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Abstract:

In this paper we provide a systematic geochemical study of the Monticchio maar lakes, on the Mt.
Vulture volcano, southern Italy, to understand the processes affecting the distribution of chemical
elements. A high-resolution conductivity—temperature—depth profile was obtained, and water
samples were collected at various depths for analyses of major and trace elements. Although the
two lakes are separated by less than 200 m, they exhibit different behaviour. The Ca-Na-HCO;
composition of “Lago Grande” water suggests that low-temperature fluids are leached from the
host volcanic rocks. Na—-Ca—HCOj; in near-surface “Lago Piccolo” water is derived from the
dissolution of local volcanic rocks, while the deepest water samples are bicarbonate alkaline-earth
in composition and generally show an enrichment in solutes with respect to the epilimnion layer
(except for SO,* content). The hypolimnion water is principally governed by both the input of
saline groundwater from the lake bottom and authigenic processes within bottom sediments. In
addition, the occurrence of anoxic conditions and microbial activity is responsible for the
transformation of sulphates to hydrogen sulphide, and for the precipitation of Fe sulphide phases.
Both processes cause a change in the chemical composition of saline groundwater as it moves
upwards. Overall, the water chemistry of the Monticchio lakes is principally affected by: i) the
input of CO,-rich volcanic gas; ii) evaporative processes that deplete near-surface water in some
elements; and iii) the occurrence of chemical, physical and biological conditions causing the

transformation of molecular complexes and consequently promoting mineral precipitation.

1. Introduction

There have been increasing concerns about water quality in lakes (Kingsford, 2011), and a
growing interest in understanding their physico-chemical features. The evaluation of processes
governing the chemical stratification of lake water is, therefore, a powerful tool for lake

management practices (Gal et al. 2009). Lakes support important freshwater ecosystems and



biodiversity, regulate the water cycle, supply water resources, and maintain ecological balance
(Rubec and Hanson, 2009). The Lago Piccolo (hereafter LP) and Lago Grande (hereafter LG)
lakes occupy two explosive maar craters on the Mt. Vulture volcano, southern Italy. Both the LP and
LG maar craters were created by intense explosive volcanic activity when a relatively small volume of
erupted magma sprayed out over a large area. The Mt. Vulture hydrogeological basin is one of the
most important aquifers in southern Italy (e.g., Parisi et al., 2011a; 2011b), and is also situated on a
popular tourist route because of its high scenic and ecological value. Various studies have been
conducted in the lakes for paleoclimate reconstruction (Brauer et al., 2000), the genesis of
sediments (Schettler and Albéric, 2008) and geochemical characteristics (conductivity—
temperature—depth profiles, major ions, isotopic (O and H) composition and dissolved gas content,
e.g. Caracausi et al., 2009; 2013b; Chiodini et. al., 1997; 2000a). Water chemistry data show that
although the two lakes are separated by less than 200 m, they have different dynamics: LP is a
meromictic lake, whereas LG is a warm monomictic lake, which exhibits complete water turnover
in winter and a subsequent new chemical stratification during the spring (Caracausi et al., 2013b).
Previous studies on the isotopic composition (3D and §'20) of groundwater and rainwater in the
Mt. Vulture area (Caracausi et al. 2013b; Marini, 2006; Mongelli et al. 1975) indicate that LP
waters deeper than 25 m fall along the local meteoric water line (LMWL, Paternoster et al., 2008),
whereas LP shallow water and all LG water exhibit a linear trend, which is typical of evaporative
processes as in other volcanic lakes (e.g. Varekamp and Kreulen 2000).

The trophic state and pollution level in lakes can mask minute compositional changes in water
geochemistry. Therefore, these changes may be more efficiently recorded by the geochemical
behaviour of trace elements (e.g. Sugiyama et al., 2005) than solely from the distribution of major
ions and the isotopic composition. In this respect, the two Mt. Vulture lakes, which share the same
origin, hydrogeological basin and climate, offer a unique opportunity to evaluate how different

water dynamics affect the distribution of trace elements with depth. With this in mind, we present



the first large chemical dataset from the lakes that includes Li, B, Al, V, Mn, Co, Fe, Ni, Cu, Zn,
As, Rb, Se, Sr, Mo, Sh, Cd, Cs, Ba and Pb, in addition to major ions. These data are used to
evaluate processes that affect the distribution of chemical elements as a function of the depth

through the water column of both lakes.

2. Hydrogeology of the Mt. Vulture area

Mt. Vulture is a Quaternary stratovolcano, located along the external edge of the Apennine Chain
(Fig. 1) in the northeastern sector of the Basilicata region (ltaly). Volcanic activity began during
the middle—upper Pleistocene (0.73 M.yr ago) and ended 0.13 M.yr ago (Blettner et al., 2006).
Recently Caracausi et al. (2013a) show that the region around Mt. Vulture is affected by an active
degassing of mantle-derived fluids through a NE-SW lithospheric discontinuity (Vulture Line).
\olcanics are undersaturated silica pyroclastic deposits and subordinate lava flows composed of
tephritic-phonolite, phonofoidite, foidite, melilitite and carbonatites (Beccaluva et al., 2002;
Giannandrea et al., 2006). The area is characterized by NW-SE, NNW-SSE and E-W oriented
normal fault systems (Beneduce and Giano, 1996; Schiattarella et al., 2005) that control the
evolution of the drainage system, principally oriented along NW-SE and E-W axes (Ciccacci et
al., 1999). The average rainfall is 830-900 mm/yr and the average annual temperature is 13.7-14.1
°C (AA.VV,, 2006), indicating a sub-humid (C2B'2sb'3) climate according to the classification
scheme proposed by Thornthwaite and Mather (1957).

The Mt Vulture aquifer core is mainly composed of pyroclastic and subordinate lava flow layers of
different permeabilities, which give rise to distinct aquifer layers. The principal hydrogeological
complexes are therefore volcanic products, with high—medium permeability values. The structural
hydraulic parameters and anisotropy features of the aquifer are the major factors that control
groundwater flow pathways (Parisi et al., 2011a). A recent hydraulic and hydrogeochemical study

(Parisi et al., 2011a) enabled a detailed characterization of the aquifer. This study found that:



i) groundwater geochemistry is heterogeneous between different sectors, and there are two
hydrogeochemical water types, reflecting different low-temperature water—rock interactions.
The first water type has bicarbonate alkaline and alkaline—earth composition with a relatively
low salinity (hereafter LS), whereas the second water type has bicarbonate-sulphate alkaline
composition with higher salinity (hereafter HS) .
ii) Three main sectors can be distinguished within the Mt. Vulture hydrogeological system. The
first W—NW sector, which constitutes the main recharge area, has an isotopic signature similar
to rainwater. The second and third sectors represent the main S—SE and N-NE discharge areas.
Lake volumes are 3.98 x 10° m*and 3.25 x 10° m® for LG and LP, respectively. Surface areas are
4.3 x 10° m? and 1.7 x 10° m? for LG and LP, respectively. The two lakes are connected by a 200
m long channel, through which LP water flows toward LG (Caracausi et al., 2013b). The
Monticchio lakes are situated at 660 m a.s.l. and the estimated mean recharge altitude is about 925

m a.s.l. (Caracausi et al., 2013b).

3. Sampling and Methods

Water samples were collected in June 2010 in both Monticchio lakes. Water was collected
vertically along a water column from the surface down to the bottom at the deepest point of each
lake. A 2 L clear polycarbonate sampler was used to collect deep lake water. Physical and chemical
parameters were obtained using a high-resolution probe (Ageotec IM71) equipped with a pH
sensor. The temperature probe has an accuracy of 0.01 °C and resolution of 0.001 °C; the accuracy
values of the electrical conductivity (EC) and pH sensors are 0.005 mS cm™* and 0.01 units,
respectively. The spatial acquisition step of temperature, EC and pH data was 1 m (Table 1). All
water samples were filtered through a 0.45 um MF-Millipore membrane in the field, and then
stored in high-density polyethylene bottles (50 and 100 mL). The bottles were filled to the top with

water, capped without leaving any headspace, stored in a refrigerated container (ca. 4° C) during



transportation to the laboratory, and then kept cool until analysis. At each sampling point, one
water sample (for cation analyses) was collected and acidified in the field with ultrapure HNO3; a
second unacidified sample was collected for anion analysis, and a third sample was acidified (with
ultrapure HCI) for trace element analysis. Major ion concentrations were determined by ion
chromatography using a Dionex AS14A lon Pac for anions (F, CI~, NO3 and SO4*") and Dionex
CS-12A lon Pac for cations (Na*, K*, Mg?* and Ca?*). Experimental accuracy is better than +3 %,
except for the deepest LP water sample where the presence of organic acids could not to be
excluded. Alkalinity was determined in the field by titration with HCI (0.1 M). The NH," content
was obtained by Nessler colorimetric method (Jeong et al., 2013 and reference therein), in which
potassium, mercury, and iodine react with to create a yellow-brownish colored compound. A
spectrophotometer (Shimatzu UV-VIS), with an analytical error below 0.1 ppm, was used.
Dissolved trace elements were determined using high-precision inductively coupled plasma-
quadrupole mass spectroscopy (ICP-MS). All trace element determinations were performed with
the external standard calibration method, using NIST and SLRS standard reference materials for
calibration. The precision of the analytical results was estimated by running triplicate analyses
every ten samples. Uncertainty of measurements is < 12% for all the trace analytes. Silica was
determined spectrophotometrically using the b-silicomolybdenum blue method, at k = 650 nm. All
laboratory analysis was performed at the “Istituto Nazionale di Geofisica e Vulcanologia, Sezione

di Palermo”.

4. Results

4.1 Water chemistry

pH, temperature (T) and electric conductivity (EC) data are shown in Fig. 2 and reported in Table
1, while the chemical composition of water samples in Tables 2a and 2b. Relative concentrations

of dissolved major ions are compared with the composition of local groundwater and local



rainwater in Fig. 3. The distributions of selected chemical constituents with depth are plotted in
Figs. 4 and 5.

Lago Piccolo

In LP, T decreases sharply from 19.45 °C in the shallowest sample to 6.57 °C at a depth of about
14 m (Fig. 2). Below this depth, temperature increases slightly, suggesting that heat flows upward
from the bottom (Caracausi et al. 2013b and references therein). EC decreases from 0.36 mS cm™*
in the shallowest sample to the 0.30 mS cm ™ at a depth of about 14 m. Between 14 m and 15 m,
EC increases abruptly (fluctuating in the 0.30-0.57 mS cm* range), and below 16 m, EC increases
sharply to the maximum value of 1.18 mS cm *at 37 m.

The T profile from June 2010 shows three distinct thermal regions: an epilimnion extending from
surface to a depth of about 14 m, an intermediate layer with a thickness of about 2 m (from 14 m
to 16 m) and a hypolimnion extending below 16 m depth. This stratification is similar to the
findings of Caracausi et al. (2013b), and suggests that meromixis is associated with a salinity
increase in the deepest layers. Finally, pH is 8.09 in the shallowest sample, 6.06 at a depth of about
15 m, and constant below this (Fig. 2).

T, EC and pH profiles suggest that a significant change in the water chemistry occurs in the LP
water column. This change is shown in ternary plots of Ca®*, Mg®*, Na*, and HCO;, SO4* and
ClI" (Fig.3). In the epilimnion layer, samples LP3, LP8 and LP12 have a Na—Ca-HCO;3
composition, whereas the deepest water samples are bicarbonate alkaline-earth in composition.
Overall, concentrations of major ions increase with depth (Fig.4), except for SO, and F .
Similarly, minor and trace elements are lower in the epilimnion than in the deepest layers and an
abrupt increase in ammonia and all trace and minor element concentrations is observed at the
interface between water and bottom sediments. The Fe contents are very high in the deepest water
samples and are in the range of values of other volcanic lakes (e.g., Momoun, Nyos; Kusakabe et

al., 1989; Aguilera et al., 2000; Teutsch et al., 2009). A few trace elements (such as Mo, Cu, Zn,



and Pb) show higher values in shallowest water than deep ones (Fig. 5).

Lago Grande

In LG, T decreases abruptly from 19.41 °C at 0.3 m to 6.73 °C at 10 m, below which it is roughly
constant. Similarly, EC shows an abrupt decrease from the surface (0.42 mS cm ™) to 10 m (0.35
mS cm %), below which it tend to slightly increase. pH decreases toward the bottom (Table 1, Fig.
2) and the higher pH in LG surface water relative to LP likely reflects the higher dissolved CO,
uptake rates by primary producers.

The ternary Ca®*, Mg, Na™, and HCO;~, SO4* and CI™ plots (Fig. 3) show that LG water has an
homogeneous composition close to that of LS groundwater in the region. The shallowest sample,
collected at a depth of 3 m from the surface, is slightly depleted in Ca** and HCO5 . For other
major elements, however, changes with the depth are either minor or negligible (Fig. 4). NO3~
generally has very low concentrations throughout the lake (<0.5 mg L™), and in some cases it is
not detectable. However, NO5;~ does increase up to 7.6 mg L™ at the interface between water and
bottom sediments, at a depth of 35 m. Fe, Mn, Sr and Ba have a noticeable depth-controlled
distribution, and increase in concentration from below 15 m depth, while the other trace elements
don’t change significantly with the depth (Fig. 5).

4.2 Lake classification

The lake classification system developed by Varekamp et al. (2000) was applied to the Monticchio
lakes to obtain information on the lake water category type and the features of water—rock
interactions. The graph of pH vs. CI” + SO, (Armienta et al., 2008; Varekamp et al., 2000) shown
in Fig.6 indicates that based on their pH values, the Monticchio lakes are classified as maar lakes.
Generally, the acidity in volcanic lakes is a result of gaseous inputs from CO, (from deep
decarbonation reactions or the oxidation of organic matter) and SO,, and strong acids such as HCI
and HF. CO, is the most abundant dissolved gas in Monticchio lake water (Caracausi et al., 2009;

2013b), lowering the pH and increasing leaching from the host rocks. Subsequent hydrolysis



reactions consume H*, increasing both the pH of the solution and the concentration of bicarbonate
and cations. The cations released by the rocks neutralize the acidity of the water.

4.3 Water saturation state

Available analytical data enable an evaluation of the saturation state with respect to relevant
mineral phases; i.e., carbonates, phyllosilicates, silicates and Fe oxi-hydroxides. The saturation
index values (SI = log 1Ap/KS, IAP: ion activity product, KS: solubility product constant) were
calculated using the equilibrium geochemical speciation/mass transfer model PHREEQC v.
2.16.04 (Parkhurst and Appelo, 1999) with the speciation model wateq. database.

In LP water, SI values are stratified with depth, moving from epilimnion to hypolimnion layer
(Fig. 7). The epilimnion water are undersaturated with respect to the primary phases of volcanic
rocks, with Sl values decreasing with depth. Among carbonate species, calcite, dolomite and
magnesite share the same trend, becoming undersaturated between the epilimnion and
hypolimnion, although calcite and dolomite tend to be slightly saturated in the shallowest water
strata (LP3). Conversely, siderite and rhodochrosite are undersaturated in the epilimnion, below
which they tend to be saturated—oversaturated in the deepest strata. Sl values indicate that Fe oxy-
hydroxides are oversaturated at all depths. All phyllosilicate minerals share a similar distribution.
In the epilimnion strata, water are oversaturated, except for illite, with Sl values that increase
initially but then decrease. This change is probably due to the precipitation rate of phyllosilicate
minerals that increase with basic or near neutral pH values (Kohler et al., 2003). Deep water is
undersaturated with respect to illite and montmorrilonite-Ca and oversaturated with respect to
Kaolinite and muscovite, with values that increase with depth.

For LG, speciation calculations (Fig. 8) indicate that water at all depths is undersaturated with
respect to the primary phases of volcanic rocks; i.e., clinoenstatite, diopside, albite, anorthite and
forsterite, as well as to phyllosicates minerals such as illite, montmorrilonite-Ca, Kaolinite and

muscovite. In shallow water, kaolinite and muscovite are the only minerals which reached the



saturation state, indicating that primary phases can dissolve and phyllosicates can precipitate. Sl
values indicate that, for carbonate phases, magnesite, calcite and dolomite share a similar
distribution, being close to the saturation state in the shallowest strata and then decreasing with the
depth. In contrast, siderite and rhodochrosite have lower values in shallow water and then only
rhodochrosite tends to be close to saturation in deeper water. The latter SI values are linked to Mn
concentrations, which increase rapidly with depth along the vertical profile. Similarly, SI values
indicate that Fe oxi-hydroxides are oversaturated at all depths (Fig. 7).

Thermodynamic data (Figs. 7 and 8) shows that LG water overturns completely, while LP water
exhibits chemical stratification. LP deep water is stagnant, with SI values that remain constant or
increase slightly with depth. SI values are variable in shallower water, which is linked to both pH
and precipitation-rate changes for some minerals (i.e., phyllosilicates, carbonates, Fe oxi-

hydroxides).

5. Discussion

The chemical composition of volcanic lake water, not directly linked to magmatic activity, is
associated with factors including: dilution/concentration processes related to rainfall and
evaporation and leading to the precipitation of minerals, redox conditions, groundwater supply to
the lake bottom (particularly in maars), and the composition of the host rocks. In LP, a meromictic
lake with a permanent chemical stratification, the deepest water is stagnant, whereas the amount of
dissolved solutes decreases along side cyclical water circulation in the shallowest strata.
Furthermore, as the contribution from meteoric water in both lakes can be neglected (Spilotro et
al., 2006 and references therein), only groundwater inflow and evaporation must be considered in
the lake water balance.

As in other volcanic lakes (e.g. Varekamp and Kreulen, 2000), shallow water in LP is affected by

evaporative processes, while water below 25 m depth is of meteoric origin. Since concentrations of

10



major and trace elements in shallow water are similar to those of Mt. Vulture LS groundwater, we
assume that this chemical signature is derived from the dissolution of local volcanic rocks.
Hypolimnion water in the lake is anoxic, with high amounts of dissolved CO,, mainly supplied
from the bottom of the lake (Caracausi et al., 2013b). The hypolimnion layer has high salinity, and
a chemical composition consistent with that of local LS groundwater (Fig.3). This water is also
stagnant and generally enriched in solutes with respect to the epilimnion layer (Figs. 5 and 6). The
increase of most solutes with depth is due to the input of saline fluid from the lake bottom. Fe and
Mn show a significant increase between the epilimnion and hypolimnion, and the distribution of
both elements is largely controlled by redox conditions. Their oxidized forms (Mn** and Fe*) are
insoluble in natural water at neutral pH, whereas their reduced forms (Mn®" and Fe?*) are soluble.
The occurrence of anoxic conditions in the hypolimnion layer causes the observed significant
increase of these elements. The highest concentrations of Fe and Mn below the oxic/anoxic
interface are similar to those observed in other meromictic lakes (Balistrieri et al., 1994; Perret et
al., 2000; Taillefert et al., 2000a; Tonolla et al., 1998) and are likely produced by both authigenic
processes within bottom sediments (Davison, 1993) and the addition of Fe** and Mn** by saline
groundwater. SO,° decreases with the depth (Fig.5), likely due to anaerobic conditions and
microbial activity in the hypolimnion layer, as sulphur-reducing bacteria cause the transformation
of sulphates to hydrogen sulphide. In Monticchio lake sediments several metal sulphide phases
(including pyrite, calcopyrite and chalcocite) have been found (Schettler and Alberic, 2008), and
the observed decrease in Cu, Zn, Mo and Pb with depth, suggests that these elements may co-
precipitate with, or may be adsorbed on to sulphide minerals, also according to the tendency of
heavier transition metal cations in lower oxidation states to preferentially join with sulphur rather
than oxygen ligands (Stumm and Morgan, 1981). It is also possible that scavenging by particles
either settling or resting at the sediment—water interface may decrease the concentration of some

elements. The high ammonia concentration at the sediment—water interface, for example, is due to
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the anaerobic mineralisation of organic deposits on surface sediments.

LG is a warm monomictic lake with water isotope values (8D and §'0) typical of evaporative
processes. The water overturns completely during winter, confirmed by the decrease of dissolved
He (Caracausi et al., 2013b), and this is followed by a new chemical stratification in spring. The
concentrations of dissolved gases (CHj, He, O, and Ar) vary over time and increase constantly
toward the lake bottom during the spring. LG water has a Ca**~Na'~HCO;  composition, as a
result of low—temperature fluids leaching from host volcanic rocks (Parisi et al., 2011a; 2011b;
Paternoster et al., 2010). The water is also characterized by high Sr concentrations (an average of
490 pg L™) and low Ca/Sr and Na/Sr ratios (84 and 63, respectively). This reflects the dissolution
of carbonatite-melilitite tuff deposits in the area. Most measured elements do not show a depth-
controlled distribution. Only Ca** and HCO5  have lower values in shallow water likely due to the
precipitation of carbonate phases. High NO3 concentrations at the interface between water and
bottom sediments are probably due to nitrification. Trace elements, Fe, Mn, Sr and Ba, increase
from the shallowest to the deepest water layers. Fe and Mn are released into bottom water by
reductive dissolution of Mn and Fe oxides in the sediment (Davison, 1993; Kawashima et al.,
1988). Fe and Mn geochemical cycles also play a fundamental role in the behaviour of other

elements, such as Sr and Ba (Sugiyama et al., 1992), which increase in the deepest water layers.

6. Conclusions

This research presents the first large chemical dataset (major, minor and trace element
compositions) from the Monticchio maar lakes (Mt. Vulture volcano, southern Italy). Our results
support those of previous studies (Caracausi et al., 2009; 2013b; Chiodini et al., 2000a) and
indicate that, although the lakes are in close proximity, they exhibit different behaviour. LG water
has a Ca—Na—HCO3; chemical composition that is close to local LS groundwater, derived from

dissolution of host rocks. The lake water is fairly homogeneous, except for Ca®* and HCO3
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concentrations that have lower values in shallow layers likely due to the precipitation of carbonate
phases. The chemistry of LG water is principally governed by groundwater interactions with host
rocks and evaporation processes. Thermodynamic modeling of the results allows us to indicate that
the LG water overturns completely while LP water exhibits chemical stratification.

LP is a meromictic lake, where shallow water (above 16 m) is affected by evaporative processes
and has lower solute concentrations than deeper water layers. Shallow water exhibits
homogeneous geochemical concentrations that are comparable with local LS groundwater. As for
LG water, this chemical signature is derived from low-temperature fluids leaching from host
volcanic rocks. The hypolimnion water are anoxic and stagnant, and have a chemical composition
similar to local groundwater, but with higher salinity values. The increase of solutes with depth is
due to both the input of saline fluid from the lake bottom and minerogenic processes within the
bottom sediments. Saline fluids from the lake bottom could have a sulphate-bicarbonate alkaline
composition, similar to that of the Mt. Vulture HS groundwater. This groundwater may
subsequently modify its chemical composition to more closely reflect low salinity groundwater
(Ca—Na-HCO3) following the occurrence of anoxic conditions and microbial activity. This would
cause sulphates to transform into hydrogen sulphide, and Fe sulphide phases to precipitate. Finally,
the cycling of redox-sensitive elements such as Fe and Mn are found to play a fundamental role in

trace element transport and concentrations.
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FIGURE CAPTIONS

Figure 1: (a) Simplified geological map of the Mt. Vulture volcano (modified from Giannandrea
et al., 2006). (b) Bathymetric map of the Monticchio lakes showing the sampling points. The

discharge flow water lines from Parisi et al. (2011a).

Figure 2: pH, temperature (T) and electrical conductivity (EC) values along vertical profiles of the

Monticchio Lakes.

Figure 3: Ternary diagrams of anions (HCOs;, SO,* and CI") and cations (Ca®*, Mg, Na*).
Relative concentrations of dissolved major ions are compared with the compositions of local

groundwater (low and high salinity, LS and HS respectively) and local rainwater (RW).

Figure 4: Vertical profiles of the major elements in Monticchio Lake water. The values are in

mg/L. Symbols as in Fig. 3.

Figure 5: Vertical profiles of a few minor and trace elements in Monticchio Lake water. The

values are in pug/L. Symbols as in Fig. 3.

Figure 6: pH vs. Cl + SO, (mg/L), modified from Varekamp et al. (2000). Fields for CO,-
dominated lakes, quiescent and active’ acid crater lakes (pH<S5), and maars lakes (pH>5) are

shown. Symbols as in Fig. 3.

Figure 7: Vertical profiles of the saturation index (SI) in LP water with respect to: primary phases

of local volcanic rocks (silicates), phyllosilicates minerals; carbonate minerals and Fe oxi-
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hydroxides.

Figure 8: Vertical profiles of the saturation index (SI) in LG water with respect to: primary phases

of local volcanic rocks (silicates); phyllosilicates; carbonate minerals and Fe oxi-hydroxides.
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Table 1:1In situ measurements of chemical and physical parameters of the Monticchio lake water

Lago Grande (LG) Lago Piccolo (LP)

Depth |T EC pH T EC pH
meter |°C mS/cm °C mS/cm

-0.3 1941 042 835 [1945 0.36 8.09
-1 19.25 042 8.26 [19.25 0.36 8.10
-2 1763 041 750 [18.92 0.36 8.05
-3 16.29  0.40 725 |17.64 035 8.12
-4 1298 0.38 7.09 |1553 0.33 7.85
-5 9.85 0.38 6.92 1191 031 7.52
-6 8.13 0.36 6.87 ]9.83 0.29 7.69
-7 7.36 0.35 6.83 [8.53 0.28 7.48
-8 7.05 0.35 6.82 |7.81 0.28 7.27
-9 6.91 0.35 6.80 |7.32 0.28 7.06
-10 6.73 0.35 6.77 [6.91 0.28 6.91
-11 6.61 0.34 6.74 |6.70 0.28 6.81
-12 6.57 0.34 6.73 |6.54 0.28 6.71
-13 6.53 0.34 6.72 [6.45 0.28 6.64
-14 6.50 0.34 6.70 |6.57 0.30 6.40
-15 6.47 0.34 6.65 [6.91 0.57 6.06
- 16 6.45 0.35 6.63 |7.13 0.62 6.04
-17 6.44 0.35 6.60 |7.28 0.63 6.04
- 18 6.43 0.35 6.58 |7.36 0.64 6.04
-19 6.43 0.35 6.56 |7.44 0.65 6.04
-20 6.42 0.35 6.52 |7.52 0.66 6.04
-21 6.41 0.35 6.52 |7.60 0.67 6.04
-22 6.41 0.35 6.49 |7.68 0.68 6.04
-23 6.41 0.35 6.48 |7.74 0.68 6.04
-24 6.40 0.35 6.47 |7.81 0.69 6.04
-25 6.40 0.35 6.46 |7.86 0.70 6.04
- 26 6.40 0.35 6.45 |7.92 0.71 6.04
- 27 6.40 0.35 6.44 |7.95 0.71 6.04
- 28 6.40 0.35 6.43 [8.00 0.71 6.04
-29 6.40 0.35 6.43 |8.08 0.73 6.04
-30 6.40 0.35 6.43 [8.19 0.76 6.04
-31 6.40 0.35 6.42 [8.31 0.79 6.05
-32 6.40 0.35 6.41 [8.41 0.83 6.05
-33 6.40 0.35 6.39 |8.53 0.88 6.05
-34 6.40 0.35 6.39 |8.67 0.95 6.06
-35 6.40 0.35 6.40 |8.77 1.02 6.07
- 36 - - - 8.88 1.12 6.08
-37 - - - 8.95 1.18 6.09

Note: T = temperature; EC = electrical conductivity; - is for not measured. See text for further
details.



Table 2a: Chemical composition of the LP water

Error | Lago Piccolo (LP)
Depth meter -3 -8 -12 18 -25 -28 -32 -37
(%)

ca®* mg L™ 243 247 265 413 438 434 455 48.3
K* mg L™ 19.3 189 193 218 233 231 242 251
Mg®* |mgL™ 64 64 66 101 105 106 108 11.2
Na* mg L™ 30.1 29.8 305 33.1 324 359 348 36.7
Si mg L 71 95 89 39 43 43 44 49

Fe mg L™ 0.006 0.007 0.011 107 125 122 132 259
HCOs |mglL™ 174 177 183 455 525 534 604 750
F mg L 09 09 10 06 07 07 06 06

cr mg L 19.3 19.2 192 212 207 206 21.1 213
SO~ |mglL? 81 82 81 07 03 02 04 06

NO; |mglL™ b.dl. bdl 028 016 b.dl b.dl b.d.l b.d.l
NH;  |mglL™ b.dl b.dl bdl bdl bdl bdl bdl 372
Li ngL? |33 |547 568 7.18 6.72 6.48 6.68 4.70 4.94
B pgL? |-06 |51 52 66 74 73 75 57 79

Al ngL? 105 (290 212 3.73 3.16 4.05 4.61 4.30 10.70
V ngLt |72 (189 1.39 041 6.14 11.2 121 12.6 46.1
Mn ngL? |39 (414 133 6.21 1853 1845 1848 1475 2495
Co ngLt 1.3 (006 0.07 0.09 211 2.08 2.02 157 234
Ni pgL?  |-1.0 |0.30 0.38 0.25 0.33 0.40 0.39 0.26 0.57
Cu ngL? |85 044 057 0.68 0.2 0.03 0.04 0.06 0.08
Zn ngL? 109 |1.94 235 1.80 1.18 1.09 0.81 057 2.13
As ngL? |78 069 061 039 427 585 557 4.15 831
Se pgL?  11.9 |0.03 0.05 0.04 0.08 0.10 0.10 0.10 0.29
Rb ngL? |57 |29 29 37 39 38 40 31 54

Sr ngLt |42 |287 290 374 547 562 583 469 895
Mo pgL?  |-1.8 |152 1.46 1.80 022 0.12 0.17 0.10 0.29
Cd ngLt 11.0 |b.dl. bdl bdl b.dl bdl bdl b.dl b.d.l
Sh ngL? |40 (007 008 010 0.02 bdl 0.01 b.dl 0.05
Cs ngLt  |-41 (016 016 0.20 0.39 041 042 0.35 0.74
Ba ngL?  |-09 |61 64 84 329 346 356 305 575
Pb pgL?  |-1.4 (018 019 0.20 0.10 0.04 0.03 0.02 0.05
E;EZL%Z % 05 -08 05 20 09 07 -11 67

Note: b.d.l. = below detection limit




Table 2b: Chemical composition of the LG water

Error | Lago Grande (LG)
Depth | meter -3 -:10 -15 -20 -25 -30 -35
(%)

ca®* |mglL* 346 431 431 424 425 415 419
K* mg L™ 184 187 185 186 189 187 186
Mg®* |[mgL™ 10.3 10.2 106 106 105 10.6 10.3
Na* |mgL* 311 31 317 311 313 312 31

Si mg L 21 24 23 26 27 27 27

Fe mg L™ 0.003 0.003 0.003 0.036 0.077 0.096 0.103
HCOs |mgL™ 189 223 235 226 232 232 232
F mg L 07 08 08 08 07 08 08

ol mg L 252 25 25 251 249 251 253
SO |mglL* 173 178 179 173 167 168 171
NO; |mgL™ b.dl. 016 047 bdl bdl 018 7.64
NH;" |[mglL™ b.dl bdl bdl bdl bdl bdl b.d.l
Li ngL? 33 (289 290 290 299 292 3.00 296
B ngL* |-0.6 |57 55 56 57 56 57 56

Al ngL? |105 (282 124 127 136 228 173 1.70
V ngL? |72 |133 095 082 0.83 085 0.83 0.86
Mn ngL? |39 |246 35 44 1666 2254 2413 2398
Co ngLt |13 (013 014 013 014 015 0.15 0.15
Ni ngL? |-1.0 |0.30 032 035 037 042 0.37 0.38
Cu ngL? |85 (020 010 0.06 0.0 005 0.10 0.02
Zn ngL? 109 (040 035 026 035 0.36 0.26 0.38
As ngL? |78 |119 130 122 101 111 114 1.07
Se ngL? [11.9 |0.05 004 0.02 0.04 004 0.03 0.03
Rb ngL? |57 |32 32 32 33 33 34 33

Sr ng L™t |42 |449 460 489 505 497 509 503
Mo ngL? |-1.8 |0.87 064 058 0.61 060 0.58 0.60
Cd ngL? 110 |bdl  bdl bdl bdl bdl bdl bd.l
Sh ngL? |40 |0.09 006 005 0.07 007 0.07 0.08
Cs ngL? |-41 |014 015 015 0.16 016 0.16 0.16
Ba ngL |09 |86 94 106 129 143 146 147
Pb ngL? |-1.4 |0.05 006 005 0.06 005 0.03 0.03
E;EZL%Z % 11 02 -04 04 01 -02 -09

Note: b.d.l. = below detection limit

31



Highlights
A systematic geochemical study of the twins Monticchio maar lakes was performed.

The two lakes are separated by less than 200 m and they exhibit different behaviour.

The “Lago Grande” water are governed by groundwater interactions with host rocks.

The “Lago Piccolo” hypolimnion water are anoxic with a chemical stratification.

The cycling of redox-sensitive elements promotes mineral precipitation with depth
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