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1.0 - Introduction 

 

Crater lakes are strongly influenced by volcanic or post-volcanic activities and, thanks to their 

position, act as chemical traps for magmatic volatiles. If high gas fluxes of magmatic origin 

find conditions favourable to the gas accumulation into lake waters, gaseous eruption can 

happen. 

Lake Nyos and lake Monoun (Cameroon) and Lake Kivu (Rwanda) are the three crater lakes 

in the world known to be rich in dissolved CO2. Catastrophic CO2 outgassing occurred on 15th 

August 1984 at Lake Monoun and on 21st August 1986 at Lake Nyos, killing 37 and people 

1700 people, respectively (e.g., Kerr, 1986; Kling, 1987; Kusakabe et al., 1989, Sano et al., 

1990). From these two dramatic events the attention on crater lakes has grown up. 

For a long time, the geochemical monitoring of crater lakes has been considered a powerful 

tool not only for the study of magmatic activity (in active area) but also for the mitigation of 

the Nyos-type gas disasters (Kusakabe, 1994). Nevertheless, until now, only a few crater lakes 

have been well investigated (Delmelle and Bernard, 2000; Gunkel et al., 2008). 

The Mediterranean geodynamic setting makes Italy a land rich in volcanic activity, both in the 

past and the present, and many crater lakes were formed (e.g. Bolsena, Vico, Bracciano, 

Monticchio, Mezzano, Martignano, Albano, Nemi, Averno). Most of them were investigated 

mainly focusing on the following aspects: dendrogeomorphology, palynostratigraphy, water 

chemistry and biology (e.g. Follieri M. et al.,1997; Allen et al., 1999; Calace et al. 1999; 

Fantucci R., 2007; Schettler and Albéric, 2008).  

The capability of crater lakes to accumulate gases makes them ideal places to investigate 

origins and fluxes of gases released from deep seated gases. In that view, lake water 

circulation coupled with isotope geochemistry of dissolved volatiles in lakes can help us to 

distinguish among different origin of gases from the Earth interiors. Noble gases exchange 

with atmosphere at lake surface and, in meteoric water, they are equilibrium concentrations 

with atmosphere at given T-P conditions. 

Here, a geochemical study of Monticchio lakes (Lago Piccolo and Lago Grande, fig. 1.1), 

placed in two maar craters of Mt. Vulture Volcano (Southern Italy), is presented. In Lago 

Piccolo high concentrations of dissolved mantle derived gases was founded (e.g. Fornai, 

1992; Chiodini et al., 2000; Cioni et al., 2006; Caracausi et al. 2009). According to Cioni et 

al. (2006), it is a meromictic lake, therefore gas accumulation in deep waters is favoured by its 

water circulation features. Preliminary data suggest that dissolved gases of Lago Grange have 

a similar origin to those of LPM (Caracausi et al. 2009). Previous studies on Lago Grande 



                              The Monticchio crater lakes: fluid geochemistry and circulation dynamics------------------------           

 5 

mainly focused on paleoclimatic aspects (e.g., Robinson, 1994; Allen et al., 1999), genesis of 

sediments and water chemistry (Schettler & Albéric, 2008), water quality and biological 

aspects (Mancino et al., 2009). 

The high gas amounts (mainly CO2 and CH4) of dissolved gases in deep waters of Monticchio 

lakes suggest the necessity of investigations on these lakes not only focused on the genesis of 

the gases, but also to understand their hazardous nature. Carbon dioxide is generally coupled 

with mantle derived helium (e.g., Sano et al. 1990; Kipfer et al., 1994; Aeschbach-Hertig et 

al., 1996) and , taking into account that CO2 is the most abundant volatile in Monticchio 

lakes, our investigations could contribute to improve the knowledge about mantle derived 

helium fluxes in continental areas (Oxburgh et al., 1986; Griesshaber et al. 1992). 

In Monticchio lakes the water is the main carrier of gases (in solution), no significant free gas 

emissions are present, therefore a geochemical study of gases must take into account several 

processes such as thermal or chemical stratification of water body, chemical cycle of species 

and water dynamics. That so being, by means of physical-chemical parameters and water and 

gas chemistry, we investigate the water circulation within the lakes. 

 

 
Figure 1.1 - Satellite image of Mt. Vulture (Google maps). The Monticchio crater lakes are 
located in two maars of southwest portion of Mt. Vulture volcano. 
 
The aims of this study on Monticchio lakes mainly are: i) the assessment of volatiles and heat 

transfer processes within the lake by means of lake water dynamics; ii) to estimate the lake 

stability conditions in relation to the budget of dissolved volatiles ; iii) to identify the origin of 
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volatiles; iv) tentatively to assess the significant geochemical features of gases (i.e., pristine 

isotope compositions and abundance ratios) coming from Mt. Vulture depth and finally 

dissolved into water of the two lakes. 
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2.0 Geological setting 

 

The Monticchio lakes are located on Monte Vulture, a Quaternary volcano, in southern Italy, 

that lies within the Apennine accretionary prism (fig. 2.1), the evolution of which was 

governed by the westward subduction of the Adriatic plate. This subduction system is also 

responsible of Tyrrhenian Sea formation that is the associated back-arc basin (e.g., Beccaluva 

et al., 1989; Mantovani et al., 1993; Doglioni et al., 1999). 

 

 
 
Figure 2.1 – Sketch map of central-southern Italy with the main Quaternary volcanism and 
front of the Apennine prism; T, Tremiti line (E–W); M, Mattinata line (E–W); O, Ofanto 
graben (ENE–WSW) (modified by D’Orazio et al. 2007). 
 

The whole subduction front shows an eastward rollback motion, of about 1-7 cm yr-1, as a 

consequence of the eastward asthenospheric flow that pushes the subducting Adriatic slab 

(Doglioni et al., 1994). Furthermore, the slop of the slab is increased both by the weight of the 

slab itself and by the asthenospheric horizontal thrust (Doglioni et al., 1994). 

During the Pleistocene, the different thickness of Apulo-Adriatic plate (110 Km thick in 

Puglia and 70 Km in central Adriatic plate) and the interference of the Apulian continental 

crust with the belt, slowed down the roll-back of the southern Apennines front (Doglioni et 

al., 1994). As a result of Pleistocene evolution, the Apennine chain is split into two parts with 

different features: the northern and the southern Apennine. The margin of these two areas 

T 

M 

O 
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corresponds to Ortona-Roccamonfina line, which has been interpreted as a lithospheric 

discontinuity (Mantovani et al., 1993; Patacca et al. 1993). Since the middle Pleistocene, the 

central Adriatic plate underwent high subsidence rates, while the Apulian foreland and the 

Bradanic foredeep underwent uplift (Doglioni et al., 1994). 

Mongelli (1975) and Console et al. (1993) interpreted the Tremiti alignment as a right-lateral 

lithospheric rupture separating the Adriatic plate into two blocks, generating a trans-tensional 

window between two different segments of the Apennine slab (Doglioni et al., 1994). Other 

active faults, parallel to the Tremiti line, are the Mattinata Line (Funicello et al., 1991) and its 

offshore prolongation (Finetti et al., 1987), localized in the southern part of the Gargano 

promontory. Another evidence of the differential slab retreat is the trans-tensional opening of 

the northern border of the Ofanto graben in the Tertiary (Funicello et al., 1991) (fig. 2.1, 2.2).  

As inferred for Mt. Etna volcano (Doglioni et al. 2001), Mt. Vulture is located along a vertical 

slub window, which is a rupture of the slab related to the Tremiti, Mattinata and Ofanto 

transfer zones. The faults system associated with the vertical window allowed the ascent of 

the Vulture magmas (e.g., Paternoster 2005; Schiattarella 2005; D’Orazio et al., 2007) (Fig. 

2.2). 

 

 
 
Figure 2.2 - Cartoon showing the vertical slab window inferred beneath the Southern 
Apennines. The relative eastward mantle flow enriched with fluids/melts from the Adria Plate 
subduction could have converged and flowed into the slab tear, which allowed the formation 
of Mt. Vulture volcano. T, Tremiti line (E–W); M, Mattinata line (E–W); O, Ofanto graben 
(ENE–WSW) (modified from D’Orazio et al., 2007). The detail of Mt. Vulture area is from 
Schiattarella & Beneduce (2006). 
 
Mt. Vulture is strongly different from the other major quaternary volcanoes of Italy, which are 

aligned along the west side of the Apennine chain. Like Mt. Etna, it is located in the external 

part of the subduction hinge; therefore, it cannot be sourced directly by the slab, but by the 

asthenospheric upwelling along slab tear faults (e.g., Doglioni et al., 2001; Trua et al., 2003; 

De Astis et al., 2006).  
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Mt. Vulture volcano formed at the intersection between the NW-SE (Apennine) and the NE-

SW (Ofanto-Sele) fault system (Ciaranfi et al., 1983). The sedimentary basement is 

represented by pre-Pliocene flysches at the structural highs and by lower-Middle Pliocene 

sediments which filled the structural lows (Cello and Mazzoli, 1999 and reference therein).  

The Mt. Vulture activity started about 750 Ka up to 140 Ka, with long quiescent periods; the 

last volcanic phase produced two maar craters, in which Lago Piccolo (from now on LPM) 

and Lago Grande (from now on LGM) of Monticchio are located. The volcanic complex is 

formed by many eruptive centres composed of pyroclastic products and subordinate lava 

flows and domes with strong silica undersaturated character and alkaline potassic to 

ultrapotassic affinities (De Fino et al., 1982, 1986). The erupted products range from foidites 

(nephelinites, haüynites, and leucitites) and melilitites to phonolitic tephrites, tephritic 

phonolites, phonolites and trachytes (Melluso et al., 1996; Beccaluva et al., 2002; De Astis et 

al., 2006). In addition to the silicate volcanic rocks, Stoppa and Principe (1998) identified 

carbonatitic tuffs and lapilli in the pyroclastic succession of the Monticchio Lake maars. 

Rosatelli et al. (2000) investigated calciocarbonatite ejecta within the pyroclastic surge 

deposits in the lower portion of the volcanic succession. In the carbonatitic-melilititic tuffs of 

the Monticchio Lakes formation, ultramafic xenoliths and megacrysts were also found (Jones 

et al., 2000; Downes et al., 2002).  
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3.0 Sampling and analyses 

 

3.1 Sampling methods 

The waters and dissolved gases samples of Monticchio Lakes were collected between 

September 2008 and June 2010 in 8 different sampling campaigns (listed in Tables in 

appendix I) and ever in the same sampling point (fig. 3.1). Also others sampling points was 

used to verify the lateral continuity of physical-chemical parameters (yellow point in fig.3.1, 

the continuity was verified; data not reported). 

 

 
Figure 3.1 - Bathimetric map of Monticchio lakes (from data of Caracausi et al. 2009) with 
sampling points of this work (red points) and sampling point used to verify the lateral 
continuity of physical-chemical parameters (yellow points). The Monticchio lakes have a 
surface of about 1.7 × 105 m2 and 4.3 × 105 m2 and a water volume of about 4.0 × 106 m3 and 
3.2 × 106 m3 for LPM and LGM, respectively (Caracausi et al., 2009). 
 
The sampling device used to collect the deep lake waters is a 2 litre water sampler, 

specifically designed by Ageotec (Bo – Italy) for trace elements sampling and constructed of 

clear polycarbonate, polyethylene and silicone. 

The water samples were stored in HDPE (High-density polyethylene) bottles, in different 

aliquots: untreated for δD and δ18O, unacidified for anions, filtered (through a 0.45 µm filter) 

and acidified (with ultrapure HNO3) for cations. The water samples for trace elements and 
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NH4
+ were filtered (through a 0.45 µm filter), acidified (with ultrapure HCl) and stored in 

polypropylene and dark glass bottles, respectively. 

 

             
Figure 3.2 - a) Stainless-steel cylindrical sampler for dissolved gases, which is equipped with 
pneumatic valves at the two endings; b) Stainless-steel cylindrical sampler, similar to that one 
used for dissolved gases (see text), during the sampling of TDIC.  
 

The waters for the analysis of dissolved gases were sampled by using stainless-steel 

cylindrical samplers equipped with two pneumatic valves at the two endings (fig. 3.2 a); the 

valves were controlled from the boat by a small air compressor (Cosenza et al., 2008; 

Caracausi et al., 2009). The concentrations of the dissolved gases and the isotopic 

compositions of He, Ar and CH4 were determined in the laboratory after the gas extraction 

from waters (Capasso and Inguaggiato, 1998). 

The samples of total dissolved inorganic carbon (TDIC) were collected by means of the 

stainless-steel sampler for dissolved gases, equipped with two additional ball valves 

(Swagelok type) for the water extraction by means of syringes (fig. 3.2 b). A forced 

introduction of water from a ball valve permits to fill the syringe at the other valve with lake 

water (piston effect). This TDIC sampling consists of the precipitation of lake water TDIC 

using SrCl2 and NaOH solution at pH≈13 (e.g., Kusakabe et al., 1990; Bishop, 1990; Nojiri et 

al., 1993; Kusakabe et al., 2000; Zhang S. et al., 2009). 
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3.2 Analytical methods 

Temperature, pH and electrical conductivity (EC) were determined using a multiparametric 

probe (AGEOTEC IM71), with extremely high accuracy, within the values of 0.005°C, 

0.05pH units and 0.005 mS/cm2, respectively. 

The determination of major ions was performed in the laboratory by a Dionex DX 120 ion 

chromatograph (accuracy within 2%) using a Dionex CS-12A Ion Pac column for cations 

(Na+, K+, Mg2+, Ca2+) and a Dionex AS14A ion Pac column for anions (F-, Cl-, SO4
2-). 

The determination of minor and trace elements was carried out by inductively coupled plasma 

optical emission spectrophotometer (ICP-OES, Horiba Jobin Yvon equipment, model 

ULTIMA 2) except for Fe2+ and SiO2 which were determined by molecular 

spectrophotometry (ICP-MS, Agilent 7500ce). The analytical errors for each element are 

shown in appendix (tab. A2 in appendix I). 

D/H isotopic ratio in water was carried out using the Kendall and Coplen (1985) technique 

(reaction with zinc at 450°C), while 18O/16O analysis measurements were performed by CO2-

water equilibration techniques (Epstein and Mayeda, 1953).  

The analytical device for hydrogen is a Thermo Delta XP CF mass spectrometer equipped 

with a TC-EA peripheral and interfaced with a CONFLO III device. 18O/16O ratios were 

measured with an AP 2003 CF-IRMS. TDIC amounts and carbon isotopic ratio were 

measured with a Finnigan Delta-S mass spectrometer. The isotopic results are reported in δ 

per mil units vs. V-SMOW standard and V-PDB standard for hydrogen, oxygen and carbon, 

respectively. The standard deviation of the measurements is about ±1‰ for D/H and ±0.2 ‰ 

for 18O/16O and 13C/12C. 

The 3H water content (reported in Tritium Units, TU) was determined using electrolytic 

enrichment followed by liquid scintillation counting (standard deviation varies between ±0.6 

and ±1.0 TU, depending on 3H activity of the water samples). 

The chemical composition of the dissolved gases were performed with a Perkin Elmer 8500 

gas chromatograph with Ar carrier gas (He for Ar measurements) on a 4 m Carbosieve SII 

column and double detector (TCD and FID). The detection limits are 500 ppm vol. for O2 and 

1ppm vol. for CO and CH4. The analytical error is about ±3% for all species. 

The abundances and the isotopic values of dissolved He and Ne were measured in a split-

flight-tube mass spectrometer (Helix SFT) equipped with a purification line, for the 

separation of noble gases from the gaseous mixture. A quadrupole mass spectrometer was 

used for measurement of 4He/20Ne ratio. Ion beams of 3He+ and 4He+ were simultaneously 

detected by a double collector system, which keeps the error in isotopic ratios within 0.5 % of 
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measurement. Purified atmospheric helium was used as a running standard. 3He/4He ratios (R) 

were determined against an air standard and are expressed relative to the atmospheric ratio 

(1.39 x 10-6) as R/Ra. The overall uncertainty of R/Ra is ± 2% of the value. 36Ar and 40Ar 

were measured in a multicollector mass spectrometer (Argus). 

The carbon and hydrogen isotope analysis of methane were determined by a Delta Plus XP 

CF-IRMS instrument (Thermo, Bremen, Germany) coupled with a TRACE 2000 GC 

equipped with a Poraplot-Q (Superchrom) capillary column (30 m x 0,32 mm i.d.) and using a 

helium flux as gas carrier. GC III combustion interfaces were used to produce carbon dioxide 

from methane. High-temperature conversion (GC-TC interface) provides on-line methane 

conversion into hydrogen gas suitable for isotope analyses.  

All sampling and analytical devices were provided by the Istituto Nazionale di Geofisica e 

Vulcanologia (INGV), section of Palermo. The tritium concentrations was carried out in the 

laboratories of Instituto Tecnológico e nuclear (ITN) of Sacavém (Portugal). 
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4.0 Results and discussions 

 

4.1 Physical-chemical parameters 

 

Temperature, pH and electrical conductivity are key parameters, which are able to promptly 

provide significant features of lake waters. We acquired those parameters along vertical 

profiles (at the sampling points of figure 3.1) by means of a high resolution multiparametric 

probe.  

The water temperatures of LPM and LGM show a clear influence of seasonality on shallow 

layers due to the variation of air temperature and solar irradiance. Both lakes show the typical 

thermal stratification: epilimnion, thermocline and hypolimnion (Wetzel, 2001). Furthermore 

in LPM, from about 15 m of depth towards the bottom, we observed the same increase of 

temperature (about 2°C), unchanged between September 2008 and June 2010 (Fig. 3.1 a). 

This fits well with the results of previous investigations (Chiodini et al.,1997 and references 

therein), confirming a constant heat flux from the bottom of LPM and the presence of a 

monimolimnion below 15 m of depth. 

The thermal stratification of LGM suggests the possibility of the typical water movement: 

water mixing in cooler periods and water stratification in summertime (Wetzel, 2001) (for 

details see section 4.2).  

 
Figure 4.1 - Plots of temperature versus depth for LPM (a) and LGM (b), from September 
2008 to July 2010. The thermal stratification is shown; the limits between thermal layers (i.e., 
epilimnion, thermocline and hypolimnion) change from month to month, so border lines are 
approximate. The error on the temperature datum is within the profile sign.  
 
The profiles of electrical conductivity (EC), with depth, in LPM are stable during the 

observation period with values of 0.4 mS/cm2 from the surface to the depth of 14 m. Between 

14 and 16m occurs a sharp increase of EC up to 1 mS/cm2, below 30 m the EC progressively 

increase from 1 to 1.6 mS/cm2 (fig. 3.1 b).  

Monimolimnion 

Hypolimnion 

Thermocline 

Epilimnion Epilimnion 
Thermocline 

Hypolimnion 
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In the LGM the EC is constant with depth for all sampling periods except for September and 

October of 2008 which showed an EC increase in the deep zone, near the error bar. 

 
Figure 4.2 - Plots of electrical conductivity (EC) versus depth for LPM (a) and LGM (b), 
from September 2008 to July 2010. To simplify the graph, the error bar is inserted only in one 
profile for each plot (from now on). All values are referred to 25°C. 
 
The pH values measured in the shallow waters of LPM show seasonal variations (fig. 4.3 a). 

The pH displays a sharp decrease between 5 and 16 m. of depth, then it keeps almost constant 

with a moderate increase (within 0.2 pH units) near the lake bottom; these pH values range 

between 5.9 and 6.6, moving towards the lowest values during the summer. The shallow part 

of LGM  (fig. 4.3 b) shows a similar behaviour to the LPM, with pH values varying with 

seasons; below the shallow waters the pH displays a sharp decrease down to about 5 metres, 

then a more regular decrease towards the lake bottom is shown. In cold periods the LGM 

values between deep and shallow layers are more homogeneous than in hot periods (the pH 

variations are also discussed in carbonate system chapter).  

 
Figure 4.3 - Plots of pH versus depth for LPM (a) and LGM (b), from September 2008 to 
July 2010.  
 
Despite the surface waters of Monticchio lakes are in contact with atmosphere, the pH values 

(up to 8.6) are higher than that in air saturated water (pH=5.6). The range of pH variation 

depends on the amount of carbon dioxide released or consumed, and on the buffering capacity 

of the water. An important mechanism that controls the pH of surface waters of Monticchio 

lakes is the photosynthesis (Schettler and Albéric, 2008). This process reduces the amounts of 
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dissolved carbon dioxide resulting in an increase of water pH and in the shift of dissociation 

equilibria. Above pH 8.5 the concentration of CO3
2- increases significantly and favourable 

conditions for carbonates precipitation are established (Wetzel R.G., 2001; O’Sullivan and 

Reynolds, 2003; see also carbonate system).  

pH in deep waters of LPM is controlled by speciation of carbonate species (see section 4.3). 

Simulations with PHREEQC code show the saturation with siderite below 18 m (high content 

of Fe was found in the sediments by Schettler and Albéric, 2008). The probable precipitation 

of siderite would shift the solution pH to lower values (Kusakabe et al. 2000) as follow: 

 

€ 

Fe2+ +HCO3
− →FeCO3 +H +  
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4.2 Water chemistry 

 

4.2.1 Major elements 

The water chemistry of Mt. Vulture is widely treated in literature (e.g. Barbieri & Morotti, 

2003; Gambardella et al. 2006; Paternoster et al., 2009), but only a few data of Monticchio 

lakes water chemistry were published (Cioni et al. 2006 and references therein; Schettler & 

Albéric 2008).  

In the LPM distribution of cations and anions shows a high variability with depth, but 

constant amount over time. Calcium has a higher spatial variability compared to Mg, Na and 

K, in a decreasing order; the highest Ca concentrations can be found in the deepest portions, 

where water is more acidic. The temporal variability is low, suggesting negligible mixing 

processes (fig. 4.4 a, b; Fig. 4.5 b).  

The LPM waters show high concentrations of bicarbonate, which decrease from bottom to 

surface in favour of an increasing of chloride and sulphate (fig. 4.5). The deep waters of LPM 

have concentration unchanged over time. Between the depth of 12 and 18 m, a weak, but 

quick increase of SO4 highlights the oxic-anoxic boundary layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 - Vertical concentration profiles of major cations in LPM (a, b) and LGM (c, d).  
 

In the LGM the calcium has the greatest spatial variability, due to its unconservative nature, 

but this happens only in periods of stratification (from June to November). In these months 

the trend of samples shows a decreasing of Ca, from depth towards surface (fig. 4.4 and fig. 

a b 

c d 
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4.5 b). The other cations have a low or null variability both with depth and time (fig. 4.4 c, d). 

The waters of LGM show a decrease of HCO3
- towards the bottom, due to the pH decrease 

and the consequent repartition of the carbonate species in favour of the CO2(aq) (appendix III). 

The distribution of cations and anions in Monticchio lakes can be well explained by their 

dependence on availability and chemical exchange capability. Obviously, both the conditions 

are dependent on water-rock interactions, minerals precipitation and biological processes. In 

natural waters, magnesium, sodium and potassium are relatively conservative due to their low 

chemical reactivity and their small biotic requirements. The HCO3
- is the main anion in 

Monticchio Lake waters, followed by chloride and sulphate (fig. 4.5). The cationic ternary 

diagram (fig. 4.5 b) shows the low relative amounts of Mg compared to Ca and Na+K, for 

both lakes; the deep waters of two lakes have similar concentrations.  

Calculates using PHREEQC code indicated the oversaturation of dolomite and calcite for 

LPM and LGM. The precipitation of these minerals, in different proportions for the two lakes, 

could explain the different chemical evolution of shallow water of the two Monticchio lakes 

from a similar groundwater (fig. 4.5 b); a prevalent decrease of Ca and Mg in LPM and of Ca 

in LGM. The Monticchio lakes waters are mostly of HCO3
- - Na+ - Ca+ type.  

The ionic ternary diagrams (fig. 4.5 a, b) also show that lake waters fall in the range of ground 

waters of Mt. Vulture, with the exception of few shallow water samples of LGM. The cationic 

concentrations move away from local rocks composition (red line field fig. 4.5 b). 

  
Figure 4.5 - Ternary plot of relative HCO3, SO4 and Cl contents (a) and Mg, Ca and Na+K 
contents (b) in Monticchio lakes waters. The blue and red line circumscribes the range of 
groundwater and rock composition, respectively (from Gambardella et al., 2006).  
 

The Monticchio lakes are affected by intense biological activity (Robinson, 1994; Mancino et 

al., 2009), which is able to modify the water chemistry of the lake water (e.g., Brakke et al., 

a b 

Deep waters 

Shallow 
waters 
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1987; Van Loon and Duffy, 2005). Our data are characterized by a charge imbalance of major 

elements, with an excess of positive (cationic) charge (figure 4.6). In our opinion it could be 

caused by organic acids in solution, as often observed in natural waters (Oliver et al., 1983; 

Eshleman and Hemond, 1985; Brakke et al., 1987; Tipping et al., 1991; Tipping, 2002; Van 

Loon and Duffy, 2005) (see also appendix I). The difficult evaluation of organic matter 

contributes in the water chemistry certainly outsides the aims of this work.  

 

 
Figure 4.6 - Concentration of cations and anions with depth for LPM (a) and LGM (b), for 
the month of September 09 and June 10. In the deepest waters the unbalance is close to 54% 
in LPM and variable from 60 to 23% in LGM. 
 

4.2.2 Trace elements 

Both concentration and vertical distribution of trace elements are different between the two 

lakes (fig. 4.7, 4.8; tab. A2 in appendix I). A first distinction can be made on the basis of 

vertical distribution; three groups of trace elements are noticed: i) those with low 

concentrations in epilimnion, but with an increasing concentration towards the bottom 

(hypolimnion); ii) those with relative high concentration values in epilimnion and a 

concentration decreasing in the hypolimnion; iii) the trace elements with low variations with 

depth (fig. 4.7 and 4.8). There is a good correspondence between the behaviour of these three 

groups of trace elements in the two Monticchio lakes, but in the LPM the distinction appears 

more evident than in the LGM. 

In the LPM, Si, B, Al, Ti, V, Cr, Fe, Mn, As, Se, Rb, Sr, Cs and Ba concentrations, have the 

same variation with depth as Co. In addition to the Mo, Cu also has lower concentrations in 

hypolimnion compared to the epilimnion (shallow waters). Finally, Zn and Pb have a less 

regular distribution and less defined in time. The peculiarity of this lake is the good agreement 

of data of samplings that are two years apart, in particular for the first two groups of trace 

elements.  

In the LGM, the general behaviour of the analyzed trace elements is similar to that discussed 

for the LPM, even if in September 09 and June 10 there was a considerable flattening on 
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concentration differences between epilimnion and hypolimnion, for all elements. The trace 

elements concentrations of both lakes are within the range of values of Mt. Vulture 

groundwater (data from Parisi 2010), but some important exceptions are noted (fig 4.9).  

 

      
Figure 4.7 - Vertical distribution of Co, Mo and Zn in the LPM, for three different periods 
(Jul-07, Sep-09, Jun-10). These elements are representative of the three behaviour categories 
(see text). Data of July-07 result from a sampling campaign preceding the doctorate period. 
 

     
Figure 4.8 - Vertical distribution of Co, Mo and Zn in the LGM for three different periods 
(July-07, September-09, June-10). These elements are representative of the three behaviour 
categories (see text). Data of July-07 result from a sampling campaign preceding the doctorate 
period. 
 
In the epilimnion of LPM the As, Co, Pb and Se have concentrations lower than groundwater 

values. Instead, the meromictic zone has higher concentrations of Ba, Fe and Mn and lower 

concentrations of Cu, Pb and Se (fig. 4.9).  

In the epilimnion of Lago Grande there are lower concentrations than Mt. Vulture 

groundwater for As, Co, Cu, Pb and Se and higher only for Mn. The hypolimnion reaches 

higher values of Ba and Mn.  

Assuming that lake waters derive from groundwater, because similar in chemical composition 

(see major elements), many trace elements suggest that shallow and deep lake waters are 

subject to inside lake enrichment/impoverishment processes.  
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Figure 4.9 - The mean values of trace elements in epilimnion and monimolimnion of LPM 
(a) and epilimnion and hypolimnion of LGM (b), compared to minimum and maximum 
concentrations in groundwater (groundwater data from Parisi, 2009) 
 

4.2.3 Total Dissolved Solids 

The total dissolved solids (TDS) of springs and wells of Mt. Vulture show an interesting 

correlation with altitude (fig. 4.10). Broadly, the waters of springs and wells of high elevation 

have relatively low TDS values probably due to low residence times in the aquifer. 

Decreasing the altitude of springs and wells so increase the variability on TDS values (fig. 

4.10); this could be explained by a water feeding by groundwater both of superficial or deep 

aquifer, with less or more residence time, respectively. Effectively it seems clear that the 

a 

b 
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content of TDS of water is indirectly linked with residence time in the aquifer and so with 

water-rock interaction time. 

 

 
Figure 4.10 - Plots of TDS vs Altitude of springs and wells waters of Mt. Vulture and 
Monticchio lakes waters. Mt. Vulture data from Paternoster (2005) and Parisi (2010). 
 

The TDS vs altitude plot shows a sudden increase of values and a high dispersion of data 

below the altitude of 500 meters. Below this elevation the sedimentary rocks crop out and 

hence more soluble components may be leached out in comparison with volcanic rocks; the 

last are ubiquitous above about 500 meters of altitude (fig. 4.11).  

 
Figure 4.11 - Geological section of Mt. Vulture (modified by Giannandrea et al. 2006). The 
sedimentary rocks (surfacing below ∼ 500 m a.s.l.) are in grey; all the others colours represent 
the volcanic rocks. 
 

An additional factor that can increase the dissolution of aquifer rocks is the presence of CO2 

in solution (see also section 4.3); this gas is largely present in the whole area of Vulture, 

preferentially in the waters of deep aquifers. However, the possibility that shallow 

groundwater can be reached by deep CO2 can not be ruled out, thanks to deep faults (i.e., 

short-circuit pathways between groundwater of different depths) or by multistep degassing in 

deep aquifer (the gas phase can dissolve in shallow groundwater). 

a b 
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In this hydrogeochemical setting the waters of Monticchio lakes perfectly fall in the TDS 

range of the groundwater of equal elevation (fig. 4.10 b). The distribution of data depends on 

the depth of lakes waters; the shallow waters have a lower content of TDS, the deeper ones a 

higher content. In the LPM, which is permanently stratified, the correlation between TDS and 

altitude coincides with the relation found for groundwater of Mt. Vulture with R2 = 0.86. 

Moreover, the lakes deep waters are the richest in dissolved CO2. That being so, once more 

the geochemical data show a clear relation between lake waters and groundwater. 

 

4.2.4 Isotopes and water evaporation 
 
In δD vs δ18O graph (fig. 4.12), the deep waters of LPM fall on local meteoric water line 

(LMWL - Paternoster et al., 2008, see also appendix II), whereas shallow waters of the LPM, 

and all waters of LGM, show a linear relationship with a typical evaporative slope (fig. 4.12). 

For each lake, the shallow waters have a higher evaporative shift if compared to deeper 

waters. This is true to form and in accord with Mongelli et al. (1975) and Marini (2006). 

Moreover, isotopic data show that LGM has a higher evaporation than LPM (fig. 4.12).  

Mongelli et al. (1975) drew an evaporation line on the base of 15 data (from LPM, LGM and 

springs). Marini (2006) updated the evaporation trend by using data of Mongelli et al. (1975) 

and data of spring by Ciet and Tazioli (1981), with a total amount of 30 water samples. In this 

work, the abundance of data (over 130 samples, of LPM and LGM, which are spread over 11 

sampling campaigns from 2006 to 2010) permitted to better define and update the evaporative 

linear relation (fig. 4.12): 

€ 

δD = 5.2δ18O − 8.3                                      Mongelli et al. (1975) 

€ 

δD = 5.36δ18O − 7.8                                                 Marini (2006) 

€ 

δD = 4.59δ18O −14.0                                                       this work 

€ 

δD = 4.60δ18O −13.82          this work plus Mongelli et al. (1975) 

As shown in fig. 4.12, the data of Mongelli et al. (1975) fall close on the trend of this work, 

but always slightly above the linear regression. Using our data together with the data of 

Mongelli et al. (1975), the resulting evaporative linear regression is roughly the same than 

that one obtained with our data (see above equations). Anyway, we are not ruling out that 

evaporative process in Monticchio lakes was subjected to a small variation in about 35 years.  

Indeed, the linear regression of our data (fig. 4.12) does not represent an actual evaporation, 

rather it is a mixing line between surface waters (more or less evaporated) and groundwater. 

In fact, it is difficult to believe that deep waters (below the epilimnion, e.g., 10, 15, 20 m) can 

be directly involved in an evaporative process (proper of under air conditions) 
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Figure 4.12 - δD vs. δ18O plot for Monticchio lakes waters. Most of the samples fall on the 
evaporation line (y = 4.59x-14.0). The data of Mongelli et al. (1975) are very close to 
evaporation line built with our data. The local meteoric water line (LMWL) was defined by 
Paternoster et al. (2008) (see appendix II). 
 
The isotopic composition of lake waters is plotted against depth in figure 4.13. The relative 

behaviour of δD and δ18O is the same. Both isotopes highlight that deep waters of LPM have 

a low variability in time and are within the isotopic range of groundwater (fig. 4.13). The 

shallow waters (down to 12m depth) have small variations due to the change on evaporation 

rate. The deep waters of LGM are close on more positive and evaporated values than LPM 

(Fig. 4.12, 4.13), they show a slight variability in time. The shallow waters of LGM do not 

move much away from deep water values and have a more elevated variability in time, 

reflecting variability of evaporation rate.  

 

  
Figure 4.13 - Isotopic data of δD and δ18O versus depth of LPM and LGM. The shaded area 
represents the groundwater isotopic values near the Monticchio lakes (see also fig 4.11). 
 

LPM LGM LPM LGM 



                              The Monticchio crater lakes: fluid geochemistry and circulation dynamics------------------------           

 25 

In this isotopic distribution the water dynamics characterize the distribution of values, as we 

shall see in section 5.2. Nevertheless, the time regularity of the mixing processes and the 

constancy of groundwater inflow allowed LGM to reach a dynamic equilibrium, which is less 

stable for shallow waters due to the variability on the evaporation rate. 

The intersection of LMWL with evaporation line gives δ18O = -8.8‰ and δD = -54‰; they 

can be considered the mean values of groundwater feeding the lake. Since the isotopic shift of 

groundwater in comparison to the meteoric values is negligible (Paternoster et al., 2008), it is 

possible to evaluate the recharge altitudes of Monticchio lakes waters by means of linear 

regressions (isotopic value of rainfall versus altitude) proposed by Paternoster et al. (2008). 

These authors, using the data of Mongelli et al. (1975), firstly estimated the recharge altitude 

of LPM of about 1130 meters a.s.l.. 

The mean recharge altitudes estimated with our data are about 894 and 952 meters for δ18O 

and δD, respectively. These values are reasonably coinciding (considering an error of about 

50 m over each estimation) and a mean recharge altitude of about 925 meters can be 

considered (Monticchio lakes are located at 660 m a.s.l.). 

Also in this case the abundance of data permits us to better define the mean recharge altitude 

of Monticchio lakes. 

 

4.2.5 δD vs. Chloride 

The isotopic data of lakes waters (see section 4.2.4) show that LPM is fed by groundwater and 

that shallow waters are subjected to an evaporative process. 

A water body exposed to the atmosphere, under ordinary conditions, will become enriched in 

the heavy water species (1H1H18O, 2H1H16O) rather than the more common and light water 

specie (1H1H16O); so fractionation between water and atmospheric vapour during evaporation 

occurs. This fractionation is affects by atmospheric conditions, including relative humidity, 

temperature and the isotopic composition of atmospheric moisture. The water stable isotopes 

were widely used in lake environments for evaporation study. The main applications concern 

the isotope-mass balance (e.g., Gonfiantini 1986; Gibson et al. 1996; Saxena et al. 1999; 

Gibson 2002). 

The isotopic composition of a water body from which the water is removed only by 

evaporation can be described by the formulation of Rayleigh type distillation (Longinelli & 

Deganello, 1999): 

 

€ 

δ −δ0 = −ε ln f                                                 (4.2.5-1) 
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where δ and δ0 are the final and initial isotopic composition of the water, ε is the isotopic 

enrichment factor between the two considered phases (in our case between water and vapour 

phases) and f is the volumetric residual fraction of the water. This theoretical formulation does 

not consider the atmospheric conditions (e.g., relative humidity and isotopic composition of 

moisture), therefore this formula has applicability limits on a natural environment. 

Craig & Gordon (1965) and Gonfiantini (1986), studied and theorized the evaporation of free 

water body to atmosphere and described the variation of the isotopic composition of an 

evaporating water body as: 

€ 

δ0 = δ −
A
B

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ f B +

A
B                                                   

(4.2.5-2) 

€ 

A =
hδa +εk +

ε
α

1− h +εk                                                     (4.2.5-3) 

€ 

B =
h −εk − ε

α
1− h +εk                                                        (4.2.5-4) 

where h is the atmospheric relative humidity (0 ≤ h ≤1), δa is the isotopic composition of 

atmospheric moisture, εk is the kinetic isotopic enrichment factor and α is the equilibrium 

fractionation factor (ε = (α-1) × 1000). A mean annual relative humidity of 0.8 (80%) was 

used (see section 5.1 and fig. 5.3), anyway a variation of 10% of relative humidity does not 

affect much the result of computation. The δa values were estimated on the basis of assumed 

isotopic equilibrium between atmospheric moisture and precipitation (Gibson et al., 2008 and 

reference therein) as follows: 

€ 

δa =
δ p −ε

α                                                         (4.2.5-5) 

where δp is isotopic value of precipitation. The εk (in ‰) can be evaluated with relationships 

presented by Gonfiantini (1986): εk (18O) = 14.2 (1 - h); εk (2H) = 12.5 (1 - h). 

The evaporation process not only modifies the water isotopic signature, but also influences 

the saline content of residual water. The increase of ionic concentration is inversely 

proportional to the volumetric residual fraction of water ( f ). Linking the residual fraction, 

obtained by isotopic formulations, with ionic content is possible to better constrain the 

evaporative process that occurs in lake waters. For this purpose was chosen the chloride 

concentration, because this is a conservative ion that does not participate much in 

geochemical and biochemical processes. The formulation that links volumetric residual 

fraction with chloride is the follow:  
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(4.2.5-5) 

where Cl is the chloride concentration at the end of evaporative step and Cl0 is the initial 

chloride concentration. 

In the isotopic modelling of evaporation, deuterium rather than 18O was used because the first 

one is less subject to chemical interactions that can increase the interpretation difficulty.  

Since the LGM has, even in deeper layers, more evaporated waters then LPM (fig. 4.12), 

firstly we check the possibility that shallow waters of LPM flow towards LGM, through the 

connecting channel between the two lakes, and continue the evaporative process in the LGM 

as suggested by Mongelli et al. (1975). As the fig. 4.14 shows, not only a pure evaporation is 

not able to produce the most values of shallow waters of LPM starting from groundwater, but 

also the entire shallow waters of LGM cannot derive from a simple evaporation of the 

groundwater or of the shallow waters of LPM. 

 
Figure 4.14 - δD versus Cl plot; the groundwater was fixed at δD = -54‰ and Cl= 0.52 
meq/litre; the values of LPM and LGM are referred to shallow waters (~3m of depth). The red 
and black curves represent the trend of the water values during an evaporation (using the 
equations in text) starting from a groundwater and a shallow water of LPM, respectively. The 
numbers along the curves show the residual fraction of water during the theoretical 
evaporation. The error bar of δD (± 1‰) for plotted values is within the symbol. 
 
Therefore there is the necessity to set up a more complex theoretical scheme to explain the 

deuterium and chloride values in the shallow waters of Monticchio lakes.   
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The evaporating water of the lakes is localized in the epilimnion, the upper portions of a 

stratified lake, where lake waters are more chemically homogeneous and well mixed. A box 

model was applied to the chemical and isotopic balance of the epilimnion. The main inflow 

and outflow were considered: 

 

 

 

 

 

 

 

The isotopic and chemical data of lake waters confirm the chemical homogeneity of 

epilimnion and also consent to verify the nearly steady state of water chemistry in both lakes. 

This is a necessary condition to apply the box model. 

The groundwater outflow does not affect the chemical data (δD and Cl) changing in the 

considered box, therefore this can be neglected (used chemical parameters have intensive 

characteristics). The rainfall on the surface of Monticchio lakes can be neglected because its 

amount is evermore lower than 2.7% of epilimnion volume (this percentage influence the 

final estimation within the error of data). That being so, the box balance of Monticchio lakes 

is more simplified because only the groundwater inflow and the evaporation are considered.  

The starting water of the model is a groundwater, because this is the water that feeds the lakes 

(e.g., Chiodini et al., 2000; Celico & Summa, 2004; Paternoster et al. 2008); the following 

values of the starting groundwater were used: δD = -54 ‰; Cl = 0.52 meq/l. As discussed 

above, the deuterium value (-54 ‰) represents the intersection between the regression line of 

lake waters and the local meteoric water line (LMWL) (fig. 4.12).  

The data of a well (three time sampled, see Pozzo Maria in tab. A1 - Appendix I) near the 

lakes (~300 m from LPM and LGM) has a chloride concentration between 0.51 and 0.53 

meq/l, which well agree with data of springs and well water in the area (Paternoster, 2005 and 

Parisi 2009). The fixed value of chloride (0.52 meq/l) was also chosen considering that 

evaporating water of epilimnion has values always over this value (± 0.01), so the starting 

value of simulations have to be ≤0.52.  

The box model takes into account that a constant groundwater inflow and evaporation are 

always present, so the chemical value is a result of the dynamic equilibrium of these two 

balance components. The calculation is based on a succession of evaporation and mixing with 

Groundwater  
inflow 

Groundwater 
outflow 

Precipitations Evaporation 
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groundwater. Any simulation reaches a steady state value that can be roughly considered the 

theoretical value of the epilimnion water.  

Several simulations display that all values of shallow waters (~3 m of depth) of Monticchio 

lakes fall in plausible ranges both of evaporation and groundwater inflow (fig. 4.15).  

As seen before, the simulations of theoretical model presume the attainment of an isotopic 

and chemical steady state. The data of February and March of 2009 cannot be plotted in figure 

4.15 because in these periods the mixing of lake waters does not allow a steady state 

condition. 

The data, plotted in the theoretical grid (fig. 4.15), show that in LPM the highest groundwater 

inflow (over the 60%) occurs in the periods with highest evaporation (September and October 

with relatively low residual fraction, f = ~ 90%). In May and June the evaporation is relative 

low as the groundwater inflow (97-99% and 30-40%, respectively). Still in the plot of fig. 

4.15, September 2008 and September 2009 have the same value (within the error bar) as for 

June-09 and June 2010, it suggest a seasonal variability of evaporation and groundwater 

inflow which is repeated in similar manner every year. For the LPM, unfortunately the 

nearness of groundwater contribute curves do not permits an accurate evaluation of relative 

groundwater inflow. 

The figure 4.15 also shows that in LGM the residual fraction of evaporating water does not 

change much over time, it is always between 81÷88 %; is interesting that in June 2010 the 

evaporation is noticeably higher than June 2009. The interesting trend of LGM values 

highlights a seasonal variability in the groundwater inflow (between 30% and 50%). 

Moreover September 2008 and September 2009 samples have the same value of groundwater 

inflow (within the error bar) as for June 2009 and June 2010, suggesting that this parameter 

has an annual cyclic character. 

Probably the groundwater feeding the epilimnion of Monticchio lakes is subject to little 

seasonal variations; the main variation involves winter and spring periods when rain and snow 

thawing (both with more negative isotopic values) lower the groundwater isotopic values 

(Paternoster et al., 2008).  

The box model suggests that the mean annual deuterium value of superficial groundwater 

(~54%), used as inflow value, explains well the deuterium vs chloride data of all periods near 

to a steady state.  

Taking into account the approximate nature of the method, however it is possible to assert that 

roughly, the LPM has bigger groundwater inflow compared to LGM, which has a mean 

evaporative rate greater than the LPM. These characteristics cause a major variability of 
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chemical and isotopic datum in the LGM and comparable values in the LPM over time. 

Furthermore, from the theoretical simulations of the model it was possible to show that waters 

of LGM, and in particular the shallow waters, have a considerable contribution from 

groundwater and do not derive only from waters of LPM that have been more evaporated, like 

until now believed (Mongelli et al., 1975; Chiodini et al., 2000; Celico & Summa, 2004; 

Paternoster et al., 2008). This model gives an approximate semi-quantitative estimation, 

anyway this is a good result considering the use of a small amount of data.  

  

Figure 4.15 - δD versus Cl plot; the groundwater was fixed at δD = -54‰ and Cl= 0.52 
meq/litre; the values of shallow waters of LPM and LGM are shown (~3m of depth). All the 
percentage values are referred to the box volume, which practically is the epilimnion. Each 
red curve is composed by the theoretical values of steady state with the same groundwater 
inflow (e.g., 30, 40, 50, 60%) and different residual fraction (f); each dashed curve is 
composed by the theoretical values of steady state with the same residual fraction (f) (e.g., 80, 
90, 99%) and different groundwater inflow. 
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4.3 Carbonate system 

 

4.3.1 Carbon dioxide 

The dissolved gases in Mt. Vulture waters were mainly reported in recent literatures (e.g., 

Paternoster, 2005; Gambardella, 2006; Paternoster et al., 2009), but only the study of 

Gambardella  (2006) deals with carbon species with a particular attention for the origin of 

dissolved CO2. Many authors investigate the dissolved gases of Monticchio lakes with detail 

only for LPM (e.g., Fornai, 1992; Chiodini et al., 2000; Cioni et al., 2006; Caracausi et al., 

2009). 

 

 
 

 
 
Figure 4.16 - Concentrations of dissolved carbon dioxide (cc STP/liter) versus depth (m) in 
LPM (a) and LGM (b). The inserts show the data of pH versus depth for the some months of 
CO2 profiles.  

a 

b
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The dissolved carbon dioxide (as H2CO3*) was evaluated on the basis of TDIC values and pH 

measured in situ by multiparametric probe (appendix III). The gradients of dissolved CO2 

concentration are normally high in both lakes (fig. 4.16). The near bottom water reaches a 

concentration of dissolved CO2 close to three orders of magnitude (LGM) and over three 

orders of magnitude (LPM) higher than air saturated water (H2CO3*ASW≈0.245 cc/l at 660 m 

a.s.l. and 25°C). Similar trends are shown by vertical distribution of TDIC.  

In a CO2-H2O system the pH variations are related to carbonate speciation: high 

concentrations of dissolved CO2 tend to reduce the pH values and vice versa. This behaviour 

is evident in the LGM (fig. 4.16 b) where with high variations of CO2 concentration over 

time, the pH variations are well over the error range. In the LPM the pH and CO2(aq) 

variations, from month to month, are both very low, so the relation pH-dissolved CO2 are less 

appreciable.  

Ca and Mg carbonate precipitation has been inferred by means of PHREEQC code for 

shallow waters in both lakes. In fact, as mentioned in section 4.1, the superficial waters are 

involved in photosynthesis processes, which are able to increase the pH values, leading to 

conditions of carbonate oversaturation and precipitation (which sinks down to the lake 

bottom). Furthermore this process justify both the wide variations of Ca in shallow waters of 

LGM and the low concentrations of Ca and Mg of shallow waters of LPM in comparison to 

the deep ones (fig. 4.4 b, d; fig. 4.5 b).  

The relative low pH values of deep waters (about below 15m for LPM and 20 m for LGM) 

give conditions of Ca and Mg carbonate undersaturation; therefore in the epilimnion the 

amount of TDIC is reduced due to carbonate precipitation. In agreement with Schettler & 

Albéric (2008), in LPM monimolimnion and LGM hypolimnion, increase in Ca, Mg and 

TDIC is related to a pH decrease, which favour dissolution of settling carbonate particles. 

Simulations with PHREEQC code suggest the oversaturation and probably precipitation of 

siderite, below 18 m (high content of Fe was found in the sediments; Schettler and Albéric, 

2008). 

When the probe was accidentally in contact with sediments the pH value sharply decreased. 

At this relatively low pH the settling carbonate particles could dissolve more rapidly near the 

lake bottom. This can represent a source of recycled CO2 from bottom, in addition to the main 

carbon dioxide input from the external source, as observed in lake Cuicocha by Gunkel et al. 

(2009).  
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4.3.2 CO2 and water rock-interaction 

Gambardella et al. (2006) identified two families of groundwater in Mt. Vulture: i) TDIC > 

500 mg/l, high CO2 concentrations and low values of pH ( 5.4 < pH < 6.8 ) ; ii) TDIC < 500 

mg/l, low CO2 concentrations and high pH values ( 6.6 < pH < 8.3 ). In figure 4.17 it is 

possible to note that the lake water samples fall perfectly in the two families of Vulture waters 

but only the deep waters of LPM fall in the family with high CO2 concentrations. 

Furthermore, this plot shows a good correlation between pH and f CO2 suggesting that pH 

variations are mainly controlled by dissolved CO2. In both lakes the pH values decrease as f 

CO2 increases (fig. 4.17 a) down to a pH of about 5.8, when the pH remains almost constant 

in spite of both TDIC and f CO2 increases; it suggests the possibility that a buffering process 

is acting.  

The water acidification, which is induced by high f CO2, increases the acid attack power of 

water and consequently the rock dissolution. H+ ions can be neutralized by hydrolysis of base 

cations (e.g.: Ca, Mg, K, Na), that are released by rock dissolution. The dissolution of most 

minerals that constitute volcanic rocks (e.g., Biotite, Kaolinite, Muscovite) starts below pH ≈ 

6, so the abundant availability of base cations produces a pH buffering process (Fig. 4.17 b) 

(Stumm & Morgan, 1996). As a result, the dissolution of magmatic rocks buffers the pH of 

water, carrying in solution minerals more soluble in waters with pH < 6 (e.g. silicates, Fe and 

Mn minerals). The pH stop close to this value (~ 6) due to the equilibrium between: 

acidification by CO2 and H+ consumption by base cations. The acidification and the buffering 

mechanism cause an increase of TDS and electrical conductivity of water, as also observed in 

section 4.2.3 and in accord with the pattern suggested by Paternoster et al. (2009). 

 

                      
Figure 4.17 - a) Data relative to months of May, June and September of 2009. b) Dissolution 
rate of different minerals as a function of pH (25°C)(from Stumm & Morgan, 1996, 
modified). 

a b 
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4.3.3 TDIC isotopic composition  
In the LPM the δ13CTDIC of shallow waters varies periodically (from -3.3 to 1.9 ‰ vs. PDB), 

but there is a general decrease towards the depth of about 15 meters. Below this depth, for all 

considered months, δ13CTDIC values increase towards the bottom (fig. 4.18). In LGM the 

δ13CTDIC values of shallow waters have a similar behaviour than LPM ones, instead in the 

hypolimnion waters the values are constant, with small variations from month to month (fig. 

4.18). 

All the Monticchio lakes values get close to the inorganic δ13C range (from -7‰ to +4.5‰ vs. 

PDB, e.g., Allard et al., 1997; Chiodini et al., 2000; Caliro et al., 2008; Caracausi et al. 2009) 

(fig. 4.18). In addition to the inorganic carbon source, that includes magmatic and thermo-

metamorphic origin, also the atmospheric CO2 (δ13C= -7‰ vs. PDB) must be considered as 

carbon source in a lake system due to atmospheric CO2 exchanges in water-air interface 

(Chiodini et al., 2000). The high concentrations of TDIC (over two orders of magnitude than 

TDICASW ≈ 0.95 mg/l; fig. 4.19) are reached in deep waters of Monticchio lakes (>12 m of 

depth) insomuch as, for these waters, the atmospheric contribute can be neglected. The 

shallow waters have concentrations of TDIC higher than air saturated water (from one to two 

orders of magnitude). Moreover the δ13CTDIC of the shallow waters shows a trend toward 

values more positive than δ13C of atmospheric CO2 (fig. 4.18, 4.19), it suggests that 

atmospheric contribution is negligible also for shallow waters.  

PHREEQC code simulations indicate that conditions for FeCO3 and MnCO3 precipitation 

(siderite-rhodochrosite solid solutions) below the depth of 18 m in LPM are reached. 

Experimental investigations showed that carbon isotope shift of TDIC (δ13CTDIC) related to 

siderite precipitation is limited to a decrease of about 0.2 ∼ 2‰ (Jimenez-Lopez & Romanek, 

2004).  At the lake bottom, the low pH conditions of sediment (see above) could cause the 

partial dissolution of settling carbonates (carbonates of Fe, Mn, Ca and Mg, all with a higher 

isotopic signature than TDIC), increasing both the TDIC amounts and δ13CTDIC at the bottom, 

as it occur in LPM (fig. 4.18 a; 4.19).  

The high biological activity of lake systems suggests the presence of a carbon component of 

organic origin. The high isotopic values of TDIC in Monticchio lakes indicate a low 

contribution of the organic source (δ13C from -24‰ to -28‰; Chiodini et al., 2000; Caliro et 

al., 2008; Gambardella, 2006). Nevertheless, the difference of the carbon isotopic signature of 

TDIC between the bottom water of LPM and LGM can be reasonably explained by different 

amounts of organic carbon in the carbon cycle of the two lakes (Fig. 4.18). 
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Figure 4.18 - Distribution of  δ13CTDIC (vs PDB) with depth (m), for LPM (a) and LGM (b). 
The considered months are May, June and September of 2009 and June 2010. 
 

The plot in figure 4.19 shows an interesting trend for LPM, the monimolimnion samples 

decrease both in δ13CTDIC and in TDIC towards the lake surface; the shallow waters have a 

trend that heads for more positive values (see also fig. 4.18). The monimolimnion trend not 

only suggests that the carbon inorganic source in LPM has a δ13C ≈ 0 ‰, but also a CO2 flux 

high enough to support the elevated TDIC values of LPM is present. In figure 4.19 the 

hypolimnion waters of LGM are plotted on a limited range of δ13CTDIC and TDIC values, 

about between -2 ÷ -4 ‰ and 250÷500 mg/l, respectively. The shallow waters of LGM have 

the same behaviour of LPM ones. 

 
Figure 4.19 - Plot of δ13CTDIC versus total dissolved inorganic carbon (TDIC) concentrations 
of Monticchio lakes. The values are representative of May-09, June-09, September-09 and 
June-10. ASW is the value of air saturated water.  
 

Looking for an explanation for the increase of δ13CTDIC in shallow waters (fig. 4.18, 4.19), 

other processes are able to modify the isotopic carbon signature, i.e.: CO2 consumption by 

a b 

Shallow 
waters 

Deep waters 

*
  

ASW 



                                                                 M. Nicolosi-------------------------------------------------- 

 36 

photosynthesis and CO2 production by respiration, carbon loss by calcite precipitation, carbon 

derived from dissolution of carbonate minerals and CO2 degassing.  

The photosynthesis produces light carbon CO2 consumption and can increase the isotopic 

signature of TDIC up to about 7‰ δ units (McConnaughey et al. 1997), as also observed for 

others lakes (Myrbo & Shapley, 2006). Another process linked to the biological cycle is the 

respiration, able to decrease the δ13CTDIC values, oppositely to the observed variation in 

shallow waters of Monticchio lakes. Moreover, the photosynthesis causes larger 12C depletion 

than respiratory 12C enrichment in TDIC (McConnaughey et al. 1997). 

As previously discussed the CO2 consumption by photosynthesis increases the pH and can 

induce the carbonate precipitation. This process enriches the carbonates of 13C, with 

fractionation between solid carbonate and bicarbonate of 1.85±0.23‰ at 20°C (Emrich et Al. 

1970), decreasing the δ13CTDIC, in an opposite direction than the observed increasing trend of 

superficial waters. So, even if carbonate precipitation occurs in shallow waters of both lakes, 

this process is not able to counterbalance light carbon CO2 consumption by photosynthesis, as 

also suggested for the Lake Averno by Caliro et al. (2008).  

CO2 degassing is precluded due to the undersaturation of dissolved CO2 in both lakes, it is 

confirmed by relative high pH values in shallow waters (see section 4.1). Nevertheless, the 

CO2 degassing could cause only a small increase in δ13CTDIC, in the order of 0.5 δ units 

(Chiodini et al., 2000).  
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4.4 Gas chemistry 

 

4.4.1 Major gases 

Previous works on the water geochemistry of LPM (i.e., Fornai, 1992; Chiodini et al., 1996; 

Chiodini et al., 1997; Chiodini et al., 2000; Cioni et al., 2006; Caracausi et al. 2009), highlight 

that CO2 and CH4 are the main dissolved gaseous species. Our data confirm that the amount 

of dissolved gases in the shallow waters of LPM reflects the equilibrium with atmosphere 

(Cioni et al., 2006 and references therein). Deep waters of LPM are dominated by CO2, CH4 

and N2, in order of abundance (N2 data of Nicolosi (2007) were used); the low concentrations 

of O2 and the presence of CO denote characteristics of an anoxic and reducing ambient. The 

CO2 has been discussed in section 4.3 (carbonate system), so in this section it will be treated 

marginally.  

In the LPM waters, the dissolved CH4 does not vary much seasonally; the lower concentration 

has been measured in shallow waters and it increases towards the lake bottom in the 

monimolimnion, reaching the concentrations up to 160 cc STP/litre (fig. 4.20 a; tab. A4 

appendix I). The dissolved CH4 in the waters of LGM increases with depth and the highest 

concentrations in the entire hypolimnion have been measured during summer-autumn time. 

The dissolved methane in deep waters of LGM drastically decreases during winter-spring 

time (fig. 4.20 b; tab. A4 appendix I).  

 
Figure 4.20 - CH4 concentrations versus depth for LPM (a) and LGM (b), from September 
2008 to June 2010. 
 

By means of the methane isotopic investigation (δD and δ13C), it was possible to constrain the 

genetic processes leading to the formation of dissolved methane in the waters of Monticchio 

lakes.  

In LPM, the δ13CCH4 values range from -60.8‰ to -61.9‰ vs. PDB, while a slightly 13C-

enrichment is observed in methane dissolved in LGM lake (from -58.8‰ to -57.4‰). The 
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δDCH4 values range from -291‰ to -298‰ vs. SMOW, while in LGM methane is slightly 

enriched in heavy isotopes, displaying values from -241‰ to -257‰ (fig. 4.21).  

All the LPM samples lie in the field of methane produced by Bacterial methyl-type 

fermentation, while LGM samples fall in the field of transition between methyl-type 

fermentation and carbonate reduction  (Schoell, 1980; Jenden and Kaplan, 1986; Withicar 

1986 and 1999) (fig.4.20). Methane thermogenically produced seems to be absent or 

negligible compared to methane bacterially produced (Fig. 4.21).  

 

 
Figure 4.21 - δD vs δ13C plot (midified by Schoell, 1980). The values of methane in 
dissolved gases of LPM and LG are plotted. The error of values is within the graphic sign. 
 
Gutsalo (2008) developed an advanced thermodynamic approach to distinguish methanogenic 

pathways between CO2-reduction and acetate fermentation. On the basis of new experimental 

data, he stated that the CH4-H2O and CH4-CO2 systems approach thermodynamic isotope 

equilibrium in the case of methane derived from CO2-reduction while hydrogen and carbon 

isotope fractionations proceed under non-equilibrium during methane formation by acetate 

fermentation (see application in appendix IV).  

Assuming that the biocenosis of bacteria responsible of the acetate fermentation in both 

Monticchio lakes is similar to those ones present in Lake Wuermsee (Northern Germany, 

Whiticar et al., 1986; Woltemate et al., 1984), the obtained δDR values (methane through 

M 

M 
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CO2-reduction) are -210‰ and -229 ‰ for LGM and LPM respectively while δDF values 

(methane through acetate fermentation) are -307‰ and -317 ‰ for LGM and LPM 

respectively (see appendix IV for calculations). The measured δDCH4 values (Fig. 4.21) fall 

within the range of values found for CO2-reduction and acetate fermentation. By applying a 

simple hydrogen isotope balance equation, the relative methane contribution from acetate 

fermentation and CO2-reduction were estimated. At LPM, production of methane is 

dominated by acetate fermentation with the fraction of about 70% (range 67-78%), while in 

LGM waters acetate fermentation and CO2-reduction operate in almost equal proportion at 

around 45% (range 32-54%), This could be reflect a different nature of sediments between 

LPM and LGM.  

 

4.4.2 Noble gases 

Dissolved Ar in shallow waters of Monticchio lakes is in equilibrium with atmosphere, 

showing seasonal variations (fig. 4.22) due to the change of Ar solubility with temperature 

(Aeshbach-Hertig et al. 1999a). Along the water column of the two lakes, the values have a 

low variability in the different months, often within the error. The deep waters of LPM show a 

decrease in dissolved Ar concentration. It cannot be explained by variations of its solubility 

on the basis of temperature, salinity and recharge altitude (pressure); the Ar concentration in 

deep waters of LPM are always lower than Ar in air saturated water at a temperature of ∼10°C 

(mean annual temperature at water recharge altitude)(fig. 4.22 a). 

The atmospheric 40Ar/36Ar ratio is about 295.5 (Fisher, 1982), the Ar isotopic ratio in the 

waters of Monticchio lakes is close to this value, even in the deep waters of LPM.  

 

  
Figure 4.22 - Distribution of dissolved Ar amounts (cc STP/l) with depth (m) in LPM (a) and 
LGM (b), for different months. The dissolved Ar values of water in equilibrium with 
atmosphere are reported (in the range of temperature of 5 and 25°C and at altitude of 660 
meters a.s.l., Aeshbach-Hertig et al. 1999). 
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The Ar profiles in LPM (4.22 a) display the lowest Ar concentration in the deepest waters and 

an increase towards the thermocline (10-15 m). The dissolved Ne of Monticchio lakes waters 

have a similar behaviour of Ar. Therefore, their concentrations in the deep portion of the lake, 

well below the air saturated water at T- P conditions of the water recharge altitude, are related 

to stripping of atmospheric noble gases by outgassing processes which probably occur in 

groundwater. The uotgassing can be triggered by high concentrations of dissolved CO2 (the 

Vulture area is well-known for sparkling waters). 

 

 
Figure 4.23 - LPM high resolution pH (±0.01units) profiles clearly showing a sharp inversion 
of the pH trend, peaking at depth of about 7 m. That suggests, together with the observed Ar 
variations, a lateral groundwater inflow at shallow depth. 
 

The recurrent high concentration measured at about 12 meters of depth could suggest a water 

input at shallow depth, which carries noble gases in equilibrium with air at the water recharge 

altitude (T≈10°C). This shallow water inflow could also explain the pH variation measured 

with a high resolution pH probe at a depth of ~7 m in May and June 2010 (fig. 4.23). The 

wide sampling intervals of dissolved gases do not allow the best fitting between depths 

supposed by Ar data (~12 m) and pH data (~7 m). 

The dissolved helium in LPM waters reaches concentrations up to two orders of magnitude 

more than air saturated water (4.5 x 10-5 cc STP/liter at the lakes altitude of 660 meters and an 

annual mean temperature of 14°C). The highest concentration has been measured in the 

monimolimnion at a depth of 28 meters (fig. 4.24), where He abundance displays a relatively 

narrow range of variations over time, then it strongly decreases towards the surface, down to 
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the equilibrium with atmosphere. The dissolved helium profiles suggest a major He supply at 

about 28 meters of depth most probably by a groundwater inflow through the lake wall (as 

supposed by Nagao et al. 2010 in Lake Nyos) (fig. 4.24). This implies a decoupling of volatile 

inflow into to the lake waters between the CH4 and CO2 (coming from the bottom) and 

helium (mainly coming from 28m and secondly from bottom).  

Furthermore, the dissolved He concentration gradient at depth interval of 28-36 m is lower 

than those between 28 m and shallower depths. The noble gas gradients (He, Ne, Ar) are 

probably related to lateral inflow at 28 m of almost undegassed groundwater, which mixes in 

proportions of 1:4 with degassed water inflow from the lake bottom.  

 
Figure 4.24 - Distribution of dissolved He amounts (cc STP/l) with depth (m) in LPM (a) and 
LGM (b), for different months. 
 
An alternative model (with only one groundwater inflow from lake bottom) could explain a 

similar depletion of noble gases in the deepest waters by bubble degassing from bottom 

(bubbles would strip the less-soluble gases such as He, Ne, Ar; Evans et al. 1993; Aeschbach-

Hertig et al. 1999). In LPM the methanogenesis in the bottom sediments could lead to bubble 

formation and CH4-rich bubbles could escape into lake water. These bubbles also contain the 

gases carried by the groundwater inflow from bottom (i.e, CO2, He, Ar, Ne), which 

equilibrate with CH4 during the circulation within the sediments. The bubbles will dissolve as 

they rise through the water column, transferring the He, Ar and Ne to shallower depths (e.g., 

28m). The repartition of volatiles between gaseous and water phases (during a rising up of 

bubbles) in deep waters of LPM is not easy to control, therefore this model is difficult to 

demonstrate. We prefer to consider the double groundwater inflow model to explain the data 

of dissolved gas.  

The dissolved helium concentrations in LGM are usually lower than those in LPM. In 

September 2008 the abundance of helium in LGM waters was significantly high, being 

twofold the maximum value in LPM waters. In LGM, the high concentration of He and other 

gases are reached in deep waters, it suggests a groundwater inflow from the bottom (more 
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probably the water is the carrier of dissolved gases). Moreover, the He concentrations undergo 

seasonal variations due to water mixing (similarly to those noticed for CH4 and CO2; see also 

section 5.2), it suggests the opportunity of studying the water lake circulation by means of 

dissolved gases monitoring.  

The three main helium sources on earth are: mantle (MORB: 8±1 Ra), atmosphere (1 Ra) and 

radiogenic decay in the crust (∼0.02 Ra) each of them with a distinct R/Ra, where Ra is the 
3He/4He ratio in the atmosphere (∼1.39 × 10-6) (Craig and Lupton , 1978; Mamyrin and 

Tolstikhin, 1984; Sano et al., 1998). 3He can be generated in water by 3H decay and used for 

determination of water-age. In Monticchio lakes the abundance of tritium is very low 

(between 0 and 2.6 TU, see appendix I), precluding the 3H-3He dating use, as reported for 

other lakes (Kipfer et al., 1994; Aeschbach-Herting et al., 2002). Due to low tritium 

concentrations the contribution of tritiogenic 3He in the evaluation of mantle-derived 3He is 

negligible; in fact in a volcanic area mantle-derived gases are relatively enriched in 3He with 

respect to the other sources (Aeschbach-Hertig et al., 1999b, and references therein).  

The He isotope ratios (expressed as R/Rac: values corrected for the atmospheric component, 

see appendix V), below 15 meters of depth, show seasonal variations in both lakes ranging 

between about 5.3 and 6.1 R/Rac (fig. 4.25; tab. A4 in appendix I). These values indicate a 

significant contribution of mantle-derived helium component. If we consider values reported 

in previous works (Chiodini et al., 2000; Nicolosi, 2007), the minimum value of R/Rac found 

in lake waters is 4.4.  

 

 
Figure 4.25 - The R/Ra values corrected for the atmospheric contamination (R/Rac) versus 
depth (m), in LPM (a) and LGM (b), for different months. 
 

Although MOR mantle signature is characterized by He isotope ratio of 8±1 Ra (Porcelli and 

Ballantine, 2002), helium isotope ratios in fluids inclusions of olivine, from maar ejecta of 

Laghi di Monticchio Syntem (Giannandrea et al., 2006), range between 6.1 and 4.4 Ra 
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(Paternoster, 2005). The highest value of 6.1 Ra, also measured in mantle xenoliths (lapilli 

tuff) of the same ejecta formation, was assumed by Paternoster (2005) as the He isotopic 

signature of under Mt. Vulture mantle. The He isotope ratio of 4.4 Ra has been discussed by 

Caracausi et al. (in preparation) as the possible consequence of: i) magma aging by radiogenic 
4He ingrowth from U-Th decay within magmas prior and during phenocrystal crystallization 

of olivine and pyroxene; ii) post eruptive radiogenic 4He in-growth; iii) contamination of 

magmas by assimilation of crustal rocks or fluids prior or during phenocrystal crystallization 

of olivine and pyroxene. Taking into account the mean U and Th contents in Vulture lavas (13 

and 34 ppm respectively; De Fino et al., 1986) an olivine-melt partition coefficient of 0.008 

(Marty et al., 1990) and a magma storage time of 20 Ka, we calculated that the initial 6.1 Ra 

He isotope ratio can decline down by only 0.5 Ra units. This suggests that process “ i ” is 

ineffective to explain the measured 4.4 Ra values. Also, the process “ ii ” can be discarded, as 

the radiogenic 4He produced after the olivine and pyroxene crystallization mainly accumulates 

in crystal lattice and does not enter the fluid inclusions and the “vacuum crushing” technique 

does not release lattice components (Caracausi et al., in preparation). Even though the process 

“ iii ” seems to be a plausible explanation, we would note that also Mt. Vulture mantle 

heterogeneity can not be ruled out. Hence, we plot our data on a R/Ra versus 4He/20Ne graph 

(fig. 4.26), where the main helium sources are: atmosphere (1 Ra: 3He/4He = 1.39 x 10-6; 

Craig and Lupton, 1976; Mamyrin and Tolstikhin, 1984; Sano et al., 1998); radiogenic helium 

(~ 0.02 Ra); Mt. Vulture magmatic He, which has been separated in two He sources (6.1 Ra 

and 4.4 Ra), in accordance with the values measured in fluid inclusions of Monticchio maar 

ejecta. 

We note that the isotope ratios of helium dissolved in deep waters of Monticchio lakes falls 

between the mixing trends among atmospheric, radiogenic and mantle derived He. In 

addition, the helium isotope ratios show an inverse relation with the He isotope concentration 

in both lakes: at high R/Rac ratios we found low helium concentrations and vice versa (fig. 

4.27). This relation is valid at the depth of ~ 28 m in LPM and at the bottom (35 m) in LGM 

(these are the supposed depths of the main groundwater inflow). 

A comparison between He isotope data of the two lakes (fig. 4.28) shows that the measured 

values (corrected for the air component) lie on a line with 1:1 slope.  

The above relations suggest: i) groundwater inflow at ~ 28 m in LPM and at the bottom (35 

m) in LGM; ii) a common supply of the main helium inflows in both lakes; iii) a variable 

contribution of two mantle derived He sources, one with low helium concentration and high 

isotopic value (R/Ra≥6.1), another with high helium concentration and low He isotope ratio; 
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vi) a seasonal change in their helium contribution; this suggests a link between dissolved 

helium and groundwater hydrology (see also fig. 4.24 and 4.25). 

 

 
Figure 4.26 - Helium isotope ratios, expressed as R/Ra not corrected for the atmospheric 
contamination), and 4He/20Ne ratios of dissolved gases in Monticchio lakes waters. Solid lines 
show the mixing between atmospheric derived helium (air), radiogenic helium and mantle 
derived He (6.1 and 4.4 Ra).  
 
 

  
Figure 4.27 - Plot of helium concentrations versus R/Rac in Monticchio lakes. Each point of  
both graphs represents the value of a single sampling campaign at the depth of 28 and 35 
meters (the depths of the main helium inflows), for LPM and LGM respectively.  
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Figure 4.28 - Helium isotope ratios (R/Rac) of the main He inflow in the lake waters (depths 
28 m at LPM and LGM bottom). The measured values for waters sampled in the two lakes 
within a few days apart are close a line with 1:1 slope in the graph. 
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5.0 Fluid circulation in Monticchio lakes 
 

5.1 Water inflow/outflow 

 

In geochemical study of a lake can be relevant the study of fluids dynamic. A first approach is 

related to the local hydrological cycle in terms of water balance. The water balance (also 

called water budget) of a lake is summarized by the following equation: 

 

I + P - O - E = ΔW                                                              (5.1-1) 

I = inflow into the lake 
P = precipitation onto lake surface 
O = output from the lake 
E = evaporation from the lake surface 
ΔW = water volume that makes the change in water level 
 

In lake systems the estimation of I and O values is more difficult because both components 

depend on complex interactions with other systems (e.g., groundwater, rivers, anthropic 

drainage and withdrawals). Commonly it is easier to measure or estimate the evaporation 

instead of the input or output that are calculated by water budget equation (Lewis 1983). 

The evaporation is useful not only to close the water budget equation, but also to better 

constrain the evaporative process, previously highlighted by δD and δ18O isotopes. 

The evaporation from Monticchio Lakes has been computed for one or more month’s 

intervals and during 2008-2010 years. The meteorological parameters used to evaluate the 

evaporation were not measured on Monticchio lakes, but in stations about 10 kilometres 

away, then few approximations were used (see Appendix VI).  

The evaporation rate (E in m/s) on Monticchio lakes was determined with the Bowen-ratio 

energy budget (BREB); this is one of the most accurate methods to estimate evaporation 

(Drexler et al., 2004; Rosenberry et al., 2007; appendix VI). The BREB is reported in the 

form of Gianniou and Antonopoulos (2007): 

€ 

E =
Rs − Rsr + Ra − Rar − Rb − S

ρwLv 1+ β( )
                                                 (5.1-2) 

S = change of the thermal content of the water body (W/m2) 
Rs = short-wave (solar) radiation incident at the lake water surface (W/m2) 
Rsr = reflected short-wave radiation from the water surface (W/m2) 
Ra = long-wave radiation (atmospheric diffuse radiation) incident at the water surface (W/m2) 
Rar = reflected long-wave radiation from the water surface (W/m2) 
Rb = back (long-wave) radiation emitted from the lake water (W/m2) 
ρw = water density (Kg/m3) 
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Lv  = latent heat of vaporization of water (J/kg) 
β  = Bowen ratio 
 
Each single parameter is treated in appendix VI, in more details. 

The difficult estimation of Bowen ratio (β) make this method not easy to employ, so to verify 

the consistency of the obtained results, we also used two empirical methods, the Priestley-

Taylor and the DeBruin-Keijman methods, which are easer to apply, although they give lees 

accuracy than BREB. 

The Priestley-Taylor equation is an empirical formulation; it is a modification of Penman 

formula presented by Priestley and Taylor in 1972, in the following form: 

 

€ 

E = α
s

s+γ
RN − S
ρwLv

                                                            (5.1-3) 

α = 1.26, Priestley-Taylor empirically derived constant 
s = slope of saturation vapour pressure, temperature curve 
RN = net radiation (Rs –Rsr +Ra –Rar –Rb) 
γ = 66 Pa °C-1, psychrometric constant 
 

The DeBruin-Keijman method is similar to the previous one, but uses different constants, as 

follows (Rosenberry et al. 2007; see also appendix VI):  

 

€ 

E =
s

0.85s+ 0.63γ
RN − S
ρwLv

                                                      (5.1-4) 

A review of estimating evaporation methods is presented in appendix VI with particular 

attention for the methods used here.  

The use of all these methods requires the analysis of solar radiation that influences the thermal 

balance of the lakes. 

As shown in figure 5.1, incoming radiation is dominated by incident either short-wave (Rs) or 

long-wave (Ra) radiation at the lake surface. Instead the outgoing radiation is mainly 

represented by long-wave radiation emitted from the lake water (Rb). The reflected short-wave 

and long-wave radiations (Rsr and Rar) are negligible for energy balance. All the radiation 

components show a characteristic seasonal variation, with the highest values in summer and 

the lowest in winter. The net radiation (Rn) (Fig. 5.1 c) is evidently positive all year long with 

a seasonal variation similar to the other energy components. It is interesting to note that in 

December Rn attains a negative value denoting a heat (long-wave radiation) outgoing from 

water body.  
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The relative humidity has little influence on some energy components (i.e., Ra, Rar and Rn), as 

observable in figure 5.1a and even on the final value of evaporation (it has to be reminded that 

the minimum and maximum values of relative humidity have a fixed difference of 20%, see 

also appendix VI). 

The seasonal variations of the thermal content in the water bodies swing between positive and 

negative values (fig. 5.1 b). In autumn and winter the heat stored into the lakes is negative so 

the water bodies are cooling; in spring and summer the positive values indicate the gain of 

thermal energy, facilitated by increase of net radiation. For the considered period, the stored 

thermal content of LPM is 5.7 W m-2 annually whereas it is 2.5 W m-2 for the LGM. 

Theoretically, S = 0 means that the lake gains and releases heat in the same amount, thereby 

both Monticchio lakes, in the annual period, can be considered in a thermal quasi steady state 

(Fig. 5.1 b).  

 

 
 

 
Figure 5.1 - a, c: solar radiation components; the terms min and max represent the estimations 
with minimum and maximum value of relative humidity; b: the heat storage in the lakes (S). 
 

The Bowen ratio (β) was estimated with equation A40 (appendix VI). The β values have a 

range depending on minimum and maximum values of relative humidity (βmin and βmax, 

respectively) and on air temperature.  
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c 

Month 

Month 
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The two empirical methods give results in agreement with data evaluated with BREB. There 

is a good agreement between the results obtained by the Pristley-Taylor, DeBruin-Keijman 

and BREB methods (Appendix VI; fig. 5.2 and tab. 5.2).  

Table 5.1: Main estimated data sources. 

  Ta  N  
rh 

min  
rh 

max  
Rn  
min 

Rn 
max Lv  

β 
min 

β 
max 

α 
min 

α 
max 

S 
(LPM) 

S 
(LGM) 

Sep-08 17.8 12.3 68.8 88.8 95.51 102.45 2457280 0.16 0.37 1.31 1.10 
Oct-08 14.3 10.9 74.8 94.8 51.13 56.40 2465680 0.28 0.61 1.26 1.01 

-46.9 -15.6 

Nov-08 10.2 9.8 70.4 90.4 7.86 11.63 2475520 0.27 0.50 1.41 1.19 
Dec-08 5.6 9.2 75.3 95.3 -5.01 -2.43 2486560 0.36 0.70 1.50 1.20 
Jan-09 5.0 9.5 78.8 98.8 4.85 7.30 2488024 0.40 0.99 1.48 1.04 
Feb-09 5.3 10.5 69.6 89.6 34.59 37.12 2487256 0.36 0.58 1.51 1.30 

-34.8 -19.3 

Mar-09 8.1 11.7 67.2 87.2 74.59 77.80 2480560 0.30 0.49 1.46 1.27 -10.4 -0.5 
Apr-09 10.3 13.1 73.6 93.6 123.59 127.44 2475280 0.28 0.58 1.39 1.13 
May-09 15.3 14.2 56.1 76.1 156.77 162.52 2463280 0.09 0.21 1.46 1.31 

53.4 28.1 

Jun-09 19.4 14.8 57.4 77.4 180.27 188.16 2453440 0.07 0.20 1.37 1.22 61.9 18.9 
Jul-09 22.7 14.6 51.5 71.5 174.54 184.64 2445520 0.00 0.11 1.39 1.25 
Aug-09 22.6 13.6 53.4 73.4 141.44 151.45 2445760 0.01 0.13 1.38 1.24 
Sep-09 17.8 12.3 68.8 88.8 95.51 102.45 2457280 0.16 0.37 1.31 1.10 

11.0 3.2 

Jun-10 19.4 14.8 57.4 77.4 180.27 188.16 2453440 0.09 0.22 1.37 1.22 
Jul-10 22.7 14.6 51.5 71.5 174.54 184.64 2445520 0.03 0.15 1.39 1.25 

19.3 6.5 

Ta: air temperature (°C); N: maximum number of sunshine hours per day (h); rh: relative 
humidity (%); Rn: net radiation (W/m2); Lv: Latent heat of vaporization (J/Kg); β: Bowen 
ratio; α: Priestley-Taylor constant; S(LPM), S(LGM): change of the thermal content of the lake for 
LPM and LGM (W/m2). 
 

 

 
Figure 5.2 - Comparisons of evaporation (mm/day) obtained by different methods. a, b: 
evaporation with minimum and maximum values of relative humidity for LPM; c, d: 
evaporation with minimum and maximum values of relative humidity for LGM. 
 

a b 

c d 
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To roughly verify the theoretical estimations, in the month of June-10 was evaluated the 

evaporation rate by means of floating self-made evaporimeter (see appendix VI, fig. A VI.3) 

obtaining a rate of about 4.6 and 5.1 mm/day for LPM and LGM, respectively. These values 

are very close to theoretical values (BREB method). 

High evaporation occurs during warm periods (from March to October) when the input energy 

in the lake is at greatest levels, also in perfect agreement with the data of change in the 

thermal content of the lake.  

In the estimations made by BREB and Priestley-Taylor methods, a decrease of evaporation 

rate corresponds to an increase of relative humidity (Fig. 5.3, Tab. 5.2). Instead the results 

from the DeBruin-Keijman method do not follow this trend probably because this method 

uses energy data and excludes other meteorological parameters. These are used only for 

theoretical estimation of some energetic parameters (i.e.: Ra, Rar, Rn). In the other methods the 

relative humidity and the air temperature are considered by means of Bowen ratio and 

Priestley-Taylor constant (that is not really constant, see Appendix VI). 

 

Table 5.2: Evaporation values ( E in mm/day) of Monticchio lakes for different methods and 
for selected periods. The E min, E max and E mean are the evaporation at minimum, 
maximum and mean relative humidity considered. 

DeBruin-Keijman Priestley-Taylor BREB LPM 
E min E max E mean E min E max E mean E min E max E mean 

Sep-Oct 08 3.51 3.69 3.60 3.48 3.00 3.24 3.46 2.98 3.22 
Oct 08-Feb 09 1.33 1.41 1.37 1.42 1.21 1.32 1.40 1.18 1.29 
Feb-Mar 09 1.55 1.62 1.58 1.71 1.55 1.63 1.72 1.54 1.63 
Mar-May 09 1.73 1.84 1.79 1.88 1.73 1.81 1.91 1.64 1.78 
May-Jun 09 3.18 3.39 3.29 3.49 3.32 3.41 3.48 3.31 3.39 
Jun-Sep 09 4.30 4.57 4.44 4.59 4.32 4.46 4.22 3.98 4.10 
Jun-Jul 10 5.25 5.54 5.40 5.69 5.38 5.53 5.07 4.81 4.94 

 
DeBruin-Keijman Priestley-Taylor BREB LGM 

E min E max E mean E min E max E mean E min E max E mean 
Sep-Oct 08 2.60 2.77 2.69 2.57 2.26 2.42 2.56 2.24 2.40 
Oct 08-Feb 09 0.95 1.03 0.99 1.01 0.88 0.95 0.99 0.86 0.93 
Feb-Mar 09 1.31 1.38 1.35 1.45 1.32 1.39 1.46 1.32 1.39 
Mar-May 09 2.40 2.52 2.46 2.62 2.36 2.49 2.60 2.21 2.40 
May-Jun 09 4.47 4.67 4.57 4.90 4.58 4.74 4.88 4.56 4.72 
Jun-Sep 09 4.54 4.82 4.68 4.85 4.55 4.70 4.48 4.21 4.35 
Jun-Jul 10 5.50 5.78 5.64 5.95 5.61 5.78 5.50 5.21 5.35 

 

The monthly data, both for LPM and LGM, show seasonal variations: with an increase of air 

temperature there is a corresponding decrease of relative humidity and an increase of 

evaporation, and vice versa (Fig. 5.3). These parameters are not only interdependent, but also 

have a common source of variations that is the solar radiation. In fact, the increase of solar 
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radiation in spring and summer causes an increase in air temperature and a decrease of the 

relative humidity. In these relatively high-energy conditions and drier air, evaporation 

increases, while in autumn and winter, the decrease of sunlight hours and of solar energy 

radiation causes a cooling down with a raise of relative humidity. This climatic setting does 

not facilitate the evaporation and, in some extreme cases, can induce condensation. So that it 

is possible to assert that the parameters, which directly influence the evaporation rate, are 

mainly: air temperature and relative humidity, as shown in Fig. 5.3. 

 

 
Figure 5.3 - Monthly variations of mean relative humidity (rh in %), BREB mean evaporation 
of LPM and LGM (mm/day) and mean air temperature (Ta in °C). Evaporation x10 and 
temperature + 10.  
 
The comparison between the two lakes highlights that the LGM is subjected to a greater 

evaporation only in spring and summer than LPM. Whereas evaporation is slightly higher in 

LPM than LGM in autumn and winter. Despite the evaporative rate can be higher in LPM 

than LGM the residual fraction of evaporating lake water is always lower in LGM (as 

suggested by isotopic data and δD vs Cl systematics, see section 4.2.4 and 4.2.5) due to the 

different thickness of evaporating water volume (epilimnion, fig. 5.4). Although the two lakes 

are subjected to very similar environmental and meteorological conditions, they still show 

different evaporation behaviours. Analysing the data used for those evaluations, it is possible 

to note that the parameter, which considerably influence the evaporation of the two lakes is 

the heat storage in the lake waters (S). Therefore, the different evaporation between the two 

lakes is caused by a different capacity of the lakes to store and release heat.  

The two heat sources of Monticchio lakes are the heat flow from the bottom and solar 

radiation. In LPM the first one is highlighted by temperature gradient below ∼15 m of depth, 
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constant over time (fig. 5.4 a). In LGM a heat source from bottom has to exist, even if this is 

not legible from temperature profiles; is also reasonable to assume that this source is constant 

over time. 

 
Figure 5.4 - Plots of temperature versus depth for LPM(a) and LGM(b), from September 
2008 to July 2010. The thermal stratification is shown; the limits between thermal layers 
change from month to month, so border lines are approximate. The error on the temperature 
datum is within the profile sign. 
 
The heat due to solar radiation changes seasonally like the heat storage into LPM and LGM 

(fig. 5.1a, b), but the different variations between the two lakes can be attributed to the 

different adsorption of solar radiation by lake water. The water has a high absorption of 

infrared and red wavelength, which generates a significant heating in the first meters of water. 

A rapid decrease in absorption is in the low wavelengths down to a minimum in the blue 

spectrum (see appendix IX). Absorption of low wavelengths of visible spectrum, particularly 

in UV range, increases in the presence of high turbidity and dissolved organic compounds. 

The different transparency between the Monticchio lakes (see appendix IX; Schettler and 

Albéric, 2008; Mancino et al. 2009) can well explain the different amounts of heat storage in 

the two lakes and therefore the different evaporation. The different heating of shallow waters 

of LPM and LGM is evident in temperature profiles in figure 5.4, moreover a different 

thickness of heated water volumes is shown. Another factor that can influence the evaporation 

and S parameter of the two lakes is the different exposition to wind; in fact the LGM is less 

protected than LPM by crater rims. 

It is possible to recognize a trend by plotting evaporation data of other lakes in the world 

(Borrelli, 2008) versus their latitude, despite of the dispersion points and the limited number 

of data. The mean annual evaporation values of both Monticchio Lakes, estimated with BREB 

method, perfectly fall on this trend (Fig. 5.5; Tab A6 in Appendix VI).  

With the obtained evaporation values for the considered periods, it is now possible to apply 

the water balance (equation 5.1-1). 

Monimolimnion 

Hypolimnion 

Thermocline 

Epilimnion Epilimnion 
Thermocline 

Hypolimnion 
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Figure 5.5 - Mean annual evaporation of some lakes (cm) versus latitude (°) (data from 
Borrelli, 2008). The Monticchio lakes values fall on the highlighted trend. 
 

For Monticchio lakes the equation 5.1-1 was modified to resolve I and O components: 

groundwater inflow (Ig), superficial inflow (Is), groundwater outflow (Og) and superficial 

outflow (Os). Since it’s not possible to distinguish between Ig and Og, then the term Inet (net 

groundwater inflow) is considered. 

 

Inet = E– P±ΔW + Os– Is                                                        (5.1-5) 

 

In this formulation the contribution of precipitation that falls on the hydrologic basin of 

Monticchio lakes is considered within the groundwater inflow; the P component is the 

precipitation that falls directly on lake surface. With the aim of acquire the rainfall we used 

the mean monthly precipitation from 1964 to 2006 (fig. 5.6). 

LPM does not have Is; whereas the waters, which flow from LPM to LGM by means of 

channel, represent the Os of LPM and the Is of LGM. The channel that discharge LGM waters 

into Ofanto River is the Os of LGM. All the water flows in the channels and water level 

variations were measured during each sampling campaign.  

The data are reported in table 5.3 and the obtained groundwater flows are plotted in figure 5.7. 

It is interesting to note a well correspondence between the seasonal variations of groundwater 

inflow estimated by the water balance and the δD versus Cl evaporative model, mainly for 

LGM (section 4.2.5, fig. 4.15). 
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Figure 5.6 - Average monthly precipitation at Melfi gauge station (situated about 8 km from 
Monticchio lakes at 580 m a.s.l.) for 1964-2006 period. Data from Hydrographic Service of 
Civil Engineers of Puglia Region. 
 
Table 5.3. Data sources of water balance parameters for Monticchio lakes, all values are in           
m3 day-1. 

LPM 
Channel outflow 

(OS) 
Water volume linked to 

change in water level (ΔW) 
Mean evaporation 

(E) 
Precipitation 

(P) 
feb-mar 2009 2761.71 12.54 303.16 474.48 
mar-may 2009 2704.77 -9.24 332.25 446.57 
may-jun 2009 1100.37 -3.65 634.10 328.72 
jun-sep 2009 396.85 -15.10 826.44 198.47 
jun-jul 2010 585.12 0.00 944.21 229.49 

 

LGM 
Channel 

inflow (IS) 
Channel 

outflow (OS) 
Water volume linked to 

change in water level (ΔW) 
Mean evaporation 

(E) 
Precipitation 

(P) 
may-jun 2009 1100.37 3181.09 -173.77 1984.34 740.41 
jun-sep 2009 396.85 0.00 -131.26 1889.47 447.04 
jun-jul 2010 585.12 0.00 -59.68 2300.18 516.89 

 

 
Figure 5.7 - Net groundwater inflows in LPM and LGM for the specified spans. The error on 
values is about 5%. 
 

From presented data it is evident that LPM has low variations in water level due to an outflow 

channel, through which the water can flow into the LGM. This channel practically controls 
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the level of the lake. The evaporation weights more than others balance parameters in 

summertime. The direct precipitation has a marginal role on the LPM water budget. 

The maximum shift of water level measured at LGM is about 60 cm, but variations over one 

meter are reported in literature (Schettler & Albéric, 2008). The channel of outflow regulates 

the maximum level of LGM. In warm periods the water level is lower than the channel level 

so the water flow in this channel is absent. The evaporation value is higher than LPM and 

heavily affects the water balance, justifying the extreme isotopic shift on the evaporative trend 

(see isotopic data in 4.2.4 section). Even for LGM the direct precipitations no much affect in 

the water balance. 

The net groundwater inflow (Inet) in the LPM is between ~30 litre/sec in winter and spring 

periods and 12-15 litre/sec in summer. The LGM has higher seasonal Inet variations than 

LPM, the winter/spring groundwater inflow reach over 35 litre/sec, in summer time about 10-

13 litre/sec. 
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5.2 Structure and dynamics  

 

LPM is considered a meromictic lake, having a shallow mixolimnion and a deep 

monimolimnion, which is characterized by stagnant water (Cioni et al., 2006). The LGM is 

considered dimictic, with two mixing periods, which are still not well identified (Schettler & 

Albéric, 2008). 

The homogenization and differentiation of chemical and physical parameters in water column 

of lakes mostly depend on circulation dynamics.  

The water of LPM from the surface down to 14 m has a constant EC (Fig. 4.2) so the 

contribution of dissolved solids on density is almost the same; a similar condition exists for 

the whole LGM waters (fig. 4.2). In these water volumes, the temperature can heavily 

influence the density and therefore the mixing processes. In fact, the surface water gets colder 

in the coldest periods of the year with the increase in density and thus triggers a mixing 

process, as seen in the first 14 m of LPM and in the entire LGM. In the warmest month of the 

year a thermal stratification occurs, with cold heavy water in deeper portion and warm light 

water in shallow layers. In the LPM waters deeper than 14 m the temperature profiles are the 

same in shape for all measurement periods, compatible to the supposed permanent 

stratification of this water volume (monimolimnion).  

The EC data confirm the circulation scheme deduced by temperature profiles. The mixing 

processes keep the EC of surface waters of LPM (down to 14m) and whole LGM waters (the 

volume involved by thermal stratification) homogeneous. Since EC represents the content of 

total dissolved salts (TDS), an increase of EC implies an increase in density (see appendix 

VII). So the relevant electrical conductivity gradient in monimolimnion of LPM makes an 

important density gradient, probably liable of stratification and permanent static condition of 

monimolimnion of LPM. 

The pH variation with depth (fig. 4.3) confirms the seasonal circulation of Monticchio lakes. 

The water stratification (warm period) induces different values between shallow and deep 

waters; the cool mixing period causes a partial or total homogenization of pH values in water 

column. As for temperature and EC, pH variations are valid down to ~15 m of the LPM and 

for the entire LGM. In the monimolimnion of LPM the pH values are subjected to seasonal 

variations (fig. 4.3), it is plausible that in periods of superficial turnover (cold periods) a 

diffusive stripping of gas is triggered with a decrease of deep dissolved CO2 concentrations 

and an increase of pH values. Otherwise, in warm period the stratification of the entire lake 
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allows the accumulation of carbon dioxide in the deep portions, which reach lowest pH values 

(see also section 4.3.1). 

The detail of ion concentration confirms the link of water chemistry with circulation 

dynamics. Both cations and anions show that shallow and deep waters of LPM are different in 

concentrations (fig. 4.4, 4.5). The ion profiles suggest a good and permanent stratification of 

deep volumes (monimolimnion). Homogeneous values of shallow layers (mixolimnion) 

suggest frequent turnover. The figure 4.4 also shows that the shallow waters of LGM often 

fall on the same values of the deep waters (both shallow and deep waters have very similar 

EC values – fig. 4.2), suggesting periodical mixing that involves the entire lake. For 

mixolomnion (the water volume subjected to periodically mixing) of both lakes, the mixing 

occurs in a cool period (at least from February to May), resulting in homogenization of all 

values. In cold periods the stratification facilitates the differentiation of solids in solution 

between shallow and deep waters, especially for calcium (the least conservative cation), as 

clearly observed in LGM (fig. 4.4 d).  

In the HCO3-SO4-Cl ternary plots (fig. 5.8), shallow and deep waters of LPM always fall in a 

distinct groups and these waters never mix; instead in LGM, during cool periods shallow and 

deep waters overlap, indicating the water mixing. The same evidences can be noted in Mg-

Ca-Na+K plot, for both lakes (fig. 4.5).  

 

 

Figure 5.8 - Ternary plot of relative HCO3
-, SO4

2- and Cl- contents in the waters of LPM and 
LGM for months of May, June, September 2009 and June 2010. 
 

Analogously to the chemistry of major elements, mixing processes influences trace elements. 

Because of their low concentrations, trace elements can be a powerful tool for identification 

of mixing. Indeed, for LPM, the overlap of data of different months (fig. 4.6) is compatible 
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with a permanent stratification in the deeper water and turnover of mixolimnion. In the LGM 

trace elements have a period of very different concentrations between shallow and deep 

waters, during stratification (July 2007), and have two periods of partial homogenization, 

probably due to turnovers (fig. 4.7). 

Water dynamics strongly control the concentration of dissolved gases in LGM: the highest 

methane concentrations were measured (up to 60 cc STP/liter) in the deep portion of the lakes 

during the stratification period (summertime); in periods of turnovers the concentrations along 

the water column became homogeneous (fig. 4.16 b). Focusing on the periods of methane 

accumulation and depletion, we found the highest values of dissolved CH4 in 

September/October, suggesting that the stratification is maintained at least up to these months. 

The CH4 concentrations drastically decrease in February, highlighting the de-stratification 

process, which persist up to May. A new stratification process starts in June, promoting a new 

accumulation of CH4 in deep waters.  

Dissolved helium concentrations show the same temporal variations observed for methane, 

following perfectly the water mixing processes.  

Moreover, in the R/Ra versus 4He/20Ne graph (fig. 5.9), the deep waters of LPM (> 18m) 

always display less atmospheric contribution. Shallow waters are more aerated and the R/Ra 

values of the two groups are well separated (fig. 5.9 a). In LGM both deep and shallow waters 

display He isotope ratios in the same range of values during water mixing periods and only in 

stratification periods the He isotope composition of the deep waters is distinguishable from 

that of the shallow one. (Fig. 5.9 b). 

  
Figure 5.9 - Correlation diagram between the R/Ra (not corrected for the atmospheric 
contamination) and 4He/20Ne ratios of dissolved gases in LPM (a) and LGM (b) waters. Solid 
lines show the mixing of atmospheric derived helium (air) with deep sources (4.4 and 6.1 Ra) 
and with radiogenic helium (crustal source). 
  

The concentration of others dissolved noble gases of atmospheric origin (e.g. Ar and Ne) are 

also influenced by water motion. In fact, dissolved Ar in LPM decreases towards the bottom 

down to values lower than that of air saturated water (fig. 4.22). That suggests isolation of 

a b 



                              The Monticchio crater lakes: fluid geochemistry and circulation dynamics------------------------           

 59 

deep waters of the lake, after degassing processes occurred in the feeding aquifers (see section 

4.4.2).  In contrast, dissolved Ar in LGM is comparable to that of air saturated water at any 

depth. This different behaviour of Ar content in the two lakes can be explained by the 

turnover that seasonally occurs in LGM and carries shallow aerated waters towards depth and 

vice versa. 

The obtained results clearly show that dissolved gases are powerful geochemical tools, 

together with water chemistry. Furthermore, dissolved gases have the advantage of high 

mobility and large differences in concentration and isotope signature between the various 

sources. 

Our data suggest the circulation of LPM and LGM waters as schematized in figure 5.10. The 

LPM mixolimnion (i.e. epilimnion, thermocline and hypolimnion) spreads down to ~14 m of 

depth and mixes in cool periods. LGM mixes entirely in cool periods. As previously 

suggested by Cioni et al., (2006), our data confirm the meromictic nature of LPM; moreover 

we observe that mixolimnion of LPM (down to 14 m) mixes with a behaviour of a 

monomictic lake (mixing of entire lake once a year).  

The meromixis of LPM can be related to groundwater inflow that feeds the deep portion of 

the lake with gases in CO2 rich and TDS (see section 4.3), which make the waters denser. 

Therefore, LPM can be termed “crenogenic meromictic” (Boehrer & Schultze, 2008 and 

reference therein).  

 

 
Figure 5.10 - Schematic picture of water dynamic in cold and warm periods for LPM and 
LGM. 
 

On the basis of water chemistry and computer simulation by PREEQC code, we reasonably 

inferred the occurrence of endogenic processes (e.g. Ca, Mg, Fe, Mn carbonate precipitation) 

within the Monticchio lakes; the settling carbonate particles partially or totally dissolve in 

deep waters contributing to the increase of water density. If meromixis is induced by 

biological activity it is of biogenic type; if monimolimnion form due to biological activity and 
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inorganic geochemical processes the meromixis is defined endogenic (Boehrer & Schultze, 

2008 and reference therein). LPM is probably both crenogenic and endogenic meromictic 

lake. 

The entire LGM is formed by a mixolimnion that mixes only once a year, even if the turnover 

period involve some months. Therefore, differently from that reported in literature (Schettler 

& Albéric, 2008) it can be classified as a monomictic lake. 

Although the two lakes are located only one hundred of metres apart, their water dynamics are 

quite different (fig. 5.10).  

The engine of mixing processes is the change of water density between contiguous water 

volumes. Unfortunately, accurate field measurement of this physical parameter is generally 

not achievable (Gräfe et al., 2002). According to the approach outlined by Boehrer & Schultze 

(2008), it was calculated taking into account the available chemical and physical parameters, 

i.e., temperature, pressure, solids in solution, dissolved gases and suspended particles. Cioni 

et al. (2006) suggested that LPM monimolimnion is characterized by water having a higher 

density than the shallow ones, due to high concentration of dissolved solids, so that the 

considerable heat flux from the lake bottom is not able to destabilize the water stratification. 

In fact, even if the water density increases towards the bottom, the heat flux from LPM 

bottom is a factor working in the opposite direction up to ~15m. Therefore, the TDS, 

dissolved CO2, and hydrostatic pressure appear have a decisive role on the density of deepest 

waters. On the contrary dissolved CH4 has a destabilizing effect, due to its low molar mass 

and its relatively high partial molar volume (16 g/mol and 36.2 cc/mol respectively; see 

appendix VII). TDS and Fe2+ have an important role, due to the high molar mass and high 

concentrations in monimolimnion of LPM (up over to 9 meq/l). Fig. 5.11 shows as, the 

density of shallow waters is lower than that of deep waters during the two considered months 

(September 2009 and June 2010). 

Considering that water and gas chemistry of shallow waters do not change too much in time 

(see water and gas sections, 4.2, 4.3, 4.4), a cooling of those waters (in figure 5.11 are also 

plotted the simulations for September 09 and June 10) would increase the density enough to 

mix them down to about 12 m of depth at LPM, as verified by the estimated density of 

shallow waters in February. Moreover, the shallow water density at 4°C is lower than 

densities of monimolimnion waters, preventing any mixing with deep waters. In contrast, in 

LGM the shallow water density at 4°C is close to values of hypolimnion, but slightly lower 

(fig. 5.11). Then, a high wind speed could trigger a turnover in LGM in cold periods. Also the 

organic and inorganic suspended matter can increase the superficial water density. Therefore, 
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to evaluate the contribution of suspended matter, in June 2010 we sampled a known volume 

(100 ml) of LGM shallow water (80 cm of depth), which was weighed by a precision balance, 

obtaining ρ=1.00255 ± 0.002 g/cm3 (measured datum in fig. 5.11 d). In spite of the large 

error, this value is much higher than the estimated density of LGM shallow water 

(considering all dissolved species). This suggests that concentrations of suspended matter can 

give an important contribution to water density and can be significant to trigger a turnover of 

LGM (Boehrer & Schultze, 2008 and reference therein). In the LPM, the mixing processes are 

well explained without the density contribution of suspended matter. Moreover the 

transparency of LPM shallow water is greater than that of LGM (the transparency as Secchi 

depth is 5.5m in LPM compared to 0.3m in LGM; Mancino et al. 2009) due to a lower 

concentration of suspended solids than in the LGM, so the contribution of suspended matter 

on the density of LPM was considered negligible.  

Despite the suspended matter can affect the mixing processes of LGM, the water and gas 

chemistry suggests that mixing occur in coldest period of the year, thus temperature has a key 

role in the turnover of Monticchio lakes. If the water temperature decreases below 4°C 

(highest density of water, see appendix VII), then the cold stratification starts. This is typical 

of dimictic lakes (mixing of entire lake twice a year) and often accompanied by ice cover. 

Between warm and cold stratifications there are two periods of mixing. If the water 

temperature does not decrease below 4°C, the cold stratification cannot be established and the 

mixing extend for the entire cold months (monomictic lake).  

In winter, air temperature in Vulture area (at the Melfi station located at 580 m a.s.l.) reaches 

monthly mean values between 4 and 5°C (Fig. 5.12). Due to the higher elevation, the air 

temperature at Monticchio lakes (660 m a.s.l.) is probably lower than at Melfi station, but 

considering the high specific heat of water (fourfold higher than air value) and that lake 

waters undergo to the radiant heating by sunlight, we can expect that shallow water 

temperature can be higher than air temperature. Although we have not data referred to winter 

months, but continuous records performed 29/05/2010 - 06/06/2010 period confirm that 

behaviour (fig. 5.12) and display that the mean daily air temperature above the Monticchio 

lakes are 2°C below than that measured at Melfi station (18.2°C and 20.3°C, respectively). So 

the monthly mean temperature in shallow waters of Monticchio lakes in colder period can be 

considered above 4°C, then LGM is a warm monomictic lake and LPM is a meromictic lake, 

but his mixolimnion behaves as a warm monomictic lake.  
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Figure 5.11 – Plots of water density versus depth for LPM (a, c) and LGM (b, d) in months of 
September 09 (a, b) and June 10 (c, d). The strip around the value of 1.0002 g/cm3 indicates 
the shallow water density at 4°C. The measured value in plot d is relative to the water sample 
weighed by precision balance. See Appendix VII for calculations. 
 

 
Figure 5.12 - a) Air temperature at the Melfi station (580 m a.s.l.; 10 Km away from lakes); 
b) Water and air temperature at the floating station on the LGM (the acquisition of data is 
every 15 minutes). The water temperature is meanly higher than air ones (see text). 
 
By means of estimated densities it is possible to evaluate the stability along the water column 

of Monticchio lakes. Many parameters are used in literature to compute the stability: Schmidt 

stability (S), Birge stability (B), total work (G=S+B), Brunt-Väisälä- frequency (N) and E* 

stability (e.g. Idso, 1973; Kling et al. 1988; Kling et al., 1994; Wüest et al., 1996; Ambrosetti 

& Barbanti, 2002). 

a b 

a b 

c d 
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The evaluation of stability using S, B and G, allows to estimate the energy needed to de-

stratify the water column. These methods consider the contribution of gases on density, but 

they do not take into account the saturation degree of gases. In fact, gas exsolution is able to 

destroy the local stability. The carbon dioxide has two behaviours: i) in undersaturation 

conditions it increases the water density and stabilizes deep layers (as previously discussed); 

ii) if PCO2 exceeds the ambient hydrostatic pressure, the exsolution can trigger a turnover 

(Kling et al 2005). The formulation proposed (Kling et al., 1988 and 1994) allows to consider 

the saturation degree of gases as follows: 

 

€ 

E ∗ =
1
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
dρ
dz

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ ×

Pamb
Pgas

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ −1

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 
×

1
Pgas

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟                                      (5.2-1) 

where E* is the local stability (m-1 bar-1), ρ is the density, z is the depth (m), Pamb and Pgas are 

the ambient hydrostatic pressure and the dissolved gases pressure (bar) respectively.  

The first term [(1/ρ)(dρ/dz)] of equation (5.2-1) is a standard measurement of stability with 

the Brunt-Väisälä-frequency (N2), but expressed in m-1 rather than s-2 because the acceleration 

of gravity (9.81 m s-2) is not considered. Even if the values of E* cannot be converted in 

energy units (as for S, B and G), it is easy to evaluate the stability: negative values indicate 

unstable conditions and positive values correspond to stable conditions (Kling et al., 1988 and 

1994). 

The N2 and E* values for Monticchio lakes are plotted in figure 5.13 and 5.14. All values are 

referred to the immediately superior layer (for example the local stability at 10 m was 

computed considering a dρ between 10 and 3 m). For both lakes it is evident that in the layer 

of maximum density gradient the stability is high (between surface layer and 10-15 m layer); 

more probably in winter period these layers are characterized by instability because the 

density gradient is near zero.  

The LPM has local stabilities for the only contribute of density (N2) higher than LGM except 

for 28m depth; the deeper value of LGM is even negative, denoting a local instability. Taking 

into account the gas pressure, the local stabilities (E*) of LPM (more reach in dissolved gases 

then LGM) lower drastically because near to exsolution, especially in near bottom waters (fig. 

5.14, 5.15). In the LGM the dissolved gases, distant to exsolution line (fig. 5.15), increase the 

stability mainly thanks to high molar mass and low molar volume of CO2. The graphs in 

figures 5.13 and 5.14 are referred only to September 2009; the other month estimated is June-

10 and has a similar trend than the plotted one. 
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Figure 5.13 - Distribution of local water column stability (m-1 × 10-6) with depth (m) in LPM 
and LGM (N2, see text). The plotted data refer to September 2009. 
 
The stability data shows the importance of dissolved gases on the lake water stability. 

Looking at the figure 5.15, LGM is always undersaturated (over 2.4 bars below saturation 

line) due to the periodic turnovers that gradually release the accumulated gases of deep water 

volumes to the surface. Whereas the near bottom waters of LPM are slightly undersaturated 

(in the range of 0.4÷1.26 bars: fig. 5.15). 

 
Figure 5.14 - Distribution of local water column stability (m-1 bar-1 × 10-6) with depth (m) 
modified for the effects of dissolved gas (E*, see text) in LPM and LGM. The plotted data 
refer to September 2009. 
 
In the case of LPM, the oversaturation (degassing) can be easily reached by a forced rise of 

deep waters to shallow depth (lower hydrostatic pressure) as a consequence of, e.g., landslide, 

earthquake, internal wave. These processes were proposed to explain the disastrous outburst 

of CO2 from Lake Monoun in 1984 (Sigurdsson et al. 1987) and Lake Nyos in 1986 (Kling et 

al. 1987; Evans et al. 1994), that caused the loss of lives (37 and 1746, respectively). Other 
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possible explanation can be found in a sudden gas injection in the lake bottom from a CO2 

accumulation in the crust (accumulations of CO2 near the Earth surface were already 

observed; Chivas et al., 1987; Lockwood and Rubin, 1989).  

 

 
Figure 5.15 - Distribution of total in situ gas pressure (bar) with depth (m) in LPM and LGM, 
over time (from May 2009 to June 2010). The black solid line represents the gas saturation 
line (total hydrostatic plus atmospheric pressure), over this limit the dissolved gas will form 
bubbles.  
 

Considering the concentrations of dissolved CH4 and CO2 in the deep waters of LPM, an 

amount of about 84 tons and 814 tons respectively were stored in the lake, with an equivalent 

released gas volume of about 5.8 × 105 m3 (at 1 bar). The corresponding thickness of that 

lethal gas mixture would be about 3.5 m over the entire lake surface. Those figures confirm 

previous estimate (Caracausi et al., 2009). Despite it is an approximate estimate, the LPM has 

a relatively high potential of gas hazard. It should be noticed that particularly during touristic 

periods, there are about 30000 visitors throughout the summer (Hansen, 1993). The scenario 

is further complicated by the crater topography with high rims, which does not facilitate the 

dispersal of lethal gases. 

The possibility of a gas eruption, even called limnic eruption (Sabroux et al., 1987), becomes 

more realistic considering historical documents (Tata, 1778; Palmieri and Scacchi, 1852; 

Ciarallo and Capaldo, 1995) that reported events of massive gas release from LPM. 
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5.3 Thermal and mass transport 

 

The water circulation of Monticchio lakes highlighted the high stability of deep waters of 

LPM and the seasonal mixing of waters of entire LGM. 

The diffusive/advective processes in lake waters can be better understood by means of mass 

diffusion coefficient/heat diffusivity coefficient (e.g., Jassby and Powell, 1975; Imboden et 

al., 1983; Benoit and Hemond, 1996).  

The law that defines the fluxes (Ji) is the Fick's First Law: 

 

€ 

Ji = −Di
∂xi
∂z

                                                           (5.3-1) 

 

where Di is the diffusion coefficient of i-esim substance (cm2 s-1), ∂xi/∂z is the gradient of 

concentration of i-esim substance in the  space. In conditions of molecular transport the Di 

(DiMOL) is well known for various substances, so that it is possible to estimate the flux Ji, if 

the gradient is known. 

A similar theoretical formulation defines the heat flux by means of Fourier postulate: 

 

€ 

H = −K ∂T
∂z

                                                          (5.3-2) 

 

where K is the heat diffusivity coefficient (cm2 s-1) and ∂T/∂z is temperature gradient in the z 

space. 

Unfortunately, the transfer process governing the distribution of mass and energy in lakes is 

normally not the molecular diffusion, so it is not possible to know a priori both Di and K. 

These two parameters are conceptually different because one is referred to a mass transport, 

another to an energy transport, practically they have an analogous meaning. In the case of 

molecular diffusion the Di assumes a specific value for any substance and is different from K. 

In conditions of turbulent water movement the eddy diffusion coefficient (Di EDDY) must be 

considered and this assumes the same value both for chemical substances and heat. Therefore, 

the Di EDDY is the same for all substances and also applies to thermal diffusion as Kz because 

the turbulent transport is an in mass movement, orders of magnitude more rapid than 

molecular diffusion. 

The evaluation of vertical Kz could allow an estimation of fluxes by the use of gradients, as 

seen above. There are many attempts in the Kz evaluation (e.g., Powell & Jassby, 1974; 
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Katsev et al. 2010). The commonly used method for calculating the vertical eddy diffusion 

coefficient makes use of temporal and spatial temperature variations of lake waters (e.g., 

Powell & Jassby, 1974; Imboden et al., 1983; Benoit & Hemond, 1996). The method is 

largely explained in Powell & Jassby (1974) and Jassby & Powell (1975). 

Benoit and Hemond (1996) rearranged the flux gradient method of Powell & Jassby (1974) 

introducing thermal exchange with sediments. The modified method takes into account the 

temperature variations due to the effect of: eddy diffusive transport, radiant heating by 

sunlight (R(z)) and thermal exchange with sediments (H(z)), as follows:  

 

€ 

Kz = − ρCp
dT
dt
F(z )dz + R(z )F(z ) − H(z )l(z)dzz

zmax∫z

zmax∫
⎡ 
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⎦ ⎥ 
⋅ ρCp

dT
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⎝ 
⎜ 

⎞ 

⎠ 
⎟ F(z)

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥          (5.3-3) 

 

where, T is the temperature (°C), t is the time (s), z is the depth (cm), F(z) is the lake area at 

depth z (cm2), l(z) is the wetted perimeter of the lake at depth z (cm), ρ is the density (g cm-3) 

and Cp is the heat capacity (cal g-1°C-1). 

The terms related to the radiant heat by sunlight and the thermal exchange with sediments are 

difficult to estimate because they depend on several parameters, which are not easy to 

evaluate. For this reason often they are not considered (e.g., Li, 1973; Imboden et al., 1983; 

Wuest et al., 2000). Also in our case these terms are not considered, mainly because they are 

negligible in the context of Monticchio lakes. We refer to Appendix IX for more explanation 

about that.  

The used method provides the comparison of thermal gradient with time. The LPM 

monimolimnion is in a quasi thermal steady state, therefore small temperature variation over 

time (< 0.05 °C/month) imposes the use of temperature data at least of one month apart (in 

agreement with our sampling campaign intervals). Moreover, considering the conditions of 

quasi thermal steady state of LPM (permanent stratification) the range of estimated eddy 

diffusion coefficient for June-July 2010 was extended to all investigated months.  

The rapidity of temperature variation over time at LGM is higher than at LPM (fig. 4.1). For 

this reason is not advisable the use of data with monthly interval (with rapidity in temperature 

changes, in a month can alternate increase and decrease of temperature, which would alter the 

Kz estimation). We measured the temperatures of LGM waters every few days; this dataset is 

more difficult to elaborate (the study is still in progress). Anyway the estimated Kz values for 

LGM cannot be extended to all investigated months.  
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Thus we estimated the values of vertical eddy diffusion coefficient only in LPM, they are 

shown in figure 5.16. Taking into account a maximum error of about 40% for smaller values, 

the deeper waters of LPM (≥ 30 m) have a Kz ranging between 8.9 × 10-4 and 2.3  × 10-3 cm2 

s-1, close to molecular thermal diffusivity (1.4 × 10-3 cm2 s-1). This suggests a high stability of 

LPM deep water. For the same lake, in the remaining part of monimolimnion (> 15 m) the Kz 

values are higher with a peak at 25 m. In the shallow depths of LPM the values increase and 

stay unchanged (fig. 5.16).  

 

 
Figure 5.16 - Vertical eddy diffusion coefficients (Kz) during the period May 31-2010 – July 
12-2010 in LPM. The error bar of Kz can reach the 40% in lower values. The most reliable 
values are restricted to the thermocline, hypolimnion and monimolimnion (5-10, 10-15, 15-36 
m of depth, respectively; fig. 4.1 and 5.10), where can be assumed that vertical transport via 
advection and horizontal currents are negligible (Jassby and Powell, 1975). 
 

The water motion can be triggered by a groundwater inflow, so the Kz of deep water (below 

30 m) could suggests a low groundwater inflow; the increase of eddy diffusion coefficient 

between 25-30 meters can be related with a high groundwater inflow. Even the vertical eddy 

diffusion coefficients confirm that the LPM is meromictic.  

 

5.3.1. - Gas fluxes 

with equation (5.3-1) it was possible to evaluate the gases flux using the estimated diffusion 

coefficient and the concentration gradients. 
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The total diffusion coefficient of i-esim substance (Di TOT) is: 

 

Di TOT = Di MOL + Di EDDY                                                (5.3-4) 

 

where Di MOL is the molecular diffusion coefficient and Di EDDY is the eddy diffusion 

coefficient. The mean heat diffusivity coefficient for deeper layer of LPM is 1.73 × 10-3 cm2 s-

1 (from 30 to 36 meters of depth; fig. 5.16); considering an error of about 40%, this value can 

be approximated to the value of thermal diffusivity in water (1.43 × 10-3 cm2 s-1). So the 

deeper water layer of LPM (from 31 to 36 meters of depth) the mean diffusion coefficient 

ranges from molecular (for CH4 = 1.24 × 10-5 and for CO2 = 1.26 × 10-5 cm2 s-1 at 10°C) to 

eddy (1.43 × 10-3 cm2 s-1).  

The methane fluxes from the bottom of LPM (37 meters of depth) range between about 1x10-3 

and 1x10-1 g m-2 day-1, using the molecular and eddy diffusion coefficient, respectively (fig. 

5.17). Considering the error of ~30%, these fluxes are constant over time. Probably the 

methane production mainly occurs in monimolimnion because it is in anoxic conditions. 

 

 
Figure 5.17 - Histogram of methane fluxes in LPM for sampled months. The values are both 
referred to Eddy and Molecular diffusion in water. The error is about 30%. 
 

In LGM the eddy diffusion coefficients are not available, therefore we estimate the CH4 

fluxes using a molecular diffusion coefficient (1.24 x 10-5 cm2 s-1), obtaining values very 

variable over time (from 0.033 to 7.9 × 10-4 g m-2 day-1). Certainly, this is a rough estimation, 

so considering the high water circulation of LGM, probably the actual fluxes are in the range 

of 2÷5 order of magnitude higher than estimated ones (as suggested by eddy diffusion 

Sep-08 
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coefficients in other lakes; Li, 1973; Jussby and Powel, 1975; Imboden et al., 1983; Robarts 

and Ward, 1978; Katsev et al., 2010). However, unlike LPM, the methane flux is variable 

over time. Even in LGM the CH4 production more probably involves the entire lake bottom, 

with a widespread contribution of anoxic sediments (in the deeper portion). 

The CO2 flux come from the bottom of both Monticchio lakes and its inorganic signature 

implies an external inflow, more probably a groundwater inflow, riches in dissolved carbon 

dioxide (see also chapter of carbonate system.  

For the CO2 fluxes estimations we considered the gradients and the eddy diffusion 

coefficients of bottom water layer (32 to 37 m) for LPM. Considering the values above 

discussed, the eddy fluxes are between 0.4 and 0.7 g m-2 day-1 over time. The fluxes with 

molecular diffusion are about two orders of magnitude lower than eddy ones (fig. 5.18 a). The 

variations from month to month are in the error range (~30%), so the carbon dioxide flux in 

LPM can be considered unchanged over time. 

 

 

 
Figure 5.18 - Histogram of carbon dioxide fluxes in LPM and LGM for sampled months. The 
LPM values are both referred to Eddy and Molecular diffusion in water; the LGM values were 
evaluated assuming a molecular diffusion. The error bar is about 30%. 
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As for the methane fluxes, for CO2 we used a molecular diffusion coefficient (1.26 x 10-5 cm2 

s-1) and we obtain values between 0.26 and 2.5 × 10-3 g m-2 day-1 in LGM (fig. 5.18 b). More 

probably the values are underestimated, but a clear variation over time exists. 

The main inflow of mantle-derived helium in LPM is localized at about 28 m, therefore two 

flux directions are recognized, one towards the bottom the other one towards the surface (fig. 

5.19 a). For the upward fluxes, helium gradients in the range of 18 and 25 m of depth were 

used, whereas helium gradients from 32 to 37 m were used for downward flux. As show the 

figure 5.19 a, the flux towards the surface, for different months, ranges from 6.3 × 10-7 to 1.4 

× 10-6 g m-2 day-1, these values are always higher than the fluxes towards the bottom that 

range from 4.7 × 10-8 to 4.3 × 10-7 g m-2 day-1. As known, the carbon dioxide is normally a 

carrier of helium (and other gases) in volcanic systems, so the possibility that there is also 

some helium inflow from the lake bottom (about 37m) cannot be ruled out.  

 

 

 
Figure 5.19 - Histogram of He in LPM and LGM for sampled months. The LPM values are 
referred to Eddy diffusion in water also considering the 28 meters input, two fluxes forms: 
towards surface and towards bottom. The LGM values was evaluated assuming a molecular 
diffusion. The error bar are about 30%.  

Sep-08      Oct-08      Feb-09      Mar-09     May-09      Jun-09      Sep-09      Jun-10 

Sep-08       Oct-08      Feb-09      Mar-09      May-09      Jun-09       Sep-09      Jun-10  
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The helium flux in LGM comes from the bottom and we considered gradients between 30 and 

34 m of depth (fig. 5.19 b). Assuming that the diffusion coefficient is molecular one (5.67 × 

10-5 cm2 s-1 at 10°C), the resulting fluxes are meanly close to 1 × 10-9 g m-2 day-1 with a peak 

of 1.2 × 10-8 g m-2 day-1 in  February 2009. Even the helium fluxes in LGM change from 

month to month, this can be explainable with seasonal variations on water dynamic (see 

section 5.2). It is worth of note that our gas fluxes estimations at LGM are largely 

underestimated, we have evidences that the diffusion is well above the molecular one. For 

example, an eddy diffusion coefficient of 0.03 cm2 s-1 was adopted for Lake Mashu (Igarashi 

et al., 1992); using this value with our data of LGM, the evaluated fluxes would increase by 

two orders of magnitude. 

 

5.3.2.-Heat flow 

As discussed in section 4.1, temperature profiles of LPM show clear gradients below 16 m of 

depth and temperature increases towards the bottom (37 m) (details of the temperature profile 

is shown in figure 5.20).  

By means of the Fourier postulate (eq. 5.3-2), the temperature gradients and the eddy 

diffusivity coefficients (Kz), we can obtain the heat flow in deep water layers. The thermal 

diffusivity in water used was 1.43x 10-3 cm2 s-1. The mean estimated deep heat flow is 75 mW 

m-2, which has been almost constant during the 3 years of investigations.  

 
Figure 5.20 - Detail of Temperature profile versus depth (from 15 m to bottom) in LPM for 
different months (a); eddy diffusion coefficients (Kz) as in figure 5.16 (b). Below the 30 m of 
depth there is a change on temperature gradient ad on Kz.  
 

Previous geophysical investigations measured a regional heat flow in the Mt.Vulture area 

(Mongelli et al.,1996) of about 50 mW m-2 (fig. 5.21). Taking into account that heat produced 

a b 



                              The Monticchio crater lakes: fluid geochemistry and circulation dynamics------------------------           

 73 

by the decay of U, Th and K contained in Mt. Vulture volcanic rocks is at most 5-6 mW m-2 

(see Appendix VIII), a clear heat excess of about 20 mW m-2 is present in LPM (75-50-5=20 

mW m-2 ). 

 

 
 
Figure 5.21 – Heat flow in Southern Italy. The Mt. Vulture falls in the curve of 50 mW m-2 
(Banca Nazionale dati geotermici – I.I.R.G.-C.N.R. Pisa). The square above shows a high 
spot gradient on Vulture area of 40°C/Km (modified from Mongelli et al., 1996). 
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5.4 Origin of He and CO2 

 

The observed synchronous variations in both lakes of He abundances, He isotope ratios and 

CO2, strongly indicate that a relevant gas transfer from the depth of Mt. Vulture is still active. 

Consequently, two important questions arise about the actual origin of CO2 and He: i) are they 

extracted from deep and hot solidified igneous intrusions? ii) in spite of the extremely long 

time lapse (about 140 ka) from the volcanic eruption forming the Monticchio maars, some 

degassing melt is present at depth? 

With the aim of investigate the subject, we tried to reconstruct the pristine isotope 

composition of CO2 and the concentration of both CO2 and He. Those were transported into 

the lake through the groundwater. 

Having this in mind, we focussed our attention on TDIC data of LPM bottom (at depth of 36 

m). The total inorganic carbon (TDIC) dissolved in the deepest waters of LPM is 0.023 mol/l, 

having an isotopic signature δ13C = -0.5‰ (vs. PDB), while dissolved CH4 is 0.00625 mol/l. 

70 % (0.004375 mol/l) of the latter is generated by acetate-type fermentation and the 

remaining 30% (0.001875 mol/l) is produced by CO2 reduction (see section 4.4.1). Taking 

into account that an equal amount of CO2 and CH4 are produced during the process of acetate 

fermentation, we estimated that 0.004375 mol/l of CO2 are generated with a δ13C down to -20 

and -28 ‰ (Pearson and Friedman, 1970; Deines at al., 1974; Rose and Devisson, 1996). At 

the same time the carbon isotope composition of CO2 is shifted towards more positive values 

(Δδ ∼ 6‰; Botz et al., 1996) during its reduction to form methane. 

 

1) CH3COOH      (acetate fermentation)                

 

  

2) CO2 reduction process                 CH4  (30% of the total) leads to a positive shift of CO2 

isotope composition (Δδ∼ 6‰). 

 

We can consider two different pathways: 

i) the CO2 generated by acetate fermentation is added to deep CO2 entering into the lake; 

ii) deep CO2 entering into the lake is partially reduced to form methane and is mixed with 

CO2 generated by acetate fermentation process.  

In the first case, the deep inorganic CO2 (equal to 0.023-0.004375 mol/l) entering into lake is 

admixed with 0.004375 mol/liter of organic CO2, produced by acetate fermentation. Then the 

CH4 (70% of the total)  
  
CO2  (lowest δ13C (CO2) = -20 ‰ ÷ -28 ‰) 
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carbon isotope composition of that CO2 mixture will be shifted towards less negative values 

(Δδ∼ 6‰, as a consequence of CH4 production by CO2 reduction process). Bearing in mind 

that the resulting CO2 has a δ13C value -0.5‰, then the carbon isotope composition of deep 

inorganic CO2, entering into the lake, should have a δ13C no lower than -3‰. 

In the second case, deep inorganic CO2 is shifted by ∼ 6‰ after CO2 reduction process and 

then it is mixed with CO2 produced by acetate fermentation process, which has a carbon 

isotope signature in the range of -20 ‰ ÷ -28 ‰. This would lead a isotope composition of 

deep CO2 entering into the lake no lower than -3.8 ‰. 

Taking into account that in the lake deep waters we measured 0.023 mol/l as TDIC and that 

the CO2 consumption during methanogenesis processes is equivalent to 0,006 mol/l of 

dissolved CH4, of which 0.004375 mol/l are produced via acetate and 0.001875 mol/l are 

produced via CO2 reduction), we estimate the TDIC content in groundwater was of 0.029 

mol/l (= 0.023 + 0.006).  

However, we have to take into account that atmospheric noble gases clearly indicate that 

degassing process had already affected groundwater that carried the deep inorganic CO2. We 

estimated a residual fraction of Ar (FAr = 0.7) as a result of that degassing, by comparison of 

the Ar content in the deep water of the lake with the expected amount in a meteoric water 

equilibrated with atmospheric gases at T and P conditions of groundwater recharge (about 

10°C).  

Therefore, we can assess to both the deep inizial CO2 /Ar and He/Ar ratios (before 

groundwater degassing), being known the final CO2 /Ar and He/Ar ratios. Assuming a 

Rayleigh process, the following relationship is used: 
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 are the final and initial ratios of dissolved volatile specie (CO2 

or He) respectively. FAr is the residual fraction of dissolved atmospheric Ar, K is the Henry 

constant.  

As reported above, the TDIC content (final) in groundwater, before CO2 consumption by 

methanogenesis processes, was of 0.029 mol/l. The resulting initial concentration of CO2 , 

dissolved in groundwater before degassing occurs, are about 0.04 mol/l. 
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With the aim of assessing the effect of degassing on the initial, we evaluated the carbon 

isotope shift assuming that degassing of groundwater occurred at pH values in the range of 

5.0÷6.5 and at temperature of about 10°C (fig. 5.22 a and b).  

As a result, the carbon isotope composition of residual TDIC would shift towards more  

positive values by +1.0 ‰ (at maximum for pH=6.0) than the calculated initial TDIC in 

groundwater of 0.04 mol/l. Therefore, the initial concentration (0.04 mol/l) of TDIC in 

groundwater would have a carbon isotope signature of δ13C(TDIC) ranging between -4.0 ‰ and 

-4.8 ‰ (vs PDB). 

It is worth of note that these calculated isotope signatures are surprisingly close to that of 

carbonatitic matrix (-4.8 ‰) of LPM maar ejecta (Rosatelli et al., 2000).  

Analogously, the calculated initial content of mantle helium (6.1 Ra) dissolved in 

groundwater is 1.28 x 10-2 cc STP/l, with a corresponding 3He amount of 4.8 x 10-12 cc STP/l. 

The resulting pristine CO2/3He ratio of deep-seated gas is 8.3 × 109, which is not distant from 

the ratio 2.9 × 109 (Costa, 2010) by mofete gases of Maschito site (located at South-East of 

Mt. Vulture, along the same tectonic discontinuity crossing the Monticchio lakes). However 

the ratio is higher than the typical value of ~ 2 × 109 reported for mantle gases (e.g., Marty et 

al., 1994; Sano and Marty, 1995; van Soest et al., 1998). 

 

 
Figure 5.22 - Carbon isotope shift after degassing fractionation at different pH values and 
referred to the calculated residual TDIC in groundwater of 0.029 mol/l. a) is related to a 
δ13C(TDIC) = -3‰ (vs PDB);  b) is related to a  δ13C near -3.8 ‰ (vs PDB); the pristine isotope 
signature are -4 and -4.8 ‰. (carbon isotope fractionation from Deines at al., 1974). 
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5.5 3He/Heat and C/3He 

 

Assuming helium and heat coming from by a common deep source, by means of discussed 

fluxes we evaluate in LPM a 3He/heat ratio of about 2.13 x 108. This value is in the range of 

others maar lakes and confirms that this lake-type has higher 3He/heat ratio compared to 

others crater lakes of different origin as Kipfer et al. (2002) pointed out (fig. 5.23). The 
3He/heat ratio in LPM is also higher than values found in submarine hydrothermal systems of 

the ocean (Baker and Lupton, 1990; Jean-Baptiste et al., 2004). Aeschbach-Hertig et al. 

(1996) suggest a decreasing of 3He/heat ratio in maar lakes with age, but this relation consists 

of only two data (Lake Nyos and Laacher See), as declared by the authors. The datum of lac 

Pavin (Aeschbach-Hertig et al., 1999) and our value, certainly enrich the worldwide dataset, 

but not enough to constrain the relation 3He/heat versus age of last volcanism. 

Anyhow, the 3He/heat ratio in LPM is comparable to values of Lac Pavin and Laacher See, 

which are characterized by a younger volcanism (6600 and 11000 years, respectively) than 

LPM genesis (140000 years). If a relation of 3He/heat ratio with age of volcanic activity had 

to exist it would be reasonable to think that 3He amounts and heat measured in LPM came 

from a magma source very younger than 140000 year. 

 
Figure 5.23 - Comparison of 3He/heat ratio (atoms/J) of many volcanic systems. The value of 
LPM (2.13 × 108) falls in the range of maar-type lakes. The years in brackets are referred to 
the last volcanic activity. Data from Kipfer et al. (2002) and reference therein, Baker and 
Lupton (1990) and Jean-Baptiste et al. (2004). 
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A more systematic variation with age than 3He/heat ratio was found for the ratio C/3He using 

data of Lake Nyos, lac Pavin and Laacher see (Aeschbach-Hertig et al., 1999b; Kipfer et al. 

2002; fig. 5.24); the C/3He ratio decrease with increasing of the maar formation age. 

However, the value of Lake Monoun (1.7 × 1010, Nagao et al. 2010) does not fit in the 

provisional relationship.  

The pristine C/3He ratio of gases feeding LPM (8.3 × 109) is near the value of Laacher see (9 

× 109, 11000 years), therefore a magma source younger than 140000 year can be 

hypothesized. 

In the C/3He vs. 3He/4He (as R/Ra) plot (fig. 5.25), the maar lakes and the caldera collapse 

crater lakes fall in distinct areas. The maar lakes have lower values both of C/3He and R/Ra 

than caldera collapse crater lakes. The two groups of lake are out of mixing between MORB 

and Crust end-members, this could result from addition of CO2 derived from marine 

limestone and sedimentary rocks (Marty et al., 1994; Nagao et al., 2010).  

LPM fall within the values of maar lakes and get close to the values of Etna and Vulcano, the 

most active volcanic areas in Southern Italy. This suggests a prevalent magmatic origin of 

CO2 and He (as already highlighted by isotopic data both of CO2 and He). 

 

 
Figure 5.24 - Comparison of C/3He ratio of many volcanic lakes and active volcanic areas of 
Southern Italy. The years in brackets are referred to the last volcanic activity. Datum of Lago 
Piccolo of Monticchio from this work. Data of volcanic lakes from Kipfer et al. (2002) and 
reference therein, Nagao et al. (2010). Data of active volcanic areas of Southern Italy from 
Marty et al. (1994). 
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Figure 5.25 – R/Ra versus C/3He in fluids from maar lakes, caldera collapse crater lakes and 
active volcanic areas of Southern Italy. Datum of Lago Piccolo of Monticchio from this work. 
Data of volcanic lakes from Kipfer et al. (2002) and reference therein, Nagao et al. (2010). 
Data of active volcanic areas of Southern Italy (Etna, Vulcao, Ischia, Campi Flegrei) from 
Marty et al. (1994). LPM = Lago Piccolo of Monticchio; LN = Lake Nyos; LM = Lake 
Monoun; LS = Laacher See; LP = Lac Pavin; LNM = Lake Nemrut; LMS = Lake Mashu; CL 
= Crater Lake. 
 
In LPM both 3He/heat and C/3He ratios fall within the range of values typical of maar lakes in 

quiescent areas. The C/3He and R/Ra ratio are within values reported for active volcanic area 

of Southern Italy (e.g., Etna, Vulcano, Ischia, Campi Flegrei; fig. 5.25), moreover magmatic 

volatiles are continuously released both in Monticchio lakes and in the entire Vulture area 

(e.g., Chiodini et al., 2000; Cioni et al., 2006; Gambardella, 2006; Caracausi et al., 2009; 

Paternoster et al., 2009). Mt. Vulture volcano had extreme long gaps of volcanic activity (up 

to ~350000 years; Stoppa and Principe, 1998; Buetner et al., 2006). Therefore, although the 

last volcanic activity of Mt. Vulture happened 140000 years b.p., taking into account the 

evolution of volcanism, the acquired data suggest the possibility that Mt. Vulture is a 

quiescent volcano rather than inactive (as often considered, e.g., Iliceto & Santarato, 1997; 

Pontevivo & Panza, 2006; Cantore et al., 2010). 
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6.0 Concluding remarks 
 

• Some water samples of Monticchio Lakes (of deep waters) show charge unbalance 

(cationic excess) on analysis of major elements (to over 50%). Analogous unbalances 

are often solved considering the difference in the concentrations between cations and 

anions (excluding HCO3
-) as the bicarbonate concentration (Nojiri et al., 1993; 

Kusakabe et al. 2000). In Monticchio lakes the HCO3
- contents, computed by TDIC 

and pH values, are not able to balance the high charge difference in lake waters, so we 

believe that the presence of organic matter (e.g., fulvic and humic acids) can highly 

affect the chemistry of Monticchio lake waters. 

• We have defined the mixing and stratification processes of LGM: only one turnover 

yearly (occurring in the coldest months) and the process of stratification starts in 

May/June. Despite literature classifies LGM as a dimictic lake (Schettler & Albéric, 

2008) we consider that LGM is a monomictic lake.  

• This study confirms the meromictic nature of LPM (Cioni et al., 2006), furthermore 

the genesis of monimolimnion is both of crenogenic and endogenic type.  

• The thermal stratification is variable in time and involves mixolimnion in both lakes, 

with a typical distinction of epilimnion, thermocline and hypolimnion. On the basis of 

both major elements and isotopes of lake waters we reckon that Monticchio lakes are 

fed by groundwater with an average recharge altitude of about 920 m a.s.l. 

• Moreover the concentration of dissolved helium and the temperature profiles 

highlighted a water inflow at about 28m of depth in the LPM.  

• Our results show that the evaporation rate is similar at the two lakes (the mean annual 

evaporation rates are 3.1 and 2.9 mm/day for LGM and LPM, respectively), even if 

isotopic data and δD -Chloride systematics indicate that LGM is  always more 

evaporated than LPM. This is related to the smaller thickness of evaporating water 

volume (epilimnion) at LGM. Moreover, different to what assumed until now 

(Mongelli et al., 1975; Chiodini et al., 2000; Celico & Summa, 2004; Paternoster et 

al., 2008), we established that LGM waters cannot derive from evaporation process of 

LPM waters.  

• The abundance and isotopic value of dissolved Ar and Ne showed the atmospheric 

origin of Monticchio lakes waters. Moreover, these noble gases highlight a degassing 

process in groundwater, which also involves He and CO2. 

• The CH4 is produced by bacterial methyl-type fermentation and carbonate reduction, 

as suggested by carbon and hydrogen isotopic data. 
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• Monitoring of dissolved gases of deep-inorganic, organic and atmospheric origins 

allows us to highlight the alternation of stratification and mixing of lake waters. 

Therefore, monitoring of dissolved gas is a precise and reliable geochemical tool for 

the study of circulation processes in the lakes. 

• We evaluated the stability of water lakes taking into account the water density and the 

gas saturation pressure. The LGM is always in strong undersaturation due to the 

periodic turnovers that gradually release the accumulated gases in deep water 

volumes. In the LPM the gases pressure of near bottom waters is not distant from the 

saturation and certainly a forced motion (e.g., landslides, earthquakes, a sudden carbon 

dioxide inflow) can trigger a turnover and a paroxistic gas release (Schmid et al. 

2004b). The historical documents (Tata, 1778; Palmieri and Scacchi, 1852; Ciarallo 

and Capaldo, 1995) report some events of massive gas released from LPM. 

• Despite LPM and LGM have the same genesis and the distance between the two lakes 

is about 100 meters, the two lakes are substantially different in water and gas 

chemistry. Then, it can be inferred that the morpho-bathymetry is a fundamental 

parameter for the circulation dynamics, which have a leading role, e.g., in 

accumulation of dissolved gases. 

• The estimated heat flow from LPM bottom is about 75 mW m-2 s-1. This value 

indicates a heat flow excess of 20 mW m-2 if compared to that reported for Mt Vulture 

area (heat contribution by decay of U and Th in volcanic rocks was considered).  

• Our results show that isotope signature of helium entering into the lakes has the same 

isotope signature of that entrapped in fluid inclusions of mantle xenoliths (olivines), 

indicating that He isotope signature of under Mt. Vulture mantle is 6.1 Ra. 

• The restored pristine isotope composition δ13C of CO2 entering into lakes ranges 

between -4.0 and -4.8 ‰ (vs PDB), surprisingly close to that of carbonatitic matrix (-

4.8 ‰) of LPM maar ejecta.  

• 3He/heat, C/3He, R/Ra ratios and magmatic volatiles fluxes suggest that Mt. Vulture 

can be considered a quiescent volcano (not inactive as often reported; e.g., Iliceto & 

Santarato, 1997; Pontevivo & Panza, 2006; Cantore et al., 2010). 
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Appendix I 

 

Alkalinity, charge balance and tables 

Commonly, in lake systems the deep water samples for water chemistry analyses are collected 

with Niskin bottle (or similar) or pumping systems (e.g., Kling et al., 1989; Nojiri et al., 1993; 

Aeschbach-Hertig et al., 2002; Vollmer et al, 2002; Varekamp, 2008; Gunkel et al, 2009; 

Tassi et al, 2009).  

A most used method for the estimation of total alkalinity

€ 

Alk[ ] = HCO3
−[ ] + 2 CO3

2−[ ] + OH −[ ] − H +[ ]( ) in lake waters is the titration of the waters that are 

sampled with these techniques (e.g., Kling et al., 1989; Aeschbach-Hertig et al., 2002; 

Armienta et al., 2008; Tassi et al, 2009). In lake waters with high amounts of dissolved CO2 

the sampling of deep waters is subject to gas exsolution due to the depressurization of sample, 

when it is carried towards surface and in subaerial conditions. A removal of CO2 will have no 

effect on total alkalinity (fig. A I.1). However this will increase both the pH and the content of 

total carbon (TDIC), also modifying the speciation of carbonate species. Therefore, in CO2 

rich waters the alkalinity titrations can give errors in calculations of HCO3
- and CO3

2- 

concentrations (it depends on pH of water).  

 
Figure A I.1 - Deffeyes diagram relating the pH, alkalinity, and total carbon of carbonate 
(CT=TDIC). The solution composition moves as a vector in the diagram as a result of the 
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addition (or removal) of CO2, HCO3
- (e.g., NaHCO3), CO3

2- (e.g., CaHCO3, Na2CO3), 
alkalinity (CB) and acidity (CA). From Stumm & Morgan (1996). 
A more important problem affects total alkalinity titrations in iron-rich waters (like deep 

waters of LPM). The precipitation of iron hydroxides from the anoxic sample can occur 

during titration, as follow: 

 

€ 

Fe2+ + 3H2O→Fe(OH)3(S ) + 3H
+ + e  

 

The release of H+ can drastically reduce the total alkalinity (Stumm & Morgan, 1996). Also 

for Mn a similar oxidation take place. 

Another process able to produce H+ and reduce the total alkalinity is the nitrification, 

especially in waters rich in NH4
+ (like deep waters of LPM and LGM): 

 

€ 

NH4
+ + 2O2 →NO3

− +H2O+ 2H + 

 

By the same standards of literature, for the months of September and October 2008 and 

February and March 2009 we evaluated the total alkakinity ([Alk]≈

€ 

HCO3
−[ ]  for the pH in 

water of Monticchio lakes) by in field acid titrations (0.1 N HCl) using a mixed indicator of 

methyl red and bromocresol green. The values obtained did not permit to close the charge 

balance of major elements, an excess of positive (cationic) charge occur. Due to discussed 

limits of alkalinity titration for waters of Monticchio lakes, from May 2009 to now, we 

estimate the HCO3
- concentration by means of pH (in situ measured by multiparametric 

probe) and the total dissolved inorganic carbon (TDIC) measurements (see section 3.0), 

evaluating the distribution of carbonate species (appendix III). With the TDIC sampling 

method (see section 3.1) if the gas exsolution occurs, it happens within the sampling syringe, 

therefore no gas amount is lost. Moreover with the same sample of TDIC we estimated the 

isotopic signature (δ13CTDIC), also evaluating the isotopic contribute of each carbonate species. 

In spite of improvement of bicarbonate sampling method, the charge balance of major 

elements is still unbalanced, with an excess of positive (cationic) charge. As suggested in 

literature (Oliver et al., 1983; Eshleman and Hemond, 1985; Brakke et al., 1987; Tipping et 

al., 1991; Tipping, 2002; Van Loon and Duffy, 2005) the humic matter, in some cases, may 

be a major source of anionic charge in the dissolved phase and it must be taken into account 

for the ionic charge balance in water, particularly in slightly acidic lakes with high dissolved 

organic matter (DOC) concentrations. In fact, the free form of humic matter are acids (e.g., 
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fulvic and humic acids), which are associated with the carboxylate and phenolic groups, that 

remain substantially deprotonated when dissolved in water (Van Loon and Duffy, 2005). In 

natural waters (frequently in lake waters) the organic acids can give a relevant contribution on 

the total alkalinity (e.g., Wissmar et al., 1990). This is a potential source of error if total 

alkalinity is carried out by titration. 

The ionic charge balance in water sample of Monticchio lakes is in excess of positive charge, 

in our opinion it is caused by the humic matter. The difficult evaluation of humic matter 

contribute was not carried out mainly because it goes beyond both the aims of this work and 

our expertise. 
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Table A3: The carbonate system 
Sample Date Depth (m) TDIC CO32- HCO3

- CO2(aq) δ 13CTDIC 
LPM May-09 3 2.29E-03 1.38E-05 2.24E-03 3.56E-05 -3.21 
LPM May-09 12 3.74E-03 2.89E-07 2.20E-03 1.54E-03 -5.16 
LPM May-09 18 1.12E-02 5.71E-08 2.33E-03 8.85E-03 -2.85 
LPM May-09 25 1.82E-02 1.04E-07 3.99E-03 1.42E-02 -1.87 
LPM May-09 28 2.00E-02 1.25E-07 4.55E-03 1.54E-02 -1.37 
LPM May-09 32 1.95E-02 1.41E-07 4.72E-03 1.48E-02 -1.03 
LPM May-09 37 2.52E-02 2.79E-07 7.30E-03 1.79E-02 -0.21 
LGM May-09 3 2.31E-03 1.49E-06 2.04E-03 2.72E-04 -2.04 
LGM May-09 10 3.93E-03 2.40E-07 2.15E-03 1.77E-03 -3.66 
LGM May-09 15 5.79E-03 2.31E-07 2.76E-03 3.03E-03 -3.71 
LGM May-09 20 5.95E-03 1.47E-07 2.39E-03 3.56E-03 -3.25 
LGM May-09 25 4.81E-03 9.86E-08 1.80E-03 3.01E-03 -3.00 
LGM May-09 30 5.20E-03 9.50E-08 1.86E-03 3.34E-03 -3.53 
LGM May-09 35 6.25E-03 3.96E-08 1.44E-03 4.81E-03 -3.64 
LPM Jun-09 3 2.92E-03 2.73E-05 2.87E-03 3.13E-05 -3.35 
LPM Jun-09 6 2.86E-03 4.36E-06 2.70E-03 1.60E-04 -1.41 
LPM Jun-09 12 2.81E-03 3.03E-07 1.81E-03 9.98E-04 -3.75 
LPM Jun-09 18 1.28E-02 1.02E-07 3.23E-03 9.55E-03 -2.82 
LPM Jun-09 25 1.40E-02 1.25E-07 3.71E-03 1.03E-02 -2.25 
LPM Jun-09 32 2.18E-02 2.25E-07 6.14E-03 1.57E-02 -1.86 
LPM Jun-09 36 3.18E-02 4.45E-07 1.01E-02 2.17E-02 -0.40 
LGM Jun-09 10 4.28E-03 2.90E-07 2.42E-03 1.86E-03 -2.54 
LGM Jun-09 15 4.32E-03 2.21E-07 2.24E-03 2.08E-03 -2.39 
LGM Jun-09 20 4.96E-03 1.14E-07 1.94E-03 3.02E-03 -2.36 
LGM Jun-09 25 5.77E-03 9.84E-08 2.01E-03 3.76E-03 -2.72 
LGM Jun-09 30 5.31E-03 8.72E-08 1.82E-03 3.49E-03 -2.40 
LGM Jun-09 35 7.68E-03 3.39E-08 1.51E-03 6.17E-03 -2.09 
LPM Sep-09 3 2.54E-03 8.79E-06 2.46E-03 7.09E-05 -3.01 
LPM Sep-09 12 2.79E-03 1.25E-07 1.38E-03 1.41E-03 -2.84 
LPM Sep-09 18 8.38E-03 4.29E-08 1.75E-03 6.63E-03 -4.13 
LPM Sep-09 25 2.23E-02 1.18E-07 4.71E-03 1.76E-02 -1.86 
LPM Sep-09 28 2.22E-02 1.23E-07 4.79E-03 1.74E-02 -2.08 
LPM Sep-09 32 2.23E-02 1.32E-07 4.94E-03 1.74E-02 -1.46 
LPM Sep-09 37 3.07E-02 2.11E-07 7.24E-03 2.34E-02 0.13 
LGM Sep-09 3 3.83E-03 2.97E-06 3.43E-03 4.02E-04 -3.43 
LGM Sep-09 10 4.59E-03 1.55E-07 2.06E-03 2.53E-03 -3.40 
LGM Sep-09 15 4.67E-03 8.79E-08 1.69E-03 2.98E-03 -3.87 
LGM Sep-09 20 5.25E-03 3.81E-08 1.28E-03 3.97E-03 -4.21 
LGM Sep-09 25 6.91E-03 3.92E-08 1.52E-03 5.39E-03 -2.94 
LGM Sep-09 30 6.97E-03 4.13E-08 1.56E-03 5.41E-03 -2.76 
LGM Sep-09 35 8.47E-03 2.38E-08 1.36E-03 7.11E-03 -2.43 

Legend: LPM and LGM are the abbreviation of Lago Piccolo and Lago Grande of 
Monticchio, respectively; total dissolved inorganic Carbon (TDIC) and carbonate species are 
in mol/litre; δ13CTDIC values are in ‰ vs. V-PDB. 
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Table A3: Continuation. 
Sample Date Depth (m) TDIC  CO32- HCO3

- CO2(aq) δ 13CTDIC 
LPM Jun-10 3 3.29E-03 2.13E-05 3.22E-03 4.87E-05 1.90 
LPM Jun-10 12 3.02E-03 3.22E-07 1.94E-03 1.08E-03 -2.80 
LPM Jun-10 18 5.85E-03 5.10E-08 1.54E-03 4.31E-03 -2.80 
LPM Jun-10 25 1.31E-02 1.17E-07 3.48E-03 9.62E-03 -2.00 
LPM Jun-10 28 1.48E-02 1.39E-07 4.01E-03 1.08E-02 -1.90 
LPM Jun-10 32 1.79E-02 1.78E-07 4.95E-03 1.29E-02 -1.80 
LPM Jun-10 37 2.31E-02 2.89E-07 7.03E-03 1.61E-02 -0.50 
LGM Jun-10 3 2.94E-03 5.13E-05 2.87E-03 1.63E-05 2.70 
LGM Jun-10 10 3.88E-03 5.53E-07 2.68E-03 1.20E-03 0.00 
LGM Jun-10 15 4.06E-03 4.05E-07 2.56E-03 1.50E-03 -1.30 
LGM Jun-10 20 4.63E-03 2.82E-07 2.53E-03 2.10E-03 -1.80 
LGM Jun-10 25 4.85E-03 2.29E-07 2.44E-03 2.41E-03 -2.00 
LGM Jun-10 30 5.23E-03 2.22E-07 2.54E-03 2.69E-03 -1.90 
LGM Jun-10 33 5.51E-03 2.23E-07 2.63E-03 2.88E-03 -1.60 
LGM Jun-10 35 6.27E-03 2.54E-07 3.00E-03 3.27E-03 -2.80 
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Appendix II 

 

Water isotopes and local meteoric water line 

The hydrogen and oxygen water isotopes are important tracers of source and/or process within 

the water cycle (e.g., Hoffmann et al., 2000). For example, the stable isotopes of water are a 

powerful tool in hydrological studies on regional and global scale because give the possibility 

to localize the recharge areas of studied water and identify some processes that may have 

modified it (e.g., evaporation and water-rock interactions). In lake studies water isotopes are 

largely used, not only to verify the evaporation process, proper of open waters, but also to 

recognize the relations with aquifer. Moreover, with a good dataset is possible to make 

refined isotopic mass balances to estimate input and output water amounts (Gonfiantini, 

1986). 

The δD vs δ18O plot is a powerful graph, much used to identify and evaluate the processes 

that have modified the isotopic value of water. To follow the evolution of water is important 

to know the starting water, which is generally the meteoric water. For this reason it is 

important to identify a meteoric water line as firstly published by Craig in 1961. It is a linear 

relation in the form of: 

€ 

δD = 8δ18O+10                                                          (A1) 

where the y-intercept 10 is the deuterium excess (d-excess) for global meteoric waters. 

However, the d-excess may vary locally and regionally, because it depends on evaporation 

conditions that can be locally different. For example, in the aast Mediterranean the MWL is 

better defined as (Gat, 1980; Gat & Carmi, 1987): 

€ 

δD = 8δ18O+ 22                                                         (A2) 

Because of local processes, even the slope value can change. That being so, detailed 

hydrogeochemical studies need a local meteoric water line (LMWL).  

In Vulture area many isotopic studies of waters have been carried out, each one analysing 

more or less different portions of the volcano and examining particular geochemical aspects 

(e.g.: Mongelli et al. 1975;  Marini, 2006; Fuganti & Sigillito, 2008; Paternoster et al., 2008). 

An important aim of some literature works has been the identification of LMWL, which was 

affected by significant evolutions: 

€ 

δD = 8.0δ18O+17.4                  Mongelli et al. (1975)                         (A3) 

€ 

€ 

δD = 8.33δ18O+ 20.39                           Marini (2006)                         (A4) 

€ 

δD = 6.56δ18O+ 4.12             Paternoster et al. (2008)                         (A5) 
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In this work the linear regression of Paternoster et al. (2008) is used, because supported by a 

rich and updated database. 
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Appendix III 

 

Carbonate speciation 

When CO2(gas) dissolves into water, some of it reacts chemically with the water to produce 

carbonic acid: 

CO2(aq) + H2O ↔ H2CO3                                                (A6) 

Commonly these two carbonate species are combined in a single term: [H2CO3
*] = [CO2(aq)] + 

[H2CO3]. Since the CO2(aq) dominates over the form H2CO3 with the ratio about 650:1, in 

good approximation [H2CO3
*] ≈ [CO2(aq)]. The distribution of carbonate species in the water 

solution is controlled by following equations: 

H2CO3* ↔ H+ + HCO3
-                       

€ 

K1 25°C( ) =
HCO3

−[ ] H +[ ]
H2CO3

∗[ ]
=10−6.35                             (A7) 

HCO3
- ↔ H+ + CO3

2-                            

€ 

K2 25°C( ) =
CO3

2−[ ] H +[ ]
HCO3

−[ ]
=10−10.33                           (A8) 

the concentration of total carbonates species in solution is the TDIC (total dissolved inorganic 

carbon) as follows: 

TDIC = [H2CO3
*] + [HCO3

-] + [CO3
2-]                                                                                 (A9) 

Equations A7, A8 and A9 represent a system of three equations with three unknowns 

(H2CO3
*

, HCO3
-
, and CO3

2-) for a given TDIC concentration. Solving equations we obtain: 

€ 

H2CO3
∗[ ]

TDIC
=

1
K1
H +[ ]

+
K1K2

H +[ ]2
+1

                                                                                            (A10) 

€ 

HCO3
−[ ]

TDIC
=

1
H +[ ]
K1

+
K2

H +[ ]
+1

                                                                                                 (A11) 
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€ 

CO3
2−[ ]

TDIC
=

1
H +[ ]2

K1K2
+
H +[ ]
K2

+1

                                                                                                 (A12) 

Equations A10, A11 and A12 are only functions of the proton concentration, H+ (pH = -

log10[H+]). Therefore it is possible to obtain values for the three carbonate species using pH 

values (fig. A II.1).  

Figure A II.1 - Speciation diagram of the three carbonate species in the pH range of 0 to 14 
for a value of TDIC of 10-3 mol/litre. In the figure are plotted the described equations (A10, 
A11 and A12). The values are calculated for T = 25 °C and P = 1 atm.  
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Appendix IV 

 

Methane isotopes 

In the approach proposed by Gutsalo (2008) the theoretical hydrogen isotope composition of 

methane both produced through CO2-reduction (δD(CH4)R) as well as through acetate 

fermentation (δD(CH4)F) were computed as follows: 

                                 (A13) 

€ 

103 lnαD
e CH4 −H2O = −10.37 10

6

T 2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ − 76.22          (A14) 

€ 

be =103 αD
e −1( )                                       (A15) 

and 

€ 

δD CH4( )F = αD
bδD H2O( ) + bb                (A16) 

€ 

103 lnαD
b = −477.357 10

6

T 2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ + 3458.55               (A17) 

€ 

bb = 27.35 10
6

T 2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ +m                 (A18) 

where and are the biologic isotope fractionation factors under equilibrium and kinetic 

conditions respectively, T is the temperature in °K, δDH2O is the isotope composition of 

coexisting water and m is a specific parameter depending on biocenosis of bacteria.  
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Appendix V 

 

Helium equations 

Assuming that dissolved helium in the water samples is composed of mantle helium, crustal 

helium and atmospheric helium, we can build the mixing lines in the plot R/Ra and 4He/20Ne 

(fig. 4.22, 5.8) using the three-components mixing model (Sano et al., 1982), as follow: 

 

€ 

3He
4He

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
s

=
3He
4He

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
m

× M +
3He
4He

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
c

× C +
3He
4He

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
a

× A                         (A19) 

 

€ 

1
4He
20Ne

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
s

=
M

4He
20Ne

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
m

+
C

4He
20Ne

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
c

+
A

4He
20Ne

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
a

                                (A20) 

 

 

€ 

M +C + A =1                                                       (A21) 

 

In our application M, C and A represent contributions of under Vulture mantle, crust and 

atmospheric helium, respectively, and subscripts m, c and a denote under Vulture mantle, 

crust and atmospheric. In this calculation, we have used the values of following table: 

 
                              Table A5 
 
 
 
 
 
 
 
 

Since the 4He/20Ne ratio of mantle and radiogenic helium is significantly larger than that of 

ASW, it is possible to correct the atmospheric helium contamination as follows (Craig et al., 

1978; Sano et al., 1987; Sano et al., 1990): 

 

€ 

3He
4He

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
cor

=

3He
4He

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
s

− r
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

1− r( )
                                               (A22)              

  3He/4He R/Ra 4He/20Ne 

Atmosphere (ASW) 1.39 x 10-6 1 0.267 (20°C) 

Crust 0.015 x 10-6 0.01 ≥1000 

Under Vulture Mantle 8.54 x 10-6 6.1 ≥1000 
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€ 

r =

4He
20Ne

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
a

4He
20Ne

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
s

                                                            (A23) 

 
where (3He/4He)cor and (3He/4He)s are the helium isotopic ratio corrected and not corrected for 
the atmospheric contamination, respectively. 
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Appendix VI 

 

Evaporation 

Factors affecting the rate of evaporation can be generically divided into two groups, 

meteorological factors and surface factors. The first ones include energy and aerodynamic 

variables (i.e., solar radiation and heat flux or wind speed and vapour pressure, respectively). 

The second ones concern the characteristics of the evaporating surface (i.e.: free water 

surfaces or land surfaces). 

Estimating methods of evaporation are generally indirect, direct measurements from extended 

natural water or land surfaces are not practicable at present (Vardavas I., M. & Fountoulakis, 

A., 1996 and references therein). 

The four types of methods are: 

- indirect measurements  with evaporimeters 

- estimation with meteorological methods 

- estimation with water budget 

- estimation with empirical and semiempirical methods (e.g., Priestley-Taylor, DeBruin-

Keijman) 

 

Evaporimeters 

The only one instrument that can measure, indirectly, the evaporation is the evaporimeter, that 

exist in two formats: the atmometer and the evaporation pan. The difference consist in a 

different evaporating surface, a porous flat surface for atmometer and a free water surface for 

the pan. Obviously, the second method can better represent the evaporation on any water body 

as a lake.  

The rate of evaporation from a pan evaporimeter is easily measured  by the change in level of 

its free water surface. This measurement is advantageous because: i) is the actual result of the 

impact of total meteorological variables, ii) the data are immediately available. The only 

disadvantage is the heat-storage properties of pan are different from those of a natural system; 

therefore the evaluation of building material of evaporimeter and his positioning are difficult 

and delicate. About lakes is recommend the installation of pan on floating system on lake, in 

fact the monthly evaporation from floating evaporimeter on lake can be several millimetres 

higher than the monthly evaporation from the land evaporimeter (Walkusz & Janczak 2007). 
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Meteorological methods 

These methods solve the evaporation parameter using meteorological data (e.g.: air 

temperature, relative humidity, solar radiation) and introducing its in theoretical equations. 

These are the most accurate estimating evaporation methods, frequently used as standard of 

comparison as regards of other ones. The most common used are: Bowen-ratio energy budget 

(BREB), eddy covariance, surface renewal and LIDAR (Drexler et al., 2004; Rosenberry et 

al., 2007).  

The BREB method is based on energy balance equation (eq. A1) introducing the Bowen ratio 

expression (eq. A5) and only the temperatures and humidity are needed to measure directly. 

Eddy covariance method needs to air temperature, air humidity and measurement of eddy flux 

motions with a sonic anemometer, all data have to be with sufficient frequency response (of 

the order of 5-10 Hz). Surface renewal method use an accurate estimation (with sonic 

anemometer calibrations) of energy conducted to or from the evaporating body (H) obtaining 

the evaporation as the residual of energy budget equation (eq. 1). The Lidar method use a 

laser with radiations in the infrared, visible or ultraviolet range and measured data (i.e.: 

roughness length, humidity, temperature, specific heat and friction velocity) are elaborate 

with Monin-Obukhov similarity theory (Drexler et al., 2004).  

All these methods, with the exception of BREB, require more expensive instruments and/or 

too frequent measurement of data, not ever available in the studied area. Considering, in our 

case, the sparse and remotely collected data, only a long-term evaporation monitoring is 

possible, so the BREB result the most appropriate method as previously reported (e.g., 

Lenters et al. 2005; Gianniou et al., 2007; Rosenberry et al., 2007).  

The evaporation obtained with BREB method is assumed to have accuracy within 10% when 

averaged over a season and within 15% when over a month (Winter, 1981). Evaporation rates 

were determined for monthly to seasonal periods. 

 

Water budget 

The estimating of evaporation with water budget method requires measurement of changes in 

lake level, precipitation, inflow and outflow. The evaporation is the residual component of the 

equation (1), but, as previously discussed, the difficulty on estimation of I and O, does not 

permit an easy use of water budget to evaluate the evaporation.  
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Empirical and semiempirical methods 

The estimation methods until now considered require measurement of a grate number of 

variable and a wide range of data. When the installation of a monitoring station for all the 

interesting parameters is too difficult or pricey, then it can be useful the employ of empirical 

and semiempirical methods. Many of these methods were developed to calculate potential 

evapotranspiration, but in a lake system they can be assumed to represent evaporation. These 

estimation methods have the main advantage to use a restrict number of variable. 

Unfortunately, their general principles have been defined in specific locations, so the 

robustness of empirical methods can depend on the ambient climate of application.  

There are many detailed studies investigating the suitability of empirical evaporation methods 

on various physical and climatic lake settings (e.g., Winter et al., 1995; Rosenberry et al., 

2004; Rosenberry et al., 2007). In all these studies many types of methods are evaluated 

(more then 15), but only three empirical methods compare very well with BREB values 

(BREB is used as standard method) in many lake environments: Priestley-Taylor, DeBruin-

Keijman and Penmen. These are combination methods that include available-energy and 

aerodynamics terms and are the most commonly used for empirical estimation.  

 

Used methods 

In this work the evaporation rate on LPM and LGM are determined with different methods: 

BREB, Priestley-Taylor, DeBruin-Keijman and floating evaporimeter. A review of these 

methods is presented, in the form and to the extent used here. 

 

Bowen-ratio energy budget (BREB) 

The BREB method is based on the conservation of energy law and account for incoming, 

outgoing and stored energy in the lake system. The energy budget can be expressed as 

(Sturrock et al., 1992; Gianniou et al., 2007): 

 

S = Rs – Rsr + Ra – Rar – Rb – H – LE + G + Av                                  (A24) 

 

S = change of the thermal content of the water body 

Rs = short-wave (solar) radiation incident at the lake water surface 

Rsr = reflected short-wave radiation from the water surface 

Ra = long-wave (atmospheric diffuse radiation) radiation incident at the lake water surface 
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Rar = reflected long-wave radiation from the water surface 

Rb = back (long-wave) radiation emitted from the lake water 

H = energy conducted to or from the body of water 

LE = energy utilized for evaporation 

G = heat transfer between the lake bottom and the lake water  

Av = energy advected into the lake 

 

Conceptually, the net addition of heat into the lake that does not increase the lake heat storage 

can be considered as energy utilized for evaporation. 

Av represent the energy coming from precipitations, surface water and groundwater. This 

component and G often are very small, especially in large and deep lakes, then are commonly 

ignored. The chemical and isotopic characteristics of Monticchio lakes waters are enough 

different respect to groundwater or precipitations, mainly in the epilimnion, then considerable 

inflow of both water sources can be rejected. It allow us to neglect the energy advected into 

the lake (Av). 

An heat flux from the lakes bottom was highlight, in particular for LPM. It was estimated a 

maximum heat flux of 0.8 W/m2 , evidently negligible if compare with other components of 

BREB. Then in good approximation Av and G are neglected, so the equation A24 takes the 

following form: 

 

S = Rs – Rsr + Ra – Rar – Rb – H – LE                                        (A25) 

 

This equation is used to calculate lake evaporation as residual component. LE is directly 

linked to evaporation rate E (m s-1) through 

 

LE = ρwLvE                                                                  (A26) 

 

where ρw is the water density (=1000 Kg m-3), Lv  is the latent heat of vaporization of water 

that, in good approximation,  depends on water temperature, according to (Gianniou et al., 

2007) 

 

Lv = 2.5 – 0.0024T                                                           (A27) 

 

in which T is water temperature (°C) and Lv  is expressed in MJ Kg-1. 
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If the heat flux to or from the body of water (H) cannot be evaluated we have to use another 

variable, more easy to evaluate that is the Bowen ratio (β) (Henderson-Sellers, 1984) 

 

                                                         (A28) 

Ts = surface water temperature (°C) 

Ta = air temperature above the lake 

esw = saturation vapour pressure at the surface water temperature (mbar) 

ed = air vapour pressure above the lake (mbar) 

γ = psycrometric constant (mbar °C-1) 

esw and ed are calculated in the same manner  

  

€ 

ei = 0.6108exp 17.27Ti
Ti + 237.3
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                                                    (A29) 

 

substituting Ts and Td, respectively. Td is dew point temperature that is the temperature to 

which the water vapour condenses into water. 

 

€ 

Td =
bα T ,rh( )

a −α T ,rh( )

                       

€ 

α T ,rh( ) =
aT
b +T

+ ln rh
100
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                         (A30a, b) 

 

where T (=°C), a=17.271 and b=237.7 °C. This expression is based on August-Roche-Magnus 

approximation and is considered valid for the following ranges: 0°C < T < 60°C; 1% < rh < 

100%; 0°C < Td < 60°C. 

The psychrometric constant is estimated using the equation (Mayer 1999; Gianniou et al., 

2007) 

€ 

γ =
cpP
εLv

                                                                   (A31) 

 

cp is the specific heat of air at constant pressure, ε (=0.622) is the ratio of molecular weight of 

water vapour to that of dry air and P is the atmospheric pressure (mbar). 

Combining equations (A25), (A26) and (A28), the evaporation can be estimated with the 

formulation of BREB, simplify of Av and G components 
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€ 

E =
Rs − Rsr + Ra − Rar − Rb − S

ρwLv 1+ β( )
                                              (A32) 

 

The main subject of this energy budget is the incoming and outgoing radiation. The most of 

this radiation, that arrive on the earth surface, is of short-wave type (Rs) otherwise knows as 

daily global solar radiation. Rs data are commonly measured directly or estimate from 

equations based on dataset of national or international energy agencies (in this study are used 

data of ENEA, for the period 1995-1999). The reflected short-wave radiation (Rsr) is given by 

 

€ 

Rsr = α sRs                                                                 (A33) 

 

in which αs = 0.07 and is the short-wave albedo on water. 

A conspicuous amount of energy exchanges between heart surface and atmosphere fall in the 

range of long-wave electromagnetic spectrum. The energetic exchanges of long-wave type 

mainly depend on the heart surface and atmospheric temperature according to the equation 

 

€ 

Ra = εaσ Ta + 273( )4                                                       (A34) 

 

where σ (=5.67x10-8 W m-2 K-4) is the Stefan-Boltzmann constant and εa is the atmospheric 

emissivity. εa was estimated using formulation developed by Henderson-Seller (1986) 

 

€ 

εa = 0.87 − n
N
0.175 − 29.92 ×10−4ed( ) + 2.693 ×10−3ed           for 

€ 

n
N
≤ 0.4             (A35a) 

 

€ 

εa = 0.84 − n
N
0.100 − 9.973 ×10−4ed( ) + 3.491×10−3ed            for 

€ 

n
N
≥ 0.4             (A35b) 

 

where n is hours of sunshine per day, that depend on cloudy condition and on surrounding  

environment (e.g., topography, vegetation) and N is the maximum number of sunshine hours 

per day (n/N is the fractional number of hours of sunshine). 

The reflected short-wave radiation (Rsr) is given by: 

 

€ 

Rar = α lRa                                                                (A36) 

 

in which αl = 0.03 and is the long-wave albedo on water. 
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The back long-wave radiation emitted from the lake water (Rb) have the same formulation of 

Ra, but uses surface water temperature (Ts) and εb = 0.97 (Bowie et al., 1985). 

The heat storage in the lake (S) in the dt time can be evaluated in according to Gianniou et al. 

(2007) 

 

€ 

S =
ρwcpw
As

d AzTzdz0

z
∫
dt

                                                         (A37) 

 

where cpw is the specific heat of water (J Kg-1 °C-1), As is the surface area of the lake (m2),  Az 

is the area of the lake at z depth (m2),  Tz is the temperature at z depth. 

 

Priestley-Taylor method 

The Priestley-Taylor equation is an empirical formulation, a modification of Penman formula, 

presented by Priestley and Taylor in 1972, hear in follow form: 

 

                                                          (A38) 

 

α = 1.26, Priestley-Taylor empirically derived constant 

s = slope of saturation vapour pressure, temperature curve (Pa °C-1) 

RN = net radiation (Rs –Rsr +Ra –Rar –Rb) 

γ = 66 Pa °C-1, psychrometric constant 

 

DeBruin-Keijman method 

The DeBruin-Keijman method is similar to previous one, but uses different constants, as 

follow (Rosenberry et al. 2007):  

 

€ 

E =
s

0.85s+ 0.63γ
RN − S
ρwLv

                                                   (A39) 

 

Floating evaporimeter 

About evaporation pan, because of problems linked to building material and positioning (see 

above), the evaporimeter installed on Monticchio lakes was constituted by a transparent 

plastic for the pan and a floating structure of thin aluminium (fig. A VI.3). During installation 
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the evaporation pan was located in the water, with the internal water at the same level of the 

lake one. A low interference with solar radiation and a heat exchange between evaporimeter 

water and lake water allow a better simulation of the lake water evaporation. 

 

Application of methods 

The absence of mean monthly meteorological data (i.e., air temperature and relative humidity) 

in the lake site, constrain us to use data of the Melfi meteorological station, located at 10 Km 

from lakes at an altitude of 580 m a.s.l. (altitude of Monticchio Lakes is 660 m a.s.l); 

therefore only monthly evaporation estimating are take out, but enough period for 

hydrogeochemical studies. 

The lakes temperature data was took in various sampling campaigns, distributed in the period 

between September 2008 and September 2009. The vertical sampling profiles was took in the 

same point of the lake for all campaigns and the horizontal homogeneity of water temperature 

at various depths was verify. The changes in thermal content of the water body (S), that 

represents the heat storage in the lake, was calculated with equation (A37) for irregular 

sampling intervals defined by sampling campaigns. 

Because of the lack of monthly mean surface water temperature (Ts) and air temperature 

above the lake (Ta), the monthly Bowen ratio (β) was estimated using the following empirical 

formulation (Spence et al. 2003) 

 

€ 

β = −0.2063ln VPD( ) + 0.0814                                               (A40) 

 

where VPD is the vapour pressure deficit (es–ea); ea=es(rhm/100) in which rhm is monthly 

relative humidity and es was calculated using equation (A29) substituting in Ti the mean 

monthly air temperature (Tm).  

The equation (A40) is an empirical relationship specific to Skeeter Lake (a small lake in the 

Northwest Territories of Canada), applicable to other lakes where the turbulent fluxes are 

controlled by temperature and vapour pressure gradients between lake and atmosphere 

(Spence et al. 2003), therefore with moderate presence of wind. This equation was tested on 

El-Rayan lake (a warm subtropical lake in an arid zone of Egypt), using data of Abd Ellah 

(2009). The result is show in Fig. A VI.1. 
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Figure AVI.1 - Bowe ratio (β) at El-Rayan lake. Comparison between calculated values by 
means of equation A40 and calculated values with measured data by Abd Ellah (2009). 

 

Considering the big difference between the two lake environments, is interesting to note the 

good agreement in the trend with a little flatting of β calculated curve regarding the relative 

variations in confront of β of Abd Ellah. That being so, the equation (A40) was used for 

monthly Bowen ratio estimating in the Monticchio lakes, since the values of relative humidity 

rhm and of mean monthly air temperature (Tm) of Melfi meteorological station.  

 

 
Figure AVI.2 

 

In the period from 31/05/10 to 04/06/10, a floating station that acquired meteorological data 

and water temperature at the centre of LGM (fig. A VI.3), permitted to estimate β with 

equation (A28). The calculated value (0.31) fall near the bowen ratio at higher humidity 
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estimated with equation  (A40) (fig. A VI.2). The value estimated with floating station data 

confirms the applicability of equation (A40).  

 

 
Figure A VI.3 - Floating self-made evaporimeter and meteorological station during 
measurements. 
 

The Priestley-Taylor constant (α) is an empirically derived term by Priestley & Taylor (1972) 

and same as 1.26. In literature this value was bring into question by Paw and Gao (1988) that 

note little variation of α for different environment. Then is better to estimate this value as 

follow (Drexler et al., 2004): 

 

€ 

α =
Δ + γ
Δ 1+ β( )

                                                             (A41) 

 

where Δ is the slope of the saturation vapour pressure curve at air temperature in KPa °C-1, 

expressed as 

 

€ 

Δ =

2504exp 17.27Ta
237.3+Ta( )

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

237.3+Ta( )2
                                                  (A42) 
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 The monthly solar radiation incident on the lake water surface was taken from on-line dataset 

of ENEA and is the mean value of 1995/1999 period. The hours of light on Lake per day (n) 

was considered N-2 (N is the maximum number of sunshine hours per day), because at least 

for one hour after sunrise and one hour before sunset the lakes are in the shade of the 

mountain and trees. The cloudy covering was not considered in the calculation of hours of 

sunshine per day, then the evaporation estimating toward to more high values then the actual 

ones, particularly for cool and rainy periods. 

The minimum value of relative humidity was fixed with the mean monthly one of the Melfi 

meteorological station and the maximum value as the previous one increased of a fixed 20% 

(this value was established because in winter periods premises to assume a maximum relative 

humidity near 100%, the higher value admitted). Since the temperature on Monticchio lakes 

are lower than Melfi ones and considering the lakes as a source of humidity, because an 

unending availability of water, most likely the actual value of relative humidity fall in the 

fixed maximum-minimum monthly range. Obviously the evaporation rate was estimated 

considering the relative humidity range and so evaluating the potential variability of this 

datum. 

 

Table A6. Annual evaporation from Lakes (Borrelli, 2008). 

Lake Annual evaporation 
(cm) Longitude Latitude Area (ha) Average 

depth (m) 
Pyramid Lake2 128 119°40' 40°00' 46,640 61 

Salton Sea2 179 116°10' 33°05' 88,100 8 
Lake Ontario2 73 77°00' 44°00' 1,940,000 86 
Hyco Lake2 94 79°05' 36°15' 1,760 6 

Hungary Horse 
Reservoir2 51 113°55' 46°00' 9,700 15 

Lake Kerr2 118 81°50' 29°20' 1,040 5 
Lake Mead2 223 114°30' 36°05' 51,400 54 

Lake Okeechobee9 147 80°55' 27°00' 182,130 3 
Amistad Reservoir2 203 101°20' 29°20' 27,900 16 

Great Salt Lake2 101 112°30' 41°00' 388,900 10 
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Appendix VII 

 

Water density 

In limnology, the most practical methods to evaluate the water density take into account not 

only the temperature but also the salinity (Chen & Millero, 1977; Chen & Millero, 1986) or 

directly the electrical conductivity (Bührer & Ambühl, 1975; Bäuerle et al., 1998; Karakas et 

al., 2003; Schmid et al. 2004a). An alternative method, able to consider the contribute of all 

dissolved substances was described by Wüest et al. (1996). This method was used to calculate 

the density (ρ) of Monticchio lakes waters, by means of formulation of Schmid et al. (2004b): 

 

€ 

ρ = ρTP 1+ βTDSTDS + βCO2 CO2(aq )[ ] + βCH 4
CH4(aq )[ ]( )                     (A43) 

 

€ 

βx =1−
ρTP vici

i
∑

Mici
i
∑

                                                       (A44) 

 

where ρTP (g/cm3) is the density of water at in situ temperature and pressure, β (dimensionless) 

is the coefficient of haline contraction of considered chemical components, the χ represents 

the contributes of TDS, dissolved CO2 and dissolved CH4; Mi, ci and vi are the molar mass 

(g/mol), the molar concentration (mol/cm3) and the partial molal volume (cm3/mol) of i 

species , respectively (table 1). 

The ρTP equation is in the form of Chen & Millero (1977): 

 

€ 

ρTP =
ρT

1− P
K

                                                           (A45) 

 

€ 

ρT = 0.9998395 + 6.7914 ×10−5 t − 9.0894 ×10−6 t 2 +1.0171×10−7 t 3

−1.2846 ×10−9 t 4 +1.1592 ×10−11t 5 − 5.0125 ×10−14 t 6

+ 8.221×10−4 − 3.87 ×10−6 t + 4.99 ×10−8 t 2( )S
               (A46) 

 

€ 

K =19652.17 +148.37t − 2.329t 2 +1.3963 ×10−2 t 3 − 5.9 ×10−5 t 4

+ 3.2918 −1.719 ×10−3 t +1.684 ×10−4 t 2( )P
+ −0.8985 + 2.428 ×10−2 t +1.114 ×10−2P( )S

                (A47) 
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in which ρT (g/cm3) is the density of water at in situ temperature, P is the pressure in bar, t is 

the temperature in °C and S is the salinity (‰); considering only the temperature and pressure 

contributes was imposed S=0, the salinity was considered by means of coefficient of haline 

contraction (see above). 

The equations proposed by Chen & Millero (1977) are showed in figure A VII.1 at different 

temperature and pressure and S=0. 

 

 
Figure A VII.1 - Density of pure water ( g/cm3) at various temperature and pressure. 

 

The conventional partial molal volume (vi(conv)) was corrected by means of formulations 

presented by Millero (1972): 

€ 

vi = vi(conv ) + ZvH +       for cations                                                 (A48a) 

€ 

vi = vi(conv ) − ZvH +       for anions                                                  (A48b) 

 

where Z is the absolute charge and  is the absolute partial molal volume of the proton; as 

suggested by Kling et at. (1989) 

€ 

vH + = −5cm3 /mol . The vi values of major ions are reported 

in table A7. 
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Table A7 

Substance Mi (g/mol) vi (cm3/mol) 

Ca 40.00 -27.85 

Mg 24.30 -31.17 

K 39.00 4.02 

Na 23.00 -6.21 

NH4 18.00 12.86 

Fe 55.85 -58.7 

Cl 34.45 22.83 

HCO3 61.00 28.4 

SO4 96.10 23.98 

CO2 44.00 31 

CH4 16.00 36.2 
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Appendix VIII 

 

Heat from radioactive decay 

The heat contribution (H, in calories per gram of rock per year) from radioactive decay is 

given by the following equation: 

 

H = 0.72 U + 0.20 Th + 0.27 K                                                 (A49) 

 

where U and Th are the uranium and thorium content of rock (ppm), respectively, and K is 

potassium content of rock in percentage (%). 
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Appendix IX 

 

About eddy diffusion 

In this appendix we evaluate the weight of radiant heat by sunlight and thermal exchange with 

sediments in the estimation of eddy diffusion coefficient (equation 5.3-3) in the Monticchio 

lakes context.  

First of all, we take into account the absorption in both lakes waters, defined as diminution of 

light energy with depth by transformation to heat (Wetzel, 2001 and reference therein).  

All waters have a high absorption of infrared and red wavelength generating a significant 

heating in the first meters of water. A rapid decrease of absorption is in the lower wavelengths 

to a minimum value in the blue. With high turbidity and dissolved organic compounds there is 

an increasing of absorption at lower wavelengths of visible spectrum, particularly in UV 

range. 

The figure A IX.1 clearly shows that over  90% of IR radiation (>700 nm) is absorbed in the 

first meter of water for all selected lakes, instead the visible radiation (400-700 nm) is less 

absorbed, but becomes extinct at the most in the first 4 or 5 meters. 

 

 
Figure AIX.1 - Percentile absorption of light versus wavelength , through 1m of lake water 
(T) compared to the absorption of: distilled water of 1 meter depth (W), suspended particulate 
matter (P), lake waters 1mm filtered (colour absorption)(C). (Wetzel, 2001) 
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 Practically the absorption of each wavelengths is evaluated means of extinction coefficient (η 

in m-1), constant for a given wavelengths: 

 

                                                             (A50) 

 

where, z is the depth in meters, Iz is the irradiance at z depth, I0 is the irradiance at the surface. 

Obviously a natural total extinction coefficient (ηt) exists, which represents the average value 

of all wavelength and also the contribute of absorption for: the only water (ηw), suspended 

particles (ηp) and coloured compound (ηc): 

 

€ 

ηt =ηw +ηp +ηc                                                           (A51) 

 

A very simple method to estimate ηt , uses an empirical relation presented by Poole & Atkins 

(1929) and confirmed by successive studies (e.g., Idso and Gilbert, 1974), that is: 

 

                                                                  (A52) 

 

where zsd is the Secchi disk depth, a simple and common method for evaluating the water 

transparency. In Monticchio lakes this parameter was measured, for the LPM the value is 5.5 

meters and for LGM is 0.3 meters (as confirmed by literature, Schettler and Albéric, 2008; 

Mancino et al. 2009); consequently η are 0.31 and 5.7 m-1 respectively. These values regard 

only the visible spectrum (400-700 nm), but are certainly lower values than the ηt that include 

even the IR and UV spectra because, as shown above, these wavelengths are more absorbed at 

a lower depth than the visible spectrum (fig. A IX.1). 

To verify the reliability of the estimated extinction coefficient we compare our data with other 

lakes ones. Lawrence Lake is an unproductive hardwater lake with high concentrations of 

colloidal CaCO3 and has a mean ηt of 0.39 m-1.Wintergreen Lake, extremely productive, has a 

mean ηt  of 1.00 m-1 (Wetzel, 2001). In the first lake, very similar to the LPM, between 8 and 

12 m of depth all solar light is absorbed. In the second lake, that has a minor extinction 

coefficient than LGM, already in 5 m of depth the solar light is absorbed (Fig. A IX.2). That 

so being, the radiant heating by sunlight (R(z)) can be neglected for the computing of Kz in the 

deep portions of lakes. 
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Figure A IX.2 - Isopleths of the percentage transmission of sunlight with depth and time in 
Lawrence Lake (upper) and Wintergreen Lake (lower). (Wetzel, 2001)  
 

Another important term of equation (5.3-3) is the thermal exchange with sediments (H(z)). 

Effectively, the thermal gradient from bottom of LPM suggests a thermal exchange with 

sediments (heat flux from bottom). Practically, as in details studied by Benoit and Hemond 

(1996), the influence of this process on heat budget, and so on calculating of Kz, is function of 

the change of temperature in the water and, in this case, also in the bottom. As shown in 

multiparametric probe chapter, below 15 m of depth the temperature gradient is always the 

same over time, the temperature variations are below 0.1 °C from month to month and in the 

near bottom water are even below 0.05°C. This thermal steady state condition permits to 

neglect the thermal exchange with sediments.  

Anyway, Benoit and Hemond (1996) also assert that heat loss to sediments can be a 

significant term in the heat budget of shallow (< 25m) lakes, the Monticchio lakes are both 

deeper than 35 m. Nevertheless, not having the possibility of estimating its contribution this 

term was neglected also in LGM.  

 


