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An Endorheic Lake in a Changing Climate:
Geochemical Investigations at Lake Trasimeno (Italy)
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Abstract: Lake Trasimeno is a shallow, endorheic lake located in central Italy. It is the fourth Italian
largest lake and is one of the largest endorheic basins in western Europe. Because of its shallow depth
and the absence of natural outflows, the lake, in historical times, alternated from periods of floods to
strong decreases of the water level during periods of prolonged drought. Lake water is characterised
by a NaCl composition and relatively high salinity. The geochemical and isotopic monitoring of lake
water from 2006 to 2018 shows the presence of well-defined seasonal trends, strictly correlated to
precipitation regime and evaporation. These trends are clearly highlighted by the isotopic composition
of lake water (5'80 and §D) and by the variations of dissolved mobile species. In the long term, a
progressive warming of lake water and a strong increase of total dissolved inorganic solids have
been observed, indicating Lake Trasimeno as a paradigmatic example of how climate change can
cause large variations of water quality and quantity. Furthermore, the rate of variation of lake water
temperature is very close to the rate of variation of land-surface air temperature, LSAT, suggesting
that shallow endorheic lakes can be used as a proxy for global warming measurements.

Keywords: endorheic lake; evaporation; salinity; water isotopes; climate change

1. Introduction

Lakes are dynamic systems that are very sensitive to climate change. In particular, endorheic
lakes are very useful climatic indicators because of the high sensitivity of their physical, chemical
and isotopic parameters to the variations of climatic factors such as precipitation, radiation and
temperature [1-4]. In closed lakes, even relatively small changes in precipitation and evaporation
can produce large fluctuations in water level and salinity. For that reason, variations in lake level,
chemical and isotopic composition of lake water (5'80 and D), deposition rate and composition of
lake sediments can provide detailed records of climate changes on different time-scales. Apart from
the Caspian sea, which is the largest endorheic basin of the world, Europe comprises relatively few
terminal lakes of significant dimensions. One of the largest is Lake Trasimeno, located in Umbria
(central Italy). Lake Trasimeno (Figure 1) is a shallow lake of remarkable naturalistic interest and a
significant resource for the economy of the region [5,6]. The lake has a surface area of about 120.5 km?
and is the largest lake of peninsular Italy and the fourth largest by surface area in Italy (Figure 1); based
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on the measurements obtained for the last 50 years, the lake shows an average depth of about 4.7 m
and an average water level at 257.1 m a.s.l. Because of its shallow depth and the absence of natural
outflows, the lake caused periodical floods in the past, only partially attenuated by an artificial outlet
(San Savino outlet in Figure 1) built during Roman times and restored at the end of the 19th century.
On the other hand, during the periods of drought, the lake often experienced strong decreases of the
water level (e.g., up to —2.63 m below hydrometric zero level in 1958).
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Figure 1. Location of the study area and main features of the Lake Trasimeno basin. The light grey area
indicates the natural catchment of lake Trasimeno and the dark grey areas indicate the river basins
artificially connected to the lake after 1957. The blue dotted line represents the artificial waterway
connecting the Moiano and Maranzano river basins to the Anguillara channel.

In order to overcome the drying up caused by a strong drought period in the late 1950s,
the catchment area has been artificially enlarged in the period 1957-62 connecting the Tresa,
Rigo Maggiore, Moiano, and Maranzano river basins to the lake by means of the Anguillara channel [7]
and in 1960, the hydrometric zero level wasset at 257.33 m a.s.l.. This large hydraulic work temporarily
solved the crisis but other periods of very low water level have occurred during the last 50 years [5,8].
In particular the lake level decreased more than 1 m below the hydrometric zero level from 1970 to
1975 (after that drought period, the outlet threshold was raised to 257.50 m a.s.l. in 1983) and in the
period 1989-2012, when it almost reached 2 m below hydrometric zero level. However the decrease of
lake level has not been constant with time and during the last drought period the lake level showed
numerous fluctuations. Finally during the rainy years 2013-2014, the lake level underwent a strong
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increase and, to prevent flooding of coastal areas, in January 2015, the artificial outlet was opened
for some days after a total closure of about 30 years, during which evaporation was the only natural
output of the system. During the periods of decreasing water level, the lake showed an increase of
suspended solids, a progressive accumulation of dissolved salts and an increase of the total alkalinity
of lake water [5].

At present, the lake can still be classified as a freshwater system (TDS = 0.8%o0 in 2006) but,
according to Ludovisi and Gaino [5], in a few centuries the lake will reach the TDS value of 5%so,
the conventional threshold between fresh and saline waters [9]. Considering that both IPCC regional
climate projections for southern Europe [10,11] and local studies [12,13] show a significant increase of
the mean temperature and a decrease of runoff during the 21st century, lake Trasimeno will almost
certainly experience other drought periods and strong water level changes in the coming decades [14].
In order to understand the quantitative and qualitative changes that could affect lake Trasimeno in
the near future, it is very important to individuate the qualitative and quantitative long-term trends
and distinguish them from the short-term variations. A long record of hydrologic data is available,
allowing reliable studies on quantitative variations at lake Trasimeno [5,15], but only a few chemical
datasets are available and some of them are incomplete or cover only short periods of observation.
Also, isotopic data are scarce and the most recent date back to 1971 [16,17]. Furthermore most of the
studies on water quality are focused on the assessment and monitoring of the trophic and ecological
condition of the lake [18-22] and only a recent work [5] studied the relationships between water
quality and meteorological regime, suggesting that the most evident change in the water quality
of Trasimeno lake during the last decades is the salinity increase. In this work, new chemical and
isotopic data (5180, 5D and §13C of dissolved carbon) collected from 2006 to 2018 and including both
periods of drought (2006-2010) and relatively rainy periods (2012-2014) are presented in order (i)
to explore the main geochemical processes affecting lake water composition, (ii) to investigate the
relationships of lake water chemical and isotopic composition with seasonal water level changes and
(iii) to individuate possible long-term geochemical, isotopic and temperature trends. The comparison
of long-term variations with global variations of temperature could shed some light on the effects of
climate change on shallow endorheic lakes, exploring the possibility of using them as indicators of
climate trends.

2. Materials and Methods

2.1. The Study Area: Geological, Hydrogeological and Hydrological Setting

The geological and structural setting of Lake Trasimeno (Figure 2) is related to the development
of the Northern Apennine chain, a NE verging thrust belt interpreted as the result of convergence
between the Alpine orogen and the African plate, starting in Oligocene-Early Miocene times [23].
The tectonic evolution of the Northern Apennines has been characterised by the contemporaneous
activity and eastward migration of coupled compression, in the foreland, and extension, in the
hinterland [24]. In the study area, the early compressional phase produced the overthrusting of the
Tuscan nappe and Ligurian units on the Umbria-Marches units. The compressional phase ended in
Late Serravallian time [25] and was followed by extensional deformations related to the opening of
Northern Tyrrhenian Sea. The extensional phase started to develop in the inner (i.e., western) side of
the Apennine belt from Middle Miocene time and reached the Trasimeno area in the Early-Middle
Pliocene [26-28], generating a set of NW-SE normal faults and grabens that developed over the
pre-existing compressional structures [28]. All the main tectonic units of Northern Apennines are
present in the Lake Trasimeno area: Ligurian units (Eocene-Oligocene) crop out in a few places near
Castiglione del Lago and overlay the Tuscan Unit turbidites (Macigno Fm., Oligocene-Early Miocene in
age) that are extensively exposed in the eastern, southern and northern portion of the Lake Trasimeno
basin. The Tuscan Unit, in turn, overlay the turbidites of the Rentella Unit (Oligocene-Early Miocene)
and of the Umbria-Marche Unit (Marnoso-Arenacea Fm., Early/Middle Miocene in age) outcropping
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west of Lake Trasimeno [29]. The Tuscan turbidites and the Ligurian units are covered in the basinal
zones by continental and shallow marine sediments composed from top to bottom by: fluvial deposits
(Holocene), a lacustrine sequence up to 200 m thick and mainly made up by clay and silt (Middle
Pleistocene-Holocene), a continental sequence composed by sands and gravels (Late Pliocene-Early
Pleistocene) and a transgressive marine sequence (Early-Middle Pliocene). The Early Pliocene to
Holocene sedimentary sequence reflect the complex evolution of the area during extensional tectonics.
The Trasimeno area evolved as (i) a marine gulf in the continental shelf of the Tyrrhenian Sea during
Early Pliocene, (ii) a fluvial plain during Early Pleistocene and (iii) a large tectonic depression, filled
by a fresh water lake and characterised by a rather continuous subsidence from Middle Pleistocene
to present-day [28]. At present, Lake Trasimeno represents the residue of the large lacustrine basin
formerly filling the tectonic depressions of the area during Pleistocene [30]. Both the fluvial, lacustrine
and marine deposits (Pliocene to Holocene) outcropping on the western side of the basin and the
sandstones and marls (Oligocene-Miocene), outcropping north-east, east and south-east of the lake
are characterised by low permeability (Figure 2). However, despite their low permeability, these
formations host small aquifers [31,32] where all the infiltrating water radially flows towards the lake
(Figure 2). Both piezometric and structural data suggest that the hydrogeological basin is practically
coincident with the catchment area [15].
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Figure 2. Geolithological map [28,29,32]. In the same map are also reported the elevation of the
water table [33] and the location of sampling points (CL—Castiglione del Lago, SA—Sant’Arcangelo,
PA—Passignano, AC—Anguillara Channel, PS—Paganico stream, VE—Vernazzano well, CE—Cerrete
spring; A and B are the locations of the vertical profiles).
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The lake surface area depends on lake level and varies from 116.5 km? to 124.5 km?, with an
average of 120.5 km? while the catchment area, excluding the lake surface, is 264.5 km? [15], with
an average altitude of about 330 m a.s.1.. The annual rainfall on the lake is 700 mm and 730 mm on
the catchment area, the mean air temperature is 14.5 °C, the average evaporation from the lake is
1030 mm while the evapotranspiration from the catchment area is 535 mm. The artificial withdrawal
from the lake is about 10% of evaporation. The average water level of the lake results to be 257.1 m
a.s.l., about 20 cm lower than reference water level (257.33 m a.s.l.) and the maximum depth of the
lake with respect to the average water level is 5.5 m. The mean volume of water stored in the lake
during the period 1984-2006 is 490 x 10°® m? and the average residence time (1), computed for the
same period as the ratio of the mass of water contained in the system and the output mass flow rate is
4.1 £ 0.2 yr. Because of the small extension of the basin with respect to the average surface area of the
lake, the annual water inflows are frequently lower than evaporation losses and the water balance
of the lake is strongly affected by the pluviometric regime [5,6]. Dragoni at al. [6] derived a simple
relation between precipitation (P) and lake level changes (Ah):

Ah =2.195P - 1.538 1)

According to Equation (1), the minimum amount of precipitation that is necessary to keep the
average lake level unchanged (Ah = 0) is about 700 mm: for P > 700 mm, the lake level increases and
for P < 700 mm the lake level decreases. The diagram of Figure 3 illustrates the variations of lake
level and precipitations from 1960, when the hydrometric zero level has been set at 257.33 m a.s.L,
to 2017. The diagram shows an increase in lake level from 1960 to 1965, caused by the enlargement of
the catchment area, followed by the alternation of wet periods and drought crisis, characterised by
very low lake levels. In January 2015, after the rainy years 2013-2014, in order to prevent flooding of
coastal areas, the artificial outlet has been opened for some days after a total closure of about 30 years
during which evaporation was the only natural output of the system. Since summer 2015, the lake
level started to decrease again.
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Figure 3. (a) Annual average, maximum, and minimum levels of Lake Trasimeno and (b) annual
precipitations from 1960 to 2017; 1960-2003 data are taken from [5] and [6]; 2004-2017 data are taken
from www.clubvelicotrasimeno.it [34].
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2.2. Sampling and Analyses

From March 2006 to June 2015, the waters of Lake Trasimeno were sampled at Castiglione del
Lago (CL, 65 samples), Sant’Arcangelo (SA, 6 samples) and Passignano (PA, 4 samples). Water samples
were taken at about 30-50 cm depth. In addition, in August 2007, lake waters were sampled at the
centre of the lake along two vertical profiles, A and B in Figure 2, with a vertical spacing between
samples of about 1 m (six samples along the profile A and four samples along profile B). The two major
tributaries of the lake, Anguillara channel (AC) and Paganico stream (PS), were sampled in November
2006, May 2007, November 2007, March 2008 and August 2008 and two samples of groundwater were
collected from the Vernazzano spring (VE) and Cerrete well (CE) in March 2008. Location of sampling
points is shown in Figure 2. For each water sample, temperature, pH, Eh, electrical conductivity,
silica, NH;* and HCO;~ were determined in the field. HCO;~ concentration was determined by
titration with HCI (0.01 N), silica and NH,* concentrations were determined using 114410 and 114423
MQuant colorimetric test kits (detection limits 0.02 mg/L and 0.2 mg/L respectively). Water samples
for chemical analyses were collected in 100 mL and 50 mL HDPE (high-density polyethylene) bottles.
Both the aliquots were filtered upon sampling through 0.45 um membrane filters and the 50 mL aliquot
was subsequently acidified with 1% HCIL. The chemical analyses were performed at the laboratory of
Department of Physics and Geology of Perugia University. Ca and Mg were determined by atomic
absorption flame spectroscopy, and Na and K were determined by atomic emission flame spectroscopy
on the 50 mL acidified aliquot using an IL951 AA/AE spectrometer. F~, C17, NO3 ™, PO43~ and SO,
were determined by ion chromatography on the 100 mL filtered aliquot using a Dionex DX120 Ion
Chromatography System equipped with an AS50 autosampler. All the laboratory analytical methods
and the field determinations have an accuracy better than 2% and the total analytical error, evaluated
by checking the charge balance, is about 2.5% on average.

Along the vertical profiles A and B (Figure 2), we collected ten samples (six along profile A and
four along profile B) for the chemical analyses, following the same procedure of surface samples, and
we measured temperature (resolution = 0.1 °C, accuracy = +0.1 °C), pH (resolution = 0.01, accuracy =
+0.02 pH units), Eh (resolution = 0.1 mV, accuracy = +0.5 mV), electrical conductivity (resolution =1
uS/cm, accuracy = +1%) and dissolved oxygen (DO; resolution = 0.01 mg/L, accuracy = +1%) using a
WTW MultiLine multiparametric probe.

Water samples for oxygen and hydrogen isotopic analyses were collected in 50 ml HDPE bottles
and analysed by mass spectrometry. For the determination of 5'C of total dissolved inorganic carbon
(813Crpic, TDIC), all the dissolved carbon species were precipitated in the field as SrCO; by adding an
excess of SrCl, and NaOH to 1000 mL of water. In the laboratory, carbonate precipitates were filtered,
washed with distilled water and dried in a CO,-free atmosphere. Isotopic analyses were performed by
mass spectrometry on the CO, gas released from the precipitate by reaction with 100% H3 PO, under
vacuum. Isotope analyses have been carried out at the Geochemistry Laboratory of INGV-Osservatorio
Vesuviano using a Finnigan Delta plusXP continuous flow mass spectrometer coupled with Gasbenchll
device (analytical errors are +1%o for 5D, £0.08%o for 5'80 and +0.06%o for 5'3C). Field data and the
results of the chemical and isotopic analyses are reported in supplementary material (Tables S1 and S2
respectively). The chemical dataset (Table S2) has been complemented with the analyses of 54 samples
(temperature, pH, Eh, conductivity, silica, P, PO43~, NH, ", NO;3~, DO and total alkalinity) carried
out by ARPA-Umbria, the Environmental Protection Agency of Umbria, from July 2015 to January
2018, (data available at http://www.arpa.umbria.it/pagine/elenco-monitoraggi [35]). These samples
were taken by ARPA at the centre of the lake, just about point A in Figure 2. Aqueous speciation
calculations have been performed with the PHREEQC version 3 computer code [36] using the LLNL
thermodynamic database [37].
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3. Results

3.1. Chemical Composition of Lake Water, River Waters and Groundwater

Based on the Piper diagram (Figure 4a), it is possible to distinguish three main water groups: (1)
lake waters, characterised by Na-Cl composition and total dissolved solids (TDS) comprised between
780 and 1060 mg/L; (2) river waters of the two main lake tributaries, Paganico river and Anguillara
channel, characterised by (Na + K)/(Ca + Mg) molal ratios between 0.75 and 1.5, variable Cl and
SOy contents and average values of TDS of 810 mg/L and 615 mg/L respectively; (3) groundwater
from Vernazzano spring and Cerrete well, showing a clear Ca-HCOj3; composition and TDS of about
550-600 mg/L.
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Figure 4. (a) Piper diagram. Open circles refer to lake water samples, squares refer to river waters and
triangles to groundwater samples; (b) variations of temperature, pH, Eh, electrical conductivity, Cl and
Na along the vertical profiles A (blue circles) and B (red circles).

Figure 4b shows the variations with depth of some chemical and physical parameters measured
in August 2007 along two vertical profiles located in the middle of the lake (A and B in Figure 2).
Water temperature shows only a slight decrease (less than 1 °C) in the first 1.5 m and then remains
constant down to the bottom. Eh and pH are practically constant for almost all the water column but
show a sharp decrease in the last 0.5 m probably related to redox processes (sulfate reduction and
total organic matter decomposition) occurring in bottom lake sediments. Finally, electric conductivity,
Cl and Na don’t show any significant variation with depth. These data suggest that Trasimeno is a
well-mixed lake where the winds, thanks to the shallow depth of water, can produce a mechanical
mixture of the layers in all the water column.

The Na vs. Cl diagram (Figure 5) shows that chloride and sodium contents vary over a wide
range of values.

Mostlake and river samples are positioned along or below the halite dissolution line (corresponding
to a Na/Cl weight ratio of 0.65 and to a molal ratio of 1; dashed line in Figure 5) and the variations of their
Cland Na concentrations are primarily due the effects of dilution during rainy periods, and evaporation
during hot, dry periods. The samples showing Na/Cl ratios lower than the theoretical halite dissolution
ratio are probably affected by adsorption reactions with clay minerals, hydroxides, and organic matter
of bottom lake sediments, causing a relative depletion of Na. In contrast, groundwater sampled
from Vernazzano spring and Cerrete well show a Na/Cl ratio higher than the halite dissolution ratio.



Water 2019, 11, 1319 8 0of 20

These samples are representative of circulation in the fractured sandstones of the Oligocene-Miocene
turbidites and their Na content mainly derives from the alteration of plagioclase.

300
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150 1

Na (mg/L

100 1

50 A

0 100 200 300 400 500

Cl (mg/L)
Figure 5. Na vs. Cl diagram. Open circles refer to lake water samples, squares refer to river waters and
triangles to groundwater samples. Dashed line represents the theoretical dissolution ratio (Na/Cl = 0.65
by weight) of halite.

The concentrations of nitrates are generally low both in groundwater and lake water: 40 samples
are below the nitrate detection limit of 0.02 mg/L and the others range from 0.1 to 4.7 mg/L, lower
than the maximum admissible concentration for surface water (50 mg/L) defined both by the Italian
and European regulations [38,39]. Nitrate concentrations are higher in river waters, showing values
up to 42.70 mg/L in Anguillara channel and 35.12 mg/L in Paganico River. A similar trend is shown
by phosphates, which in lake water are generally lower than 0.01 mg/L, with a maximum value
of 0.05 mg/L, while in river waters, their concentration ranges from 0.01 to 2.58 mg/L (Table S2 in
supplementary material). The relatively high concentrations of nitrates and phosphates in river waters
are related to the wide diffusion of agricultural lands and livestock breeding on the Trasimeno draining
basin, while their concentrations in lake water are probably limited by phytoplankton and algal growth.

3.2. Aqueous Speciation Calculations

The average value of the logarithm of the partial pressure of CO; (log1oPCO») and the saturation
indexes (SI) of relevant mineral phases are reported in Table 1. Aqueous speciation calculations show
that: lake waters are characterised by variable values of Sl ,jcite, ranging from 0.07 to 1.12 (0.75 on
average), oversaturation with respect to ordered dolomite and undersaturation with respect to quartz,
chalcedony and amorphous silica; river waters are characterised by similar saturation conditions
with respect to calcite and dolomite but are close to equilibrium with quartz and/or chalcedony;
groundwater samples are practically at equilibrium with calcite and slightly oversaturated with respect
to dolomite and quartz. Oversaturation with respect to ordered dolomite [40,41] is related to kinetic
factors preventing dolomite precipitation [42,43] and is commonly observed both on groundwater
and surface water in central Italy [44]. All water samples are subsaturated, to different degrees, with
respect to fluorite, gypsum and halite. Carbon dioxide partial pressure (PCO;) of lake waters range
from 10792 to 10724 bar (average value = 10738 bar), as expected from a lake in equilibrium with
atmospheric carbon dioxide (10733 bar assuming a CO, concentration in atmosphere of 405 ppm).
River waters are characterised by slightly higher PCO, values, while groundwater samples show
PCO, values almost two orders of magnitude higher (1071% < PCO2 < 107-* bar), probably related
to dissolution of soil CO5.
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Table 1. Saturation indexes (SI)* with respect to relevant mineral phases and log PCO,. The average
and the standard deviation values (in brackets) are reported for each phase.

. Dolomite . . Amorphous logio

Samples Calcite (Ordered) Gypsum  Fluorite Halite  Quartz  Chalcedony Silica PCO,
Lake 0.75 294 -2.31 -2.05 -5.79 -0.32 -0.60 -1.68 -3.34
(0.29) (0.65) (0.08) 0.12) (0.09) (0.35) (0.35) (0.35) (0.22)

Groundwater —0.11 0.44 -2.03 -2.75 -7.68 0.56 0.28 -0.82 -1.73
(0.14) (0.14) (0.31) (0.68) (0.31) (0.14) (0.14) (0.15) (0.19)

Rivers 0.59 1.93 -1.97 -2.35 -6.58 0.20 -0.08 1.17 -2.61
(0.26) (0.46) (0.28) (0.19) (0.22) (0.30) (0.30) (0.30) 0.17)

* SI = log10(IAP/Ksp), where IAP is the ionic activity product and Kgp is the solubility product. For each mineral
phase: if SI = 0, the solution is in equilibrium (IAP = Ksp); if SI < 0, the solution is undersaturated (IAP < Kgp);
if SI > 0, the solution is supersaturated (IAP > Kp).

3.3. Chemical Variations of Lake Water from 2006 to 2018

Figure 6 shows the main variations in chemical composition of lake water during the period
2006-2018. In general, the concentration of the mobile species (Cl, Na and K) and TDS are inversely
correlated to lake level and show a marked increase in the period 2006-2009, a decrease in 20102011,
a peak during summer 2012, a substantial decrease during the rainy years 2013 and 2014, and finally
an increase from 2015 to 2018 (Figure 6a,b). The variations of Na, K and Cl are clearly correlated to the
TDS variations (Figure 6¢) and are strongly influenced by the dilution effect caused by the variations of
lake level. On the contrary, earth-alkaline metals are less affected by lake level variations and their
concentrations seem to be primarily controlled by the solubility of carbonate minerals and by the
seasonal variations of log1gPCO, (Figure 6d): Sl,icite and PCO, are inversely correlated and their
variations follow a seasonal trend with high PCO, and relatively low values of Sl ,jcjte (0-0.5) during
the winter, lower PCO, and very high Sl.,cite Values during the summer. A trend similar to that of
Slcalcite and an inverse correlation with log;gPCO; is shown by pH, which is essentially controlled by
carbonate equilibria. The cyclical behaviour of Sljcite, PCO; and pH is probably related to the seasonal
variations of evaporation and photosynthesis. During the summer, PCO, decreases in response to
algal growth and photosynthesis, calcium concentration increases because of evaporation, and lake
water becomes strongly oversaturated in calcite. In contrast, during the winter, PCO, increases because
respiration prevails over photosynthesis, calcium concentration decreases because of the dilution
caused by rainwater and, as a result, calcite saturation index decreases.

3.4. Isotopic Composition of Water and Total Dissolved Inorganic Carbon

In the diagram of Figure 7a, the 680 and 5D values of lake water (in %o vs VSMOW), stream
water and groundwater are compared to the Central Italy meteoric water line (CIMWL, §D = 7.05 §'80
+ 5.61 [45]) and to the global meteoric water line (GMWL, D =8 5180 + 10 [46]). The samples of lake
water are characterised by low values of deuterium excess (d = 5D — 85'30), ranging from —16.3%o to
—4.3%o0 (—10%o0 on average), plotted below CIMWL and GMWL and are fitted by a straight line with
the following equation:

8D =5.635'%0 - 6.73 ()

The regression equation is characterised by a very high coefficient of determination (R? = 0.9793)
and a relatively low standard error of the estimate (SE = +1.35%o0). The slope of this straight line
(5.63) is close, but slightly higher, than the slopes predicted on the basis of a steady state isotope
balance model for surface waters at mid latitudes [47], ranging from three to five. Considering its
deviation in slope from the GMWL and the low deuterium excess of the data, the regression line can
be interpreted as a local evaporation line (LEL in Figure 7a). In contrast, groundwater samples plot
along CIMWL, close to the 6D and 5180 values of local rain water. The samples of stream water show
an intermediate behaviour: part of the samples are characterised by D and §'80 values very close
to rain water but part of them align along LEL, suggesting that evaporation also plays a significant
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role on the isotopic composition of lake tributaries. The vertical profile of §'80 and 8§D (Figure 7b)
show a quite homogeneous isotopic composition of lake water. As noted earlier, in Lake Trasimeno
wind forces are strong enough to mix the water from top to bottom and thwart summer stratification.
As for the carbon isotopes of dissolved carbonates (supplementary material—Table S2), lake water
show a rather uniform composition with §13Crpic ranging from —3.90 %o to —1.38 %o vs PDB. These
values are consistent with equilibration of lake water with atmospheric CO, and carbonate minerals.
In contrast, §'3Crpjc values of stream waters (from —8.60 %o to —11.10 %o) and groundwater (from
—12.50 %o to —14.50 %o0) are substantially lower, suggesting that organic carbon oxidation, along with
calcite dissolution, is the main source of dissolved carbon during runoff and infiltration.
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Figure 6. Variations of concentration of Cl, Na + K, Ca + Mg (a), TDS and lake level (b) over time. Solid
lines refer to the new data presented in this work and dashed lines refer to the data of ARPA-Umbria
for the period July 2015-January 2018; (c) binary plots of Cl, Na + K, Ca + Mg vs TDS; (d) variations of
pH, log1pPCO; and saturation index of calcite.
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Figure 7. (a) 6D vs §'80 diagram. Delta notation for stable hydrogen and oxygen isotopes in permil
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Central Italy Meteoric Water Line [45]; GMWL, Global Meteoric Water Line [46]. Isotopic composition
of rainwater is from [45]; (b) variations of 580 and 6D along the vertical profiles A (blue dots) and B
(red dots).
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3.5. Isotopic Variations of Lake Water from 2006 to 2015

The variations of 5D and §'80 values of lake water from 2006 to 2015 (Figure 8) show a marked
seasonal effect with variations from winter to summer of about two delta units for §'®0 and more
than ten delta units for $D. Generally, the lower values characterise the December-January periods,
while the higher values are measured at the end of the summer. In order to understand the relative
weight of controlling parameters on the isotopic composition of lake water, the measured isotopic
compositions are compared to the 5D and 5'80 values calculated on a monthly basis from a theoretical
model based on a mass and isotope balance.
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Figure 8. Variations of '80 (a) and §D (b) in lake water from 2006 to 2015. Data in permil relative to
VSMOW. Black dots refer to the analytical data while blue (8180) and red (6D) solid lines represent the
theoretical values. The theoretical values are presented only up to October 2013 because after this date
the hydrologic data are incomplete, making it impossible to apply the isotopic mass balance. In both
diagrams are also shown the lake level variations (grey line).

At each step (month), the 5180 and 6D values of lake water were computed from:
VL =Vg+Vp+ VR +Vg - Vg —-Vy (3)

and
5L:(50XVO+5PXVP+5RXVR+6GXVG—6EXVE—50XVW)/VL (4)

where V1 is the volume of water in the lake at the end of each step of calculation, Vj is the initial
volume, Vp is the rainfall on the lake surface, Vg and Vg are the volumes of water supplied to the
lake by runoff and groundwater respectively, Vyy is the volume of withdrawal and Vg is the water
loss by evaporation. At each step, V|, is computed from the hypsographic curve of the lake [48],
Vp is computed from precipitation data [34], and Vg, VR, Vw and Vg are computed through the
hydrogeologic balance of the lake [15]. The hydrologic data used to calculate the isotopic mass balance
are reported in the supplementary material (Table S3).
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The average values of 5180p and §'80g (=7.06 and —7.22 %o vs VSMOW, respectively) have been
computed from the equation relating oxygen isotopic composition of rainwater with latitude and
elevation (h) in Italy [49]:

5180 = —0.3 Lat + 6.45 - 0.0022h (5)

considering the elevation of lake surface (257 m a.s.1.) for the computation of §'80p and the average
altitude of the catchment (310 m a.s.l.) for the computation of 5180R.
dDp and 8Dg (—44.16 and —45.29 vs VSMOW) were computed from 5180p and 5180g using the
CIMWL equation [45]
§D =7.05 x 680 + 5.61 (6)

The values of §'80¢ (=6.32%0 vs VSMOW) and D¢ (—40.55%0 vs VSMOW) were computed as
the average of Vernazzano spring and Cerrete well and the values of §'80g and §Dg were computed
at each step considering a simplified Craig-Gordon model for the isotope fractionation during
evaporation [50-53]:

O = (v, X 89 — RH X 84 + ey, + €qifr)/(1 — RH — eqiff) (7)

where RH is the relative humidity of atmosphere over the lake normalised to the temperature of the
lake surface, ayy, is the equilibrium isotope fractionation factor between vapour (V) and liquid water
(L) at the temperature of the lake surface, 54 is the isotopic composition of atmospheric moisture over
the lake, ey, = oy, — 1 and egif is the so-called transport (kinetic) or diffusion fractionation. Relative
humidity has been derived from a RH vs t (°C) regression based on the data of the Castiglione del
Lago weather station [54]:

RH = 0.97 — 0.0083 x t (°C) ®)

The values of ¢4i¢ have been computed at each step using the software Hydrocalculator 1.03 [55] using
the isotopic composition of lake water and of rainwater, the slope of LEL, T (°C) and RH as input
parameters. The temperature dependence of oy, has been estimated from the following empirical
relations [56], for oxygen

1000 Inay sy = —1000 Inowyy = —=7.685 + 6.7123 x 10% x T~! — 1.6664 x 10° x T~2 + 0.35041 x 10° x T3 9)
and for hydrogen
1000 Ino sy = —1000 Inoeyyy, = 1158.8 X T3 x 1077 — 1620.1XT? X 1070 + 794.84 x T x 1073 — 161.04 x T3 x 10°  (10)

with temperature (T) in kelvin.

Finally, the values of 5180, were used as a fitting parameters and evaluated on a monthly basis in
order to minimize the differences between observed and computed §'80 data (Figure 8a), while the
values of D4 required to draw the §D theoretical curve of Figure 8b were computed from §'80,
using Equation (6). The theoretical curve fits quite well the experimental data for values of 5804
ranging from —15 to —9.5%0 vs VSMOW. These values are between the typical values of air moisture
at mid latitudes (=15%o0 vs VSMOW [55]) and slightly heavier values, close to the composition of
local evaporation.

The resulting theoretical curves, together with the measured data, are shown in Figure 8.
While measured data are available from 2006 to 2015, the theoretical curves have been computed only
until the month of October 2013 because there is no hydrologic dataset available after that period.
Both the measured data and the theoretical curve clearly show that the variations of 580 and 6D are
inversely correlated with lake level (grey curves in Figure 8). In general, seasonal variations are larger
than long term trends; however, it is possible to individuate different time intervals characterised
by different hydrologic characteristics. In the 2006-2009 time interval, both the theoretical curves
and the experimental data are characterised by a progressive increase of §'80 and 8D towards higher
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values. These isotopic trends correspond to a long period during which lake level decreased from
values close to hydrometric zero level to values about 2 m lower. During this period, the water lost
by evaporation was not balanced by precipitation. From winter 2009-2010 to winter 2011-2012, the
isotopic composition does not show large trends but just a slight decrease of both §'80 and §D values.
During this period, precipitation increased, overcoming, on average, the evaporative loss and causing
the increase of the lake level. Finally, after a strong positive peak during summer—fall 2012, the §'80
and 0D values started to decrease again, following a complex trend probably related to the strong and
rapid variations of lake level during the rainy winters 2012-2013 and 2013-2014.

The monthly variations of isotopic composition of lake water (AD and A'80) are positively
correlated to temperature (t °C) and evaporation (E) and inversely correlated to precipitation (P)
(Table 2). Evaporation, which has a very strong correlation with temperature (r = 0.913), shows
very high correlation coefficients both with AD and A0 (0.870 and 0.877, respectively) and can be
considered as a summing parameter depending not only on temperature, but also on air humidity,
atmospheric pressure and wind velocity. Table 2 also shows the two-sided p-value, or calculated
probability, for each pair of variables (in brackets). Since p is always lower than 0.001, all the r values
are statistically significant (significant at p = 0.001)

Table 2. Pearson correlation matrix of AD%o, A180%o, and controlling variables temperature (t °C),
precipitation (P) and evaporation (E); for all pairs of data series, correlation coefficients (r) and p-values
(in brackets) are shown. Computations are based on Free Statistics Software v1.2.1 [57].

Variable t(°Q) P (mm) E (mm) AD%o A180%o

O 1 -0.352 0.913 0.788 0.798

(0.000) (0.001) (0.000) (0.000) (0.000)

P (mm) 1 -0.367 -0.632 -0.638

(0.000) (0.001) (0.000) (0.000)

E (mm) 1 0.870 0.877

(0.000) (0.000) (0.000)

0 1 0.994

AD%o (0.000) (0.000)
. 1

A180%o (0.000)

The multiple linear regressions of AD%o and A'80%o with temperature and precipitation are
characterised by high coefficients of multiple determination, suggesting that most of the variability of
the system can be interpreted in terms of variation of evaporation and precipitation.

AD%o = =2.03 x 1072 P + 3.19 x 1072E — 1.35 (R? = 0.870; SE = +0.8%o) (11)

ABO%0 =-319%x 1073 P +5.69 x 1073E - 0.26 (R? = 0.885; SE = +0.2%0) (12)

with P and E in mm.

The variations of the isotopic composition of lake water allow one to distinguish the periods of
prevailing evaporation from the periods when precipitation prevails over evaporation. Equations (11)
and (12) can be used to compute E with a relatively small error, starting from the isotopic composition of
lake water and precipitation. The latter can be estimated accurately, since it is continuously measured
at several weather stations around the lake.

3.6. Long-Term Physical and Chemical Variations

In order to evaluate the long-term chemical and physical variations of lake water, the data of the
2006-2018 period have been integrated with all the available data for the subsequent period regarding
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the enlargement of the hydrologic basin [5,18,35,58-61]. All the data are from the period between 1966
and 2018, apart from a single analysis dating back to 1960 [58].

Water temperature is characterised by annual mean values ranging from 12.4 to 16.7 °C and
well-defined seasonal trends with differences of about 20-25 °C between the months of January and
August of each year (Figure 9a). The seasonal variations partly hide the long-term variations and,
in order to smooth out short-term fluctuations, highlighting longer-term trends, we computed the
12-month running averages of lake water monthly temperatures (Figure 9b). The temperature curve
clearly shows a long-term warming trend, although some short-term variations (in the order of a few
years) also occur in the temperature record. Looking at the curve in detail, it is possible to identify
several short-term cycles of warming and cooling with a period of about four years. Generally, at the
end of each cycle, water temperature is slightly higher than the temperature at the end of the previous
cycle, except for the periods 1966-1972 and 1981-1983, when the average temperature decreased.
The three warmest years in the Trasimeno temperature record have all come in the 2010s and the ten
warmest years on record have all come since 1990. The temperature of the lake increased by about
1.3 °C from 1966 to 2017 with an average rate, computed from a linear fit of the data, of about 0.0274
+ 0.0063 °Cly (Figure 9a,b). In the same period, lake evaporation also increased by about 9%, while
precipitation shows a more complex pattern (Figure 9b). After a relatively dry period from the late
1960s to early 1970s, precipitation increased from the mid-1970s to mid-1980s to decrease again in
the 1990s. In the last 20 years, very dry periods (e.g., 2006-2007, 2009, 2015-2018) alternated with
extremely rainy years (e.g., 2010, 2012-2014; see also Figure 3).

30 17
(a) @ mean annual temperature = temperature monthly averages (b)

@® mean annual temperature
25 16 1

LA
| Hllml{”'l?"" "’iﬂ”}lll’“ i

5 12 = PRECIPITATION (CATCHMENT) 80 <
=

s

£

£

20 E

0 T T T T T 11 T T T T
1966 1976 1986 1996 2006 2016 1966 1976 1986 1996 2006 2016

temperature running averages

N

S}
=
«

-
IS

= =
S) «

Temperature (°C)
Temperature (°C)

-
w

Figure 9. (a) Mean annual temperatures of lake water (red dots) and simple fit of the data (black
lines) compared to the monthly average temperature of lake water from 1966 to 2018 (blue curve); (b)
12-month running averages (blue curve) of monthly temperature from 1966 to 2018, compared to mean
annual temperatures of lake water (red dots) and simple fit of the data (black lines). Temperatures
from April 2006 to January 2015 are from this study; data from July 1966 to March 2006 are taken from
Ludovisi and Gaino [5]; data from July 2015 to January 2018 are from ARPA-Umbria [35]. At the bottom
of Figure 9b, the 12-month running averages of monthly evaporation, precipitation on the lake and
precipitation on the basin from 1966 to 2013 are shown.

The variations of water temperature are accompanied by significant chemical changes (Figure 10):
in 1960, the catchment basin was artificially enlarged and the system was reset to TDS values of about
600 mg/L; during the 1960s, the TDS of lake water decreased to less than 400 mg/L, probably because
of the inflow of less saline water from the new tributaries; since 1970, the effects of warming became
evident and TDS started to increase passing from average values of about 400 mg/L in 1970 to more
than 900 mg/L, with spikes higher than 1000 mg/L, after the year 2000. The saline content of the lake
has more than doubled in the last 50 years with a rate of increase of about 10 mg/L. The rise of TDS is
primarily caused by the increase of alkaline metals and chloride, that rose from about 150 to 300 mg/L
in the last 50 years, with a rate of about 3 mg L~ y~! (Figure 10a).
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Figure 10. (a) Average values of TDS (red curve) and CI (blue curve) from 1961 to 2018. Grey curves
indicate the range of variation of the two variables; (b) total mass of dissolved ions (red) and total mass
of chloride (blue) from 1961 to 2018, dotted lines represent the linear best fit of the data. Our dataset is
completed with data from Ludovisi and Gaino [5], Mearelli et al. [18], ARPA-Umbria [35], Mannelli
and Mancini [58], Tiberi [58,59]) and Tiberi et al. [60].

While in the short term the chemical variations of the lake follow seasonal cycles and depends on
the balance between precipitation and evaporation, in the long term, the accumulation effect related to
the endorheic nature of the lake becomes prevalent. This feature is clearly shown by the increase of the
total mass of solutes, computed by multiplying the concentration of dissolved species by the volume of
the lake (Figure 10b), that in the last 50 years increased from about 2 x 10® kg to 4 x 108 kg. Dissolved
species are transported to the lake by runoff and by rainwater falling directly on the lake. Since the
only output of the system is evaporation, the mass of dissolved solids in the lake gradually increases.
The largest contribution to the mass increase is due to mobile (conservative) species such as Cl and Na,
while the mass of nonconservative species dissolved in lake water is partly limited by precipitation
of solid phases (i.e., calcite) and/or biologic uptake. In the long term, the isotopic composition of
oxygen also shows a considerable increase, with 'O passing from 0.30 + 0.15 %o in the 1968-1971
period [16,17] to 1.52 + 1.12 %o in the 2006-2016 period. However, this is just a qualitative observation
because the lack of isotopic data from 1972 to 2005 does not allow the definition of a reliable rate of
variation of '80 and &D.

4. Discussion

Lake Trasimeno is characterised by some peculiar features that make it particularly useful for
the study of hydrologic and chemical variations related to climate change: (i) TDS is relatively low
compared to other terminal basins [62] and lake water is undersaturated with respect to chlorides and
sulfate minerals. As a consequence, the concentrations of dissolved ions, with the exception of calcium
that is controlled by calcite precipitation, are not limited by the precipitation of solid phases and can be
directly related to the changes of the hydrologic regime; (ii) its relatively shallow depth allows the
complete mixing of lake water, inhibiting both chemical and thermal stratification. Consequently the
chemical and isotopic composition and the temperature of water at shallow depth are representative of
the whole water column.

The analyses of chemical and isotopic data and their comparison to the hydrologic parameters
point out the presence of both short and long term trends, corresponding respectively to seasonal
variations of the hydrologic regime and to pluriannual/secular irreversible changes of the physical
and chemical features of the lake. The best indicators of the seasonal processes are the oxygen and
hydrogen isotopic composition, the partial pressure of carbon dioxide, the saturation state with respect
to calcite and the concentration of Cl and other mobile species, while long term processes are better
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highlighted by the total mass of dissolved ions and by the anomalies of the average temperature
of water.

The significant variations of isotopic composition and concentration of mobile species induced by
the seasonal variations of precipitation and evaporation suggest that water isotopes and concentration of
Cland Na can be used for detailed mass balances aimed to distinguish the variations of volume caused
by evaporation from the variation caused by extraction of water for irrigation. In fact, while evaporation
causes a strong variation of isotopic composition and an increase of mobile species concentration,
water extraction does not cause any significant chemical or isotopic change. The knowledge and the
quantification of these processes is very useful for the management of the lake during drought periods,
but the estimation of evaporation rates is not a trivial task [63], being affected by several factors (sun
radiant energy, albedo, heat-storage capacity of the lake). The results of our study show that at lake
Trasimeno, the multiple regressions relating 5'80 and 8D to evaporation and precipitation (Equations
(11) and (12)) can be used to compute evaporation rates on a monthly basis, starting from water isotopic
composition and precipitation data.

In the long term, the main physical and chemical changes of the lake are the gradual increase
of water temperature and evaporation and the consequent increase of the total mass of dissolved
ions. The long-term increase of dissolved salts (both as concentration and total mass) is mainly
produced by the increase of mobile species, which are shifting lake water towards a Na-CI composition.
These processes are probably related to the increase of land-surface air temperature (LSAT) that has
occurred in the last 50 years [64]. In fact, the lake Trasimeno warming trend (0.0274 + 0.0063 °Cly) is
very close to the LSAT, and, in particular, it is slightly higher than the LSAT anomaly trends calculated
for the period 1951-2012 (from 0.0175 + 0.0037 to 0.0197 + 0.0031 °C/y [64]) and very similar to the
gradients computed for the period 1979-2012, that range from 0.0254 + 0.0050 to 0.0273 + 0.0047
°Cly [64]. The increase of lake evaporation (9% in about 50 years) is justified by the observed warming
trend of the lake and is consistent with recent estimations of global lake evaporation [65].

5. Conclusions

Lake Trasimeno is an endorheic lake where the only natural output of the system is evaporation.
Climate change is likely to have a significant effect on its hydrologic regime and on the quality of
lake water. Lake level and the chemical and isotopic composition of the lake depend on several
processes, many of which follow seasonal trends. The sum of these processes, particularly the increase
of atmospheric temperature and the imbalance between inflows and evaporation, have effects both in
the short and long term.

Lakes are sentinels of climate change [3] and their temperatures tend to coincide with regional
air temperatures [66,67]. Warming rates observed for several inland water bodies around the globe,
through in situ and/or by satellites measurements, are similar [66—-69] or higher [68-70] than the rate of
increase of land-surface air temperature (LSAT). These warming trends are dependent both on climatic
drivers and local characteristics [68,70]. Combined geochemical/hydrologic investigations can help to
distinguish between local and global factors affecting lake evolution.

The geochemical study of lake Trasimeno allowed us to distinguish (i) the short-term variations
of lake level and composition (e.g., PCO, variations, calcite precipitation during the warm season)
correlated to the seasonal precipitation/evaporation cycle and depending on the local geomorphometric
characteristics of the basin (e.g., elevation, lake surface area, runoff, depth and volume of the lake) from
(if) the long-term variation of lake temperature, accompanied by a significant increase of evaporation
and a strong increase of total dissolved inorganic solids, mainly caused by the accumulation of mobile
elements. The long-term warming of lake water and the consequent increase of evaporation can be
qualitatively related to the variations of LSAT. In particular, the rate of variation of water temperature
at lake Trasimeno is very close to the rate of variation of LSAT, and suggests that temperature of
shallow, endorheic lakes can be used as a proxy for global warming measurements.
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