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Abstract

Groundwater systems of the north-western Sicily were sampled in the period January 2002-May 2003 for geochemical and isotopic characterization (fig. 1.1). All major constituent and stable isotopic composition values were determined. ICP-Mass analysis of two field surveys were also performed to estimate divalent metals abundances (Ba, Sr, Cd and Fe).

In order to evaluate the meteoric recharge of the aquifer a rain gauges grid was installed in January 2002 (Fig.1.2). The rain gauges, made to prevent evaporation phenomena and hence to preserve the isotopic composition of the rainwater, was sampled monthly. High infiltration coefficient values, due to fractured rocks and poor vegetation coverage, made it possible to relate isotopic composition of precipitation to isotopic composition of groundwater.

An isotopic model of precipitation was developed using weighted average isotopic composition of rain waters. The Local meteroric Water Line (LMWL) was drawn.
The main geochemical processes governing groundwater composition were described and a geochemical background for evaluation of seawater intrusion and submarine discharges was defined.

Geochemical features of groundwater mainly come from mixing processes between a carbonatic endmember and a seawater one. Moreover, thermal water contribution was also found in a few samples.
Partial pressure of CO2 has been computed. Generally PCO2 values are close to 10-2 atm but anomalous areas have been recognized along some faults. High PCO2 values favourite rocks dissolution.

Minor elements mobility was also studied and a positive correlation between Sr, Ba and TDS was found.
1. INTRODUCTION

North Western Sicily groundwater has already been studied for their thermalism by Favara et al. (1998 and 2001). The authors developed a circulation model and estimated hydrothermal term to be generate by a mixing process between carbonatic (70%) and selenitic term (30%); they also relate stable isotopic composition of groundwater to the local meteoric line computed using about one year’s data of two rain gauges located at different altitude.

Since the area is confined (eastwards) by anomalous heat flow and represent the main recharge area of deeper aquifers, we decided to evaluate geochemical processes involved and eventual geochemical anomalies.

Carbonate is the most abundant species which outcropping rocks are make of, then particular attention was taken of calcite dissolution.

The calcite dissolution and precipitation have been studied by several authors both about its kinetics and its equilibrium state (Buhmann and Dreybrodt, 1985a and 1985b; Plummer, 1976; Dreybrodt et al., 1997; Morse and Ardivson, 2002).

Buhmann and Dreybrodt (1985a and 1985b) treat simultaneosly the three rate-determining processes: surface-controlled dissolution or deposition at the calcite surface, diffusion of the molecular and ionic species in the solution and slow conversion of CO2(aq) 
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 H2CO3; but the authors do not take into account the effect of others ions, such as SO42-, Cl-, Na+, Mg+. However they show an important result for karstic system, i.e. that dissolution and precipitation rates increase by one order of magnitude at the onset of turbulent flow. This is important in the development of water conduits during the karstification process.

In the studied area it is possible to observe many karstic landescapes and some underground preferential flow paths give water to submarine discharges.

The first groundwater sampling was performed in winter 2002. Due to difficulties in reaching sampling sites and solving bureaucratic problems, at first were sampled only free access cold springs. In summer 2002 sample sites grid have been increased up to 36 points. Nearly all the sites were re-sampled in winter and in spring 2003 (see fig.1.2 for sample sites locations).
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Fig. 1.1: Samples sites (black circles indicate wells, white circles indicate springs).

While chemical-physical parameters and alkalinity determinations were performed in field, chemical and isotopic analysis were performed at tow different research institutes. The abundance of major elements and stable isotope ratios were determined at the I.N.G.V.-Palermo Department laboratories and minor element determination at the I.T.A.F. at Palermo University (see appendix I for methods).

In order to evaluate the most common phases that react with groundwater rock samples were also collected from different areas and analyzed using XF and SEM (see Appendix I) at C.F.T.A. at the Palermo University.

Since thermal anomalies were believed to be present in springs of Castellammare Area, in December 2002 thermal water samples of Terme Segestane have been collected and analyzed. 

Precipitations were sampled monthly from January 2002 up to April 2003 and analyzed for their isotopic composition. For some samples also chemical analysis have been performed in order to evaluate aerosol contribution to waters chemical composition.
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Fig. 1.2: Rain gauges grid.

2. Geological AND GeoMORPHOLOGICAL setting

The studied area (fig.1.1), located in the western part of Sicily, is a segment of the Sicilian mountain chain. The main units are derived from the Miocene deformation of a succession of carbonatic platforms and pelagic basins (Abate et al. 1991).
Interpretative geological cross sections, based on the reinterpretation of seismic profiles across Aegadean Islands, in Catalano et al. (1996), show that platform carbonate thrusts reach a depth of about 5000m. The authors describe an inner element developing from west to east in the north Sicily and extending from the Western Bank south-eastwards to the Aegadean Islands and eastwards to the north-western Sicily offshore.

Units derived from deformation of Panormide domain are formed by limestones, dolostones and marls (Upper Trias-Middle Tortonian) outcropping in S. Vito Lo Capo peninsula. Units derived from deformation of Trapanese domain, formed by limestones, marly limestones and nodular limestones (Upper Trias-Oligocene) outcrop in Monte Inici, Monte Erice and Montagna Grande.

Outcrops of terrigenous deposits domain are located in the coastal line and between the main reliefs. We can find Flysch deposits from upper Oligocene-lower Miocene, clays and marls from upper Eocene-Oligocene and late orogenic deposits including conglomerates, sands and clays of Tortonian-lower Messinian.

Hence most of the rocks forming the aquifers are limestones but it is important to remark that dolostones too are sometimes present. In fact, in M. Erice, in S. Vito Lo Capo peninsula and Northward of M. Inici the main outcropping rocks are dolostones.

Geological model by Bigi et al. (1991) is shown in fig. 2.1.

The morphological setting of the northwestern Sicily shows several reliefs, Montagna Grande (751 m a.s.l.), Monte Inici (1064 m a.s.l.), Monte Sparagio (1110 m a.s.l.), Monte Cofano (659 m a.s.l.), Erice (756 m a.s.l.) and Plio-Pleistocene near-shore marine terrace deposits.

Most of the outcropping terrains are carbonatic rocks with high response to atmospheric agents. Due to dissolution of limestones we can observe many karstic landscapes.
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Fig. 2.1: Geological scheme. 7: undifferentiated continental and subordinate marine deposits, Holocene-Upper Pleistocene. 11: terrigenous marine deposits and calcarenites along the Ionian side of the Calabrian Arc as well as in central and southern Sicily, Lower Pleistocene-Upper/middle Pliocene. 12a: terrigenuos marine deposits and calcarenites, middle-lower Pliocene. 13: Globigerinid calki-limestones and marls (“Trubi” Auct.); gravity slides, olistostromes and lime megabreccias in western Sicily, Lower Pliocene. 15a: terrigenuos deposits (“Arenazzolo” Auct.) gypsarenites, marls and limestones; primary and diagenetic selenitic and laminated gypsum (“Gessi di Pasquasia”), Upper Messinian. 16: porites reef limestones; marls and marly clays; sandstones and conglomerates (“Terravecchia” Fm.), Lower Messinian-Upper/middle Tortonian. 56: Graded quartzarenites, shales and marly clays, Langhian-Upper Oligocene. 63: globigerinid limestones; redeposited carbonates and marls; “Scaglia”-type marly-limestones, Middle Oligocene-Upper Cretaceous. 64: biogenic and reposited bioclestic carbonates, Lower Cretaceous-Middle Liassic. 65: carbonate platform, reef and scarp limestones, Lower Liassic-Upper Triassic. 66: graded calcarenites and marls, globigerinid limestones, “Scaglia”- type marly-limestones, Upper/Middle Oligocene-Upper Cretaceous. 70: biocalcarenites and marls; globigerinid limestones and biocalcarenites; pelagic cherty limestones, Oligocene-Upper Malm. (Bigi et al. 1991)

Several well-known caves can be observed in the studied area and it is reasonable to assume that a lot of unknown caves produce an underground net of preferential flow paths for groundwater.

Hydrogeological settings of the studied area is represented in fig. 2.2. Bartolomei et. al (1983) described preferential flow paths and reported data of a thermal infrared remote sensing images that give us evidence of submarine discharges in several locations of north coast.
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Fig. 2.2: Hydrogeological scheme of Trapani Mounts (modified after Bartolomei et al., 1983).
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Fig. 2.3: Tectonic scheme of North-western Sicily

(Ciaranfi et al., 1983)

Tectonic scheme fig. 2.3, shows that the main recent faults are oriented E-W and NE-SW.

The fault near Alcamo is related to thermal springs located southward from Castellammare del Golfo (Favara et al., 1998).

3. CLIMATIC FEATURES

3.1 Climatic changes

The Sicilian climate is a typically Mediterranean one. The Mediterranean climate is a special type of climate with a regime of hot summer drought and winter rain in the mid-latitudes, north of the subtropical climate zone.

In summer, the high pressure belts of the subtropics drift northwards in the Northern Hemisphere (during May to August), and southwards in the Southern Hemisphere (during November to February). They coincide with substantially higher temperatures and little rainfall. During the winter, the high-pressure belts drift back towards the equator, and the weather becomes more dominated by the rain-bearing low-pressure depressions.

According to De Martonne classification (De Martonne, 1926) the climate can be classified as semiarid. Precipitations usually occur in the period October-March with a temperate climate, while during the period April-September climate is arid (Fig. 3.1). 
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Fig. 3.1: Peguy classification diagram (Peguy, 1970).
Taking in account evapotranspiration phenomena and precipitation amounts (Climatologia della Sicilia 1998) we can find meteoric recharge happening only during the period November-March. 

Using data of 19 rain gauges collected by the Hydrographical Service during the period 1951-1994, we have calculated that in the western part of the island the mean amount of rain per year in the period 1985-1994 was 120 mm/year lower than that of 1955-1964 period (Fig. 3.2). 

[image: image17.wmf]piovosità media annua

Sicilia Occidentale

400

450

500

550

600

650

55-64

65-74

75-84

85-94

period

mm


Fig. 3.2: Mean precipitation amount for 10-years periods.
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Fig. 3.3: Mean annual temperature since 1960 up to 1994.

The temperature shows some changes too. Data collected by the Hydrographical Service in 8 stations located in studied area show that in the last 10-year period of available data, the mean temperature value of western Sicily is increased of about 1°C (fig. 3.3). 

The mean annual temperature computed using last (available) 25-year data is 18°C.

3.2 Clouds and precipitations

Since clouds formation is the most important process governing isotopic composition of precipitations, it is very important to know the general circulation models of air masses and local climatic features.

In Europe atmospheric perturbations are generated, prevalently in winter-spring period, in the west, and move along north-west trajectories for cold fronts and south-west trajectories for hot perturbations.

Without aerosol particles, cloud formation in the atmosphere would not occur at the temperatures and relative humidities at which clouds are observed to exist. Pure water droplets can form from the vapour phase only at very high supersaturations, that is, at partial pressures well above the equilibrium vapour pressure for water at a given temperature. The presence of aerosol in the atmosphere provides nuclei onto which liquid water or ice can condense at much lower partial pressures, initiating droplet formation and eventually growing the nuclei up to sizes recognized as cloud particles (Kreidenweis, 2003).

Sodium chlorine of seawater origin is the most common matter nuclei of sea origin are made of, but many others kinds of nuclei can be found: fuel combustion products, calcite, gypsum ect.

When hygroscopic nuclei are present, condensation can occur before saturation state is reached.

When stratified air flows over mountains, wave structures may be generated (Klemp, 1992). 
Over the main reliefs of western Sicily, orographic clouds can be seen during all year round (fig. 3.4).
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Fig. 3.4: Lenticular clouds in M. Grande area.
This kind of clouds is generated according to the scheme shown in fig. 3.5.
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Fig. 3.5: Schematic illustration of mountain wave and wave clouds (modified after Klemp, 1992)

Even in flow over small hills, orographic clouds can enhance the local precipitation by as much 25-50%. Under these conditions, there is insufficient time for precipitation to form solely within the cloud. However, if light precipitation is falling from higher-lever clouds, the drops will grow rapidly as they pass through the saturated air within the orographic cloud, producing heavier precipitation at the ground. This process is called seeder-feeder mechanism and is illustrated in fig. 3.6 (Klemp, 1992).
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Fig. 3.6: seeder-feeder mechanism (modified after Klemp, 1992)
4. STABLE ISOTOPES

4.1. Precipitations

Rain isotopic composition data are reported in table 4.1.
	
	RAIN GOUGE
	SN
	TR
	SG
	TP
	SP
	IN
	MG
	CA
	SV
	SC
	IP

	
	A. m a.s.l.
	470
	13
	15
	12
	1100
	980
	675
	400
	15
	60
	85

	 Feb 02
	mm
	25
	21
	8
	4
	43
	22
	28
	13
	
	
	

	
	δD
	-21.0
	-24.5
	-17.7
	-0.8
	-28.9
	-23.5
	-25.3
	-16.4
	
	
	

	
	δ18O
	-5.4
	-4.5
	-3.6
	-1.5
	-6.3
	-5.6
	-5.8
	-4.1
	
	
	

	 Mar 02
	mm
	15
	12
	15
	10
	60
	36
	23
	21
	17
	28
	20

	
	δD
	-15.6
	-18.1
	-10.8
	2.8
	-18.3
	-24.9
	-10.4
	-26.3
	-4.9
	-12.1
	-29.2

	
	δ18O
	-3.4
	-3.3
	-2.8
	-1.1
	-4.5
	-5.5
	-3.9
	-5.2
	-2.2
	-3.3
	-5.5

	 Apr 02
	mm
	32
	23
	26
	23
	18
	23
	6
	20
	37
	20
	46

	
	δD
	-26.9
	-26.5
	-28.4
	-31.6
	-43.2
	-51.8
	-25.4
	-28.8
	-38.5
	-40.9
	-43.6

	
	δ18O
	-5.7
	-4.5
	-4.9
	-5.9
	-7.4
	-8.5
	-4.4
	-5.2
	-5.9
	-6.1
	-6.8

	 May 02
	mm
	73
	53
	33
	33
	76
	65
	64
	53
	35
	59
	61

	
	δD
	-19.5
	-11.0
	-18.3
	-19.0
	-24.3
	-29.5
	-22.9
	-23.7
	-18.9
	-14.9
	-22.1

	
	δ18O
	-3.7
	-3.1
	-3.0
	-3.3
	-5.3
	-5.4
	-3.7
	-4.5
	-3.5
	-2.9
	-4.0

	 Jun 02
	mm
	5
	8
	7
	5
	7
	18
	6
	15
	6
	6
	11

	
	δD
	n.a.
	-29.0
	-24.7
	-25.4
	-46.6
	-53.0
	-38.0
	-35.7
	-26.2
	-25.3
	-41.9

	
	δ18O
	n.a.
	-4.0
	-3.6
	-3.4
	-6.2
	-7.6
	-5.5
	-5.2
	-3.4
	-3.6
	-5.3

	 Jul 02
	mm
	8
	28
	3
	6
	4
	8
	6
	7
	8
	4
	10

	
	δD
	4.8
	4.3
	n.a.
	-22.1
	-41.5
	-43.9
	-40.9
	-27.7
	-36.9
	n.a.
	-37.8

	
	δ18O
	1.4
	0.6
	n.a.
	-3.7
	-7.0
	-7.2
	-6.0
	-4.4
	-6.0
	n.a.
	-5.8

	 Aug 02
	mm
	37
	13
	27
	27
	65
	89
	51
	49
	65
	54
	56

	
	δD
	-28.4
	-28.5
	-22.6
	-32.9
	-40.1
	-33.9
	-34.8
	-35.3
	-37.8
	-26.8
	-24.8

	
	δ18O
	-5.2
	-4.0
	-3.4
	-4.9
	-6.7
	-5.6
	-5.6
	-6.0
	-6.0
	-4.2
	-4.4

	 Sep 02
	mm
	11
	14
	20
	27
	41
	68
	11
	23
	13
	21
	33

	
	δD
	-32.1
	-24.2
	-40.8
	-30.1
	-35.2
	-42.0
	-21.0
	-28.5
	-15.9
	-22.5
	-25.2

	
	δ18O
	-5.1
	-3.8
	-6.9
	-5.6
	-7.1
	-7.9
	-5.0
	-5.1
	-3.0
	-4.4
	-5.0

	 Oct 02
	mm
	89
	58
	96
	56
	104
	95
	39
	93
	49
	84
	29

	
	δD
	-45.8
	-28.2
	-25.6
	-30.0
	-44.8
	-53.4
	-32.3
	-40.7
	-39.9
	-40.4
	-34.1

	
	δ18O
	-8.2
	-5.4
	-5.5
	-5.6
	-8.4
	-9.0
	-6.3
	-7.1
	-6.7
	-6.9
	-5.7

	 Nov 02
	mm
	141
	120
	100
	113
	168
	184
	97
	148
	93
	153
	73

	
	δD
	-36.4
	-29.5
	-32.7
	-39.4
	-45.2
	-43.0
	-36.7
	-31.0
	-31.5
	-31.6
	-27.9

	
	δ18O
	-6.6
	-5.3
	-6.6
	-6.6
	-8.0
	-7.6
	-6.7
	-6.5
	-6.0
	-5.8
	-5.2

	 Dec 02
	mm
	119
	154
	118
	91
	193
	187
	136
	145
	100
	143
	100

	
	δD
	-74.2
	-67.7
	-62.1
	-58.0
	-63.0
	-64.9
	-72.2
	-62.3
	-55.0
	-56.2
	-60.0

	
	δ18O
	-11.4
	-10.1
	-9.4
	-8.7
	-10.2
	-10.6
	-11.6
	-9.7
	-8.5
	-8.5
	-8.8

	 Jan 03
	mm
	102
	86
	96
	71
	184
	150
	110
	128
	84
	121
	127

	
	δD
	-40.5
	-31.2
	-34.8
	-42.5
	-47.8
	-39.8
	-39.1
	-41.2
	-50.8
	-36.1
	-44.1

	
	δ18O
	-7.1
	-5.1
	-5.6
	-6.6
	-8.4
	-7.5
	-7.0
	-7.0
	-7.5
	-5.9
	-6.7

	 Feb 03
	mm
	57
	74
	71
	53
	93
	96
	41
	75
	55
	81
	98

	
	δD
	-42.4
	-40.7
	-42.9
	-37.5
	-47.1
	-49.4
	-47.3
	-46.7
	-36.2
	-46.4
	-40.4

	
	δ18O
	-8.2
	-7.1
	-7.4
	-7.2
	-8.9
	-8.9
	-8.2
	-8.4
	-6.7
	-8.1
	-7.3

	 Mar 03
	mm
	33
	24
	26
	18
	22
	25
	22
	19
	12
	8
	12

	
	δD
	-20.8
	-9.2
	-18.0
	-43.6
	-36.0
	-44.6
	-24.0
	-30.0
	-36.6
	-32.0
	-33.2

	
	δ18O
	-4.5
	-2.5
	-3.6
	-7.0
	-6.2
	-7.7
	-4.9
	-5.5
	-5.5
	-5.2
	-5.2


SN= S. Ninfa, TR= Triscina, SG= Spagnola, TP= Trapani, SP= Sparagio IN= Inici, MG= M. Grande, CA.=Calatafimi, SV= S. Vito, SC= Scopello, IP= INGV-PA.

Tab. 4.1: Monthly isotopic composition and amount of rain waters collected from the rain gouge grid.

4.1.1. General processes governing isotopic composition of precipitations.

In order to evaluate the isotopic composition of aquifer’s recharge, weighted isotopic composition data of the monthly rain samples have been computed for the period April 2002-March 2003 (tab. 4.2). The deuterium excess parameter d has been computed according to Dansgaard (1964) definition d = (D – 8 (18O.

	 
	                       April 2002-March 2003
	 
	 

	RAIN GOUGE
	Altitude m asl
	mm
	δD
	δ18O
	d-excess

	S. NINFA
	470
	708
	-40.9
	-7.1
	16.2

	TRISCINA
	13
	657
	-35.9
	-6.0
	11.9

	SPAGNUOLA
	15
	626
	-36.7
	-6.3
	13.9

	TRAPANI
	12
	524
	-39.2
	-6.5
	12.7

	SPARAGIO
	1100
	976
	-46.7
	-8.2
	19.2

	INICI
	980
	1008
	-46.9
	-8.1
	18.1

	M. GRANDE
	675
	590
	-43.2
	-7.4
	15.9

	CALATAFIMI
	400
	775
	-40.9
	-7.1
	16.1

	SAN VITO
	15
	555
	-40.0
	-6.5
	12.3

	SCOPELLO
	60
	752
	-37.7
	-6.3
	12.5

	INGV-PA
	85
	657
	-38.7
	-6.3
	11.7


Tab. 4.2: Weighted average annual isotopic composition and computed d-excess.
Since temperature is the main factor controlling the isotopic composition of rainwater and since his value is related to altitude via local thermal gradient, there should be, normally, a good correlation between altitude and isotopic composition.

This kind of effect has been estimated by plotting weighted isotopic composition versus the altitude of rain gauges’ locations (Fig. 4.1). The linear regression equation is:
(18O‰ = -(0.0018 ( 0.0001) H – (6.27 ( 0.07)


r2 = 0.96
where H is altitude in m.
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Fig. 4.1: Weighted (18O‰ values versus altitude.

The vertical oxygen isotopic gradient is -0.18 (18O‰/100m; this values is close to that estimated by Hauser et al. (1980) (-0.20 (18O‰/100m) and that estimated by Favara et al. (1998) (0.21 (18O‰/100m), while is equal to that estimated by Fancelli et al. (1991), in different areas of Sicily.

A value of the vertical oxygen isotopic gradient close to those observed in Sicily has been found also using data of stations located in several sites of Europe (-0.21 (18O‰/100m) (Poage and Chamberlain, 2001).

(D is also well related to altitude according to the equation:

(D‰ = -(0.0085 ( 0.0009)*H-(37.68 ( 0.50)


r2 = 0.90

from which we deduce a vertical hydrogen isotope gradient of -0.85 (D‰/100m.
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Fig. 4.2: Weighted (D‰ values versus altitude.

By plotting d versus altitude (fig. 4.3), a good correlation has been found, but if we take in to account some climate considerations, a better interpretation of inland spatial distribution of d may be done.

As shown in fig. 4.3 the correlation between d and altitude is given by the equation:

d ‰ = (0.0061 ( 0.0007) H + (12.5 ( 0.3)



r2 = 0.90


nevertheless we may distinguish three different groups. In group A fall samples with altitude > 100m a.s.l.; they are located random in a little range of d. In the group B fall samples with 400m<altitude<675m a.s.l.; they nearly don’t show any variation. In the last group C fall samples with altitude >980m a.s.l. located in the main relieves of the studied area: M. Sparagio and M. Inici. These samples are characterized by very high values of d.
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Fig. 4.3: weighted d ‰ values versus altitude.

If we take into account spatial distribution of rain gauges (fig. 4.4), we may observe that rain gauges belonging to the group A fall along the coastline, that belonging to the group B fall in the inland area of western Sicily, and that belonging to the group C fall on two different relieves.
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Fig. 4.4: rain gauges grid. Samples with low values of d fall in the coastline (Group A); samples with intermediate values of d fall in the inland area (Group B); samples with high values of d fall in Mount Sparagio (1110m a.s.l.) and Mount Inici (1064 m a.s.l.).

The process governing the spatial distribution of deuterium excess is the interaction between precipitation and local air masses. Probably, inland zone are characterized by vapour with high d values, coming from non equilibrium processes. 

Samples belonging to the group B reflect this kind of interaction that shifts not much the original isotopic composition of precipitations.

For samples belonging to the group C we must take into account the contribution of local orographic clouds to precipitation coming from “seeder” clouds (see Climatic Feature section).

In fact, increased deuterium excess in precipitation can also arise from significant addition of re-evaporated moisture from continental basins to the water vapour travelling inland. If moisture from precipitation with an average excess of 10 per mil is re-evaporated, the lighter 2H1H16O molecule may again contribute preferentially to the isotopic composition of the water vapour and this, in turn, leads to an enhanced deuterium excess in precipitation.

Since orographic clouds generate locally, their isotopic composition comes from evaporation (kinetic fractionation) of local shallow waters, from plant respiration and from evaporation of Mediterranean seawater. Their deuterium excess should be very high.

A schematic illustration of the process is shown in fig. 4.5.

Plotted values of d are that relative to Scopello (d = 12.5, 60 m a.s.l.) and M. Inici (d = 18.1; 980 m a.s.l.) sites. Since a very good correlation have been found between precipitation amounts of the two sites (PScopello = PM.Inici*0.83, r2 = 0.95), and as they are very close (horizontal distance = 4 Km), we estimate orographic contribution to precipitation about 17% of total collected rain. Using this values an approximate mean values of d (d = 45) have been computed for orographic clouds.

[image: image26.png]



Fig. 4.5: Schematic illustration of deuterium enrichment due to orographic clouds

(base scheme by Klemp, 1992).

4.1.2. Some cases of monthly isotopic composition of precipitations.

Processes described till now were defined using weighted values of the rain isotopic composition that reflects the dominant effects.

If we analyse monthly data, rarely we may model isotopic composition of precipitation. Nevertheless, tow time it happened that monthly isotopic composition of precipitation were in good agreement with the model just described.

During February 2002 and January 2003 samples of coastline rain gauges well fit with the Global Meteoric Water Line (GMWL) described at first by Craig (1961), while the other samples show different values of d (fig. 4.6 and fig. 4.7).
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Fig. 4.6: δD‰ versus δ18O‰ diagram. Monthly isotopic composition of February 2002.
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Fig. 4.7: δD‰ versus δ18O‰ diagram. Monthly isotopic composition of January 2003.

In February 2002 it rained only one day (07th) and air masses coming from Atlantic Ocean (see EUMETSAT-database for details), probably generated orographic clouds also in M. Grande and S. Ninfa that show d values close to that of M. Inici and M. Sparagio.
January 2003 is representative of the explained model (Fig 4.7); samples of group A very well fit with GMWL (R2=0.99) (only group A is plotted in fig. 4.8), samples of the group B have intermediate d values and samples of the group C have d values about 10 units ‰ higher than that of the group A.
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Fig. 4.8: δD‰ versus δ18O‰ diagram. Monthly isotopic composition of January 2003: only Group A.

Air masses generating precipitation in January 2003 have been observed to come from Atlantic Ocean (fig. 4.13b). Isotopic composition of samples belonging to the group A suggest that general circulation processes and local fractionation phenomena have not changed isotopic composition of the water vapour generating precipitations.

	RAIN GOUGE
	Altitude m a.s.l.
	DATE
	mm
	δD
	δ18O
	d-excess

	TRAPANI
	12
	Jan-03
	71
	-42.5
	-6.6
	10.3

	TRISCINA
	13
	Jan-03
	86
	-31.2
	-5.1
	9.6

	SPAGNUOLA
	15
	Jan-03
	96
	-34.8
	-5.6
	10

	SAN VITO
	15
	Jan-03
	84
	-50.8
	-7.5
	9.2

	SCOPELLO
	60
	Jan-03
	121
	-36.1
	-5.9
	11.1

	INGV-PA
	85
	Jan-03
	127
	-44.1
	-6.7
	9.5

	CALATAFIMI
	400
	Jan-03
	128
	-41.2
	-7
	14.8

	S. NINFA
	470
	Jan-03
	102
	-40.5
	-7.1
	16.3

	M. GRANDE
	675
	Jan-03
	110
	-39.1
	-7
	16.9

	INICI
	980
	Jan-03
	150
	-39.8
	-7.5
	20.2

	SPARAGIO
	1100
	Jan-03
	184
	-47.8
	-8.4
	19.4


Tab. 4.3: Isotopic composition values of Gen-2003.
At this point it is possible to estimate the isotopic composition of the vapour that gave rise to the precipitations.

For the determination of α, the relations identified by Horita and Wesolowski (1994) were used; they differ only slightly from those of Majoube (1971).

Using the fractionation model of Raleigh type, three hypotheses were developed, considering three different temperature values for condensation of rain drops (5, 10, 15 °C).

The 18δ values used as extreme isotopic composition values of rainfall were those relating to the Triscina and San Vito stations.
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Fig. 4.9: Plot 2( versus 18( of theoretical vapour generating precipitation (at 5 °C) of Gen- 2003.
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Fig. 4.10: Plot 2( versus 18( of theoretical vapour generating precipitation (at 10 °C) of Gen- 2003.
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Fig. 4.11: Plot 2( versus 18( of theoretical vapour generating precipitation (at 20°C) of Gen-2003.
The isotopic composition values of the vapour that gave rise to the precipitations, calculated with this method, are given in the table 4.4.

	Temperature
	5°C
	10°C
	15°C

	18δ‰ max
	-16.2
	-15.7
	-15.2

	2δ‰ max
	-119.8
	-115.7
	-111.8

	18δ‰ min
	-18.5
	-18.1
	-17.68

	2δ‰ min
	-138.4
	-134.1
	-131.2


Tab. 4.4: Computed isotopic composition values of the vapour that gave rise to the precipitations of Gen-2003.
At all events, it is believed that the most reliable values are those calculated using a temperature value of 5°C. The fact is that the average monthly temperature of rainy days is about 10°C. Considering a thermal gradient of 0.53 °C/100 m and an average height of clouds of about 1000 m±200 m, the condensation temperature should be about 5°C.

4.1.3. Temporal variation of Deuterium excess.

The d-excess parameter is the most useful stable-isotope property for characterizing the vapour origin; it is essentially fixed at the site of sea-air interactions by the non-equilibrium transport processes involved (Craig and Gordon, 1965).

But in the case where snow or hail reaches the ground, the isotopic exchange between the air moisture and the precipitation element then does not occur, with the result that the precipitation is more depleted than in the equilibrium situation. Often, in addition, the solid precipitation shows higher d-values due to non-equilibrium condensation during the growth of ice particles (Jouzel and Merlivat, 1984).

So that, if we analyse temporal variation of d, some useful information on the general circulation paths or meteoric events can be deduced.
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Fig. 4.12: Deuterium-excess versus time. Mean weighted d-excess values of the period Feb 2002-Mar 2003 are compared with mean values of Global Network for Isotopes in Precipitation (GNIP) database computed by Araguás- Araguás et. al. (2000) for the Northern Hemisphere, and mean monthly temperature of western Sicily. High shift of d-excess between summer and winter periods are due to climatic features of the studied area.

In fig. 4.18 mean weighted values of d have been compared with mean values of Global Network for Isotopes in Precipitation (GNIP) database computed by Araguás- Araguás et. al. (2000) for the Northern Hemisphere, and mean monthly temperature of western Sicily.

High shift of d-excess between summer and winter periods are due to climatic features of the studied area. In fact, during May to August high pressure belts of subtropics drift northwards in the Northern Hemisphere, while during the winter the high pressure belts drift back towards the equator, and the weather becomes more dominated by the rain-bearing low- pressure depressions.

Since kinetic fractionation factors decrease exponentially with increasing temperature (Melander, 1960), vapour coming from subtropical zones will have low d values.

According to theoretical considerations, during June 2002 air masses came from Algeria (see fig. 4.13a) and produced precipitations with a very low deuterium excess, while in February 2003 air masses coming from North Sea produced precipitation with very high values of d (fig. 4.13c).
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Fig. 4.13: Infrared images of Europe. A: in June 2002 it mainly rained on 6-7th. The air masses came from south-west. B: in January 2003 it mainly rained on 24th. The air masses came from Atlantic Ocean. C: in February 2003 it mainly rained on 4th. The air masses came from North. (for detail see text).
4.1.4. The local meteoric water line (LMWL)
After we described the processes governing isotopic composition of precipitations we define the equation describing the Local Meteoric Water Line (LMWL):

(D‰ = (4.70 ( 0.32)*(18O‰ – (8.2 ( 2.2)



r2 = 0.96

(4.1)
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Fig. 4.14: δD‰ versus δ18O‰ diagram.. The Local Meteoric Water Line (LMWL) is plotted and compared to the Global Meteoric Water Line (GMWL) defined by Craig (1961) and to the Mediterranean Meteoric Water Line (MMWL) defined by Gat and Carmi (1970).

The slope of the LMWL (fig. 4.14) is lower with respect to the GMWL and to that defined in the same area by Favara et al. (1998). As a result of the low value of the slope, the intercept is a negative number.
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Fig. 4.15: δD‰ versus δ18O‰ diagram. The LMWL* is plotted (Group A).

But since we know that stations with altitude higher than 400 m a.s.l. are affected by deuterium excess of re-evaporated inland air masses we have also defined the LMWL* using only data of the coastline stations (fig. 4.15).

The new LMWL* equation will be:

(D‰ = (7.00 ( 1.84)*(18O‰ + (6.2 ( 11.6)


r2 = 0.78

(4.2)

The LMWL* may be considered representative of regional scale processes.
4.2. Groundwater.

Sampled groundwater aquifers have an isotopic composition ranging between -5 up to -7 δ18O‰ and -29 up to -39 (D‰ (see tab. 6.2). Deuterium excess ranges between 10‰ up to 19‰. Some samples fall out from these values but they are evaporated samples or with a high seawater fraction.
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Fig. 4.16: δD‰ versus δ18O‰ diagram. Groundwater samples are plotted. The LMWL, GMWL and MMWL are also drawn. White circle indicate sample Puglisi with a seawater fraction of 44%.

Most of the groundwater samples are included between the GMWL and the MMWL (Mediterranean Meteoric Water Line) (Gat and Carmi, 1970), they fall above the LMWL, suggesting that generally groundwater is characterized by a higher deuterium excess. The explanation of this comes from the spatial distribution of rain’s amount.

As shown in fig. 4.17, the largest amount of precipitation can be found at M. Sparagio and M. Inici, where high values of d have been measured.
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Fig. 4.17: Average amount of precipitation versus altitude. In Scopello the amount of precipitation is affected by the closeness of M. Inici (see location map).

Freshwater fraction isotopic composition of sample Puglisi (Gen 2003; 44% seawater) has been estimate to be 18δ = -6.3 while the sample value is -3.1 (see appendix III). 
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Fig. 4.18: Black dot indicate the isotopic composition of uncontaminated freshwater.

According to equation III-1 (see appendix III) ideal mixing between an ideal freshwater (18δ = -7) and seawater (18δ = +1) have been computed at different seawater percentages and plotted in fig. 4.19. The figure tell us that seawater mixing changes significatively oxygen isotopic composition only when %seawater > 5.
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Fig. 4.19: theoretical mixing line between seawater and groundwater as a function of the percentage of seawater.
5. THEORETICAL BACKGROUND FOR CARBONATIC SYSTEM

5.1 The H2O-CO2-CaCO3 system

Calcite dissolution processes are greatly influenced by temperature. In addition to the relations that link the equilibrium constant to temperature (determined by Plummer and Busenberg, 1982), for a reaction of the type:

MeCO3[image: image41.png]


Me2++CO3--
it is necessary to consider the temperature effect on the solubility of CO2. With an increase in temperature the solubility of both phases decreases.

In the H2O-CO2-CaCO3 system the species activities involved are aH+ aOH- aCO2- aCa2+ aHCO3- aH2CO3 (PCO2).

In order to resolve the system it is necessary to resolve simultaneously the equations that describe it. For temperature and pressure values equal respectively to 25° and 1 atm we will have:

H2O [image: image42.png]


 H+ + OH-



Kwater = aH+aOH- = 10-14


(5.1)

CO2(gas) 
[image: image43.png]


 CO2(aq) 



K5.2 =1/KH = CO2/PCO2 = 10-1.468

(5.2)

Where KH is the Henry’s constant for CO2 (see Appendix II) .

CO2(aq) + H2O
[image: image44.png]


 H2CO3


K5.3 = (aH2CO3)/(CO2H2O)


(5.3)

Since H2CO3 is only the 0.16% of CO2(aq) and reaction rates are so fast with respect to residence time of water, that low rate of reaction 4.3 can be neglected, the two species we be take into account together using the formula H2CO3* (H2CO3*= CO2(aq)+ H2CO3), so that:

CO2(gas) + H2O
[image: image45.png]


 H2CO3*


K5.4 = (aH2CO3*)/(PCO2aH2O) = 10-1.468
(5.4)

H2CO3*
[image: image46.png]


 H+ + HCO3-


K5.5 = (aH+aHCO3-)/(aH2CO3*) = 10-6.35
(5.5)

(If we take into account free energy of formation for species H+ HCO3- e H2CO3 that respectively are 0 -586. and -607.1 kJoule mol-1 (at 25°C and 1 atm), the equilibrium constant for carbonic acid would be close to 10-3.56).

HCO3- 
[image: image47.png]


 H+ + CO32-

K5.6 = (aH+aCO32-)/(aHCO3-) = 10-10.33

(5.6)

CaCO3(s) 
[image: image48.png]


 Ca2++CO32-

K5.7 = (aCa2+aCO32-)/(aCaCO3) = 10-8.48

(5.7)

At last, another equation derives from the need for the solution to remain electrically neutral. The charge balance is effected considering then real concentration of the species and not their respective activities.

2mCa2+ + mH+ = 2mCO32- + mHCO3- + mOH-





(5.8)

For pH values<8 (condition nearly always verified), the most abundant carbon specie is HCO3-, while H+ OH- and CO32- can be neglected so that charge balance can be written :

2mCa2+ ( mHCO3-
In real solutions it is necessary to take into account simultaneously the concentration of all species and their activities, which depend on the ionic strength.

Through successive iterations the PHREEQC software (Parkhurst, 1995) simultaneously resolves all the equations describing the system studied.

Ca2+ +HCO3- 
[image: image49.png]


 CaHCO3+

KCaHCO3 = (aCaHCO3+)/(aCa2+aHCO3-) = 101.11
(5.8)

Ca2+ +CO32- 
[image: image50.png]


 CaCO3(aq)

KCaCO3 = (aCaCO3)/(aCa2+aCO32-) = 103.22

(5.9)

For modelling the dissolution processes occurring in the aquifer, it becomes fundamental to estimate a reference temperature that is as close as possible to the one which we can reasonably expect in the aquifer. The temperatures measured during sampling are not always representative of the aquifer temperature, due to the heat exchange taking place on the surface: the lower the material flow, i.e. the volume, the more marked this is.

However, if we consider the average value of all the temperatures measured during sampling, we obtain a value of 18.1°C; if instead we consider the mean of the average annual temperatures from seven regional hydrographical service stations (Trapani, Risalaimi, Partinico, Mazara del Vallo, Marsala, Castelvetrano, Calatafimi) for the period 1980-1994, we obtain a value of 18°C.

Hence all models of carbonatic rock dissolution are developed considering a temperature of 18°C.

Models for describing the H2O-CO2-CaCO3 system can be developed considering that water only comes into contact with a PCO2  during infiltration (closed system) or considering the PCO2 as constant during the whole water-rock interaction (open system).

Let us determine the calcium concentration for a system in equilibrium with calcite for PCO2 values between 10-3.5 and 10-1 (open system) at 18°C (Fig. 5.1).
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Fig. 5.1: Ca molarity versus log PCO2 (open system).
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Fig. 5.2: Ideal mixing line of two waters with different PCO2.
Mixing between two solutions which are saturate with respect to Ca2+ and have different PCO2 values generates an under-saturated system (Fig. 5.2.).

The thermal waters going into the Terme Segestane group present PCO2  values equal to about 5*10-2 atm. (Favara et al. 2001). However, these waters are already the result of a process of mixing, as is highlighted in (Favara et al. 1998). Hence it can be presumed that the PCO2 of the thermal end member has PCO2>5*10-2.

Samples presenting geochemical analogies with thermal waters could contain a higher quantity of calcium and magnesium than a mix of two end members, due to the post-mixing water-rock interaction. For geo-thermometers using Ca and Mg, it becomes indispensable to estimate this type of contribution. The solubility of calcite is also influenced by the presence of other ions in the solution. The charge balance requires that if other ions are present in the solution, the concentration of Me2+ ions must change in order to maintain the solution neutral. If we add Na+ ions in the form of NaCO3 or Cl- in the form of CaCl2 to a solution made up of water in equilibrium with calcite, the solubility of the calcite will respectively decrease or increase, as shown in Figs. 5.3 and 5.4.
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Fig. 5.3: Calcite solubility decrease adding cations.
[image: image54.emf]0.0E+00

1.0E-03

2.0E-03

3.0E-03

4.0E-03

5.0E-03

6.0E-03

7.0E-03

8.0E-03

9.0E-03

0.0E+001.0E-022.0E-023.0E-024.0E-025.0E-026.0E-027.0E-028.0E-029.0E-021.0E-01

P

CO2

Ca

2+

 mol/l

Cl+ = 0 m

Cl+ = 10-3 m

Cl+ = 5x10-3 m

Cl+ = 5x10-3 m

18° C and 1 atm total pressure


Fig. 5.4: Calcite solubility increase adding anions.
The amount of calcium in the solution mainly depends on the P(CO2) value if the system is open, and on the initial CO2(aq) amount if the system is closed. If the system were simply made up of water that has achieved equilibrium with the atmospheric CO2 and subsequently, isolated from the gaseous phase, has reacted with the calcite, the final solution would be characterized by the following parameters:

	Temp. (°C)
	pH
	Ca (mol/l)
	Log(PCO2) initial
	Log(PCO2) final

	18
	10.0
	1.18*10-4
	-3.5
	-6.3


Tab. 5.1: Theoretical values for a solution in equilibrium with respect to calcite and initial pressure of 10-3.5 (closed system).

Similar conditions are unlikely to obtain in a natural environment. As it passes into an unsaturated zone, rainwater is enriched with biogenic carbon dioxide. The concentrations of CO2 in soils can reach a few percent units. So let us verify what would happen in a closed system in equilibrium with the calcite if the initial PCO2 were 10-2 or 10-1.5.

	Temp. (°C)
	Log(PCO2) initial
	Log(PCO2) final
	pH final
	Ca (mol/l) final

	18
	-2.0
	-3.8
	8.5
	4.41*10-4

	18
	-1.6
	-2.8
	7.8
	1.00*10-3

	18
	-1.5
	-2.5
	7.6
	1.22*10-3


Tab. 5.2: Theoretical values for a closed system at different initial partial pressure of CO2.

In the studied are, except for surface waters, no calcium concentrations below 1.5 mmol/l were found. This would suggest that in the whole area there are no systems that can be considered closed (the initial PCO2 would have to be 10-1.2 to justify a calcium concentration of 10-1.37). Specifically, calcium concentrations for aquifers in carbonated rocks and not affected by mixing processes are between 1.5 and 3.0 mmol/l (see Fig. 5.5).
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Fig. 5.5: Ca molarity in open and closed system.
5.2 The kinetics of major sedimentary carbonate minerals

Carbonate minerals are the most common minerals in the studied area. Their kinetics of dissolution and precipitation govern chemical evolution of natural waters during hydrological cycle. 

Several authors have studied reaction kinetics of pure calcite and aragonite while others carbonatic minerals have not been studied so much.

Recently Morse and Arvidson (2002) gave some results on the dissolution kinetics of major sedimentary carbonate minerals. 

If a solution is in equilibrium with a mineral, the forward and reverse reaction rates are equal, so that no change occurs.

If the equilibrium condition is not satisfied, one of the reaction rates prevails over the other and precipitation or dissolution occurs, so that the degree of disequilibrium is one of the most important factors controlling the reaction.

It is common to relate the saturation state (, defined as the ratio of the ion product activity (IAP) to the solubility product (Ksp), to the reaction rate using the equation:
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where R is the rate in µmol m-2 h-1 and m is calcite moles, t is time, A is the surface area of the solid, V is the volume of the solution, k is the rate constant and n is a positive constant known as the order of the reaction.

If we indicate Ak/V = K* equation 1 became:
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Usually logarithmic forms are preferred because it is possible fit data in linear equation and determine the order of the reaction from the slope and the rate constant from the intercept (Morse, 1978):

Log Rd = nd log (1-() + log kd






(5.13)

Log Rp = np log ((-1) + log kp






(5.14)

This kind of approach is useful in near equilibrium condition.

In highly undersaturated waters the rate of calcite dissolution is controlled by transport processes between the mineral surface and the bulk solution (Plummer et al., 1978). This model, known as diffusion controlled dissolution, assumes that reaction rate is sufficiently high to maintain the solution in the immediate vicinity of the solid surface in equilibrium with the solid.

In a natural carbonate system, since, equilibrium with respect to calcite and/or dolomite is often reached in a few days (a very short time compared to residence time), and the dissolution and precipitation rates are nearly equal.

5.3 Intrinsic impurities

In calcareous rocks the presence of other substances than carbonated minerals inhibits dissolution kinetics. Specifically, the insoluble residue tends to precipitate on the contact surface with the circulating solutions, thus in fact reducing the reaction area between the carbonated rock and the aqueous solution. Experiments were carried out by Eisenlohr et al. (1999) to estimate this type of effect. The authors highlight the fact that in carbonated terrains, where the water is in contact with the rock, both on the surface and in the cracked aquifers, the dissolution rate found in rock samples which have just been broken are not adequate to describe the geological processes in karst terrains. The fact is that over several hundred years (a relatively short time in geological processes) strata of a few µm are removed from the rock surface (Dreybrodt, 1996), leaving not very soluble minerals on the surface. Eisenlohr et al. (1999) suggest that nano-complex aluminosilicates incorporated in the matrix of the carbonated rock are removed from the most superficial strata of the rock during dissolution processes and subsequently adsorbed in an irreversible manner on the surface and then act as dissolution velocity inhibitors.

In order to evaluate qualitatively whether such processes may occur in the area studied, a sample of calcilutite was taken at Montagna Grande, and analysed using SEM and XRF.

The most evident difference between the samples (altered and unaltered) is of a morphological type. In the fresh sample the granules of the calcilutite matrix are markedly angular while in the altered one the forms are rounder. This mainly affects the area of the reaction surface. In the fresh sample the surface/volume ratio will be greater, also giving rise to lower activation energy (see Fig. 5.6).
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Fig. 5.6: unweathered calcilutite (A), weathered calcilutite (B).

Furthermore, in the weathered sample aluminosilicates were found (Fig. 5.7).
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Fig. 5.7: Qualitative SEM analysis 

X-Ray Fluorescence analysis demonstrates that small percentages of impurities are present.

	
	
	
	
	
	percentage %
	
	
	
	

	Rock samples
	SiO2
	TiO2
	Al2O3
	P2O5
	Fe2O3
	MgO
	MnO
	CaO
	Na2O
	K2O

	INICI1    
	0.16
	0.001
	0.03
	0.02
	0.04
	0.17
	0.11
	55.47
	0.00
	0.00

	INICI2    
	0.21
	0.003
	0.07
	0.23
	0.05
	0.07
	0.10
	55.69
	0.00
	0.00

	SP SUD    
	0.64
	0.018
	0.20
	0.06
	0.11
	0.87
	0.10
	54.36
	0.00
	0.05

	SP        
	0.04
	0.000
	0.02
	0.02
	0.03
	19.29
	0.07
	34.01
	0.00
	0.00

	M. GRANDE   
	1.40
	0.030
	0.19
	0.04
	0.14
	0.29
	0.04
	55.13
	0.99
	0.00


Tab. 5.3: Major elements composition of rock samples (data were computed using the method described by Franzini et al. 1975).
Comparative analysis of the analytical results obtained on the rock sample suggests that the processes described in Eisenlohr et al. (1999) may also occur in the area investigated by us.

5.4 Determination of the partial pressure of CO2 in equilibrium with groundwater
In groundwater a PCO2 is often found that is higher than the partial pressure of CO2 in the atmosphere. The values are around Log PCO2 = 10-2 and the causes of such concentrations are to be sought in the oxidation of the organic substance:

CH2O+O2
[image: image61.png]


CO2+H2O

The oxidation of the organic substance in subterranean water systems in the presence of bacteria and O2 is the main cause of CO2 dissolution. When the CO2 reacts with the water, H2CO3 is formed in accordance with the reactions previously described.

Since the dissolved carbon is a function of the pH and the partial CO2 pressure, we can calculate one of the variables of the system if the other two are known. From eq. 5.4:

PCO2 = (aH2CO3)KH








(5.15)

PCO2 = (aH+aHCO3-)KH/K4.5







(5.16)

Log(PCO2) = -pH+Log(aHCO3-)+Log(KH)-Log(K4.5)



(5.17)

Eq. 4.12 makes it possible to calculate the PCO2 value of water once we know its pH values and the H2CO3 activities. If the pH values are high enough to render the H2CO3 appreciably dissociated, it is also necessary to take into account the reaction described in eq. 5.6. Hence for eq. 5.16 we obtain:

PCO2 = (aH+ aH+ aCO32-)KH/K4.5K4.7






(5.18)

Log(PCO2) = -2pH+Log(aCO32-)+Log(KH)-Log(K5.5)-Log(K5.7)


(5.19)
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Fig. 5.8: Log(PCO2) versus pH . Open system at 18°C

The latter equation makes it possible to calculate the PCO2  for any type of sample, once the aCO32- temperature and pH values are known.

The equation describing the correlation in Fig. 4.6 is Log(PCO2) = -2.00pH + 7.78.

Indeed, if we consider the values that the constants KH, K5.5, and K5.7 and CO3--at 18°C take on (Table 5.4):

	Temp. (°C)
	Log KH
	Log K5.5
	Log K5.7
	Log aCO3

	18
	1.38
	-6.40
	-10.40
	-10.40

	25
	1.47
	-6.35
	-10.33
	-12.94


Tab. 5.4: 
and we substitute them into eq. 5.14, we obtain Log(PCO2) = -2.00pH -10.40+ 1.381+6.40+10.40, which is equivalent to that obtained with the simulation effected using PHREEQC.

5.5 Mobility of minor elements – Cd-Ba-Sr-CaCO3-H2O system

Most of studied groundwater systems are at equilibrium with respect to calcite. Therefore the precipitation rate or re-crystallization rate should be slow enough for aqueous/solid solution partitioning of divalent metals can be represented using equilibrium distribution coefficients Dme,eq. For dilute solid solution, Dme,eq can be considered constant over a limited range of the ratio [Me2+]/[Ca2+], then the solid solution partitioning process can be described using a linear partitioning model (Tesoriero and Pankow, 1995).

Metal partitioning between the aqueous and metal carbonate phases can be described using a distribution coefficient defined as:

DMe = (XMeCO3(s)/[Me2+])/( XCaCO3/[Ca2+])





(5.20)

If we consider a solid solution Ca1-xMexCO3, the solubility constants for both the CaCO3 and MeCO3 portions must be satisfied. Hence:

(aMe2+ aCO32-)/(X MeCO3(s) ζ MeCO3(s)) = Ksp, MeCO3





(5.21)

(aCa2+ aCO32-)/(XCaCO3(s) ζCaCO3(s)) = Ksp, CaCO3





(5.22)
Combining eq. 5.20, 5.21 and 5.22 we have:
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simplifying we obtain:

DMe,eq = (Ksp, CaCO3 γMe2+ ζCaCO3(s))/(Ksp, MeCO3 γCa2+ ζMeCO3(s))



(5.23)

The ratio (Me/(Ca can be considered equal to 1. For a dilute solid solution ζCaCO3(s)=1 (Tesoriero and Pankow, 1995). Then

DMe,eq ≈ (Ksp, CaCO3 )/(Ksp, MeCO3 ζMeCO3(s))





(5.24)

For an ideal solid solution ζMeCO3(s)=1 too, so that:

DMe,ideal = Ksp, CaCO3 /Ksp, MeCO3







(5.25)
If the product solubility constants are known, it is possible to calculate ideal distribution coefficient. In table 1 ideal DMe values and experimental DMe,eq values found by Tesoriero and Pankow (1995) are reported.

Although DMe,eq values are very different from ideal values, the condition DCd>> DSr> DBa is still satisfied.

Hence Cd2+ will be strongly retarded in natural water in equilibrium respect to calcite; while Sr2+ and Ba2+ will be retarded much less.

	Cation
	Electronegativity
	Ionic Radius (Å)
	Mineral
	Formula
	Crystal Class
	log Ksp
	DMe,ideale
	DMe,eq

	Ca2+
	1.0
	1.00
	Calcite
	CaCO3
	Rhombohedral
	-8.48a
	
	

	Cd2+
	1.7
	0.95
	Otavite
	CdCO3
	Rhombohedral
	-12.10b
	4169
	1240

	Sr2+
	1.0
	1.31
	Strontianite
	SrCO3
	Orthorhombic
	-9.27c
	6.17
	0.021

	Ba2+
	0.9
	1.47
	Whitherite
	BaCO3
	Orthorhombic
	-8.56d
	1.20
	0.012


a Plummer and Busenberg (1982); b Stipp et al. (1993); c Busenberg et al. (1984); d Busenberg and Plummer (1986). b, c and d in Tesoriero and Pankow (1995). e Tesoriero and Pankow (1995).

Tab. 5.5: chemical characteristics of divalent metals.
6. Groundwater geochemistry

6.1 General features

Samples were stored after filtering by 0.22 µm diameter filters.

Chemical-physical parameters and alkalinity were determined in the field during sampling, while major elements determination was performed by means IC technology (see Appendix I). Analytical results and field determination are listed in table 6.2.

An overview on tabled values give us an idea on the boundary conditions in witch waters reach their chemical features.

Due to the fact that the studied groundwater is located in fractured limestones and dolostones, the pH values are nearly always confined between 7 and 8. They reflect the “buffer effect” of carbonate minerals. Only thermal waters show pH values < 7.

Reducing Capability, expressed as Eh (Volt*10-3) covers the range –100 to 300 mV, but reducing conditions (negative values) were seldom found. Usually Eh > 100 suggesting that oxidizing conditions are the most common situation.

Temperature range from 12 to 24 °C. Generally cold groundwater temperatures reflect the mean annual weather conditions but thr temperature is also governed by the flows velocity and volume of the aquifer. In addition, the terminal water flow paths are in thermal equilibrium with respect to seasonally temperatures; so that at the samples sites the aquifer temperature may be partially conditioned by air temperature.

In order to evaluate the temperature value of deeper waters (waters that are not influenced by seasonally temperature variations) arithmetic average temperature (T*) of all samples have been estimated to be 18°C and compared with average (Tseason) seasonal values. The result is that Twinner < T* < Tsummer while Tspring ( T*. Hence we suppose that in the studied area the temperature value for storage of cold waters is 18°C. This is in very good agreement with mean air temperature value for the period 1975-1994 (see climatic changes section).

The conductivity values range from 3*102 to 27*103 µS cm-1 (at 20°C). This large range is due to the seawater intrusion; for several samples, using conservative elements (ex: Cl), have been computed high percentage of seawater (up to 44%).

Conductivity depends on the type and concentration (activity) of ions in solution; the capacity of a single ion to transport an electric current is given in standard conditions and in ideal conditions of infinite dilution by the equivalent ionic conductance. A careful, precise conductivity measurement is a further means of checking the results of chemical analyses. It is based on the comparison between measured conductivity (MEC) and computed conductivity (CEC) from individual ion concentrations (ci), multiplied by the respective equivalent ionic conductance (λi) at 20°C (tab. 6.1):

CEC = ∑ λi ci
This value must be corrected for the monovalent ion activity coefficient, (, computed using the Davis equation (Davies, 1962):

( = 10-0.5{(IS/(1+(IS)-0.3IS}
Then: 

CEC* = (2 ∑ λi ci 

	
	

	Element
	Equivalent ionic conductance

(KScm2 eq-1)

	
	

	
	

	H
	0.3151

	Ca
	0.0543

	Mg
	0.0486

	Na
	0.0459

	K
	0.0670

	Alk
	0.0394

	SO4
	0.0712

	NO3-N
	0.0636

	Cl
	0.0680

	F
	0.0491


Tab. 6.1: Equivalent ionic conductance at 20°C.

Ionic strength was calculated using PHREEQC software involving Debye-Hückel equation (see Appendix). After the concuctivity values were computed, they were plotted versus the measured conductivity (fig. 6.1) and a very good correlation have been found.
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Fig. 6.1: Correlation between CEC* and MEC at 20°C (Jen-Feb 2003 samples).

	SAMPLE
	DATE
	Cond.
	T (°C)
	pH
	Eh
	δD
	δ18O
	HCO3
	Na
	K
	Ca
	Mg
	F
	Cl
	Br
	NO3
	SO4
	TDS

	P.ZZO MONACO
	31/01/02
	522
	16.0
	7.94
	28
	n.a.
	-6.6
	186
	15.8
	1.96
	61.8
	7.49
	0.323
	35.4
	0.24
	17.86
	14.0
	341

	CAST. BAIDA
	31/01/02
	570
	14.5
	7.38
	26
	n.a.
	-6.6
	287
	24.2
	2.35
	104.4
	4.68
	0.076
	60.3
	n.a.
	10.29
	13.4
	507

	C. ARENA
	31/01/02
	412
	13.1
	8.00
	57
	n.a.
	-6.5
	211
	17.8
	2.23
	67.3
	7.64
	0.266
	34.2
	0.08
	6.76
	13.0
	360

	SCOPELLO
	31/01/02
	402
	17.1
	7.50
	675
	n.a.
	-6.5
	183
	13.6
	1.13
	61.3
	7.14
	0.076
	33.5
	0.32
	10.60
	10.3
	321

	B. INICI
	07/02/02
	315
	13.8
	7.81
	-81
	n.a.
	-7.0
	180
	14.8
	0.86
	61.8
	3.00
	0.133
	36.0
	n.a.
	4.15
	6.7
	308

	ARDIGNA
	07/02/02
	522
	16.3
	7.43
	17
	n.a.
	-6.1
	241
	29.4
	4.81
	98.2
	5.81
	0.057
	56.1
	0.24
	57.91
	26.8
	520

	FERRATA
	07/02/02
	592
	18.0
	6.40
	27
	n.a.
	-6.5
	387
	29.6
	2.97
	106.6
	17.12
	0.323
	47.6
	n.a.
	3.97
	20.0
	616

	ANGELI
	07/02/02
	581
	17.3
	7.38
	63
	n.a.
	-6.5
	314
	32.5
	2.27
	67.0
	38.89
	0.418
	63.6
	0.24
	10.35
	54.0
	584

	MERLA
	07/02/02
	1525
	14.5
	7.18
	-98
	n.a.
	-6.0
	470
	77.5
	3.40
	207.6
	97.66
	0.171
	304.5
	0.72
	127.3
	184.9
	1474

	PIOPPO
	07/02/02
	731
	17.0
	7.43
	-87
	n.a.
	-5.9
	363
	40.6
	2.54
	110.6
	27.26
	0.152
	81.0
	0.32
	37.45
	52.5
	715

	F. ROSSA
	28/02/02
	508
	14.9
	8.12
	360
	n.a.
	-6.6
	177
	31.3
	1.37
	83.6
	8.67
	0.114
	111.2
	0.08
	7.63
	19.3
	440

	S. S. ANDREA
	28/02/02
	856
	18.1
	8.00
	186
	n.a.
	-4.9
	220
	107.9
	3.52
	92.6
	12.17
	0.114
	194.1
	0.64
	40.49
	50.6
	722

	S.S. ANNA
	28/02/02
	548
	17.7
	7.94
	145
	n.a.
	-6.5
	229
	43.0
	1.45
	66.6
	17.22
	0.228
	90.6
	0.24
	9.24
	24.4
	482

	S. SPARAGIO
	01/03/02
	568
	16.4
	7.49
	278
	n.a.
	-6.2
	217
	34.3
	26.24
	71.8
	11.55
	0.057
	60.6
	n.a.
	53.82
	43.1
	518

	S. PARCHI
	01/03/02
	308
	15.6
	7.87
	158
	n.a.
	-7.2
	168
	14.4
	0.98
	58.6
	2.95
	0.133
	35.3
	n.a.
	4.15
	6.8
	291

	PIZZO MONACO
	14/06/02
	336
	16.9
	8.04
	202
	-35
	-6.4
	201
	19.6
	1.60
	64.5
	7.04
	0.171
	32.0
	n.a.
	8.49
	12.8
	348

	CAST. BAIDA
	14/06/02
	549
	20.8
	7.53
	192
	-37
	-6.6
	281
	26.1
	2.19
	99.6
	4.52
	0.266
	52.4
	n.a.
	4.34
	19.5
	490

	C. ARENA
	14/06/02
	400
	22.5
	7.94
	187
	-35
	-6.4
	198
	20.1
	1.68
	64.6
	7.21
	0.665
	35.7
	0.56
	11.72
	19.4
	360

	SCOPELLO
	14/06/02
	188
	19.1
	7.27
	245
	-33
	-6.3
	214
	17.3
	0.51
	64.4
	7.05
	0.152
	29.2
	0.08
	3.97
	11.0
	347

	ARDIGNA
	01/07/02
	617
	22.0
	7.40
	193
	-36
	-6.0
	217
	33.6
	6.76
	91.3
	7.27
	0.057
	54.3
	0.16
	72.42
	28.3
	511

	MERLA
	13/06/02
	2080
	23.8
	7.00
	190
	-34
	-5.7
	455
	121.7
	3.71
	225.7
	111.9
	0.228
	386.8
	0.80
	180.1
	214.5
	1700

	PIOPPO
	13/06/02
	807
	20.4
	7.57
	209
	-36
	-5.8
	363
	38.7
	2.89
	115.7
	30.87
	0.209
	82.7
	0.24
	39.37
	54.5
	728

	F. ROSSA
	13/06/02
	609
	15.8
	7.87
	602
	-35
	-6.3
	165
	32.3
	1.80
	86.6
	8.94
	0.114
	118.0
	n.a.
	6.08
	19.8
	438

	S. S. ANDREA
	13/06/02
	796
	21.6
	8.18
	560
	-26
	-3.9
	168
	117.2
	4.22
	42.8
	14.00
	0.019
	187.5
	0.32
	2.29
	26.2
	562

	S.S. ANNA
	13/06/02
	608
	20.8
	8.05
	204
	-36
	-6.4
	217
	41.8
	1.76
	70.7
	18.22
	0.171
	95.2
	0.40
	10.29
	25.4
	481

	S. SPARAGIO
	14/06/02
	523
	19.0
	7.95
	205
	-31
	-6.0
	207
	33.9
	30.26
	72.6
	11.36
	0.095
	53.6
	n.a.
	55.49
	41.6
	506

	S. PARCHI
	13/06/02
	325
	19.5
	7.71
	168
	-37
	-7.0
	156
	14.7
	0.94
	60.1
	2.94
	0.114
	35.6
	0.08
	2.36
	7.3
	280

	VISCONTE
	13/06/02
	665
	15.3
	8.05
	304
	-38
	-6.7
	195
	35.6
	6.30
	84.9
	14.43
	0.171
	124.3
	0.16
	1.43
	29.3
	492

	TOSTO
	13/06/02
	818
	20.4
	7.85
	255
	-33
	-5.8
	262
	53.4
	9.50
	80.9
	31.03
	0.133
	112.6
	0.48
	38.07
	52.7
	641

	VALDERICE
	13/06/02
	1380
	17.3
	7.33
	220
	-34
	-5.2
	381
	134.1
	17.95
	132.5
	34.64
	0.285
	238.2
	0.56
	49.72
	84.1
	1074

	PAPUZZE*
	13/06/02
	1062
	18.5
	6.81
	250
	-31
	-5.3
	445
	59.2
	3.79
	180.4
	14.09
	0.190
	154.7
	0.32
	12.52
	38.4
	909

	PAPUZZE G.*
	13/06/02
	923
	18.8
	7.50
	231
	-31
	-4.5
	278
	92.1
	5.00
	102.0
	12.93
	0.114
	176.9
	0.80
	6.51
	32.4
	706

	MAGADDINO*
	13/06/02
	1537
	21.2
	7.18
	170
	-33
	-5.7
	360
	104.2
	17.60
	144.0
	60.01
	0.209
	315.8
	0.32
	59.83
	48.8
	1111

	ASSIENI 2*
	13/06/02
	4590
	20.2
	7.53
	187
	-32
	-6.2
	238
	769.1
	28.93
	121.9
	97.23
	0.038
	1353
	7.59
	18.23
	193.1
	2827

	C. TORTO
	13/06/02
	528
	22.7
	7.74
	212
	-34
	-6.4
	272
	19.9
	6.76
	93.9
	4.62
	0.228
	51.8
	0.24
	2.29
	12.5
	464

	FRO
	13/06/02
	559
	18.1
	7.53
	222
	-34
	-6.2
	241
	28.3
	3.09
	99.3
	6.93
	0.171
	57.5
	0.24
	27.03
	27.0
	491

	FRAGINESI*
	13/06/02
	1042
	20.4
	7.44
	192
	-37
	-6.8
	241
	112.3
	5.67
	79.5
	38.66
	0.684
	219.3
	1.36
	6.57
	94.9
	800

	LA SALA*
	14/06/02
	3200
	20.3
	7.33
	172
	-32
	-5.5
	268
	522.3
	22.33
	149.4
	61.24
	1.425
	926.0
	5.11
	88.35
	156.5
	2201

	RUGGIRELLO*
	14/06/02
	1927
	20.6
	7.33
	138
	-29
	-5.3
	281
	264.9
	15.56
	124.3
	32.49
	1.083
	473.9
	2.56
	64.91
	96.4
	1357

	SUCAMELI*
	14/06/02
	873
	19.7
	7.41
	179
	-33
	-6.0
	256
	84.2
	6.80
	75.4
	34.85
	0.323
	160.1
	0.80
	60.02
	32.6
	711

	GRIMALDI*
	14/06/02
	893
	19.5
	7.18
	203
	-37
	-6.2
	342
	50.3
	9.07
	101.6
	35.06
	0.551
	125.5
	0.64
	53.32
	36.0
	754

	GRAMMATICO*
	14/06/02
	1792
	18.9
	7.54
	189
	-36
	-6.7
	272
	282.7
	10.83
	80.0
	50.59
	0.285
	500.8
	2.16
	17.86
	77.8
	1295

	BIRO*
	14/06/02
	740
	19.6
	7.49
	83
	-36
	-6.9
	284
	74.2
	7.82
	64.7
	31.26
	0.171
	137.3
	0.56
	9.55
	20.8
	630

	ASSIENI 1*
	14/06/02
	1815
	19.9
	7.83
	-89
	-33
	-5.4
	357
	413.1
	6.41
	16.8
	11.56
	1.178
	445.3
	2.96
	14.26
	86.9
	1355

	SCIMUNAZZO*
	14/06/02
	342
	23.8
	8.34
	198
	-17
	-1.8
	140
	18.5
	6.84
	46.0
	8.56
	0.437
	18.8
	0.16
	1.43
	59.3
	300

	SCURATI*
	14/06/02
	6080
	20.7
	7.05
	186
	-30
	-5.3
	287
	1072
	66.90
	238.1
	115.7
	0.950
	2076
	7.03
	79.24
	282.9
	4226

	CDM*
	14/06/02
	3190
	20.6
	7.76
	126
	-37
	-6.7
	250
	565.8
	18.61
	100.3
	72.42
	0.532
	984.3
	3.84
	31.99
	150.0
	2178

	AGGHIARA
	01/07/02
	660
	23.7
	6.99
	193
	-36
	-5.9
	284
	36.2
	2.35
	111.3
	6.96
	0.247
	42.8
	0.32
	62.62
	39.2
	586

	PIRA
	02/07/02
	425
	26.4
	7.91
	123
	n.a.
	7.2
	107
	52.5
	8.33
	26.0
	10.48
	1.501
	83.9
	0.32
	2.23
	16.9
	309

	NOVU
	02/07/02
	988
	22.4
	7.64
	177
	-38
	-6.3
	244
	80.5
	10.75
	77.8
	53.52
	0.437
	134.7
	0.72
	56.98
	132.9
	792

	B. SALANCA
	02/07/02
	718
	23.5
	7.59
	171
	-33
	-5.8
	394
	32.9
	3.25
	138.4
	7.02
	0.361
	40.1
	0.16
	14.51
	50.7
	681

	ROCCA
	02/07/02
	1145
	18.1
	7.87
	213
	-36
	-6.5
	275
	67.2
	5.20
	263.8
	17.79
	0.380
	46.8
	0.72
	46.44
	518.2
	1241

	LONGO
	02/06/00
	6010
	19.6
	7.27
	179
	-35
	-6.2
	262
	1168
	36.21
	137.0
	145
	5.016
	2149
	4.87
	15.07
	263.2
	4186

	PIZZO MONACO
	28/01/03
	410
	15.2
	7.76
	255
	-37
	-6.5
	204
	20.6
	1.86
	65.3
	7.20
	0.105
	35.2
	0.10
	8.87
	14.5
	358


	SAMPLE
	DATE
	Cond.
	T (°C)
	pH
	Eh
	δD
	δ18O
	HCO3
	Na
	K
	Ca
	Mg
	F
	Cl
	Br
	NO3
	SO4
	TDS

	CAST. BAIDA
	28/01/03
	575
	16.1
	7.30
	269
	-36
	-6.4
	281
	29.7
	2.92
	105.9
	4.73
	0.091
	60.9
	0.08
	2.45
	24.1
	512

	C. ARENA
	28/01/03
	409
	14.4
	7.49
	257
	-39
	-6.5
	204
	21.2
	1.99
	65.5
	7.28
	0.106
	35.9
	0.09
	8.90
	14.9
	360

	SCOPELLO
	28/01/03
	422
	17.1
	7.48
	450
	-36
	-6.3
	211
	22.2
	0.63
	68.2
	7.33
	0.089
	36.8
	0.08
	6.00
	14.7
	367

	B. INICI
	28/01/03
	410
	13.9
	7.64
	63
	-39
	-6.8
	201
	18.5
	0.77
	75.3
	3.67
	0.141
	38.3
	0.06
	9.92
	10.4
	358

	ARDIGNA
	28/01/03
	625
	18.4
	7.19
	31
	-35
	-5.6
	217
	33.2
	5.94
	103.6
	6.41
	0.023
	52.7
	0.14
	87.73
	31.8
	538

	ARDIGNA1
	28/01/03
	568
	17.3
	7.25
	98
	-37
	-6.1
	244
	24.3
	14.12
	98.1
	4.98
	0.141
	41.6
	n.a.
	32.15
	45.5
	505

	ANGELI
	28/01/03
	648
	17.3
	7.36
	126
	-34
	-6.1
	308
	38.9
	2.19
	67.6
	37.93
	0.409
	61.9
	0.19
	8.74
	58.3
	584

	MERLA
	28/01/03
	1584
	16.3
	7.14
	146
	-34
	-5.8
	467
	118.4
	4.18
	190.8
	87.36
	0.144
	279.3
	0.65
	120.5
	196.0
	1464

	PIOPPO
	28/01/03
	800
	18.9
	7.03
	143
	-34
	-5.7
	348
	43.9
	2.83
	115.3
	28.52
	0.167
	82.8
	0.23
	44.41
	53.0
	719

	F. ROSSA
	04/02/03
	582
	14.6
	7.94
	212
	-36
	-6.2
	165
	32.1
	1.66
	84.5
	8.44
	0.114
	108.9
	0.16
	5.21
	19.4
	425

	S.S. ANNA
	04/02/03
	585
	12.7
	8.05
	120
	-38
	-6.5
	204
	46.2
	1.65
	62.0
	17.78
	0.257
	87.5
	0.18
	6.70
	24.8
	451

	S. SPARAGIO
	31/01/03
	594
	14.7
	7.60
	225
	-35
	-6.0
	220
	37.9
	20.11
	75.9
	9.78
	0.060
	60.1
	0.07
	30.05
	37.4
	491

	S. PARCHI
	28/01/03
	412
	15.8
	7.55
	87
	-39
	-6.8
	201
	18.3
	0.71
	74.4
	3.61
	0.114
	38.0
	0.08
	9.55
	10.0
	356

	VISCONTE
	04/02/03
	597
	14.5
	8.17
	204
	-37
	-6.4
	180
	37.0
	7.04
	77.6
	11.93
	0.162
	97.8
	n.a.
	6.94
	28.8
	447

	TOSTO
	04/02/03
	802
	17.6
	7.95
	180
	-35
	-6.1
	247
	61.6
	9.68
	80.2
	27.22
	0.152
	110.7
	n.a.
	50.46
	52.8
	640

	VALDERICE
	04/02/03
	1260
	17.5
	7.06
	185
	-35
	-5.3
	409
	136.2
	14.21
	128.4
	32.76
	0.253
	203.6
	0.57
	43.45
	84.6
	1053

	PAPUZZE*
	04/02/03
	1029
	17.3
	6.84
	154
	-31
	-5.4
	452
	63.4
	1.09
	179.2
	13.27
	0.198
	148.3
	0.38
	12.03
	37.5
	907

	PAPUZZE G.*
	04/02/03
	988
	13.9
	7.20
	168
	-34
	-5.7
	375
	74.0
	3.54
	155.0
	13.87
	0.230
	136.9
	0.31
	23.26
	69.9
	852

	MAGADDINO*
	04/02/03
	1445
	18.0
	7.18
	108
	-31
	-5.6
	375
	97.3
	15.14
	155.4
	58.35
	0.198
	323.3
	0.67
	80.18
	47.1
	1153

	ASSIENI 2*
	29/01/03
	900
	18.3
	7.30
	170
	-35
	-5.9
	229
	83.3
	3.18
	107.6
	10.01
	0.154
	168.7
	0.49
	21.33
	35.8
	659

	C. TORTO
	31/01/03
	562
	13.4
	7.40
	249
	-38
	-6.4
	262
	27.5
	1.99
	99.0
	4.10
	0.203
	63.9
	1.29
	0.67
	20.7
	482

	FRAGINESI*
	28/01/03
	1016
	19.0
	7.48
	232
	-36
	-6.6
	250
	115.9
	5.29
	80.1
	34.70
	0.462
	204.4
	0.85
	4.42
	92.7
	789

	LA SALA*
	29/01/03
	1581
	19.3
	7.59
	155
	-31
	-5.1
	159
	209.9
	30.42
	118.3
	24.12
	0.314
	388.8
	0.96
	98.62
	105.3
	1135

	SUCAMELI*
	29/01/03
	1040
	18.9
	7.31
	190
	-37
	-6.1
	265
	104.0
	3.09
	81.1
	37.09
	0.148
	190.0
	0.49
	78.32
	29.4
	789

	GRIMALDI*
	29/01/03
	955
	18.7
	7.24
	180
	-37
	-6.2
	281
	85.3
	1.26
	87.3
	37.00
	0.184
	139.2
	n.a.
	89.48
	45.7
	766

	GRAMMATICO*
	29/01/03
	1676
	18.5
	7.35
	172
	-34
	-6.5
	268
	276.9
	8.50
	81.6
	48.53
	0.198
	490.4
	1.41
	3.92
	67.9
	1248

	BIRO*
	29/01/03
	803
	17.3
	7.45
	198
	-39
	-6.8
	272
	80.9
	3.14
	63.7
	29.98
	0.209
	143.5
	0.42
	6.89
	21.4
	622

	CDM*
	29/01/03
	3160
	18.1
	7.39
	176
	-35
	-6.6
	244
	589.7
	20.61
	106.4
	76.37
	0.144
	108.0
	3.29
	10.83
	147.3
	2278

	AGGHIARA
	28/01/03
	602
	18.4
	7.13
	100
	-35
	-5.6
	244
	28.5
	2.63
	108.7
	5.52
	0.141
	38.8
	n.a.
	76.15
	35.0
	539

	NOVU
	28/01/03
	954
	20.4
	7.49
	236
	-34
	-6.1
	244
	80.2
	8.65
	78.8
	50.17
	0.317
	138.5
	0.34
	61.33
	134.8
	797

	B. SALANCA
	28/01/03
	653
	14.9
	7.13
	140
	-33
	-5.8
	360
	24.9
	0.00
	141.2
	4.63
	0.141
	39.3
	0.10
	7.69
	56.2
	634

	ROCCA
	28/01/03
	723
	12.2
	7.33
	60
	-36
	-6.0
	290
	30.6
	1.25
	147.6
	7.24
	0.226
	34.6
	0.15
	42.36
	134.9
	689

	FODERÁ
	28/01/03
	692
	13.0
	7.16
	270
	-36
	-5.8
	360
	30.6
	1.69
	136
	7.28
	0.276
	63.0
	n.a.
	16.83
	33.1
	649

	PUGLISI*
	29/01/03
	27500
	19.0
	6.97
	272
	-19
	-3.1
	299
	4752
	171
	307
	556
	0.000
	8398
	17.02
	92.38
	1158
	15750

	PIZZO MONACO
	28/04/03
	407
	16.6
	7.61
	48
	n.a.
	-6.5
	201
	18.5
	1.63
	65.7
	7.28
	0.110
	32.5
	n.a.
	10.23
	12.9
	350

	CAST. BAIDA
	28/04/03
	560
	16.1
	7.38
	84
	n.a.
	-6.7
	287
	26.4
	2.45
	102.5
	4.69
	0.106
	57.0
	n.a.
	0.82
	20.1
	501

	C. ARENA
	28/04/03
	408
	16.9
	7.51
	84
	n.a.
	-6.5
	211
	18.5
	1.61
	67.0
	7.30
	0.106
	32.6
	n.a.
	8.99
	13.3
	360

	SCOPELLO
	28/04/03
	394
	18.3
	7.36
	156
	n.a.
	-6.5
	211
	18.2
	0.61
	64.7
	7.32
	0.086
	32.5
	n.a.
	3.94
	11.6
	349

	B. INICI
	30/04/03
	358
	16.5
	7.60
	105
	n.a.
	-7.1
	177
	14.9
	0.79
	61.4
	3.15
	0.106
	35.9
	n.a.
	1.20
	7.5
	302

	ARDIGNA
	30/04/03
	607
	18.5
	7.15
	72
	n.a.
	-6.0
	211
	28.0
	5.95
	100.7
	6.21
	0.038
	51.9
	n.a.
	82.43
	27.7
	513

	ARDIGNA1
	30/04/03
	596
	17.3
	7.11
	56
	n.a.
	-6.3
	259
	22.2
	12.04
	106.2
	5.19
	0.114
	49.4
	0.11
	21.20
	49.9
	526

	ANGELI
	28/04/03
	648
	17.7
	7.34
	60
	n.a.
	-6.2
	311
	34.9
	2.35
	65.8
	38.43
	0.437
	60.7
	n.a.
	8.56
	54.6
	577

	MERLA
	05/05/03
	1530
	17.7
	6.87
	128
	n.a.
	-6.1
	452
	90.7
	3.11
	179.5
	81.32
	0.190
	245.8
	0.40
	113.7
	179.6
	1346

	PIOPPO
	05/05/03
	795
	18.8
	6.99
	117
	n.a.
	-6.1
	342
	40.0
	2.69
	109.3
	27.91
	0.141
	80.5
	0.21
	47.18
	52.4
	702

	F. ROSSA
	30/04/03
	526
	15.4
	8.02
	89
	n.a.
	-6.5
	180
	28.3
	1.84
	79.6
	8.15
	0.152
	85.8
	n.a.
	9.24
	20.9
	414

	S.S. ANNA
	30/04/03
	590
	20.9
	7.90
	76
	n.a.
	-6.6
	220
	42.2
	1.56
	67.3
	17.02
	0.245
	86.6
	n.a.
	8.68
	24.8
	468

	S. SPARAGIO
	28/04/03
	640
	16.6
	7.52
	69
	n.a.
	-6.6
	217
	37.1
	30.89
	76.8
	12.10
	0.074
	61.6
	n.a.
	49.79
	45.4
	530

	S. PARCHI
	05/05/02
	368
	16.4
	7.46
	23
	n.a.
	-7.2
	165
	14.8
	0.78
	62.1
	3.17
	0.129
	36.5
	n.a.
	1.57
	7.9
	292

	VISCONTE
	30/04/03
	640
	14.9
	7.92
	106
	n.a.
	-6.8
	186
	35.1
	6.57
	84.0
	13.56
	0.247
	119.4
	n.a.
	5.98
	28.4
	479

	TOSTO
	30/04/03
	778
	19.4
	7.57
	119
	n.a.
	-5.9
	268
	54.7
	8.93
	81.7
	28.94
	0.162
	103.7
	n.a.
	37.01
	54.3
	638

	VALDERICE
	06/05/03
	1240
	16.8
	7.04
	170
	n.a.
	-5.7
	391
	131.8
	15.87
	128.4
	33.10
	0.283
	210.0
	0.44
	47.52
	84.5
	1042

	PAPUZZE*
	06/05/03
	1012
	17.8
	6.80
	162
	n.a.
	-5.6
	455
	59.2
	1.25
	175.1
	13.95
	0.266
	149.7
	0.32
	9.37
	39.0
	903

	PAPUZZE G.*
	06/05/03
	1073
	16.0
	6.92
	153
	n.a.
	-5.7
	436
	67.9
	3.28
	173.1
	15.60
	0.241
	165.5
	n.a.
	7.90
	50.0
	920

	MAGADDINO*
	06/05/03
	1402
	19.6
	7.19
	110
	n.a.
	-5.8
	366
	94.7
	14.60
	146.1
	57.13
	0.190
	313.1
	n.a.
	70.99
	46.3
	1109


	SAMPLE
	DATE
	Cond.
	T (°C)
	pH
	Eh
	δD
	δ18O
	HCO3
	Na
	K
	Ca
	Mg
	F
	Cl
	Br
	NO3
	SO4
	TDS

	ASSIENI 2*
	05/05/03
	2310
	19.2
	7.41
	130
	n.a.
	-6.3
	229
	334.5
	11.73
	120.2
	40.41
	0.257
	641.6
	1.60
	21.82
	101.6
	1503

	C. TORTO
	28/04/03
	538
	17.0
	7.25
	-36
	n.a.
	-6.5
	281
	20.8
	0.76
	97.6
	4.39
	0.181
	48.1
	n.a.
	1.48
	11.7
	466

	FRAGINESI*
	05/05/03
	1040
	19.7
	7.39
	123
	n.a.
	-6.8
	253
	109.4
	5.51
	80.8
	36.12
	0.418
	210.2
	0.68
	5.34
	91.7
	793

	LA SALA*
	05/05/03
	1798
	20.3
	7.29
	128
	n.a.
	-6.2
	272
	227.4
	17.83
	135.4
	32.11
	0.386
	407.5
	0.82
	94.67
	117.7
	1305

	SUCAMELI*
	05/05/03
	896
	19.6
	7.33
	131
	n.a.
	-6.1
	256
	77.9
	2.61
	73.5
	34.30
	0.184
	153.5
	0.44
	65.43
	27.1
	691

	GRIMALDI*
	05/05/03
	816
	20.2
	7.17
	144
	n.a.
	-6.3
	342
	41.5
	0.97
	101.4
	29.85
	0.116
	93.2
	0.25
	37.42
	21.0
	668

	GRAMMATICO*
	06/05/03
	1674
	21.0
	7.46
	97
	n.a.
	n.a.
	265
	244.8
	8.33
	79.0
	48.08
	0.171
	458.7
	1.41
	8.66
	64.7
	1179

	BIRO*
	05/05/03
	800
	20.0
	7.40
	110
	n.a.
	-7.2
	272
	75.9
	3.32
	64.4
	31.19
	0.169
	142.7
	0.38
	6.57
	21.7
	618

	CDM*
	05/05/03
	3300
	20.0
	7.05
	112
	n.a.
	-6.6
	250
	593.1
	21.39
	107.0
	78.74
	0.279
	1120
	2.78
	13.50
	150.8
	2337

	AGGHIARA
	30/04/03
	610
	19.3
	7.07
	64
	n.a.
	-6.1
	244
	28.0
	2.03
	106.1
	5.68
	0.127
	38.2
	n.a.
	81.47
	32.8
	538

	NOVU
	05/05/03
	985
	21.0
	7.49
	135
	n.a.
	-6.6
	244
	73.3
	7.98
	75.0
	49.78
	0.266
	139.1
	n.a.
	50.10
	129.2
	769

	B. SALANCA
	30/04/03
	658
	15.5
	7.04
	13
	n.a.
	-6.0
	366
	22.0
	0.27
	139.1
	4.94
	0.167
	35.4
	n.a.
	13.86
	49.9
	632

	ROCCA
	30/04/03
	1003
	16.9
	7.73
	43
	n.a.
	-6.6
	311
	43.9
	2.12
	216.2
	11.84
	0.249
	44.7
	n.a.
	33.98
	309.6
	974

	FODERÁ
	28/04/03
	672
	17.8
	7.11
	52
	n.a.
	-5.9
	326
	26.6
	1.37
	123.5
	6.98
	0.279
	55.5
	n.a.
	23.06
	33.3
	597

	C. LENTINI
	28/04/03
	630
	17.0
	7.22
	28
	n.a.
	-6.6
	250
	31.8
	12.12
	93.8
	10.90
	0.093
	66.3
	n.a.
	38.74
	26.2
	530

	FRO
	28/04/03
	585
	17.6
	7.47
	72
	n.a.
	-6.1
	259
	27.6
	2.80
	96.1
	6.70
	0.238
	53.9
	n.a.
	29.43
	25.4
	501

	DAGALA SECCA
	05/05/03
	417
	18.0
	7.62
	115
	n.a.
	-6.8
	214
	19.2
	2.00
	68.0
	7.53
	0.122
	32.2
	n.a.
	7.04
	13.3
	363


Tab. 6.2: Chemical and isotopic composition of the samples. Superscript* indicates wells: Conductibility is expressed in μS/cm at 20°C; Eh is expressed in mV.
Time dependent variations in the geochemistry of groundwater are essentially governed by the residence time of waters in the aquifer. The major water source are obviously precipitations, and so we compared TDS (only springs sampled four times) with the mean monthly amount of precipitation. The result is that most of the samples do not show significant variations while Merla (for which deeper thermal water contribution was observed) decrease its TDS when meteoric recharge increase. 
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Fig. 6.2: TDS (left axis) of several sampling sites and mean amount (right axis) of precipitation versus time.

Due to the fact that no evident variability was found in geochemical composition of samples from different periods, for general characterization of waters compositional data related to the January-February 2003 period will be used.

Water-carbonatic rocks interaction increase with an increase in PCO2. Computed log PCO2 was related to TDS. Fig. 6.2 shows that in our samples TDS depends on two main processes: water-rock interaction and seawater mixing. Indeed, when PCO2 increases the water is more aggressive with respect to carbonatic rocks so that TDS increase. By contrast when seawater, which is characterized by low PCO2 values and very high salinity, mixes with groundwater it generate a sample with high salinity but intermediate PCO2 value.
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Fig. 6.3: Computed log PCO2 versus TDS.

High dissolution rate values for carbonatic rocks make groundwater close to saturation with respect to calcite and dolomite (fig. 6.4).
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Fig. 6.4: Calcite-Dolomite Saturation Indexes diagram.

In particular all samples are always saturated or oversaturated with respect to calcite, while only 51% of the samples are saturated or oversaturated with respect to dolomite.

A first geochemical classification of groundwater can be made using Langelier-Ludwig diagram (Fig. 6.5) which considers the relative concentration of major constituents (Langelier and Ludwig, 1942). Most of analyzed groundwater samples belong to bicarbonate alkaline-earth waters. This is in agreement with the geological setting of aquifers that are located in carbonatic rocks (Bartolomei et al., 1983). Due to water-rock interaction we find an enrichment in calcium and magnesium.

In the diagram, we can also observe many samples belonging to chloride-sulphate alkaline waters. Our samples mainly arise from phenomena of mixing between carbonate alkaline-earth waters and seawater. For many spring, where morphological setting suggest that no seawater contamination may occur, aerosol contribution must be consider rather than direct seawater contamination.
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Fig. 6.5: Langelier-Ludwig diagram (Gen 2003 samples)
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Fig. 6.6: Ternary diagram SO4-HCO3-Cl. On the right the scheme of the area: red line indicates faults. Blue star indicate thermal water; blue circles indicates cold spring with thermal water contribution and orange dots indicate carbonatic and member.
The ternary SO4---HCO3--Cl- diagram (fig. 6.6) clearly shows the analogies between the local thermal water (blue star) and the Merla and Nuvo cold water samples, which that probably derive from a mixing process between carbonatic endmember (orange dots) and the deep thermal waters (blue star dot).
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Fig. 6.7: Ternary diagram Na+K-Ca-Mg. Squared dot indicate samples dolomite saturation index >-0.5.
In triangular Ca-Mg-Na+K diagram (fig 6.7) samples with dolomite saturation index >-0.5 are plotted by squared dots. Most of the samples saturated with respect to dolomite fall in the central part of the diagram.
The aerosol and seawater contribution is nearly always present, so that in Na-Cl binary diagram most of the samples fit well with sodium chlorine ratio of seawater. Nevertheless, samples taken in M. Erice area (Visconte, Magaddino, F. Rossa and Papuzze wells) and Merla sample show a chlorine excess (fig. 6.8). While the Merla sample has been related to Segestane (b. delle Femmine; see ternary diagrams) thermal waters the others samples have never actually been related to thermal water-rock interaction. 
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Fig. 6.8: Na-Cl diagram (log scale).

[image: image72.emf]0.01

0.10

1.00

10.00

100.00

10 100 1000 10000

Cl ppm

Br ppm


Fig. 6.9: Br-Cl diagram (log scale).

Seawater intrusion can be shown also by HCO3—Ca2+ diagram (fig. 6.10). The good correlation between HCO3- and Ca2+ derive from stechiometric ratio in solution saturated with respect to carbonate minerals.
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Fig. 6.10: Seawater intrusion decrease alkalinity. Ca2+ and Mg2+ activities are very well related to HCO3- activity.
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Fig. 6.11: Theoretical Ca concentration as function of log PCO2 at several temperatures.
Since the sampled water flow through limestones and dolostones (dolomite-type carbonate) it is reasonable to suppose that the groundwater is close to equilibrium for both minerals. If this hypothesis is satisfied then:

Ca2+ + CaMg(CO3)2 [image: image75.png]


 2CaCO3 + Mg2+





(6.1)
We estimated the aquifer temperature to be about 18°C. So we will consider reaction 6.1 to happen at 18°C. 

K1 = [Mg2+]/[Ca2+] = Kdol/ Kcal2 = (10-16.92)/(10-8.44)2 = 0.91



(6.2)
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Fig. 6.12: Mg vs Ca (mmol/l) diagram (samples with high percentage of seawater haven’t been plotted).

Plotting Mg versus Ca in fig. 6.12 we can observe that most of the samples from the M. Sparagio and M. Erice aquifers and the ones Northward of M. Inici (see geological settings) fit well with calcite-dolomite-water equilibrium line.

Any samples does not show Ca values lower than 1.7 mmol/l suggesting that soluble salt are present.
In fact, if we consider theoretical Ca and Mg concentrations for the dolomite-calcite-water system at 18°C computed at several PCO2 values (fig. 6.13), the amount of calcium at P(CO2) =10-2 (this is the most common value) should be about 1.2*10-3 mol/Kg.
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Fig. 6.13: Theoretical Ca-Mg ratio at 18°C for the water-calcite-dolomite system.
The most probable source of soluble salts is aerosol as shown by the chemical composition of some rain water samples (fig. 6.14).
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Fig. 6.14: mean chemical composition of two different periods.

The mean precipitation amount is reported in brackets 
Let us consider activity plot aCa++ versus aMg++ (fig. 6.15) where white circles indicate samples with dolomite saturation index higher then -0.5. We deduce that most of the samples reach saturation state with respect to dolomite when seawater mixing occurs; while samples that fall close to the line of calcite-dolomite ratio really come from aquifer where there is dolomite.
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Fig. 6.15: activity plot Ca vs Mg. White circles indicate samples with SI(dolomite)>-0.5.

Where gypsum layers are present, dedolomitization may occur (Plummer, 1990). To verify whether this process occurs in aquifer sampled we can plot and Mg versus SO4--.

CaSO4 → Ca2+ + SO4--
When equilibrium with calcite and dolomite is maintained, the ratio of [Mg2+]/[Ca2+] must remain about 0.91. Since the two ions behave similarly as regards complexation and activity coefficient corrections, the ratio of total concentrations of the two ions should also remain about 0.91. So that the total mass transfer is given by:

1.9CaSO4 + 0.9CaMg(CO3)2 → 1.8CaCO3 + Ca2+ + 0.9Mg2+ + 1.9SO4—
Generally in our samples we have no evidences of dedolomitization. Only thermal water well fit with dedolomitization line and it is in agreement with results of Favara et al. (1998) that find a selenitic contribution in T. Segestane thermal waters. Sulphates contribution has been found also in M. Grande springs (white circles in Fig. 6.16).

[image: image80.emf]0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 1 2 3 4 5 6

SO

4

2-

 mmol/l

Mg

2+

 mmol/l


Fig. 6.16: Mg vs SO4 diagram. Most of the samples fit well with the seawater ratio. A few samples show a gypsum contribution (white circles). Only thermal water seems to fit with dedolomitization ratio.
The supposed system is defined by equations:

CaCO3(s) 
[image: image81.png]


 Ca2+ + CO32-


KCal = (aCa2+aCO32-) = 10-8.48
CaMg(CO3)2 
[image: image82.png]


 Ca2+ + Mg2+ + 2CO32- 
KDol = aCa2+ aMg2+ (aCO32+)2=10-17.09
H2CO3*
[image: image83.png]


 H+ + HCO3-


K1 = (aH+aHCO3-)/( aH2CO3*) = 10-6.35


HCO3- 
[image: image84.png]


 H+ + CO32-


K2 = (aH+aCO32-)/(aHCO3-) = 10-10.33


CO2(g) + H2O [image: image85.png]


 H2CO3*


K = (aH2CO3*)/(PCO2) = 1/KH



At first we consider that only calcite is present.

If we divide K1 equation by K2 equation to eliminate H+ and rearrange to get an expression for CO32- activity, we obtain that:

aCO32- = [K2 (aHCO3-)2]/[K1 aH2CO3*]

From Kps of calcite we know that aCa2+ = KCal / aCO32-, and hence:

aCa2+ = [KCal K1 aH2CO3*]/[K2 (aHCO3-)2]

We, also, know that H2CO3* is related to PCO2 by Henry’s constant for CO2:

aCa2+ = [PCO2 KCal K1]/[KH K2 (aHCO3-)2]

To relate calcium activity to PCO2 the remaining unknown quantity is aHCO3- so we write mass balance:

2mCa2+ + mH+ = 2mCO3 + mHCO3- + mOH-
For pH values<8 (condition nearly always verified), the most abundant carbon species is HCO3-, while H+ OH- and CO32- can be neglected so that charge balance can be written :

2mCa2+ ( mHCO3-
Finally, we can write:

aCa2+ ( [PCO2 KCal K1]/[ KH K2 (2aCa2+)2]

(aCa2+)3 ( [PCO2 KCal K1]/[4 KH K2]
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Using logarithm forms we have:

log (aCa2+) ( 1/3 (log PCO2 + log KCal + log K1 -0.6-log K2 -log KH)

Then, for an open H2O-CO2-CaCO3 system at a given temperature, log (aCa2+) is nearly a linear function of log PCO2.

If we take in account also equilibrium with respect to dolomite we must relate aCa2+ + aMg2+ to PCO2.

From calcite Ksp we deduce that aCa2+ = KCal / aCO32-.

For dolomite aMg2+ = KDol /aCa2+(aCO32+)2, replacing aCa2+ from previous equation aMg2+ = KDol/KCal aCO32+ so that:

aCa2+ + aMg2+ = (1/aCO32-)(KCal + KDol/KCal)
Substituting aCO3 as we did for the previous system, we can write:

aCa2+ + aMg2+ = [(K1 aH2CO3*)/(K2 (aHCO3-)2)] (KCal + KDol/KCal)
aCa2+ + aMg2+ = [(K1 PCO2)/(KH  K2 (aHCO3-)2)] (KCal + KDol/KCal)
Charge balance becomes:

2(mCa2+ + mMg2+) ( mHCO3-
aCa2+ + aMg2+ ( [(K1 PCO2)/(KH  K2 4 (aCa2+ + aMg2+)2)] (KCal + KDol/KCal)
(aCa2+ + aMg2+)3 ( [(K1 PCO2)/(4 KH  K2)2)] (KCal + KDol/KCal)

Using logarithm forms we have:

log (aCa2+ + aMg2+) ( 1/3 (log PCO2 + log K1 -0.6-log K2 -log KH) + 1/3 log (KCal + KDol/KCal)

Also for an open H2O-CO2-CaCO3-CaMg(CO3)2 system at a given temperature, log (aCa2+ + aMg2+) is nearly a linear function of log PCO2.

In fig. 5.17 we plotted Ca and Mg activities versus computed log PCO2. Theoretical line of water in equilibrium with calcite or calcite and dolomite (it isn’t probable to find only dolomite in natural environments) does not fit well with our samples. But if we suppose that in the initial solution some soluble salts are present increasing calcium abundance, the new theoretical lines fit well with our samples (fig. 6.17). Since gypsum, chlorides, sulphates were found in aerosol particles collected in the Meditterranean area (Ganor et. al., 1998) we have performed simulations of water rock interaction using initial solutions containing CaSO4 6.3*10-4 mol/l and CaCl2 1*10-3 mol/l that generate the same calcium activity shift that we may observe in fig. 6.12.

Obviously, anions contribution may come from several kinds of particles or from high soluble salts in quifer. 
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Fig. 6.17: log(aCa + aMg) versus computed log PCO2. White circles indicate samples with dolomite saturation indices (-0.5. Dashed lines represent theoretical equilibrium values for H2O-Calcite-Dolomite system while solid lines represent equilibrium values for H2O-Calcite system. Grey and black indicates respectively initial calcium chloride (or Gypsum) contribution or no contribution. Triangular dots indicate springs where a thermal contribution has been recognized. Black squared dot indicate sample with 44% of seawater.

6.2 CO2 partial pressure

Using chemical compositon and pH measured values, partial pressure in equilibrium with respect to water have been computed for all samples (using PHREEQC software). Logarithm of partial pressure of CO2 range from 10-3 up to 10-1.5. Since chemical composition always reflect chemical equilibrium with respect to calcite, and pH values are usually < 8, it is reasonable that CO2 input can be taken continuous (“open system”) i.e. the computed partial pressure may be constant. Some times pH values > 8 have been found (Monte Erice). In these sites very low partial pressure values have been found but the system can’t be considered closed why more high values of pH we should find. A detailed analysis of CO2 partial pressure values in the area of M. Erice shows that high values of CO2 partial pressure are aligned along a north west-south east fault (fig. 6.18), while the others have partial pressure of about 10-3.

We suppose that preferential paths flow for CO2 (faults) decrease the input of CO2 in the fault confined area (M. Erice).
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Fig. 6.18: Log (PCO2) values are plotted on the structural scheme of M. Erice (modified by Abate et al. 1990).

Also in the area of. M. Inici high values of CO2 partial pressure are related to tectonic discontinuities. 

As shown in fig. 6.19 samples collected along the faults show higher values of PCO2 with respect to the others samples.
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Fig. 6.19: (PCO2) values are plotted on the structural scheme of M. Inici. Red lines indicate the faults.
In order to define if the origin of the CO2 input M. Inici area, (13CTDIC values have been determined for samples: Pioppo, Merla, Fraginesi, Parchi and S. Nouva. 

	Sample
	Date
	(13CTDIC‰ (PDB)
	Log PCO2

	Pioppo
	29/01/03
	-14.3
	-1.6

	Merla
	29/01/03
	-14.4
	-1.6

	Fraginesi
	29/01/03
	-10.3
	-2.2

	Parchi
	29/01/03
	-12.9
	-2.3

	S. Nuova
	29/01/03
	-2.7
	-1.7


Tab. 6.3: (13CTDIC‰ (PDB) and computed log PCO2 of samples collected in M. Inici area.

Results have been plotted in the TDIC versus (13CTDIC‰ diagram (fig. 6.20) performed by Chiodini et. al (2000) where theoretical curves representing the evolution of groundwater infiltrating through carbonate terrains in absence of deep CO2 flux, are also plotted (see Chiodini et. al., 2000 for details). This comparison is possible since the authors use a (13Ccarb of 2‰ that is the nearly equal to that of carbonates outcropping in Calabianca (eastward of Castellammare) (Bellanca et al. 2002).

From fig. 6.20 we deduce that in thermal water S. Nuova there is a deep inorganic input of CO2. For the other samples it is possible that dissolved CO2 came from the mixing between atmospheric CO2 and organic CO2.

Nevertheless, the higher values of PCO2 found along tectonics discontinuities, let us suppose that deeper CO2 preferentially flow along the faults.
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Fig. 6.20: (13CTDiC ‰ vs TDIC (modified by Chiodini et al., 2000).

Only thermal water shows clearly an input of inorganic CO2.
6.3 Minor elements
Due to the fact that natural abundances of minor divalent metals (Sr, Ba, Cd) in the rocks depend on several processes, we can find a large concentration range in limestones and carbonate rocks in witch aquifers are located. Trace elements concentration and their variability in a succession outcropping at Calabianca (NW Sicily) was studied by Bellanca et al. (2002). The authors show that trace-elements concentrations are very changeable, in particular barium may reach a few hundred ppm.

In order to evaluate the order of magnitude of Sr and Ba concentrations, XRF analysis was performed for some rock samples. The results are reported in table 6.4.

	 
	Rb
	Sr
	Y
	Nb
	Zr
	Cr
	Ni
	Ba
	La
	Ce
	V

	M. GRANDE   
	0
	904
	7
	0
	0
	2
	16
	157
	16
	0
	6

	SP        
	0
	154
	2
	1
	0
	4
	8
	107
	7
	0
	0

	SP SUD    
	0.05
	581
	6
	0
	0
	2
	16
	150
	6
	0
	5


Tab. 6.4: XRF analysis result of three rock samples collected in the in M. Grande and M: Sparagio. All data are expressed in ppm. (data were computed using the method described by Franzini et al. 1975).
In the sampled groundwater we generally find that Cd<<Ba<Sr. This is not in agreement with DMe,eq given by Tesoriero and Pankow (1995) but it is probably due to their abundance in aquifer rocks composition and to seawater contamination. Cd, as predicted by theoretical consideration on distribution coefficient, is always several orders of magnitude lower than Sr and Ba.
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Fig. 6.21: log Ba versus TDS (data of January-February 2003).

Several samples show the same order of magnitude for Ba and Sr concentration.

About fifty per cent of all samples are saturated or oversaturated with respect to barite.
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Fig. 6.22: log Sr versus TDS (data of January-February 2003).

The reaction invoked is:

BaSO4[image: image93.png]


Ba2+ + SO4--

K = 10-9.97 (25°C, 1 atm)


(6.1)
Phreeqc Calculations have been made using Ksp =10-9.97 but in literature different values have been proposed (Monnin and Galinier, 1988 in Monnin 1999).

In natural environments, barite is usually associated with other minerals like fluorite, pyrite and sulphur. In the studied area these phases are not available, but solid barite has been found (Bellanca et al., 2002).

In carbonatic environments weathering processes produce the removal of Ba from limestones and precipitation of barite as secondary mineral. Occasionally it forms large rounded mounds from precipitation of hot, barium-rich springs. In Sicily fluorite mineralization associated with barite have been discovered in Mesozoic limestones near Termini Imerese (Bellanca et al., 1981).

	Name
	Formula
	Ksp at 18°C
	Ksp at 25°C

	Fluorite
	CaF2
	10-10.69
	10-10.60

	Barite
	BaSO4
	10-11.09
	10-9.97

	Witherite
	BaCO3
	10-8.58
	10-10.56

	Siderite
	FeCO3
	10-10.85
	10-10.89


Tab. 6.5: Solubility constants of Ba, Fe and F solid phases at 18 and 25°C.
In order to evaluate whether the Ba amount was related to dissolution of some vein deposits (association of Fluorite and Barite) the F concentration have been plotted versus Ba concentration Fig. 6.22.
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Fig. 6.23: F vs Ba diagram. Two trends may be recognized due to seawater intrusion and water rock interaction.
No relation was found; reasonably Ba concentration comes from water-rock interaction while bigger F concentration comes from groundwater-seawater mixing processes.

Anomalous concentrations of Ba were found in the Parchi, Torto, Agghiara and Ardigna sampling sites (see table 6.6). Let us suppose that in M. Inici and M. Grande barium-rich limestones are present.
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Fig. 6.24: log Ba vs log SO4 diagram. Several samples show high values of Ba (in the circle).
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Fig. 6.25: log Sr vs log SO4 diagram.
	 
	Mn ppb ±5%
	Fe ppm ±10%
	Sr ppm ±5%
	Cd ppb ±5%
	Ba ppm ±5%

	papuzze 03
	1.8E+00
	8.6E-01
	2.1E-01
	< 0.09 ppb
	6.4E-02

	papuzze g. 03
	6.3E-01
	7.6E-01
	1.9E-01
	< 0.09 ppb
	4.9E-02

	tosto 03
	< 0.1 ppb
	3.8E-01
	1.6E-01
	< 0.09 ppb
	5.9E-02

	s. anna 03
	< 0.1 ppb
	2.8E-01
	1.3E-01
	< 0.09 ppb
	1.1E-01

	sparagio 03
	< 0.1 ppb
	3.5E-01
	1.2E-01
	< 0.09 ppb
	2.0E-02

	merla 03
	1.2E+00
	9.0E-01
	2.4E-01
	< 0.09 ppb
	8.6E-02

	puglisi 03
	< 0.1 ppb
	5.3E-01
	8.5E-01
	1.0E-01
	1.9E-02

	monaco 03
	< 0.1 ppb
	3.9E-01
	8.6E-02
	< 0.09 ppb
	1.2E-02

	torto 03
	< 0.1 ppb
	5.6E-01
	2.3E-01
	< 0.09 ppb
	3.5E-01

	c. baida 03
	< 0.1 ppb
	5.7E-01
	1.3E-01
	< 0.09 ppb
	2.6E-02

	salanca 03
	< 0.1 ppb
	7.6E-01
	3.3E-01
	< 0.09 ppb
	7.3E-02

	agghiara 03
	< 0.1 ppb
	6.2E-01
	3.2E-01
	< 0.09 ppb
	3.0E-01

	ardigna 1 03
	< 0.1 ppb
	5.6E-01
	2.7E-01
	< 0.09 ppb
	7.3E-02

	pioppo 03
	< 0.1 ppb
	6.3E-01
	1.7E-01
	< 0.09 ppb
	4.6E-02

	assieni 2 03
	3.9E+00
	6.3E-01
	1.5E-01
	< 0.09 ppb
	1.2E-02

	scopello 03
	< 0.1 ppb
	3.7E-01
	8.3E-02
	< 0.09 ppb
	1.3E-02

	angeli 03
	< 0.1 ppb
	3.5E-01
	3.9E-01
	< 0.09 ppb
	1.3E-01

	valderice 03
	< 0.1 ppb
	6.4E-01
	2.8E-01
	< 0.09 ppb
	6.1E-02

	Cdm 03
	6.0E-02
	5.2E-01
	4.5E-01
	< 0.09 ppb
	1.1E-02

	grimaldi 03
	< 0.1 ppb
	4.9E-01
	2.0E-01
	< 0.09 ppb
	2.1E-02

	sucameli 03
	1.4E+00
	4.8E-01
	2.5E-01
	9.5E-02
	1.9E-02

	foderà 03
	< 0.1 ppb
	8.0E-01
	3.2E-01
	< 0.09 ppb
	2.4E-01

	visconte 03
	< 0.1 ppb
	4.9E-01
	1.7E-01
	< 0.09 ppb
	4.3E-02

	f. rossa 03
	< 0.1 ppb
	5.6E-01
	1.7E-01
	< 0.09 ppb
	2.4E-02

	novu 03
	< 0.1 ppb
	4.7E-01
	2.2E-01
	< 0.09 ppb
	4.1E-02

	rocca 03
	< 0.1 ppb
	9.4E-01
	4.5E-01
	< 0.09 ppb
	6.5E-02

	c. arena 03
	< 0.1 ppb
	4.1E-01
	9.8E-02
	< 0.09 ppb
	1.5E-02

	la sala 03
	1.5E-01
	6.5E-01
	3.9E-01
	9.3E-02
	4.2E-02

	grammatico 03
	< 0.1 ppb
	5.0E-01
	2.5E-01
	< 0.09 ppb
	1.4E-02

	b. inici 03
	< 0.1 ppb
	5.1E-01
	2.5E-01
	< 0.09 ppb
	3.9E-01

	biro 03
	< 0.1 ppb
	4.4E-01
	1.1E-01
	< 0.09 ppb
	1.5E-02

	fraginesi 03
	< 0.1 ppb
	5.3E-01
	5.4E-01
	< 0.09 ppb
	3.5E-02

	parchi 03
	< 0.1 ppb
	5.1E-01
	2.5E-01
	< 0.09 ppb
	4.0E-01

	magaddino 03
	3.2E+01
	1.3E+00
	4.6E-01
	< 0.09 ppb
	9.7E-02

	ardigna 03
	< 0.1 ppb
	6.6E-01
	4.3E-01
	< 0.09 ppb
	4.2E-01

	parchi 02
	< 0.1 ppb
	4.2E-01
	2.1E-01
	< 0.09 ppb
	3.5E-01

	valderice 02
	< 0.1 ppb
	7.8E-01
	2.8E-01
	< 0.09 ppb
	6.4E-02

	monaco 02
	< 0.1 ppb
	4.1E-01
	9.1E-02
	< 0.09 ppb
	9.6E-03

	fraginesi 02
	< 0.1 ppb
	5.2E-01
	5.4E-01
	< 0.09 ppb
	3.4E-02

	ruggirello 02
	2.4E-01
	7.8E-01
	3.2E-01
	< 0.09 ppb
	2.2E-02

	scimunazzo 02
	8.1E-01
	3.5E-01
	1.6E-01
	< 0.09 ppb
	1.9E-02

	sparagio 02
	4.5E-01
	4.7E-01
	1.5E-01
	< 0.09 ppb
	2.3E-02

	sucameli 02
	1.4E-01
	5.0E-01
	2.5E-01
	< 0.09 ppb
	1.5E-02

	agghiara 02
	< 0.1 ppb
	7.4E-01
	3.4E-01
	< 0.09 ppb
	3.3E-01

	magaddino 02
	< 0.1 ppb
	4.4E-03
	4.5E-03
	1.3E-01
	< 5 ppb

	s. andrea 02
	< 0.1 ppb
	2.9E-01
	9.9E-02
	< 0.09 ppb
	< 5 ppb

	merla 02
	1.1E+00
	1.4E+00
	3.3E-01
	< 0.09 ppb
	1.2E-01

	papuzze 02
	4.8E+00
	1.0E+00
	2.0E-01
	< 0.09 ppb
	6.3E-02

	scurati 02
	< 0.1 ppb
	1.2E+00
	5.9E-01
	< 0.09 ppb
	6.9E-02

	Cdm 02
	7.5E-01
	5.6E-01
	3.8E-01
	< 0.09 ppb
	8.4E-03

	biro 02
	< 0.1 ppb
	4.5E-01
	9.4E-02
	< 0.09 ppb
	9.7E-03

	arena 02
	< 0.1 ppb
	3.9E-01
	7.2E-02
	< 0.09 ppb
	7.4E-03

	visconte 02
	< 0.1 ppb
	5.2E-01
	1.6E-01
	< 0.09 ppb
	3.4E-02

	tosto 02
	< 0.1 ppb
	4.8E-01
	1.8E-01
	< 0.09 ppb
	6.1E-02

	longo 02
	< 0.1 ppb
	6.8E-01
	5.5E-01
	< 0.09 ppb
	1.5E-02

	pioppo 02
	< 0.1 ppb
	6.3E-01
	1.3E-01
	< 0.09 ppb
	3.5E-02

	Fro 02
	< 0.1 ppb
	5.4E-01
	2.3E-01
	< 0.09 ppb
	1.7E-01

	torto 02
	< 0.1 ppb
	5.7E-01
	2.0E-01
	< 0.09 ppb
	3.1E-01

	ardigna 02
	< 0.1 ppb
	5.6E-01
	3.1E-01
	< 0.09 ppb
	3.3E-01

	salanca 02
	< 0.1 ppb
	8.7E-01
	3.0E-01
	< 0.09 ppb
	7.7E-02

	papuzze g. 02
	< 0.1 ppb
	5.5E-01
	1.2E-01
	< 0.09 ppb
	3.1E-02

	assieni 2 02
	< 0.1 ppb
	6.5E-01
	4.5E-01
	< 0.09 ppb
	1.2E-02

	pira 02
	2.1E+00
	2.2E-01
	1.3E-01
	< 0.09 ppb
	1.6E-02

	grimaldi 02
	< 0.1 ppb
	5.7E-01
	1.2E-01
	< 0.09 ppb
	1.4E-02

	s. anna 02
	< 0.1 ppb
	4.0E-01
	1.2E-01
	< 0.09 ppb
	1.2E-01

	scopello 02
	< 0.1 ppb
	3.7E-01
	5.5E-02
	< 0.09 ppb
	6.9E-03

	rocca 02
	< 0.1 ppb
	1.3E+00
	4.6E-01
	< 0.09 ppb
	3.3E-02

	f. rossa 02
	< 0.1 ppb
	4.6E-01
	1.1E-01
	< 0.09 ppb
	1.3E-02

	la sala 02
	< 0.1 ppb
	7.1E-01
	2.8E-01
	< 0.09 ppb
	2.1E-02

	novu 02
	< 0.1 ppb
	4.1E-01
	1.4E-01
	< 0.09 ppb
	2.7E-02

	grammatico 02
	< 0.1 ppb
	4.1E-01
	1.6E-01
	< 0.09 ppb
	8.6E-03

	c. baida 02
	< 0.1 ppb
	5.0E-01
	9.5E-02
	< 0.09 ppb
	1.6E-02

	assieni 1 02
	3.7E+01
	3.4E-01
	1.5E-01
	< 0.09 ppb
	3.0E-02


Tab. 6.6: Minor elements concentration in sampled groundwater. 
In natural environments where Fe is present, it usually precipitates as oxides and hydroxides. The pH-Eh conditions of our samples (fig. 6.26) suggest us that groundwater iron moves as ferric hydroxides, the most abundant species is probably Fe(OH)3 but Fe(OH)2+ may also occur.
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Fig. 6.26: Eh-pH diagram. Iron species stability fields and samples (Jan-2003) are plotted (the stability fields were drown using HSC software using a mean values of ionic strength IS = 0.01, a mean values of iron molality Fe = 1*10-5 and a temperature of 18°C).

In the oxygenated surface waters iron oxidation proceeds via an intermediate phase of ferrihydrite (Fe(OH)3), an insoluble red-brown gel. Since ferrihydrite is unstable, over time converts irreversibly to hematite and/or goethite.
As Stipp et al. (2002) shown that ferrihydrite forms abundant individual particles with diameter ranging from 0.5 to several tens of nanometers, filtering operation is not sufficient to stop suspended iron particles.
In most of the sampled waters iron range between 0.2 and 1 ppm. Where higher values were found, they came from wells where pumping system may change natural abundances.

Low iron values depend on the buffer effect of carbonatic aquifers that produce high pH values and consequently low iron mobility.
7. CONCLUSION
The north-western Sicily was studied for his groundwater composition. Monthly samples of a rain gauges grid were collected and analyzed for their isotopic composition.

Mean weighted values of isotopic composition of precipitation related to altitude and geographical location suggest us that, where reliefs are present, orographic clouds change significantly the isotopic composition of rain produced by higher clouds. In this case very high values of deuterium excess were found (d-excess = 19), suggesting that the processes that give rise orographic clouds occur kinetically and far from thermodynamic equilibrium. In the inland area, interaction between precipitation and local vapour produce the same intermediate value of deuterium excess (d-excess = 16) for the three different rain gauges, while precipitations that occur along the coastline, essentially reflect the closely to equilibrium condition between air masses and precipitations.

This model was verified during January 2003. At that time only one precipitation event happened and air masses were seen to come fast from Atlantic Ocean. All the rain samples collected along the coastline fitted perfectly (R2 = 0.99) with the Global Meteoric Water Line (GMWL) defined by Craig (1961) and theoretically demonstrated by a Raleigh fractionation model assuming that the equilibrium condition is always satisfied. The inland rain samples show deuterium excess values close to 16 that shift samples from GMWL while the rain samples collected on the reliefs shown deuterium excess values close to 20.

The Local Meteoric Water Line was drown and related to groundwater.

Using the abundances of major and minor elements of groundwater, geochemical processes involved have been defined.

The main outcropping rocks are limestones and dolostones. This kind of rocks is characterized by a high dissolution rates.

Far from equilibrium the dissolution rate is close to first order with respect to a(H+) (e.g. Morse and Ardivson, 2002). But intrinsic impurities, which are incorporated in the calcite matrix are adsorbed irreversibly at the surface and act as inhibitors reducing the dissolution rates significantly (Eisenlohr et al., 1999). Nevertheless, the rates of dissolution are so high that TDS does not change as a function of the meteoric recharge.

All the samples were saturated or oversaturated with respect to calcite while about the 50% were saturated also with respect to dolomite.

Generally, chemical composition of groundwater reflect the composition of rocks forming aquifers, but several others processes were found to change chemical composition of water. The main factors are the seawater intrusion and the aerosol contribution, but a few samples were found to show chemical features produced by mixing processes between a corbonatic endmember and a thermal one. These samples were collected along tectonics discontinuities.

Mean partial pressure of CO2 was found to be close to 10-2 atm, but anomalous values were also found along the faults located near M. Inici area and M. Erice, suggesting us that tectonic discontinuities act as preferential flow path for circulating fluids.
In order to evaluate if a deep source of inorganic CO2 was present in M. Inici area, the isotopic composition of dissolved carbon was determined and compared with theoretical mixing between atmospheric CO2 and organic CO2 isotopic composition. We deduced that only thermal water clearly present an inorganic input of CO2.
Minor elements mobility is governed by buffer effect of calcite dissolution. Mn and Cd abundances are nearly always lower than 0.1 ppb. Sr range between 10-1 and 10-0.2 while Ba range between ppm 10-2 and 10-0.5 ppm. The positive correlation between TDS and divalent metals Sr and Ba, suggest us that they come from dissolution of the rocks. They are present in the aquifer as solid solution with carbonate minerals. Some samples show high values of Ba as result of interaction Ba rich levels in carbonatic rocks; barite was also found as diagenetic crystals (Bellanca et al., 2002) in marlstone outcropping northwards M. Inici.

Redox condition and pH values suggest us that ferric iron is the most abundant specie. Iron probably moves as suspended hydroxides (ferrihydrite) and over time converts in goethite.
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APPENDIX I - ANALYTICAL METHODS.

I-a Mass Spectrometry

Mass spectrometry is based on slightly different principles to the other spectroscopic methods.

The physics behind mass spectrometry is that a charged particle passing through a magnetic field is deflected along a circular path on a radius that is proportional to the squared root of mass to charge ratio, ((m/e).

In mass spectrometry, a substance is bombarded with an electron beam having sufficient energy to fragment the molecule. The positive fragments which are produced (cations and radical cations) are accelerated in a vacuum through a magnetic field and are sorted on the basis of mass-to-charge ratio. 

The collection of ions is then focused into a beam and accelerated into the magnetic field and deflected along circular paths according to the masses of the ions. By adjusting the magnetic field, the ions can be focused on the detector and recorded.

Mass spectrometers are capable of separating and detecting individual ions even those that only differ by a single atomic mass unit. 

As a result molecules containing different isotopes can be distinguished. 

D/H water measurement were carried out using Kendall and Coplen (1985) technique (reaction with zinc at 450°) and a mass-spectrometer Finnigan Mat Delta Plus, while 18O/16O measurement were carried out by the CO2-water equilibration technique (Epstein and Mayeda, 1953) using a mass-spectrometer Analytical Precision AP2003.

I-b Liquid ion chromatography

Calcium, lithium, magnesium, potassium and sodium cations and bromide, chloride, fluoride, phosphate, nitrate and sulfate anions are present in waters in very variable concentrations depending on the water-rock interaction and human contributions.

The ion chromatography technique makes it possible to determine the anions listed above in a rapid and sequential way.

The application interval varies in relation to the experimental conditions, since the type and characteristics of the marker used, the load capacity of the chromatography column, the elutropic strength of the eluent, the elution modalities (isocratic or gradient), the chemical nature of the anion and the quantity of sample injected influence the sensitivity of the method and the attainable limits of detectability.

The basic method of chromatographic separation of the anions listed above is by means of anion exchange columns. The single analytes are eluted at successive times and determined by means of a conduction meter after chemical or electrochemical suppression of the electric conductibility of the eluent. Integration of the areas of the single chromatographic peaks gives the concentrations of the anions listed above by means of comparison with calibration curves obtained by injecting solutions with known concentrations comprised in the field of the analytical investigation, in the same experimental conditions as adopted for the samples.

For analysis of samples of layer and meteoric water, a chromed Dionex model DX-120 was used.

DX-120 is an integrated ion chromatograph that performs all types of isocratic IC separations using suppressed conductivity detection.

A Dionex CS12A column was used for cation determination (Li+, Na+, K+, Mg++, Ca++), whereas a Dionex AS14 column was used for anions (F-, Cl-, Br-, NO3-,SO4--).

The eluent solutions used were made up of bicarbonate of soda (NaHCO3) and sodium carbonate (Na2CO3) for the anionic column AS14, and methane-sulphonic acid (CH3SO3H) for the cationic column CS12A..

I-c The Principles of Inductively Coupled Plasma Mass Spectrometry

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) performs multi-elemental analysis. The ICP-MS instrument employs a plasma (ICP) as the ionization source and a mass spectrometer (MS) analyzer to detect the ions produced. 

In general, liquid samples are introduced by a peristaltic pump into the nebulizer where the sample aerosol is formed. A double-pass spray chamber ensures that a consistent aerosol is introduced into the plasma. Argon (Ar) gas is introduced through a series of concentric quartz tubes which form the ICP. The torch is located in the center of an Radio Frequency (RF) coil, through which RF energy is passed. The intense RF field causes collisions between the Ar atoms, generating a high-energy plasma. The sample aerosol is instantaneously decomposed in the plasma (plasma temperature is in the order of 6000 - 10000 K) to form analyte atoms which are simultaneously ionized. The ions produced are extracted from the plasma into the mass spectrometer region which is held at high vacuum (typically 10-4 Pa). The vacuum is maintained by differential pumping: the analyte ions are extracted through a pair of orifices, known as the sampling and skimmer cones.

The analyte ions are then focused by a series of ion lenses into a quadrupole mass analyzer, which separates the ions based on their mass/charge ratio. The term quadrupole is used since the mass analyzer is essentially consists of four parallel stainless steel rods to which a combination of RF and DC voltages are applied. The combination of these voltages allows the analyzer to transmit only ions of a specific mass/charge ratio.

Finally, the ions are measured using an electron multiplier, and are collected by a counter for each mass number.

The mass spectrum generated is extremely simple. Each elemental isotope appears at a different mass with a peak intensity directly proportional to the initial concentration of that isotope in the sample solution. A large number of elements ranging from Lithium (Li) at low mass to Uranium (U) at high mass are simultaneously analyzed typically within 1-3 minutes. With ICP-MS, a wide range of elements in concentration levels from ppt to ppm level can be measured in a single analysis.

Analysis of groundwater have been performed using an Agilent Technologies model HP 4500 ICP-MS.
I-d Scanning Electron Microscopy (SEM)
The Scanning Electron Microscope (SEM) is a microscope that uses electrons rather than light to form an image. There are many advantages to using the SEM instead of a light microscope.

The SEM has a large depth of field, which allows a large amount of the sample to be in focus at one time. The SEM also produces high-resolution images, which means that closely spaced features can be examined at a high magnification. Preparation of the samples is relatively easy since most SEMs ony require the sample to be conductive. The combination of higher magnification, larger depth of focus, greater resolution, and ease of sample observation makes the SEM one of the most heavily used instruments in research areas today. 

The SEM uses electrons instead of light to form an image. A beam of electrons is produced at the top of the microscope by heating of a metallic filament. The electron beam follows a vertical path through the column of the microscope. It makes its way through electromagnetic lenses which focus and direct the beam down towards the sample. Once it hits the sample, other electrons ( backscattered or secondary ) are ejected from the sample. Detectors collect the secondary or backscattered electrons, and convert them to a signal that is sent to a viewing screen similar to the one in an ordinary television, producing an image.

I-e X-Ray Fluorescence (XRF)

Wavelength-dispersive x-ray fluorescence spectrometry is a non-destructive analytical technique used to identify and determine the concentrations of the elements present in solids and powders.

XRF is capable of measuring all elements from beryllium (atomic number 4) to uranium (atomic number 92) and beyond (at trace levels, often below one part per million, and up to 100%). 

When the atoms in a sample material are irradiated with high-energy primary x-ray photons, electrons are ejected in the form of photoelectrons. This creates electron 'holes' in one or more of the orbitals, converting the atoms into ions - which are unstable. 

To restore the atoms to a more stable state, the holes in inner orbitals are filled by electrons from outer orbitals. Such transitions may be accompanied by an energy emission in the form of a secondary x-ray photon - a phenomenon known as fluorescence.

The various electron orbitals are called K, L, M, etc., where K is closest to the nucleus. Each corresponds to a different energy level - and the energy (E) of emitted fluorescent photons is determined by the difference in energies between the initial and final orbitals for the individual transitions. 

This is described by the formula: 

E = hc/λ

where h is Planck's constant, c is the velocity of light and λ is the wavelength of the photon. Wavelengths are thus inversely proportional to the energies, and are characteristic for each element. In addition, the intensity of emission - i.e. number of photons - is proportional to the concentration of the responsible element in a sample. 

Diffraction - Bragg's Law 

nλ = 2d sin(
An analysing crystal, with lattice planes parallel to its surface and separated by distance d, is used to separate the various wavelengths by diffraction. If radiation strikes the crystal at an angle (theta), diffraction occurs only when the distance travelled between successive planes differs by a complete number n of wavelengths. By changing the angle (theta) - e.g. by rotating the crystal - different wavelengths are diffracted.

APPENDIX II – THE EQUILIBRIUM CONSTANT
II-a The equilibrium constant and its dependence on temperature
The thermodynamic equilibrium constant for a chemical reaction is defined as follows:

aA+bB
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where ai indicates the activity of the i-th species.

For ideal gases ai = pi/1 atm:
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For real gases fi = pi(i:
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For an ideal solution:
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For a real solution:
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In constant temperature and pressure conditions, Gibbs’ free energy tends to a minimum. For a chemical reaction the variation in free energy will be given by:

∆rG = ∆Gproducts-∆Greagents
if the products and reagents are pure and in the standard state.

The formation free energy ∆G° of a compound is that which is necessary to form a mole of pure compound in its standard state starting from pure elements in their standard state. For example

∆fG° per la CO2 at 25°C and 1 atm is the free energy for the reaction:

C(s, graphite) + O2(g) 
[image: image104.png]


 CO2(g)

Analogously, using Hess’s law (additivity of reaction heats), for a generic reaction

aA+bB
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cC+dD

∆rG° = c∆fGC° + d∆fGD° - a∆fGA° - b∆fGB°





(1)
since G=H-TS and the reactions occur at constant temperature and pressure, Gibbs’ free energy can be correlated with Enthalpy:

∆G = ∆H - T∆S

If ∆G°>0 the reaction proceeds in the opposite direction; if ∆G°<0 the reaction proceeds in the normal direction.

Equation 1 can be written in terms of chemical potentials:

∆rG° = cµC° + dµD° - aµA° - bµB°






(2)
If ∆rG° ≠ 0 the reaction is not in equilibrium.

If the components are in their standard state it is necessary to write the general form of the chemical potential for a component i as a function of its activity ai.

µi = µi° +RTlnai
(for an ideal gas  ai = pi/1 atm, for a real gas ai = fi/1 atm)

So we will have:

∆rG = cµC + dµD - aµA - bµB
∆rG = c(µC°+RTlnac)+ d(µD°+RTlnad)- a(µA°+RTlnaa)- b(µB°+RTlnab)

∆rG = cµC° + dµD° - aµA° - bµB°+RT(clnaC + dlnaD - alnaA - blnaB)

∆rG = ∆rG° +RT(lnaCc + lnaDd - lnaAa - lnaBb)

∆rG = ∆rG° +RTln(aCc aDd)/( aAaaBb)

Although the argument of the logarithm has the form of an equilibrium constant Ke, its value may not correspond to that of the constant, and so we will indicate it as Q.

∆rG = ∆rG° +RTlnQ

Let us consider a mixture at constant temperature and pressure. At equilibrium we will have

dGT,P ≤ 0 or:

dGT,P=∑µidn ≤ 0

The reaction proceeds per quantity of dn>0. We will have:

dnC = c dn

dnD = d dn

dnA = -a dn

dnB = -b dn
Then:

dGT,P = cµC dn + dµD dn - aµA dn - bµB dn
dGT,P = (cµC + dµD - aµA - bµB)dn
dGT,P = ∆rG dn ≤ 0 ; since dn>0 by construction, then:

∆rG ≤ 0

at equilibrium:

∆rG° +RTlnQeq = 0;

∆rG° +RTlnKe = 0;



∆rG° = - RTlnKe








(3)
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(4)
At high temperatures the contribution of ∆H° is reduced and ∆S° prevails; at low temperatures the contribution of ∆H° prevails.

Equation 3 allows us to calculate an approximate value of the formation free energies for each constant starting from the equilibrium constant; for this purpose it is convenient to rewrite eq. 3 in the form of a decimal logarithm:
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(5)
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II-b The saturation index
When a mineral is in equilibrium with a solution, the equilibrium constant is defined as a solubility product and only depends on the activities of the species in solution. Indeed, the activity of the solid phase is assumed to be 1.

If a mineral is in equilibrium with a mineral, the ionic activity product (IAP) coincides with a solubility product Kps.

The saturation index with respect to a phase is defined as the logarithm of the ratio between IAP and Kps.

SI = Log(IAP/Kps)

Hence if a solution is over-saturated we will have SI>0, if it is under-saturated SI<0, and in equilibrium conditions SI=0.

II-c Activity coefficient

For a generic reaction:

MaXb <==> aM + bX

Solubility is defined as :

s = (Ksp/aabb)1/(a+b)
For pure calcite M=Ca2+, X= CO32- and a=b=1, so that (at 25°C and 1 bar total pressure)

s = (10-8.48)1/2 = 10-4.24
Since solubility depends on the activities of species in solution we need to know activities coefficients and then ionic strength.

Ionic strength is defined as:
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where zi and ni are, respectively the charge and number of moles of the i-th element and Waq is the mass of solvent water in an aqueous solution.

Now we can define the activity coefficient using the equation:
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where zi is the ionic charge of aqueous species i, and A and B are constants dependent only on temperature. This equation is the extended Debye-Hückel equation, if bi is zero, or the WATEQ Debye-Hückel equation (see Truesdell and Jones, 1974), if bi is not equal to zero. In the extended Debye-Hückel equation, ai is the ion-size parameter, whereas in the WATEQ Debye-Hückel equation ai and bi are ion-specific parameters fitted from mean-salt activity-coefficient data.

II-d Henry’s law
In equilibrium conditions, at constant temperature, in a known volume of liquid, in contact with a given gas, a quantity of gas is dissolved that is proportional to the gas pressure.

That is to say:

KH = Pi/i
where Pi is the partial pressure of the I-th gas in the gaseous phase and i is the molar fraction in the liquid phase. KH is the Henry’s constant, which depends on temperature and salinity. The solubility of the gas can also be expressed in terms of Bunsen’s coefficient (β), defined as the concentration in ml/l of gas dissolved in water measured at STP conditions, when the gas pressure is one atmosphere. Bunsen’s coefficient depends on temperature and salinity.

The solubility of the gas is calculated using the equation (Whitfield, 1978):

Rlni = A + B/T + ClnT + DT
where R is the constant of the gases expressed in cal K-1 mol-1 (R= 1.9872), i is the molar fraction of the gas and T is the temperature in °K. Bunsen’s coefficient can be calculated using the equation (Whitfield, 1978):

β = i *55.555*25400

The correction of the values of KH and β for the salinity of the solution is effected using Setchenow’s equation:

ln(Ks/KH)=Km*m

where KH is Henry’s constant for pure water, Km is a coefficient, m is the molarity of the solution and Ks is Henry’s constant for a saline solution with concentration m.

In real (natural) systems the pressure of gases is low, and hence the behaviour of gases can be assumed to be close to that of ideal gases. Consequently, the partial pressure of a gas can be assumed equal to its fugacity. That is to say, ( = 1.
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Fig. 1: Variation of Henry’s constant as a function of salinity.
Figure 1 shows how Henry’s constant varies as a function of salinity. The effect of salinity in the waters studied, whose maximum measured salinity is about ½ that of seawater, is negligible.

If we consider the reaction:

CO2(gas)+H2O(H++HCO3-




eq. 1

the equilibrium constant will be:
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Assuming that the concentration of H2CO3 is equal to the molar fraction of CO2 in the liquid phase, we can write:
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Hence it is possible to calculate the partial pressure of CO2 starting from the activities of the species H+ and HCO3-.

If we consider the reaction

CO2(gas)(CO2(water)





eq. 2

the equilibrium constant will be:
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from which we deduce that the saturation index for CO2 is equal to:
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Conceptually the saturation index of a solution with respect to a gas is equal to the partial pressure of the gas in equilibrium with the gas itself.

APPENDIX III – ISOTOPIC FRACTIONATION 

III-a Fractionation phenomena due to processes of a Raleigh type

Let us consider the simple case of the removal of a compound from a recipient into which no other substance is introduced.

Let us set as N the total number of molecules and as R the ratio between the molecular concentration of the rare isotope with respect to that of the abundant isotope.

The number of molecules of the abundant isotope Na and the number of those of the rare isotope Nr will be given by:


[image: image118.wmf]1

R

N

N

   

1;

R

N

N

   

;

1

N

N

N

N

    

;

N

N

N

a

a

a

r

a

a

r

+

=

+

=

+

=

+

=

; 


[image: image119.wmf]1

R

NR

1

R

N

-

N

N

    

;

N

-

N

N

r

a

r

+

=

+

=

=

;

[image: image120]
If a quantity of molecules dN is removed with a fractionation factor of α, the number of molecules of the rare isotope in the new compound and that in the residual phase will respectively be:
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The mass balance of the rare isotope will give:
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With good approximation we can assume the total number of molecules to be equal to that of the molecules of the abundant isotope. Hence we will have:
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The mass balance then becomes:
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Simplifying, and neglecting the product of the differentials:
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Integrating, and applying the boundary conditions R = R0 per N = N0, we obtain:
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(1)
Expressing the whole as a function of δ with respect to a reference standard Rr:
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(2)
equation 2 allows us to calculate the isotopic composition of the residual fraction.

In order to determine the isotopic composition of the removed fraction, let us consider the total number of molecules of the rare isotope that have been removed. Since R varies with variations in N, it will be given by the summation:

αR1ΔN+ αR2ΔN+ αR3ΔN+ αR4ΔN+ αR5ΔN+. . . . . . . . . . . . . . . . . . . + αRnΔN

where ΔN indicates the number of molecules removed for each step.

If I calculate the limit of this summation for ΔN→0 and divide it by the total number of molecules that have been removed, i.e.  N0-N, then I obtain the average value of R of the new phase that has been formed.
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Since R is a function of N (see eq. 1), we will have:
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(3)
Equation 3 allows us to calculate the isotopic composition of the removed fraction.

If we consider the case of water subjected to evaporation with 18δ0=-8 and ε=-10‰, the isotopic composition of the removed fraction and the residual one will change in relation to N/N0, as shown in Fig. 1.
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Fig. 1: Theoretical lines representing isotopic composition of removed and remaining fraction as a function of N/N0.
Equation 1 permits us to estimate the variation in the isotopic composition of the vapour as the water condenses in the clouds to form precipitations. If we consider cooling of an isobaric type, the quantity of vapour subtracted in the form of precipitations is equal to the variation in vapour pressure:

dNv/Nv=dPv/Pv
Moreover, the equation of Clausius-Clapeyron makes it possible to determine the vapour pressure at a given temperature if the vapour pressure is known for a different temperature value and if the vaporisation enthalpy is also known.

P=A exp(-Hv/RT)

where A is a constant depending on the substance and Hv is the latent vaporisation heat (44.4*103J/mole: this is an average value between 10°C and 20°C, whose values are respectively 44629 J/mole and 44204 J/mole, Marsh, 1987), R is the constant of the gases (8.314 J/Kmole) and T is the absolute temperature (°C+273.15). 
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i.e. for finite variations:
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The relation between the vapour saturation pressure Pv (in Pa) and temperature (in K) for liquid water may be also obtained using the polynomial fitting of Pv given by Gonfiantini et al. (2001):

Pv = 2.570526*10-6T5 – 3.216966*10-3T4 + 1.623244T3 – 4.124816*102T2 + 5.274678*104T - 2.713693*106
In order to evaluate if Clausius-Clapeyron equation may be applied, values of Pv/Pv0 have been computed by both equations in the range 0-25°C assuming T0 = 25°C.
Results show differences always lower than 0.3%. So that both equations may be used without introducing significant variations (data are related by the equation: Pv/Pv0(Gonfiantini) = (1.0012(0.0006)* Pv/Pv0(Clausius-Clapeyron) + (0.0004(0.0003); r2 = 0.99999).
In this way we can determine the ratio between atmospheric vapour and precipitations that have formed with variation in temperature and hence in latitude without taking height variation into account; otherwise the process would not be isobaric.

Let us substitute into equation 1:
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(4)
where T is the temperature at which rain forms and T0 is the temperature at which the vapour originally formed. Now we can also determine the isotopic ratio of the vapour Rv. But the fractionation coefficient is in turn a function of the temperature:

ln18αl/v = 1137/T2 - 0.4156/T - 0.0020667




(Majoube, 1971)
Subsequently Horita and Wesolowski (1994) determined the relations:

ln18αl/v =-7.685+6.7123*103/T-1.6664*106/T2+0.35041*109/T3
(Horita and Wesolowski, 1994)

[image: image144.wmf]3

9

2

6

3

/

10

*

35041

.

0

/

10

*

6664

.

1

/

10

*

7123

.

6

685

.

7

18

T

T

T

v

l

e

+

-

+

-

=

a


Simplifying the relations we can also write that 

18αl/v =0.9845e 7.430/T









(5)
Assuming that the rain is in isotopic equilibrium with the vapour that generated it, Rl = αl/vRv, the isotopic composition of the rain at temperature T will be given by the relation:

18δl = 18αl/vRv/Rvsmow-1
where Rv has been derived from eq. 4 and 18δl from eq. 5.

Assuming T0 = 25°C (similar values were measured in the Mediterranean by Pierre 1986) and 18δv = -10, the isotopic composition of the liquid that is formed varies with variation in the condensation temperature, as shown in Fig. 2.
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Fig. 2: Theoretical line describing 18δl variation as a function of temperature 
This model is used to describe the dependence of the temperature on the latitude effect, which varies from 0.8‰ at 0°C and 0.5‰ at 20°C. The applicability of the Raleigh type process is based on the fact that the isotopic exchange between the falling drops and the rising air in the cloud causes precipitations that practically overlook the impress of isotopic values that are greatly impoverished though processes inside the cloud and establishes an isotopic equilibrium with the environmental air (Friedman et al. 1962). The fact is that the impoverishment of the isotopic composition in precipitations is correlated with the temperature near the surface (Dansgaard 1964; Yurtsever 1975), or more exactly with the temperature at the base of the cloud (Rindsberger and Magaritz, 1983). In the case of solid precipitations (snow, hail) this model cannot be applied because there is no heat exchange between precipitations and humidity, with the result that the precipitations are highly impoverished with respect to an equilibrium situation. Moreover, solid precipitations often show high deuterium excess values due to the fact that the ice particles do not grow at equilibrium (Jouzel and Merlivat, 1984).
III-b Theoretical bases to account for the MWL slope

Let us consider the phenomenon of atmospheric precipitations. For a fractionation process occurring in equilibrium conditions we can assume that:
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In the case of water in equilibrium with the vapour, the isotopic composition of the water will be given by the two relations:
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If we assume the temperature to be constant, then 2εw/v and 18εw/v will be constant too. At equilibrium the values of Δδ=(δw- δv) for 2δ and 18δ will be 2εw/v and 18εw/v respectively. Hence their ratio should express the angular coefficient of the function 2δ=m18δ+d.

at 20°C 2εw/v=0.0850 and 18εw/v=0.0097 hence 2εw/v/18εw/v=8.68;

at 34°C 2εw/v=0.0701 and 18εw/v=0.0087 hence 2εw/v/18εw/v=8.08.

If we consider 2εv/w and 18εv/w we will have:

at 20°C 2εv/w=-0.0784 and 18εw/v= -0.0097 hence 2εv/w/18εv/w=8.08;

at 34°C 2εv/w=-0.0655 and 18εw/v= -0.0086 hence 2εv/w/18εv/w=7.62.

The 2δ and 18δ values of vapour forming at 20°C will have one and the 2δ and 18δ values of water in equilibrium are aligned in the 2δ and 18δ plane with a slope of about 8. By contrast, for water condensing at the same temperature the slope will be 8.68.

This type of reasoning is valid for processes occurring at equilibrium, but we know that in nature kinetic fractionation often occurs.

The isotopic composition of the humid air masses forming over an ocean can be calculated by considering Raleigh type fractionation processes starting from water with 18δ=0 2δ=0. The respective fractionation factors are a function of the temperature, and so we assume that such processes occur at an average temperature of 20°C.

In such conditions the water-vapour fractionation factor for 2H will be 2α=1.0793 (Majoube, 1971) while that of 18O will be 18α=1.0092 (Bottinga and Craig, 1969).

Considering as constant the isotopic composition of the ocean, we will have vapour with 2δ=-78 and 18δ=-9.7.

Actually, marine atmospheric vapour has an isotopic composition that ranges between -10 and -15 for 18δ‰ and -70 and -110 for 2δ‰.

Starting from 2δ‰=-77 and 18δ‰=-10.9 and hypothesising fractionation due to Raleigh type processes, we obtain isotopic composition processes for the rains in agreement with the world meteoric line of precipitations (fig. 3).
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Fig. 3: theoretical isotopic composition of precipitation (see text fro details)
Some processes encountered on the isotopic composition of precipitations, known as height effect, latitude and continentality, have already been described (Dansgaard, 1964). These effects are linked to the formation of precipitations due to cooling of humid air masses. Hence the relationship with temperature appears to be the main factor.

III-c Mixing of substances with different isotopic compositions
Let us consider the case in which two quantities of the same substance, e.g. water, with different δ values, come into contact, blending homogeneously; the δ value of the mixture can be calculated by applying a mass balance.

Let us indicate as N the total number of molecules of the mixture and R its isotopic ratio. Analogously, we will indicate as N1 and N2 the number of molecules of the quantities that come into contact and respectively as R1 and R2 their isotopic ratios. If we generically indicate as Na and Nr the number of molecules of the abundant isotope and that of the rare isotope, we will have:
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The mass balance of the molecules of the rare isotope will be:
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Assuming that the total number of the molecules is equal to that of the molecules of the rare isotope, we will have:
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Expressing all this as a function of δ with respect to a reference standard Rr:
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and setting:

f1=N1/N
f2=N2/N
f1+f2=1

the δ value of the mixture will be given by:


[image: image155.wmf]N

f

 

R

N

f

 

R

RN

2

2

1

1

+

=



[image: image156.wmf](

)

(

)

(

)

r

2

2

r

1

1

r

R

1

f

R

1

f

R

1

+

+

+

+

=

d

d

d



[image: image157.wmf](

)

(

)

1

f

1

f

1

2

2

1

1

+

+

+

=

+

d

d

d



[image: image158.wmf]1

f

f

f

f

2

2

2

1

1

1

-

+

+

+

=

d

d

d

; since f1+f2=1


[image: image159.wmf]2

2

1

1

f

f

d

d

d

+

=










(III-1)
This means that the additive property can be applied to the δ values.

This relation allows us to calculate the original isotopic composition of water that has undergone processes of mixing with seawater if we know the percentage of seawater and its isotopic composition.

III-d Mixing of different substances with different isotopic compositions
If we place in contact two chemically different substances that react with one another and have different isotopic compositions, the final stage will be characterised by fractionation between the two substances. If we set as N1 and N2 the quantities involved and respectively as R1 and R2 their isotopic ratios, in the end we will have two new quantities N1׳ and N2׳ with isotopic composition R1׳ and R2׳. The latter values will have their own fractionation factor α׳.

Analogously to what was done before, we can write the mass balance for the rare isotope:
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i.e.:
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where N1׳ + N2׳ = N1 + N2, since R1׳ = α R2׳, we will have:
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since f1+f2=1
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III-e Isotopic composition changes in the aquifer
When precipitations reach the aquifer, there may be various processes determining the isotopic composition of the water.

Water losses linked to evaporation and transpiration phenomena are accompanied by isotopic fractionation with repercussions on the isotopic composition of subterranean water.

The evaporation rate in the unsaturated stratum is limited by vapour transport in the aerated stratum (Brutsaert, 1965). With regard to this process, attainment of equilibrium at the water-air interface can be considered rapid. In these conditions we can describe the isotopic equilibrium between liquid (L) and vapour (V) δV= δL+ εV/L, where ε only depends on temperature and salinity. In this connection, the presence of salts in the solution does not only reduce the vapour pressure (Raoult’s law: the lowering of the steam tension of a solution is proportional to the molar fraction of the solute in the solution) but also changes the isotopic fractionation in the water-vapour equilibrium.

The liquid-vapour fractionation factor for frost is linked to that of freshwater by the relation:

αb(T,S) = Γ(S)* α(T)

In the case of oxygen, the effect of the anions is insignificant compared to that of the cations, which is dominant. The effect of K+ is opposite to that of  Ca++ and Mg++, while Na+ has a negligible effect. This is consistent with Craig’s observation that NaCl has no effect on seawater measurements. As a first approximation, we can say that the effects of the different ions in a solution are additive. The relations linking the differences in isotopic composition between vapour in equilibrium with frost and vapour in equilibrium with freshwater are the following:

Δ18δ = 1.11 MCaCl2+0.47M MgCl2-0.16M KCl



(Sofer and Gat, 1972)

Δ2δ = 6.1 MCaCl2+5.1M MgCl2+2.4MKCl+2.4MNaCl


(Horita and Gat, 1989)

Once the water has penetrated deep into the soil, below the unsaturated zone, the isotopic composition of the water remains more or less unchanged. The isotopic exchange between the subterranean water and minerals for non-thermal water is low (O’Neil 1987). In hydrothermal systems there are significant isotopic exchanges of hydrogen and oxygen between rock and water, due to filtration through strata of semi-permeable clays as well as hydration and dehydration of secondary minerals. For non-thermal water the 2δ and 18δ values can be used as conservative tracers (analogously to what is done for chloride and bromide).
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