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ABSTRACT

Urban lakes have become increasingly important in the
planning of urban ecology, green infrastructure and green areas
in European cities. This paper describes the chemical, isotope and
microbial features of Lake Bullicante, a small artificial lake located
within the urban area of the city of Rome. It has an anthropogenic
origin due to excavation works that intercepted the underlying
aquifer, giving rise to a water body. The lake area is 7.000 m?, with
a maximum depth of 7 m and located on the distal deposits of the
Alban Hills Volcanic District in an area named “Acqua Bullicante”
(i.e. Bubbling Water), where degassing phenomena were historically
recorded. The proximity of this volcanic district motivated the
study on Lake Bullicante as a potential open-air laboratory to
trace possible degassing phenomena in a highly urbanized area. A
preliminary geochemical and microbial sampling survey was carried
out in winter 2018. Samples were collected along a vertical profile
of the lake from the surface to the maximum depth. Major, minor,
trace elements, dissolved gases and stable isotopes (8D-H,0, 3'*O-
H,O0, §*C-CO,) were analyzed, along with the analysis of ¥Sr/%Sr
ratio. The microbial community characteristics were analysed by
epifluorescence microscopy (CARD-FISH) and flow cytometry. The
chemical composition and water isotopes suggest that lake water
has a meteoric origin and is related to a Ca-HCO, shallow aquifer
hosted in volcanic rocks. This is confirmed by both the ¥Sr/*¢Sr
ratio of lake water, which falls in the range of values of Alban Hills
volcanites, and the chemical-isotopic composition of neighboring
wells. A relatively high concentration of dissolved CO,, its isotopic
signature (8'*C-CO, 20%0 V-PDB), and the high content in organic
matter (DOC 10-30 mg/L) suggest for the lake an eutrophication state
with denitrification also occurring. Considering the relatively high
concentrations of dissolved CO,, an external input of carbon dioxide
cannot be completely excluded and as a consequence, not even the
hypothesis of mixing processes between biotic and inorganic CO,.
This makes further investigations necessary especially during the
summer, when the lake is stratified. A summer survey could be also
useful to better understand the microbial processes into the lake,
its eutrophication evolution and health status, and to plan eventual
proper remediation strategies, providing important tools to the local
administration and stakeholders to improve, protect and preserve
this ecological niche.
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INTRODUCTION

Urban lakes are generally man-made ecosystems
resulting from excavation activities, with a surface area
of a few hectares and an average depth of 3-5 m or less
(NaseLLI-FLorES, 2008). They are particularly sensitive to
water pollution and eutrophication processes owing to
excess enrichment of nutrients from inefficient wastewater
treatment, agricultural expansion, application of chemical
fertilizers and inadequate soil uses (GonzALEzZ & ROLDAN,
2019; WaGNER & ERICKSON, 2017).

Lake Bullicante (Fig. 1) is a typical example of urban
lake; it is located in the eastern part of the urban area of
Rome (on the left bank of Tiber River) and close to its
historical centre. The lake appeared in the 1990s following
illegal excavation works, which intercepted the underlying
aquifer causing the rise of a small waterbody (about 7,000
m?). Due to this event and to the citizen protests, the works
were suspended and the whole area expropriated. The site
remained closed until 2016, favouring re-naturalization
processes, new ecological systems and forbidding
additional anthropogenic transformations (BatTisTI et alii,
2017).

The lake is named after the Acqua Bullicante ditch,
and it is locally known also as Lake “Ex SNIA”, from the
nearby textile factory SNIA Viscosa, which was active until
the early 1950. The name Acqua Bullicante (i.e. bubbling
water) suggests the occurrence of degassing phenomena,
connected totheintense and well documented hydrothermal
activity which characterizes the nearest volcanic districts
of the Alban Hills and the Sabatini Mountains, on whose
deposits the city of Rome was built (Crropint & FRONDINI,
2001; PizziNo et alii, 2002; CaraPEZZA & TaArcHINI, 2007; CINTI
et alii, 2017; CARAPEZZA et alii, 2019; MINISSALE et alii, 2019).
It is supposed that the Acqua Bullicante ditch was hosted
along a fault (CaPELLI et alii, 2008). CaMPONESCHI & NOLASCO
(1982) claimed that violent CO,-degassing from waters
was visible in the surrounding areas. However, due to the
intensive uncontrolled building expansion, including the
canalization and ditch covering, no trace of degassing
phenomenon is visible nowadays.

In this study, we describe the geochemical features
of the lake comparing chemical, isotopic and microbial
characteristics, along a vertical profile from the lake
surface to the bottom (~7 m). More specifically, we
explored whether the target site could represent an open-
air laboratory to i) better understand the geochemical
features of the groundwater in a highly urbanized area
like Rome, ii) trace and investigate on possible degassing
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Fig. I - a) Panoramic view of the Lake Bullicante. b) Structure of the unlawful shopping centre. c) Researchers on INGV inflatable boat. d) Lake
water sampling. (Photo credits: a) Maurizio Pastano).
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phenomena and iii) assess main biogeochemical processes
occurring. The results will contribute to proper lake
environmental protection strategies, thus providing
important ecosystem services to the local administrative
entities and stakeholders.

GEOLOGICAL SETTING OF THE STUDY AREA

The Alban Hills Volcanic District (AHVD) is part of the
Roman Comagmatic Province (Washington, 1906), a NW-
striking sequence of silica-undersaturated potassic volcanic
districts developed in an extensional tectonic regime along
the Tyrrhenian Sea margin of central Italy. AHVD was
characterised by intense volcanic activity between 600 and
20 ka and, at present, it is considered at a quiescent state
(FunicieLLo et alii, 2003; FrReDA et alii, 2008; MARRA et alii,
2003). The activity of the AHVD has been characterized
by three main phases named Tuscolano-Artemisio (600-
350 ka), Faete (350-270 ka) and Hydromagmatic (260-20
ka), respectively (FunicieLLo et alii, 2003; MARRA et alii,
2003) (Fig. 2a). The volcanic products overlie sedimentary
deposits constituted by sandy-silt-clay, related to the Paleo-
Tiber alluvia (Pleistocene), and Pliocene marine clays.

Lake Bullicante is located in the north-eastern distal
sector of the AHVD, has an elliptical shape (130 m x 80 m, in
the largest point), a surface of about 7000 m? , a maximum
depth of 7 m (Fig. 2a-c) and it is hosted on the deposits of
the first phase of the volcano activity, in proximity to the
Acqua Bullicante paleo-ditch (Fig. 2d).

The whole stratigraphic sequence is displaced by a high
angle NNW-SSE fault (CapeLLI et alii, 2008). The axis of
the Acqua Bullicante ditch and the hydrographic network
were probably controlled by this fault, in correspondence
of which important degassing phenomena were observed
(CampoNEscHI & Norasco, 1982).

From a hydrogeological point of view, a shallow
aquifer, hosted in the AHVD deposits, was identified in
the study area and probably resulting from the merge of
several aquifers that are instead well defined on the flanks
of the Alban Hills (La VicNa et alii, 2016). This aquifer is
characterized by a piezometric level between 20-25 m asl
and is bounded at the base by a very low-permeability
bedrock, formed by a basal clayey-sandy complex acting
as aquiclude (La VicNa et alii, 2016).

METHODS

FIELD MEASUREMENTS

Temperature (°C), Electrical Conductivity (EC in mS/
cm at 20°C), pH and dissolved O, (mg/L) were measured in
winter 2018 (21t Nov) along the lake vertical profile, from
the lake surface to the bottom (7 m depth) and at interval
of 1 m, by using dedicated electrodes (for T, pH and EC)
and gas chromatography analysis (for dissolved O,). The
measurements, along the entire profile, were also repeated
in summer (28" June 2019) using a multi-parametric probe
(Idromarambiente SCRL 1P-188A) equipped with a data
logger for data storage. For details on the use of the probe
and the sensors precision, refer to Cagassi et alii (2019).
Alkalinity (Alk, mg/L) was measured in situ by acidimetric
titration (AC) with 0.05 N HCI (analytical error <5%). The

water depth (m) was measured by using an echo-sounder
GARMIN Stiker Plus 92 SV equipped with a transductor
GT52.

WATER AND DISSOLVED GASES SAMPLING AND ANALYSIS

Water and dissolved gas sampling for both geochemical
and microbiological analyses was carried out along lake
vertical profile from the surface to the bottom at intervals
of 1 m at a site corresponding to the deepest point of the
lake (41°53’42” N, 12°32’20” E; 7 m depth). According to
the single hose method (Tassi & Rouwer, 2014), a small
diameter (6 mm) Rilsan tube, lowered at the sampling
depth and connected to a 100 mL syringe equipped with
a three-way Teflon valve, was used to pump up the water.
After the displacement of a water volume at least twice
the inner volume of the tube, one unfiltered (0.45 pm) and
two filtered-acidified (with 1% HCI and ultrapure HNO,,
respectively) water samples were collected in polyethylene
bottles for the analysis of major anions (F-, Cl-, SO,*, NO,-
and NO,"), cations (Ca’", Mg*, NH,*, Na* and K*), and
trace elements (Al, V, Cr, Fe, As, Sr, Pb, Mn, B), respectively.
Major elements were analysed by Ton-Chromatography (IC,
Dionex ICS-900 Thermo Scientific, analytical error 5%),
whereas trace elements were determined by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS; Agilent
7500ce, analytical error 10%). The D/'H and '80/'°O ratios
of water (expressed as 6D-H,O and d'30-H,0%o0 V-SMOW)
were determined on unfiltered water samples by Isotope
Ratio Mass Spectrometry (IRMS). A TC-EA peripheral
interfaced by means of a ConFloIV with Thermo Delta
XP mass spectrometer was used for hydrogen isotopes.
Oxygen isotopes measurements were carried out by using
a Gas Bench peripheral coupled with a Thermo Delta V
mass spectrometer. IRMS analytical error was +0.1%o for
d0 and below +1%o for 8D. The ¥Sr/%Sr ratio of water
was determined on unfiltered water samples by a Multi-
Collector ICPMS (MC-ICP-MS) coupled to a 123 nm Laser
Ablation (LA) system following the procedure described by
Luctr et alii (2017).

Water samples for the determination of dissolved
gases were collected in 125 mL glass flasks equipped with
a rubber septum. Dissolved gas chemistry (H,, He, N,, CH,,
CO,, Ne) was determined in the free-gas phase, formed
in the headspace of the sampling flasks by injecting Ar
through the rubber septum, by gas chromatography (GC)
using a Varian CP-4900 Micro gas chromatograph equipped
with two TCD detectors and Ar as carrier gas (Capasso
& Inguacaiato, 1998). The dissolved gas concentrations
(expressed in bar) were calculated from the composition of
the headspace gas on the basis of the solubility coefficients
of each gas compound (WHiTFIELD, 1978). Analytical error
for GC was <5%. On the same sampling flasks, the '3C/'2C
isotopic ratio of Total Dissolved Inorganic Carbon (TDIC),
expressed as 8'*C-TDIC %o VPDB, was analyzed by Mass
Spectrometry (MS: Finnigan Delta plus XP) following the
procedure described by SavLata et alii (2000). The analytical
error for MS was +0.1%eo.

DISSOLVED ORGANIC CARBON (DOC)

The organic matter in the water was filtered onto
muffled GF/F Whatman filters and collected in acid pre-
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Fig. 2 - a) Simplified geological map of the AHVD (modified from Marra et alii, 2009) and location of the Lake Bullicante. The
three phases of volcanic activity are highlighted. b) Zoomed view on the lake, where the sampling point (SP) is also shown. c)
Bathymetric map of the Lake Bullicante d) Simplified geological section (modified from CapgLL1 et alii, 2008) passing through
the study area; for the legend, see the one reported above the profile, with the exception of: brown colour for man-made fill
terrains; blue for alluvia, and dashed red line for inferred fault.
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washed 20 ml vials. Dissolved organic carbon (DOC) in
acidified samples (HCI, Fluka Suprapur) was measured
using Shimadzu TOC Analyzer.

Absorbance at 254 nm, scan in the range 270-300
nm and 350-450 nm were carried out using UV-VIS
Spectrophotometer Perkin Elmer Lambda 25. These
measurements were used to calculate SUVA,,, index and
Spectra Slope ratio based on spectral slope S1,, . and
S2;50.450° . .

Specific UV Absorbance (SUVA) is defined as the UV
absorbance of a water sample at 254 nm normalized for
dissolved organic carbon (DOC) concentration. Its value is
strongly correlated to the aromaticity of dissolved organic
matter (WEISHAAR ef alii, 2003)

Abs,sy * In10

SUVA24 = Toc+ 001

where DOC concentration is expressed in mg/L, 0.01
is the conversion factor to transform optical path from
cm to m and Abs,,,*In10 corresponds to a the Napierian
adsorption coefficient (m™).

The spectral slope (S, nm!) has been derived from
DOC absorption spectra by fitting the absorption data to
the equation:

— -S(A-4
a}L = a/.trefe ( ref)

where a is the Napierian absorption coefficient (m), A
is the wavelength (nm) and % , is the reference wavelength
(nm) (Twarpowskr et alii, 2004). Two distinct spectral
slope regions (275-295 nm and 350-400 nm) within log-
transformed absorption spectra were used to evaluate
organic matter transformation (S, and S,) (HELMS e alii,
2008). The ratio S, of the slope S, and S, is then calculated:

S1  slope 275 — 295

Sk = 52 slope 350 — 400

SR provides information about molecular size, origin
and photodegradation. Thus, high proportion of the
DOM molecular fraction with low molecular weight and
photodegradation determine increase of S, values. For the
analysis of microbial community, lake waters (50 mL) were
collected at 9 depths. Moreover, aliquots (250 mL) were
collected at 5 depths (0, 1, 3, 5, 7 m depth), fixed on-site
with formaldehyde solution (37% w/v, Sigma Aldrich; final
concentration 1%), and stored at 4°C for 2 h.

MICROBIOLOGICAL SAMPLING AND ANALYSES

To assess the abundance of Bacteria and Archaea, sub-
aliquots of 5-10 mL were filtered at low vacuum levels
(<0.2 bar) onto 0.2 pm pore-size polycarbonate filters (type
GTTP; diameter, 47 mm; Millipore, Eschborn, Germany).
Filters were stored at -20°C until further processing. Filter
sections were stained with DAPT at a final concentration
of 1 pg/mL to quantify the total Prokaryotes. Community
composition was assessed by fluorescence in situ
Hybridization Catalyzed Reported Deposition (CARD-
FISH) as described in Tassi et alii (2018). In particular,
rRNA-target Horseradish peroxidase (HRP) labeled

oligonucleotidic probes (Biomers, Ulm, Germany) were
used to target Bacteria (EUB338 I-III), and Archaea
(ARCHO915).

The abundance of total prokaryotes and pigmented
phytoplanktonic microorganisms (i.e., Cyanobacteria,
pico- and nano-Eukaryotes) were determined by the
Flow Cytometer A50-micro (Apogee Flow System,
Hertfordshire, UK), equipped with a 20 mW Solid State
Blue Laser (488 nm) and a 16 mW Solid State UV laser
(375 nm). The light scattering signals (forward and side
light scatter named FSC and SSC, respectively), red
fluorescence (>610 nm), orange fluorescence (590/35 nm),
and blue fluorescence (430-470 nm) were acquired and
considered for the direct identification and quantification
of distinct microbial groups by following harmonized
protocols (GasoL & MoraN, 2015). Total prokaryotes
were quantified by following the staining procedure with
SYBR Green I (1:10000 dilution; Life Technologies, code
S7563). Thresholding was set on the green channel, and
gating strategy was manually adjusted to exclude most
of the unspecific signals according to negative unstained
controls. Cyanobacteria, pico- and nano-Eukaryotes
were characterized and distinguished according to their
pigmentation (i.e., reflecting on different intensities of
autofluorescence signals collected at the orange and red
channels) and size (i.e., proportionally related to light
scatter signals). Thresholding was set on the red channel in
order to exclude most of the unspecific signals according to
0.2-pm filtered control water samples. The gating strategy
was manually adjusted on the density plots of SSC versus
Red and of Orange versus Red channels. The volumetric
absolute counting was carried out in density plots of SSC
versus blue channel. Data handling and visualization were
performed by the Apogee Histogram Software (v89.0).

RESULTS

WATER TEMPERATURE, EC, PH AND DIssOLVED O,

Temperature, pH, EC and dissolved O, concentrations
measured along the vertical profiles of Lake Bullicante
are shown in Fig. 3a-d. During the winter survey, water
temperature (~15°C) did not display significant variation
with depth. In the summer, the lake surface was warm (up
to 28°C) and a thermocline was recognized at 1-4 m depth
(Fig. 3a) separating a relatively warm epilimnion (28°C)
from a cold hypolimnion (11°C). The pH followed a similar
vertical pattern to temperature: it was relatively constant
in the winter (~7.5), whereas in the summer, it showed a
S shape profile, with high values (between 8 and 9) up to
2 m depth, then progressively decreasing to values around
7 towards the bottom (Fig. 3b). The EC was constant
(~770uS/cm) in the winter along the entire vertical profile
(Fig. 3¢). In June, the EC profile was marked by three
chemoclines, the shallowest one in correspondence of the
thermocline, the main one at 2-6 m depth and the third
one at 7 m depth. Dissolved O, concentrations, during the
winter, did not display significant variation with depth
(~0.12+0.3 mg/L), whereas in the summer it had a strong
decrease with depth, disappearing immediately below 2m
depth (Fig. 3d).



GEOCHEMICAL CHARACTERIZATION OF LAKE BULLICANTE

B
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

T°C

depth (m)

"(c)

0 LA L E R B B E B B
550 600 650 700 750 800 850 900

EC (uS/cm)

441

"1(b)

rrrrrrrrrrerrrrr T
3 4 5 6 7 8 9 10 11 12

O, (mg/L)

FrT
0o 1 2

Fig. 3 - Winter (blue) and summer (red)vertical profiles along the Lake Bullicante water column of a) water temperature (°C); b) pH, c) electrical

conductivity (EC, in uS/cm) and d) dissolved O, concentration (in mg/L).

CHEMICAL AND ISOTOPIC COMPOSITION OF LAKE WATER AND
DISSOLVED GASES

Thelake waterwascharacterized by total dissolved solids
(TDS) up to 704 mg/L and a Ca(Mg)-HCO, composition,
and showed relatively constant concentrations of the two
major ions (Ca’>* and HCO, concentrations up to 72 and
415 mg/L, respectively) from the lake surface to the bottom
(Fig. 4a-b, Tab. 1). Concentrations of F, ClI, SO,*, Na-,
K* and Mg?* were up to 2.3, 37, 46, 35, 45 and 26 mg/L,
respectively and were nearly constant through the vertical
lake profile (Fig.4b-d, Tab. 1). Nitrogen species showed
a different behavior. As NH,* concentrations were nearly

constant from the lake surface to the bottom (0.44 to 0.59
mg/L), NO, ranged from 6 to 10 mg/L in the upper 4 m and
decreasing to 0.26 mg/L at 5 m depth (Fig. 4d), whereas
NO, showed a reverse trend, being lower in the upper 4 m
(up to 2.9 mg/L) and higher towards the lake bottom (up
to 6.3 mg/L).

As far as minor and trace elements concentration is
concerned, relatively constant concentrations of B, Sr (up
to 0.12 and 1.0 ug/L, respectively) V, Cr, Fe, Mn, As and Pb
(up to 22, 1.3, 5.2, 53, 12 and 0.38 ug/L, respectively) were
recorded, whereas the aluminum abruptly decreased from
13 to 3.1 ug/L between 0 and 1 m depth, then irregularly
ranged from 0.51 to 3.1 pug/L in the interval from 1 to 4 m
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TABLE 1

Chemical composition of the water sampled from the Lake Bullicante. Sampling depth (in m), temperature (T, in °C),
pH, Total Dissolved Solids (TDS, in mg/L) and concentrations of the main ions (HCO,, F, CI, NO,, NO,;, SO >, Ca*,
Mg?*, Na*, K*, NH,*, PO _* in mg/L) and traces elements (Al, V, Cr, Fe, As, Sr, Cd, Pb, Mn and B, in ug/L) are reported.
The 8'*0-H,0 (%o vs. V-SMOW), 8D-H,0 (%o vs. V-SMOW), and $'*C-TDIC (in %o vs. V-PDB) and ¥Sr/*Sr values are also
reported; nd: not determined.

Depth T pH TDS HCO;, F CI NO, NO, SO2> Ca* Mg* Na* K NH; PO,>
0 17.8 7.5 704 415 2.0 35 2.9 6.1 44 71 26 34 41 0.52 <0.10
1 169 7.7 697 403 1.9 36 0.77 10 45 72 26 35 41 0.49 <0.10
2 156 7.6 681 390 2.0 35 0.21 10 43 71 26 35 41 0.51 <0.10
3 153 7.6 696 403 2.2 36 0.51 10 45 71 26 35 41 0.44 <0.10
4 148 7.6 693 403 2.1 36 1.2 8.2 44 71 26 34 41 0.49 <0.10
5 15.6 7.6 681 390 2.1 37 6.3 0.25 46 71 26 34 41 0.47 <0.10
6 148 7.6 697 403 2.3 37 5.4 1.6 45 71 26 34 45 0.52 <0.10
7 148 7.6 693 403 2.2 37 5.4 0.26 46 72 26 34 41 0.59 <0.10
Depth Al Vv Cr Fe As Sr Pb Mn B 33C e 3%0-H,0 3*D-H,0 87Sr/8Sr
0 13 21 1.3 5.2 12 974 0.32 51 120 -13.1 -7.4 -44 nd
1 31 21 1.1 3.9 12 972 0.33 50 120 -13.1 -7.1 -42 0.710403
2 1.1 22 0.81 2.5 12 973 0.21 46 119 -13.1 -7.4 -43 nd
3 0.51 22 0.95 2.9 12 972 0.33 48 120 -13.1 -7.2 -42 nd
4 2.6 21 1.2 4.1 12 970 0.36 47 119 -13.1 -7.3 -42 nd
5 1.3 20 1.1 34 12 977 0.33 47 119 -13.1 -7.5 -43 nd
6 1.2 21 0.84 31 12 985 0.38 50 121 -13.0 -7.4 -43 nd
7 1.3 21 0.93 33 12 976 0.34 53 120 -13.0 -7.1 -43 nd

depth and stabilized near 1.3 ug/L towards the lake bottom
(Fig. 4e).

The 8'3C-TDIC values were constant with depth at the
value of -13%o vs. V-PDB (Fig. 4f). The 8'"*0-H,0 and dD-
H,O values varied in a narrow range from -7.0 to -7.5%o
and from -42 to -44%o vs. V-SMOW, respectively (Fig. 4g).
No clear trends with depth were observed by these isotopic
parameters. The ¥Sr/*Sr ratio was analyzed at the sampling
depth of 1 m and showed a value of 0.7104.

The chemical (immol/L) and isotopic composition (8'3C-
CO,) of dissolved gases is reported in Tab. 2. Nitrogen and
CO, were largely dominant in the lake profile (N, from 0.54
to 0.72 mmol/L, CO, from 0.35 to 0.42 mmol/L; Fig. 4h),
whereas O, and CH, were relatively lower (from 0.11 to 0.14
mol/L and from 1.3x10°¢ to 3.7x10-° mmol/L, respectively).
None of them showed clear trend with depth. He and H,
were detected only at the lake bottom, with concentrations
of 3.9x10¢ and 5.7x10° mmol/L, respectively.

The 6'*C values of dissolved CO, were calculated from
the 8'3C-TDIC values using the empirical equation of Zuanc
et alii (1995), as follows:

1-12co3 HC03 co3

313C-CO2(g) = 813Crpic -

€ (H2€03 - CO2) -

€ (HCO3- COz) -

(C03 ~—C0y)

where the equilibrium molar ratios of aqueous carbon
species at sampling temperature and pH, used in equation
showed above, were computed with the PHREEQC code

(ParkHURST & AppELO, 2013), whereas the value given by
DEusER & DEGENs (1967) and Mook et alii (1974) was used
for the isotope fractionation factor (¢) between gaseous
CO, and dissolved (CO,, ). The 8"C-CO, values ranged
from -21.2 to -21.6%o V—PDB (Tab. 2).

TABLE 2

Main dissolved gases (N,, O,, CH,, CO,, He, H,, in
mmol/L) from Lake Bullicante. Sampling depth (m) and
isotopic composition of dissolved CO, (§*C-CO, in %o vs.

V-PDB) are also reported; bdl: below detection limit.

Depth N, o, CH, Co, He H, §“C-CO,
0.5 0.72 0.11 3.7E-05 0.42 bdl bdl -21.2
1 0.63 0.12 1.5E-05 0.41 bdl bdl -21.3
2 0.58 0.12 bdl 0.35 bdl bdl -21.6
3 0.59 0.12 1.3E-06 0.35 bdl bdl -21.6
4 0.63 012 2.7E-06 0.35 bdl bdl -21.6
5 0.54 0.12 6.9E-06 0.35 bdl bdl -21.5
6 0.71 0.11 1.4E-06 0.39 bdl bdl -21.5
7 0.63 0.14 1.5E-05 0.37 39E-06 5.7E-06 -21.5
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ORGANIC MATTER

Mean dissolved organic carbon (DOC) content in Lake
Bullicante was 15.3+9.6 mg/L with a decreasing trend with
depth (Tab. 3) and a maxima at 0.5 m and a minima at the
bottom (Fig.5a). Spectral slope ratio (S,) profile resembled
DOC trend. All values, except 1.68 at 0.5 m depth, were
below 1 (S,>S,) and ranging from 0.54 to 0.9 (Fig. 5b).
Calculated SUVA,,, values decreased from 0.96 to 0.72
between 1 and 5 m depth and then increased to 1.75 at the
bottom of the lake (Fig. 5¢).

The total microbial load in sampled waters was
generally high. The prokaryotic abundance ranged
between 1x107 and 2x107 cells/ml, with microscopy and
flow cytometry showing consistently similar results and
patterns. The occurrence of pigmented phytoplanktonic
microorganisms was in the range of values reported for
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eutrophic lake waters (Cyanobacteria = 0.6-1.1 x10°
cells/ml; Pico-Eukaryotes = 7.6-9.5 x103 cells/ml; Nano-
Eukaryotes = 1.1-6.1 x10? cells/ml) without any consistent
differences along the water column (Fig. 5d-g). CARD-
FISH analysis showed that Bacteria represented 65% -75%
of total DAPI stained cells, while Archaea 6% - 8%.

DISCUSSION

Relatively low TDS (<1000 mg/L) and Ca-HCO,
composition are typical features of groundwater hosted in
the volcanic aquifers of the Roman Magmatic Province and
Roman area (CurobiNt & Fronpint, 2001; CinTr et alii. 2017;
Pizzino, 2015). The chemical composition of waters from
wells located near Lake Bullicante (Pizzino, 2015) (Fig. 6a-
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Fig. 5 - Vertical profile along the Lake Bullicante water column of a) dissolved organic carbon (DOC); b) spectra slope ratio (SR) based on

and S2 ; ¢) specific UV absorbance (SUVA

spectral slope S1 350.4507

270-300 254

) of the water sample at 254 wavelength; d) abundance of prokaryotes.;

e-g) occurrence of pigmented phytoplanktonic microorganisms (Cyanobacteria, Pico-Eukaryotes, Nano-Eukaryotes).
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TABLE 3

Microbial composition in water samples from the Lake Bullicante. Sampling depth (in m), dissolved organic carbon
(DOC, mg/L), spectral slope ration (S,), absorbance at 254 nm (SUVA,_,), and Prokaryotes, Cyanobacteria, pico- and
nano-Eukaryotes abundances (in Cells/mL) are reported; nd: not determined.

Depth DOC S, SUVA,,, Prokaryotes Cyanobacteria PicoEukaryotes = NanoEukaryotes
0 9.7 0.65 0.96 1.50E+07 5.95E+04 8.44E+03 5.77E+02
0.5 375 1.68 0.70 1.37E+07 5.62E+04 7.57E+03 5.98E+02
1 25 0.90 0.65 1.24E+07 7.43E+04 8.03E+03 2.40E+02
2 13.7 nd nd 1.20E+07 6.45E+04 7.91E+03 2.83E+02
3 16.8 0.54 0.64 1.26E+07 6.30E+04 9.48E+03 6.14E+02
4 7.5 nd nd 1.18E+07 7.23E+04 8.36E+03 1.53E+02
5 13.8 0.70 0.72 1.18E+07 7.10E+04 8.48E+03 1.11E+02
6 8.3 nd nd 1.12E+07 7.40E+04 8.79E+03 1.63E+02
7 5.7 0.58 1.75 1.14E+07 1.07E+05 9.10E+03 4.02E+02
-
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Fig. 6 - a) Langelier-Ludwig square diagram and comparison between the lake water (black squares) and the waters from wells (red circles) from
Pizzino (2015); b) location of the water wells (from #37 to #225) nearby the lake (Sampling Point).

b), which are fed by shallow, low-temperature reservoirs
hosted within volcanic formations, closely resembles lake
water. This suggests that the hydrological circuit feeding
the lake is closely related to the volcanic aquifer feeding
the wells. This is consistent with the relatively high content
of F-and K* of the lake water since volcanic products of the
Roman Magmatic Province are typically enriched in these
elements (GAMBARDELLA et alii, 2005; Dt Rita et alii, 2011).
As shown in the 3%%0 vs. 8D diagram (Fig. 7), where
the Global Meteoric Water Line (GMWL; Craig, 1961),
the Mediterranean Meteoric Water Line (MMWL; Gar &
Garwmi, 1970) and the waters from wells from Pizzino (2015)
are reported, the isotopic signature of lake and well waters,

is consistent with that of meteoric water, confirming that
both of them are related to the same aquifer hosted in
the volcanic rocks and fed by a meteoric recharge. For
all groundwater, the low-temperature environment is
highlighted by the absence of §'%0 positive shifts.

The aquifer is hosted in the distal Alban Hills volcanic
products related to the first phase of volcanic activity. In
this regard, the comparison among the 8’Sr/*Sr isotopes
ratio of the Alban Hills volcanites (in the range 0.71029-
0.71057, e.g. Boari et alii, 2009), the lake and the water
collected from a nearby well (#202, Fig. 6b), shed light
on their common origin. This relationship is well shown
in Fig. 8 where ¥Sr/*Sr of both rocks and groundwater
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Fig. 8 - ¥7Sr/*Sr vs. 1/Sr of Lake Bullicante water sample and a water
sample from a well taken as representative of the volcanic aquifer (see
text). For comparison, ¥’Sr/*Sr values/ranges of Alban Hills volcanic
rocks (e.g. BoarI et alii, 2009), Apennine carbonate rocks (e.g. BARBIERT
et alii, 1979), seawater (sw, e.g. VEIZER, 1989) and rainwater (e.g.
PEARCE et alii, 2015), are also shown. Symbols as in Fig. 6.

are plotted against 1/Sr. Data clearly show that both water
(lake and well) have the same isotopic value and lie in the
field of the Alban Hills volcanites.

Since lake water chemistry was analyzed during the
winter survey, it is not surprising that it does not show
significant variations along the vertical profile, both for
major and trace elements. An exception is represented by
the nitrate and nitrite concentrations, i.e. the significant
decrease of NO, at 3-5 m depth and the simultaneous
increase of the NO,". The excess of NO, can be related to
synthetic fertilizers, mineralized fertilizer and in particular
to degradation of soil organic matter, denitrification
processes or contamination by manure and/or sewage.
In our case, the increase of NO, and the simultaneous
decrease of NO, suggests the occurrence of degradation of
organic matter and in particular, denitrification processes,
where nitrate is reduced to produce molecular nitrogen
(N,) through a series of intermediate products, such as
NO, (CLaARk & Fritz, 1997; MAYER et alii, 2002).

As observed for lake water chemistry, the composition
of dissolved gases does not show significant changes
along the vertical profile. The most striking features of
Lake Bullicante is the relative high concentrations of
dissolved CO, along the whole vertical profile and as
suggested by the N,-CO,-O, ternary diagram (Fig. 9),
where the concentrations of dissolved gases of the lake
water and the adjacent wells (Pizzino, 2015) are reported.
The relatively low and high concentration of dissolved O,
and CO, respectively, along the vertical profile of the lake
may be ascribed to processes that take place in the lake
itself. Generally speaking, major processes controlling O,
and CO, in freshwater lakes, are i) the enhanced biological
productivity resulting from high input of nutrients and i)
the high organic matter supply provided by soil erosion

W N

2 2

50 A

Fig. 9 - N,-CO,-O, ternary diagram for dissolved gases. Molar
concentrations are expressed in mmol/L. ASW = air saturated water
at 20°C. Symbols as in Fig. 6.
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in the drainage areas (LIKENS, 1972). Nutrient overloading
may produce the eutrophication of lakes, a condition that
tends to be more frequent in urban environments than
in natural systems (ScHUELER & SimpsoN, 2001; NASELLI-
FLoRES, 2008; LIANG et alii, 2019).

The calculated §*C values lower than -21%0 V-PDB,
suggest a biogenic source of CO, (CERLING et alii, 1991)
and support the hypothesis of the high input of nutrients,
a related enhanced biological productivity and as a
consequence suggest possible eutrophication of the lake.
However, considering that i) past degassing phenomena
in the study area (CamponescHl & Norasco, 1982) have
demonstrated the rise of isotopically “heavier” CO,
deriving from crustal-mantle inorganic sources (e.g.,
Cuiopint & Fronpini, 2001; CintI ef alii, 2017) and that ii)
the CO, of the adjacent wells is likely of mixed biogenic
and inorganic source (Pizzino, 2015), the hypothesis of an
inflow of inorganic CO, into the lake cannot be completely
excluded. This makes further investigations necessary
especially during the summer, when the lake is stratified.

DOC concentration confirms the trophic condition
generally attributed to eutrophic lakes with residence time
of years. Lakes with reduced volumes are reported to have
DOC above 10 mg/L and this is quite uncommon for largest
lakes (HansoN et alii, 2003; SoBex et alii, 2007; HANSON et
alii, 2011). DOC peak of about 40 mg/L at 0.5 just below
the surface (0.5 m depth) is most probably due to the
accumulation of less degradable organic matter products
of photobleaching degradation, that is common in organic
rich lakes (BRINKMANN et alii, 2003) with intense microbial
activities. This is also confirmed by the increased value of
S, at this depth. S, increase due to photodegradation or
input autochthonous humid organic matter and decrease
due to microbial activity in dark layers (HELMS et alii, 2008).
SR decreases towards the bottom of the lake due to most
probably to the release of aromatic organic matter from
bottom sediments. Extremely low SUVA,,, values are likely
related to photodegradation processes or the contribution
of autochthonous organic matter of small dimensions.
SUVA,,, is a good indicator of the humic fraction of the
DOC (WEIsHAAR et alii, 2003). In rivers, a value of 5-10
is common and an increase is generally observed due
to sediment contribution. In our case, this explains the
highest SUVA value at water sediment interface (Fig. 5 c).

Cell abundance values is one or two orders of
magnitude higher that those found in surface waters of the
central Italian lakes (Fazi et alii, 2016; TassI et alii, 2018),
underlining the eutrophication state of the Lake Bullicante.
Values similar to those registered in Lake Bullicante, were
found in the deepest layers of meromitic volcanic lakes,
highly loaded in nutrients, in eutrophic Tyrrhenian coastal
lakes and wastewaters (Pizzerti et alii, 2016; AMALFITANO
et alii, 2018; Tasst et alii, 2018). The occurrence of
phytoplanktonic microorganisms (Cyanobacteria, Pico-
Eukaryotes, Nano-Eukaryotes) was also relatively high,
with no consistent changes along the depth, and with values
comparable to those found in lake waters at high nutrient
levels and blooming conditions (CALLIERI, 2008; TROMBETTA
et alii, 2019). This could indicate a complete remixing of
the water columns during winter, in comparison with the
clear thermal stratification in summer, and a high rate of
microbial respiration in water that counterbalance primary
production, resulting in a low oxygen concentration along
the entire water column.

CONCLUSION

This study was motivated by the possibility to use the
Lake Bullicante as potential open-air laboratory to trace,
in a highly urbanized area as Rome, possible degassing
phenomena related to the nearby Alban Hills Volcanic
District, because violent CO,-degassing from waters were
historically here recognized. Our results show that the
hydrological circuit feeding the lake is closely related to the
shallow volcanic aquifer feeding the nearby water wells.
Moreover, the relatively high concentration of biogenic
CO, and the high content of organic matter, highlight
that the lake is eutrophic and denitrification processes
also occurring. The absence of anomalous concentration
in phosphates, ammonium and sulphates, proxies of
contamination, strengthen the hypothesis of denitrification
and exclude possible sewage input. Isotopic analyses of N,
and O, of NO," along the entire water column could provide
more detailed information, to definitively exclude the idea
of potential contamination. Nevertheless, considering the
past inorganic CO, degassing phenomena occurred in the
study area related to crustal-mantle sources, and that,
both the lake and adjacent wells present relatively high
concentrations of dissolved CO,, an external-lake input of
CO, cannot be completely excluded, and as a consequence,
not even the hypothesis of mixing processes between biotic
and inorganic CO,. This makes further investigations
necessary especially during the summer, when the lake
is stratified and even more CO, could build up near the
bottom of the lake. A summer survey could be also useful
to better understand the microbial processes in the lake
because the high abundance in organic matter, recorded
along the winter profile of the lake, could have important
implications for the trophic state of the lake, bringing to
potential toxic blooms. The results of further campaigns
would contribute to deeply understand the eutrophication
evolution of the lake, its health status and plan eventual
proper remediation strategies such as, in-lake actions and
lake basin management, providing important tools to the
local administration and stakeholders to improve, protect
and preserve this important aquatic system.
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