentration gradients, in accordance
with Fick’s ¢rst law. Hence the CO2 £ux through
the hypolimnion is V4.3 times greater than the
CH4 £ux (40.5 Wmol/l/m versus 9.35 Wmol/l/m,
respectively).

7. Density distribution

At a given temperature, the density of an aque-
ous solution, bs (g/cm3), is related to the density
of pure water, bw, by the following equation (Gig-
genbach, 1990, modi¢ed):

b s ¼
1000þ

P
Ci

1000
bw

þ
P

Ci WVi

MWi

ð3Þ

where Vi is the conventional partial molal volume
of the i-th solute in cm3/mol, Ci is its concentra-
tion in g/kg and MWi is its molecular weight.
Conventional partial molal volumes are given by
Shock and Helgeson (1988) for the ionic solutes
introduced in Eq. 3 (Naþ, Kþ, Mg2þ, Ca2þ,
HCO3

3 , SO
23
4 , and Cl3), by Shock et al. (1989)
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for dissolved inorganic neutral species (CO2, N2,
O2, and SiO2), and by Shock and Helgeson (1990)
for CH4.

Computed densities of the aqueous solutions
sampled at 10, 50, 70, and 130 m at di¡erent
temperatures are shown in Fig. 6. The corre-
sponding curves of other samples plot in between
and are not reported since they would clutter the
diagram unnecessarily. Circles refer to densities
and temperatures in December 1997 when we sur-
veyed the lake. At that time, Lake Albano was
strati¢ed. However, densities of epilimnetic waters
may increase and get close to those of hypolim-
netic waters when cooled to temperatures of
V7‡C or lower.

The temperature decrease needed to overturn
lake waters might be even smaller considering
that suspended solid particles, such as calcite in
shallow epilimnetic waters (only the sample col-
lected at 10 m depth is oversaturated with calcite,
see below), turbidity introduced by runo¡, and
dry dust deposition might increase the density of
epilimnetic waters. In particular, the e¡ect of sus-
pended calcite particles can be evaluated by
means of the following equation (Aguilera et al.,
2000):

b s ¼
1000þ

P
Ci þ nCaCO3 WMWCaCO3

1000
bw

þ
P

Ci WVi

MWi
þ nCaCO3 WVCaCO3

ð4Þ

where nCaCO3, MWCaCO3, and VCaCO3 represent
the moles of precipitated calcite, its molecular
weight and its molar volume, respectively.
nCaCO3 is taken equal to the di¡erence between
the Ca concentration in the hypolimnion and
that in the epilimnetic water. Eq. 4 assumes that
all Ca lost from a given volume of epilimnetic
water remains there as suspended calcite. This as-
sumption is ful¢lled if the settling rate of calcite
particles is equal to the di¡usion rate of Ca across
the metalimnion. If the settling rate is greater than
the Ca di¡usion rate, computed densities repre-
sent maximum values. The density-temperature
curve computed through Eq. 4 for the 10 m sam-
ple is superimposed onto that obtained through
Eq. 3 for the 50 m water. Therefore, the density
of shallow water approaches that of deep waters
through cooling at temperatures of V8.5‡C. The
occurrence of this event, which is possible during
cold winter periods, could trigger circulation of
lake waters and degassing.

8. Processes governing the chemistry of Lake
Albano waters

8.1. Na, K, Mg and Ca

Relative concentrations of dissolved Na, K,
Mg, and Ca in lake waters are compared with
the compositions of local groundwaters and of
local K-rich rocks in the triangular plots of Fig.
7. Groundwater data are available in the GEOCH
data bank (Principe et al., 1994) and refer to 293
shallow wells and 63 springs surveyed in 1981 by
AGIP-ENEL for assessing the geothermal poten-
tial of the Alban Hills region. Data of volcanic
rocks, mostly K-foidites, phonotephrites, and
tephrites, are taken from Trigila et al. (1995).

The triangular plot Ca^Mg^K (Fig. 7a) shows a
good correspondence between deep lake waters
and rock compositions, whereas shallow lake
waters are slightly depleted in Ca, due to calcite
precipitation (see below). In this plot ground-

Fig. 6. Density^temperature plot for Lake Albano waters.
Curves outline expected density changes with temperature at
di¡erent depths assuming constant chemical composition.
Circles refer to densities and temperatures in December 1997.
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waters interacting with volcanic rocks have rela-
tive cation concentrations similar to those of vol-
canic rocks whereas groundwaters hosted in the
clayey^marly complex have lower relative K con-
tents.

The triangular plot Ca^Na^K (Fig. 7b) shows
that both lake waters and groundwaters of the
volcanic cover are signi¢cantly enriched in Na
with respect to local rocks, possibly because a
large fraction of dissolved Na is contributed by
rains. To investigate this possibility, the amount
of Na present in the meteoric recharge was sub-
tracted from the analytical concentration of Na,
CNa, for both lake waters and groundwaters, by
means of the following equation:

C�
Na ¼ CNa3

CNa;SW

CCl;SW
WCCl ð5Þ

where CNa;SW and CCl;SW are the average seawater
concentrations of sodium and chloride, respec-
tively (Berner and Berner, 1996). In the absence
of chemical data on local precipitations, use of
Eq. 5 appears reasonable since rainwaters of ma-
rine origin occurring in near-coastal regions, like
the area of Lake Albano which is located at V22
km distance from the sea, have Na/Cl ratios very
close to the seawater value (Appelo and Postma,
1996; Berner and Berner, 1996).

Because of this correction lake waters and
groundwaters in volcanic rocks are shifted to-
wards the ¢eld of rock compositions and partly
overlap it in the triangular plot Ca^Na^K of Fig.
7c. However, they still appear to be somewhat
enriched in Na relative to local rocks, possibly
due to (a) insu⁄cient correction for the Na con-
tributed by the meteoric recharge, (b) preferential
leaching of Na with respect to other cations dur-
ing water^rock interaction, or (c) preferential in-

Fig. 7. Relative concentrations of (a) Ca, Mg, and K and
(b,c) Ca, Na, and K in Lake Albano waters (large open
circles labelled by depth), groundwaters interacting with vol-
canic rocks (small open circles), groundwaters hosted in the
clayey^marly complex (closed circles) and volcanic rocks of
the Alban Hills region (crosses). In panel c meteoric contri-
bution has been subtracted from the analytical concentration
of Na as described in the text.
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corporation of Ca, Mg, and K, with respect to
Na, into product solid phases. Although the
area is densely inhabited, anthropogenic pollution
seems a less unlikely explanation, since this en-
richment in Na characterizes most groundwaters
hosted in the volcanic complex.

Summing up, in spite of possible uncertainties,
Ca, Mg, and K concentrations of lake waters and
groundwaters of the volcanic cover appear to be
mostly derived by rock dissolution, whereas Na is
contributed by both meteoric recharge (V1/3)
and water^rock interaction (V2/3).

8.2. Silica

Fig. 8 shows that dissolved SiO2 concentrations
of local groundwaters in volcanic rocks range be-
tween V30 and V100 mg/l and are intermediate
between amorphous SiO2 and K-cristobalite solu-
bilities. Lake Albano waters have much lower
concentrations, 4^6 mg/l in the hypolimnion,
and 6 0.5^1.5 mg/l at shallower depths.

It seems likely that dissolved SiO2 concentra-
tions are mainly governed by water^rock interac-
tion processes in groundwaters and by diatom

algal assimilation in shallow lake waters. Dissolu-
tion of both inorganic silica minerals and opaline
silica secreted by diatoms, upon death and sink-
ing, could explain the increase in aqueous SiO2

with depth.

9. State of saturation of Lake Albano waters

The saturation state of Lake Albano waters
with respect to relevant solid phases has been in-
vestigated by means of the EQ3NR software code
(Wolery, 1992). Calculations were carried out for
the analytical values, referring to the COM ther-
modynamic database. This is the most complete
database and includes 972 aqueous species, 944
minerals, and 88 gases, whose thermodynamic
data are chie£y derived from SUPCRT92 (John-
son et al., 1992). Since leucite (KAlSi2O6), the
main rock-forming mineral of the Alban Hills
rocks and other volcanics of central-southern
Italy, is not present in the database, we estimated
its Gibbs free energy of formation from the ele-
ments, vG‡f , at 298.15 K and 1 bar. This was
done through the empirical correlation between
vG‡f and the number of O atoms in the formula,
NO, based on the existing data of kalsilite

Fig. 8. Plot of SiO2 vs. temperature in Lake Albano waters
(large circles labelled by depth) and local groundwaters
(small circles). The solubility curves of quartz, chalcedony,
K-cristobalite, opal-CT, and amorphous silica (Fournier,
1991) are also shown.

Fig. 9. Plot of Gibbs free energy of formation from the ele-
ments, vG‡f , at 298.15 K and 1 bar vs. the number of O
atoms in the formula, NO, for K- and Na-Al-silicates.
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(KAlSiO4) and K-feldspar (KAlSi3O8), obtaining
a value of 3688.562 kcal/mol (Fig. 9). The uncer-
tainty of this value can be estimated referring to
the sodic counterparts nepheline (NaAlSiO4), de-
hydrated analcime (NaAlSi2O6), and albite
(NaAlSi3O8). The di¡erences between the re-
ported vG‡f (Helgeson et al., 1978) and the pre-
dicted values is 31.5 kcal/mol for nepheline and
albite and +3.1 kcal/mol for dehydrated analcime
(Fig. 9). These are relatively small compared to
the vG‡f values, but are of the same order of
magnitude of the Gibbs free energy of hydrolysis
reactions, vG‡r. The vG‡r of leucite, which refers
to the following reaction:

leuciteþ 4Hþ ¼ Kþ þAl3þ þ 2SiO2ðaqÞ þ 2H2O

ð6Þ

is, in fact, 37.247 kcal/mol and the corresponding
log K value is 5.31. Assuming that the minimum
uncertainty on the vG‡r of leucite is 1.5 kcal/mol,
the minimum error on log K is 1.10. Varying the
log K value of leucite by this amount did not

signi¢cantly change the conclusions of the speci-
ation/saturation calculations (see below).

Another problem is the computation of the
state of saturation of lake waters with respect to
aluminum silicates, since analytical data are not
available for Al. As common practice (e.g., Reed
and Spycher, 1984), this problem was circum-
vented assuming saturation with respect to a suit-
able Al mineral. Based on activity plots prepared
assuming Al conservation (e.g., Fig. 10), kaolinite
and gibbsite were chosen as Al bu¡ers for hypo-
limnetic and epilimnetic waters, respectively.

Since precipitation of Fe-oxyhydroxide usually
occurs in lakes with anoxic hypolimnion, espe-
cially in its upper parts (Davison, 1993), fO2 was
assumed to be constrained by the equilibrium be-
tween Fe2þ and ferrihydrite in the hypolimnetic
waters of Lake Albano. Redox conditions were
assumed to be ¢xed by measured O2 concentra-
tion in the metalimnion and in the epilimnion.

Results of speciation calculations (Fig. 11) in-
dicate that lake waters are undersaturated, at all
depths, with respect to the primary phases of vol-
canic rocks, i.e., leucite, clinopyroxene (diopside),
nepheline, and kalsilite, as well as to several clay
minerals, such as saponites, beidellites, montmor-
illonites, and illite. Therefore these primary
phases can dissolve and these secondary clay min-
erals cannot precipitate. Due to the high K con-
centrations, lake waters are close to saturation or
oversaturated with muscovite, but the production
of this phase is unlikely due to the slow rate of
precipitation/dissolution reactions (Knauss and
Wolery, 1989; Nagy, 1995).

Shallow lake waters (9 50 m depth) are over-
saturated with respect to dolomite, but the precip-
itation of this mineral is also unlikely due to ki-
netic reasons (Plummer et al., 1978; Hardie,
1987). Calcite precipitation, due to the decrease
in CO2 concentration and/or biological utiliza-
tion, is expected at very shallow depth and it is
favored by the relatively high rate of precipita-
tion/dissolution reactions (Chou et al., 1989;
Plummer et al., 1978). Since particles of calcite
can persist in suspension for long periods of
time, they might perturb density distribution and
lake stability (see above). Deep waters are under-
saturated with respect to all carbonate minerals.

Fig. 10. Activity plots of log ½aMg2þ=ðaHþ Þ2� vs. log aSiO2 for
Al-Si minerals at 12‡C and 1.013 bar. Circles labelled by
depth identify Lake Albano waters.
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10. Conclusions

Lake Albano waters are undersaturated with
respect to the primary minerals of local volcanic
rocks and to most secondary minerals typically
produced during water^rock interaction, includ-
ing clays and carbonates. Only muscovite at any
depth, ferrihydrite in the hypolimnion, and both
dolomite and calcite in the epilimnion could pre-
cipitate from lake waters. However, the formation
of authigenic muscovite and dolomite is likely
hindered by kinetic reasons, leaving calcite and
ferrihydrite as the only two solid product minerals
in shallow and deep waters, respectively. Based on
this evidence and taking into account that the rel-
ative concentrations of the main cations in lake
waters are close to those in local groundwaters
and in local volcanic rocks, it can be concluded
that Na, K, Mg, and Ca concentrations in lake
waters are chie£y controlled by incongruent rock
dissolution, apart from minor calcite precipitation
at shallow depths.

Based on the vertical distribution of dissolved
O2, temperature, and pH Lake Albano was strati-
¢ed at the time of our survey, in December 1997,
in agreement with previous observations (Martini
et al., 1994; Cioni et al., 1995; Pedreschi, 1995).
Vertical changes in the density of lake waters in-
dicate that overturn may be induced by cooling of
shallow waters below V8.5‡C, which is a possible
phenomenon in cold winter periods. Lake strati¢-
cation may also be perturbed by local seismic ac-
tivity, which is rather frequent and intense in the
Lake Albano area (Amato et al., 1994; Amato
and Chiarabba, 1995). In addition, past occur-
rence of regional earthquakes is suggested by his-
torical chronicles. Overturn is expect to trigger
exsolution of accumulated gases, if any.

The £at vertical pro¢les of Cl, Na, K, Mg, N2,
and Ar suggest that physical, chemical, and bio-
logical processes have not had enough time to
change the vertical distribution of these chemical

Fig. 11. Vertical pro¢les of the saturation index with respect
to (a) rock-forming minerals of volcanic rocks of the Alban
Hills region, (b) phyllosilicates minerals, and (c) carbonate
minerals.
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components in lake waters since the last overturn.
However, since these chemical constituents have
comparatively conservative behavior in most lakes
and generally show only minor variations in space
and time due to biological processes (Wetzel,
1983), the length of time required to perturb their
vertical pro¢les might be comparatively long.
Therefore, the absence of vertical changes of Cl,
Na, K, Mg, N2, and Ar is not particularly infor-
mative.

On the other hand, SO4 is strongly a¡ected by
microbial activity (Wetzel, 1983), and Ca and
SiO2 are remarkably in£uenced by precipitation
of calcite (induced by CO2 loss or biota activity
or both) and opaline silica secreted by diatoms. A
relatively short time is probably su⁄cient to per-
turb the vertical pro¢les of these components, but
the rates of the processes governing SO4, Ca, and
SiO2 cannot be established based on the results of
a single survey.

Lake Albano waters are also characterized by a
remarkable increase with depth in CO2 and CH4

concentrations, of one and three orders of magni-
tude, respectively. Assuming that Lake Albano
behaves as a closed system with respect to C spe-
cies, the distribution of CO2 and CH4 in lake
waters would be governed by the balance between
(1) the photosynthetic production, in the tropho-
genic epilimnion, of organic matter, which settles
into the anoxic hypolimnion upon death of the
organisms, and (2) the decomposition of organic
matter and the consequent generation of CO2 and
CH4 occurring under the anoxic conditions of
lake sediments, as commonly observed in lakes
(Wetzel, 1983, pp. 213^216). Gases would then
di¡use upwards from the sediments to the over-
lying lake waters. However, in this region of high
CO2 £ux (Chiodini and Frondini, 2001), produc-
tion of CO2 and CH4 in the sediments of Lake
Albano could be sustained not only by settling
organic matter but also by input of external
CO2 from below, essentially along the main tec-
tonic structures underlying the lake area. More-
over, if the £ux of CO2-rich deep gases is higher
than the amount of CO2 consumed by CH4-pro-
ducing bacteria in lake sediments, excess CO2

could even accumulate in deep lake waters.
In spite of the presence of these di¡erent sour-

ces of CO2 and CH4, total gas pressure in lake
waters was very close to atmospheric pressure
(range 0.9^1.3 bar) at all depths, from the surface
to 130 m depth, in December 1997. Although this
virtual lack of gas accumulation with respect to
the atmospheric pressure at any depth might be
fortuitous, it might be explained by the occur-
rence of a recent episode of water circulation
and gas exsolution. Monitoring of relevant chem-
ical and physical parameters of Lake Albano
waters should be carried out on a regular basis
to investigate this subject further.
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