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Abstract

Active hydrothermal travertine systems are ideal environments to investigate how abiotic and biotic
processes affect mineralization mechanisms and the mineral fabric formation. In this study, a
biogeochemical characterization of waters, dissolved gases and microbial mats was performed
together with a mineralogical investigation on travertine encrustations at Piscine Carletti (PC) spring
system (Viterbo thermal area, Latium, Italy). The comprehensive model, compiled by means of
TOUGHREACT computational tool from measured parameters, revealed that the overall
physicochemical environmental conditions were not able to explain the presence of mineralogical
phases or fabrics which were largely influenced by microenvironmental conditions induced by
microbial mats. The latter consisted of well-structured microbial communities largely shaped by light
availability and temperature conditions, which varied along the PC system. Nevertheless,
mineralogical features were homogeneous throughout the system with euhedral calcite crystals,
related to inorganic precipitation induced by CO- degassing, coexisting with calcite shrubs associated
with organomineralization processes, indicating an indirect microbial participation in the deposition
process. Similarly, microbial activity played a role in driving calcite redissolution processes, resulting
in circular pits on calcite crystal surfaces possibly related to the metabolic activity of S-oxidizing
bacteria occurring in the microbial mats. The latter might also explain the apparent contradiction
between the undersaturated conditions with respect to gypsum based on measured physicochemical
parameters and the recognition of gypsum crystals embedded in microbial mats. Gypsum
precipitation was likely induced by supersaturated microenvironmental conditions determined by
local increase in sulfate concentration, likely produced by S-oxidizing bacteria. Moreover, the
absence of dissolution on gypsum crystals despite the overall undersaturated environmental
conditions suggested the capability of microbial mats in modulating environmental mobility of

chemical species by providing a protective barrier on gypsum crystals.

Keywords: microbial mat, biofilm-mediated mineralization, gypsum, travertine, hot spring
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49 1. Introduction

50  Terrestrial hot springs typically harbor rich and diverse microbial communities able to thrive in
51  extreme environmental conditions through peculiar adaptation strategies, including the formation of
52  heterogeneous syntrophic assemblages and microbial mats, adhesion to solid surfaces and mineral
53  deposits, establishment of complex biotic and abiotic interactions with the surrounding highly

54  dynamic geochemical environment (Schuler et al., 2017 ; Des Marais and Walter, 2019).
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Microbial mats are vertically structured microbial communities that significantly affect mineral
precipitation and dissolution processes occurring at the water-solid interface (e.g. van Gemerden,
1993; Prieto-Barajas et al., 2018). Depending on the role of biological activity, microbe-mineral
interactions may result in diverse mineral precipitation processes, as follows: (i) biologically-
controlled mineralization, in which biotic processes directly govern the crystal nucleation and growth
shaping mineral morphologies; (ii) biologically-induced mineralization, resulting from the interaction
between metabolic byproducts and the chemical environment, and (iii) biologically-influenced
mineralization (also referred to organomineralization), induced by abiotic processes but with the
influence of active organisms on crystal morphology and composition (Dupraz et al., 2009; Castro-
Alonso et al., 2019). In the latter case, mineral precipitation is favored by nucleation on bacterially-
produced organic polymers (Gorgen et al., 2020), such as those forming cell surfaces or extracellular
polymeric substances (EPS). Similarly, microbial mats may induce or inhibit mineral dissolution as
due to either a direct result of metabolic activity or metabolically-induced chemical gradients at the
microscale level (Wilmeth et al., 2018).

Understanding geobiological processes and microbe-mineral interactions is of paramount relevance
for both understanding the biogeochemical functioning of early life forms on Earth and correctly
identifying biosignatures in either rock records or extra-terrestrial materials gathering paleobiological
and paleoecological information (Allen et al., 2000; Banfield et al., 2004; Tang et al., 2014; Della
Porta et al., 2021).

In this study, a biogeochemical investigation was performed at the Piscine Carletti (PC) spring system
that belongs to the Viterbo geothermal area (Latium, Central Italy). PC has a long-lasting interest
because of its peculiar configuration, enabling its use as an “open-air” laboratory. The thermal water
is indeed discharged at approximately 60 °C (Piscopo et al., 2006) and conveyed into a 12x12 m?
pool, through a 120 m long artificial channel, along which travertine deposition is occurring, allowing
the establishment of a clear biogeochemical gradient. An extensive characterization of (i) water and

dissolved gas chemistry, (ii) travertine encrustation at the bottom of the channel, and (iii) microbial
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community structure in both the water and the solid phase at and below the solid-liquid interface was
carried out along the whole channel. All experimental findings were compared with a comprehensive
model carried out by means of the TOUGHREACT computational tool. The aims of the study were
to (i) understand the mutual influence between biotic and abiotic components, (ii) unravel
mineralization mechanisms during travertine formation, and (iii) characterize the biological impact

of microbial mats on mineral fabric structuring.

2. Study area

Piscine Carletti (hereafter named PC; also referred as Bullicame 3 or Bullicame West; Duchi et al.,
1985; Pentecost, 1995; Minissale et al., 2002; Di Benedetto et al., 2011; Rimondi et al., 2021) is
located in a thermal area sited between the Central Apennines and Tyrrhenian coastline, few km west
of the town of Viterbo (northern Latium, Central Italy; Fig. 1). This region is characterized by (i) a
Paleozoic-Triassic metamorphic basement, (ii) Mesozoic-Paleogene sedimentary rocks related to the
Apennine orogenesis, and (iii) upper Mio-Pleistocene sedimentary basins related to a post-collisional
extensional phase (Piscopo et al., 2006; Baiocchi et al., 2012) during which the Vicano-Cimino
Volcanic District (VCVD) formed (Tassi et al., 2015). Crustal thinning, igneous processes and high
heat flow in this area are responsible of the large number of CO2(H2S)-rich thermo-mineral springs
and anomalously high CO. diffuse degassing sites (Cinti et al., 2014), whose location is strictly
controlled by (i) hydrogeological settings and (ii) brittle structural elements (Minissale et al., 2004).
The resulting complex geological setting has originated the occurrence of two main aquifers, as
follows: (i) a shallower volcanic aquifer, characterized by cold and fresh waters with Ca-HCOs3
composition and low pCO: values, located within the Pleistocene volcanites, and (ii) a deeper aquifer,
located in the deep Mesozoic-Cenozoic carbonate rocks, hosting thermal waters at 220 °C with a Ca-
SO4(HCO3z) composition and high pCO> values, mainly produced by thermometamorphic

decarbonation processes and mantle degassing (Piscopo et al., 2006; Baiocchi et al., 2012; Cinti et
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al., 2014). The Viterbo geothermal system is located in coincidence with a structural high of the
carbonate basement and a geothermal gradient greater than 100 °C/km (Piscopo et al., 2006), resulting
in CO2- and H2S-rich thermal waters uprising through faults and fractures, with temperatures ranging
around 50-60 °C (Duchi and Minissale, 1995; Minissale, 2004; Cinti et al., 2014).

At PC, the hot water emerges at a relatively constant flow rate (0.7 L/s; Di Benedetto et al., 2011) in
a constructed pool (ca. 3 m in diameter), where vigorous gas bubbling occurs. Then, it flows along a
narrow (14 cm) artificial channel, elevated with respect to the ground level (up to 2 m). The channel
ends into a pool where waters cool down to ambient temperature (Fig. 1). The artificial elements are
covered by a thick travertine deposit with shrub fabrics (Di Benedetto et al., 2011), partially coated
by differently colored biofilms and algae. The channel is periodically maintained to guarantee the

regular downstream water flow.

3. Material and Methods

3.1 Sampling strategy

Water, dissolved gas, biofilm and travertine sampling at PC was carried out in March 2016 in eight
selected sites along the artificial channel, at a distance of 14 m from each other, starting from the
farthest site with respect to the water spring and proceeding upstream (i.e. from C8 to C1; Fig. 1) to

avoid any sampling-induced contamination.
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Figure 1 Location of the study area in central Italy (a), few km west of the town of Viterbo (b). The Piscine
Carletti spring system is shown, together with the sampling sites along the channel (c).

3.2 Water and dissolved gas sampling and analysis

At each sampling site, pH, temperature (T, °C) and dissolved oxygen (DO, mg/L) were measured in
situ with a Hach HQ 40d probe. Alkalinity was determined directly in the field via acidimetric titration
with 0.01 N HCI and methyl-orange as indicator. Three filtered (0.45 um) water aliquots were
collected in polyethylene bottles at each site, as follows: (i) 125 mL aliquot for the analysis of main
anions (S04%, CI, F, NOg’, Br), (ii) 50 mL aliquot acidified with 0.5 mL of Suprapur HCI for the
determination of the main cations (Ca%*, Mg?*, Na*, K*), (iii) 50 mL aliquot acidified with 0.5 mL of
Suprapur HNOs for the analysis of trace elements. Moreover, an unfiltered water aliquot was sampled
in 125 mL polyethylene bottles, where few milligrams of HgCl> were added in the laboratory in order
to prevent any microbial activity, for the analysis of **C/*2C values of the total dissolved inorganic
carbon (TDIC). Dissolved Organic Carbon (DOC) was sampled in HCI pre-conditioned PTFE 20 ml

bottles, filtered on 25 mm carbon cleaned GF/F filters (combusted at 450°C for 4 h) and acidified
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0.2% after sampling with Suprapur HCI. Samples were on site analyzed for NO," and NH4* content
by portable spectrophotometer measurements (Hach DR 2800).

Dissolved gases were collected at each site using pre-evacuated 250 mL Pyrex flasks equipped with
Thorion® valve and filled with water up to about 3/4 of their inner volume (Tassi et al., 2008, 2009).
The chemical composition was calculated from the composition of the gas phase stored in the
headspace of the sampling glass flasks on the basis of (i) gas pressure, (ii) headspace volume and (iii)
the solubility coefficients of each gas compound (Tassi et al., 2018).

The main anions and cations were analyzed by ion chromatography (761 Compact IC- Methrom and
861 Advanced Compact IC-Metrohm, respectively). Trace elements (Mn, Fe, Co, Ni, Cu, Zn, Ba, and
Sb) were determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) with
PerkinElmer Optima 8200. The analytical errors for IC and ICP-OES were <5 and <10%,
respectively. DOC samples were analyzed by Shimadzu TOC analyzer. NH4* was
spectrophotometrically detected at 420 nm, (3 drops Seignette salt and 0.3 mL Nessler reagent were
added to 5 mL sample and measured after 3 min) . NO2™ was diazotated and spectrophotometrically
detected at 543 nm, (0.1 mL solfanilamide and 0.1 mL NEDA reagent was added to 5 mL sample and
measured after 6 min).

The §*C-TDIC values (expressed as %o vs. V-PDB) were analyzed with a Finnigan Delta Plus XL
mass spectrometer in CO> recovered after the reaction of 3 mL of water with 2 mL of anhydrous
H3PO4 in pre-evacuated sample holders, which were then left in a thermostatic bath at 25 + 0.1 °C
for 12h. The CO2 was extracted and purified by using a two-step cryogenic (liquid N2 and a mixture
of liquid N2 trichloroethylene; Evans et al., 1988; Vaselli et al., 2006) procedure (Salata et al., 2000).
The analytical error for §*3C-TDIC values was £0.05 %o.

The chemical composition of the main inorganic compounds (CO2, N2, Ar, Oz and He) stored in the
headspace of the sampling flasks was analyzed using a Shimadzu 15A gas chromatograph (GC)
equipped with a 9 m long molecular sieve column and Thermal Conductivity Detector (TCD). The

analysis of CH4 was carried out using a Shimadzu 14A gas chromatograph equipped with a Flame
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lonization Detector (FID) and a 10 m long stainless steel column packed with Chromosorb PAW
80/100 mesh coated with 23% SP 1700 (Vaselli et al., 2006; Tassi et al., 2008). The analytical error
for GC analysis was <5%. The total amount of dissolved gases was then calculated according to the
Henry’s law.

The 3C/*2C isotopic ratios of dissolved CO2 (expressed as &'3C-CO2 in %o vs. V-PDB) were
determined on the basis of those measured on the gaseous CO: stored in the sampling flask headspace
(8¥3C-CO,_strip). The 8'3C-CO2 strip values were analyzed by a Finnigan Delta Plus XL mass
spectrometer after a two-step extraction and purification procedure of the gas mixture, as described
for the analysis of the 8'*C-TDIC values. Internal (Carrara and San Vincenzo marbles) and
international (NBS18 and NBS19) standards were used for the estimation of external precision. The
analytical error and the reproducibility were £0.05 %o and +0.1 %o. The §**C-CO> values were then
calculated from the measured 5*C-CO,_strip (Venturi et al., 2017) based on the enrichment factor
(e1) for gas-water isotope equilibrium proposed by Zhang et al. (1995), as follows:

613602 =& + 613COZ_STR1P - (0004‘9 X T(OC)) - 131 + 613COZ_STRIP

3.3 Sampling and analysis for microbial community characterization of waters and biofilms
At each sampling site, 1 L of water was filtered through polycarbonate membranes (pore size 0.2 pm,
47 mm diameter, Nuclepore) and immediately stored at -20 °C for DNA extraction. Moreover, 100
mL of water for the microbial community characterization were fixed in formaldehyde solution (FA,
1% vol/vol final concentration) and kept at 4 °C until analyses (performed within 24h). Sub-aliquots
(30-80 mL) were filtered on polycarbonate membrane filters (Nuclepore filters: 47 mm diameter with
pore size of 0.2 um) by gentle vacuum (<0.2 bar) and the preparations were washed with 20 mL of
Milli-Q water. The obtained filters were stored at -20 °C until further processing.

Biofilm grown on travertine deposit along the channel bed under was collected at the same time as
water sampling. In detail, fourteen biofilm samples were collected at the same sampling points of

water samples from the superficial (2 cm depth) and sub-superficial layer of travertine deposit (8 cm
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depth), with the sole exception of the first (C1) and last sampling (C8) points where only the
superficial layer was collected. Core biofilm samples were obtained by drilling the travertine deposit
using plastic cylinder with around 1 cm diameter in order to keep unaltered the biofilm structure and
stratification. These core samples were immediately stored at -20 °C and successively used for DNA
extraction. Furthermore, around 1 g of superficial and sub-superficial layer was collected by using a
plastic spoon and immediately stored at +4 °C until analyses. In laboratory, these aliquots were diluted
(1:10 wiv) with sterilized buffer solution containing formaldehyde in 15 mL Falcon tubes and further
processed using Nycodenz density gradient centrifugation, as described elsewhere (Amalfitano and
Fazi (2008). Then, the liquid suspensions were filtered on polycarbonate membrane filters and used
for microscopy observation.

Total prokaryotic abundance was estimated by DAPI staining while those of Bacteria and Archaea
were determined by Catalyzed Reported Deposition — Fluorescence in situ Hybridization (CARD-
FISH), following the protocol optimized by Fazi et al. (2007, 2013) using specific rRNA-target HRP-
labelled probes (Biomers, Ulm, Germany): EUB338 I-l1ll for Bacteria; ALF968 for
Alphaproteobacteria; BET42a for Betaproteobacteria; GAMA42a for Gammaproteobacteria;
DELTAA495 for Deltaproteobacteria; CFX and GNSB for Chloroflexi, LGC354 for Firmicutes,
CF319a for Flavobacteria, PLA46 for Planctomycetes, TM7905 for TM7, HGC69A for
Actinobacteria and ARCH915 for Archaea. Details of probes are available at probeBase (Greuter et
al., 2016). The stained filter sections were inspected on a Leica DM LB 30 epifluorescence
microscope (Leica Microsystems GmbH, Wetzlar, Germany) at 1000x magnification. At least 300
cells were counted in >10 microscopic fields randomly selected across the filter sections. The relative
abundance of hybridized cells was estimated as the ratio of hybridized cells to total DAPI-stained
cells.

The abundance of microbial free-living cells and aggregates was determined by using the Flow
Cytometer A50-micro (Apogee Flow System, Hertfordshire, England) equipped with a solid state

laser set at 20 mV and tuned to an excitation wave length of 488 nm. The volumetric absolute cell
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counting was carried out on samples stained with SYBR Green | (1:10,000 dilution; Molecular
Probes, Invitrogen). Apogee Histogram Software (v89.0) was used to plot and analyze data; the light
scattering signals (forward and side scatters) and the green fluorescence (530/30 nm) were considered
for the single cell characterization. Thresholding was set on the green channel and voltages were
adjusted to place the background and instrumental noise below the first decade of green fluorescence.
Samples were run at low flow rates to keep the number of events below 1000 events s™. The intensity
of green fluorescence emitted by SYBR-positive cells allowed for the discrimination among cell
groups exhibiting two different nucleic acid content (cells with Low Nucleic Acid content - LNA,;
cells with High Nucleic Acid content - HNA) (Amalfitano et al., 2014).

Approximately 1g of biofilm sample was used for DNA extraction with PowerSoil® DNA Isolation
Kit (MoBio - Carlsbad, CA) by following the manufacturer’s instructions. For water samples, DNA
was extracted utilizing one entire polycarbonate membrane for each sample. The quality of extracted
DNA (1.6 < A260/280 < 1.8 and A260/230 > 2) was analyzed with a Nanodrop 3300 (Thermo
Scientific, Italy). DNA was stored at — 20 °C in small aliquots.

Bacterial and archaeal VV3-4 16S sequencing libraries were prepared by a custom protocol based on
an Illumina protocol (Illumina, 2015). Up to 10 ng of extracted DNA was used as template for PCR
amplification of the 16S gene fragments. Each PCR reaction (25 pL) contained dNTPs (100 uM of
each), MgSO4 (1.5 mM), Platinum® Tag DNA polymerase HF (1 U), 1X Platinum® High Fidelity
buffer (Thermo Fisher Scientific, USA) and tailed primermix (400 nM of each forward and reverse).
PCR was run according to the following program: initial denaturation at 95 °C for 2 min, 35 cycles
of amplification (95 °C for 20 s, 50 °C for 30 s, 72 °C for 60 s) and a final elongation at 72 °C for 5
min. Duplicate PCR reactions was performed for each sample and the duplicates were pooled after
PCR. The forward and reverse tailed primers were designed according to (Illumina, 2015) and contain
primers targeting bacteria and archaea 16S gene V3-4 region (Sundberg et al., 2013): 5’-

CCTAYGGGRBGCASCAG (341F) and 5’-GGACTACNNGGGTATCTAAT (806R). The primer
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tails enable attachment of Illumina Nextera adaptors for sequencing in a subsequent PCR. The
resulting amplicon libraries were purified using the standard protocol for Agencourt Ampure XP Bead
(Beckman Coulter, USA) with a modified bead to sample ratio of 4:5. The DNA was eluted in 33 pL
of nuclease free water (Qiagen, Germany). DNA concentration was measured using Qubit™ HS DNA
Assay Kit (Thermo Fisher Scientific, USA).

Sequencing libraries were prepared from the purified amplicon libraries using a second PCR. Each
PCR reaction (25 pL) contained 1x PCRBIO HiFi buffer (PCRBiosystems, UK), PCRBIO HiFi
Polymerase (1U) (PCRBIosystems, UK), adaptor mix (400 nM of each, forward and reverse) and up
to 10 ng of amplicon library template. PCR was run with the following program: initial denaturation
at 95 °C for 2 min, 8 cycles of amplification (95 °C for 20 s, 55 °C for 30 s, 72 °C for 60 s) and a
final elongation at 72 °C for 5 min. The resulting sequencing libraries were purified using the standard
protocol for Agencourt Ampure XP Bead (Beckman Coulter, USA) with a modified bead to sample
ratio of 4:5. The DNA was eluted in 33 pL of nuclease free water (Qiagen, Germany). The DNA
concentration was measured using Qubit™ HS DNA Assay kit (Thermo Fisher Scientific, USA). Gel
electrophoresis using Tapestation 2200 and D1000 screentapes (Agilent, USA) was used to check the
product size and purity of a subset of sequencing libraries.

The purified sequencing libraries were pooled in equimolar concentrations and diluted to 2 nM. The
samples were paired end sequenced (2x301bp) on a MiSeq (Illumina) using a MiSeq Reagent kit v3,
600 cycles (lllumina, USA) following the standard guidelines for preparing and loading samples on
the MiSeq, as described in Caporaso et al. (2012). 20% Phix control library was spiked in to overcome
low complexity issue often observed with amplicon samples.

Forward reads were trimmed for quality using Trimmomatic v. 0.32 (Bolger et al., 2014) with the
settings SLIDINGWINDOW:5:3 and MINLEN:275. The dereplicated reads cut to 275 bp and
clustered using the usearch v. 7.0.1090 -cluster_otus command with default settings. OTU
abundances ware estimated using the usearch v. 7.0.1090 -usearch_global command with -id 0.97.

Taxonomy was assigned using the RDP classifier (Wang et al., 2007) as implemented in the



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

parallel_assign_taxonomy _rdp.py script in QIIME (Caporaso et al., 2010), using the MIDAS
database v.1.20 (Mcllroy et al., 2015). The results were analysed in R (R Core Team, 2015) through

the Rstudio IDE using the ampvis package v.1.27.0 (Albertsen et al., 2015).

3.4 Tridimensional successional changes in biofilm

Clean microscopy slides were placed in the central point of channel (corresponding to sampling site
C4) with a Polyvinyl chloride (PVC) support and collected overtime (2-7-12 days) to monitor biofilm
development, biomass increments in the earlier stages and changes in the tridimensional structure
during biofilm maturation. The tridimensional structure, successional changes and microbial
colonization were assessed using CARD-FISH technique in combination with Confocal Laser
Scanning Microscopy, according to the protocol of Lupini et al. 2011. Image elaborations were

performed using Imaris 6.2 software (Bitplane AG, Zurich, Switzerland).

3.5 Travertine analysis

Travertine encrustations were collected immediately downstream with respect to each biofilm
sampling point at the interface between the channel bottom and water. Travertine samples were
analyzed by Scanning Electron Microscopy (SEM, coupled to Energy Dispersive Microanalysis,
EDS) and X-ray Powder Diffraction (XRPD). After sampling, the eight collected encrustations (C1
to C8) were manually separated at the binocular microscope according to their color (white, red and
green, labelled W, R and G, respectively). When possible, the original texture was preserved. The
resulting aliquots were 15 (Table S1). In addition, two samples were also collected from the artificial
deposits at different times (14 and 21 days) by inserting the slides in the central point of the channel.
The aliquots were gently fixed over the stubs for SEM analysis, using a double-sided conductive
carbon tape, coated with a graphite layer to ensure their electrical conductivity and analyzed with a
SEM ZEISS EVO MA15 (at MEMA — Centro di Servizi di Microscopia Elettronica e Microanalisi,

University of Florence), equipped with the Oxford INCA 250 Microanalysis. Backscattered and
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secondary electron micrographs were registered while the mineral identification was carried out by
means of point and raster X-ray EDS microanalysis. Measurements were carried out at an accelerating
voltage of 20 KV.

The materials considered for the X-ray Powder Diffraction (XRPD) was carried out after gently
crushing each sample in an agate mortar and analyzed with a XRD Bruker New D8 Da Vinci powder
diffractometer (at CRIST— Centro di Cristallografia Strutturale, University of Florence),employing a
Ni-filtered Cu Ka (1.54187 A) radiation. XRPD patterns were registered at 1,600 W (i.e. 40 kV, 40
mA) with a fast multi-channel detector in the 26 range 10-90°, applying a step size of 0.0205° 26.
The XRPD data were refined by means of full-profile Rietveld algorithm, using the Fullprof software
(Rodriguez-Carvajal J, 1993). The red and green aliquots obtained from C4 (i.e. C4R and CA4G,
respectively; Table S1) were investigated together with a synthetic commercial calcite (Rudi Pont,

Turin, Italy). This latter sample was used to calibrate the diffractometer geometry and line shape.

3.6 Computational model

Numerical modelling of the geochemical system (surface and bottom fluids) was performed by means
of the TOUGHREACT v (Xu and Pruess, 2001; Xu et al., 2006) software, using the default database
included in the package (thermoxu.dat; Xu and Pruess, 2001; Xu et al., 2006). The model uses the
equation of state EOS2 for water and CO> (Pruess et al., 2012). The geochemical model strategy
proceeds through a fully kinetic approach. With the kinetic database from Palandri and Kharaka
(2004), the mineral specific surface was calibrated against the measured data. The relative
permeability and capillary pressure equation was obtained according to Corey (1954), with an
irreducible liquid saturation assumed at 0.2. Diffusivity coefficients of CO. in water along the vertical
section of the channel and from the top of the channel into atmosphere were computed, as a function
of temperature, according to Cadogan et al. (2014).

The channel was modelled as a material with porosity of 0.9999 and permeability of 1-10"° m?, with

specific heat and heat conductivity of pure water (1 kJ kg K* and 0.6 W m™? K%, respectively). A
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two-dimensional x-z model, whose dimensions were 110 m long and 10 cm high (plus one more cell
for the atmosphere boundary), described the channel. This system was modelled with an x,z grid
made of 100 x 21 computational elements. At the end side of the channel (discharge pool), a column
of infinite volume cells provided the right boundary condition (i.e. the conditions were constant:
T=16.4 °C; P nearly 1 bar accounting for the hydrostatic pressure gradient within the channel). At the
left side of the model (inlet pool), a column (20 cells) injects a constant flow rate of 0.035 kg s* of
H.O at 2.7867-10° J kg enthalpy, and 1.52:10° kg s* CO. at 1.528-10° J kg’ enthalpy,
corresponding to the flow rate measured at PC at 52.7 °C. The chemical composition of the injected
water corresponds to that analyzed in C1 (see previous paragraph) and was used to model the chemical
evolution of the channel. The atmospheric boundary was set as infinite volume elements at 1.103x10°
Pa pressure, 16.4 °C temperature and 40 Pa CO> partial pressure (corresponding to 400 ppm of COy).
The measured temperature and CO- profiles along the channel were used to validate the model. The

only calibrated variable was the reactive surface of the main mineral phase of the system, i.e. calcite.

4. Results

4.1 Physical-chemical characteristics of waters and dissolved gases

A strong decrease in water temperature was observed along the PC channel, passing from 52.4 (C1)
to 16.4 (C8) °C. Differently, an increase in DO values was observed along the channel, with values
from 1.84 to 9.08 mg/L (Table 1). Similarly, pH increased from C1 to C4 (from 7.25 to 8.40) and
then ranged between 8.63 in C5 and 8.61 in C8 (Table 1).

The sampled waters were characterized by a Ca-SO4(HCOz) composition, with TDS (Total Dissolved
Solids) values progressively decreasing along the channel, i.e. from 3.2 to 2.8 g/L, mainly due to a
decrease in Ca?* and HCO3™ (Table 1). Similarly, an overall decreasing trend was also observed in
the concentrations of trace species, such as Fe, Mn and Ba, from C1 (40, 35 and 46 pg/L, respectively)

to C7 (6.9, 20 and 25 pg/L, respectively), whereas they slightly increased in C8 (Table 1). Similarly,
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NH4 concentration also progressively decreased along the channel, whereas NO, showed a regular,
though increasing trend, such as that of TOC (Table 1).

Among dissolved gases, a sharp decrease along the channel was recorded for dissolved CO, i.e. from
9.86 to 4.46 mmol/L, as well as CHas, from 0.089 to 0.048 mmol/L (Table 1). Differently, O2
concentrations increased of one order of magnitude along the channel, i.e. from 0.005 to 0.068
mmol/L (Table 1).

The carbon isotopic composition of TDIC and dissolved CO; increased along the channel, ranging
from +1.88 and -3.86 %o vs. V-PDB in C1, respectively, to +4.90 and -0.69 %o vs. V-PDB in C3,
respectively, and then they were clustering around +5.26 and -0.05 %o vs. V-PDB from C4 to C8,

respectively (Table 1).
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Sample C1 C2 C3 C4 C5 C6 C7 C8
Distance m 0 14 28 42 56 70 84 100
T °C 52.4 42.6 39.1 30.8 25.7 23.5 20 16.4
DO mg/L 1.84 5.84 6.39 8.02 8.22 8.42 8.41 9.08
pH 7.25 7.76 8.16 8.4 8.63 8.62 8.69 8.61
TDS g/L 3.20 3.24 2.96 2.92 3.01 2.96 2.85 2.79
HCO; mg/L 1180 1243 987 965 1007 982 885 854
F mg/L 2.60 2.40 2.02 2.73 1.96 1.98 1.73 1.88
Cl mg/L 17.7 21.6 21.5 23.3 21.7 21.7 22.9 22.2
Br mg/L 0.023 0.082 0.033 0.03 0.066 na na 0.104
NO; mg/L 0.065 0.102 na na 0.074 0.057 0.490 0.340
NO, mg/L 0.010 0.007 0.020 0.030 0.003 0.026 0.026 bdl
NH, mg/L 1.417 1.159 0.863 0.708 0.799 0.631 0.657 0.631
SO, mg/L 1153 1175 1182 1180 1196 1187 1199 1186
Li mg/L 0.025 0.021 0.021 0.015 0.022 0.015 0.020 0.018
Na mg/L 38.8 35.9 37.6 37.5 38.9 40.1 37.5 35.1
K mg/L 41.5 38.9 39.5 39.9 41.0 38.5 41.1 36.2
Mg mg/L 136 131 133 130 135 135 132 128
Ca mg/L 627 593 561 541 569 551 533 525
Mn pg/L 35 33 27 23 23 28 20 22
Fe Mg/l 40 21 19 7.1 6.8 11 6.9 33
Co Mg/ 0.3 bdl 0.2 0.2 bdl bdl bdl bdl
Ni ug/L 3.4 3.1 3.2 2.8 2.7 34 1.7 2.6
Cu Mg/ 5.4 5.4 4.9 5.0 5.0 6.6 5.1 5.1
Zn Mg/L 6.1 6.2 3.3 4.7 5.4 14 3.1 5.7
Ba Mg/ 46 44 35 26 28 26 25 44
Sb Mg/ 7.5 6.4 6.7 2.8 2.7 3.4 bdl 5.7
As pg/L 176 215 209 219 202 193 162 187
TOC mg/L 0.23 0.34 0.35 0.70 0.44 0.22 0.47 0.53
3°C-TDIC %o vs. V-PDB| 1.88 3.76 4.90 5.07 5.00 5.56 5.46 5.22
CO, mmol/L 9.86 9.47 9.16 8.06 6.58 5.47 5.45 4.46
N, mmol/L 0.51 0.56 0.55 0.52 0.51 0.55 0.58 0.61
CH, mmol/L 0.089 0.079 0.081 0.075 0.069 0.056 0.051 0.048
Ar mmol/L 0.015 0.018 0.020 0.013 0.013 0.014 0.014 0.015
0, mmol/L 0.005 0.005 0.009 0.009 0.011 0.031 0.051 0.068
He mmol/L | 0.000028 0.000025 0.000022 0.000021 0.000025 0.000018 0.000016 0.000016
8"*C-CO, |%o vs. V-PDB| -3.86 -2.80 -0.69 -0.03 na -0.23 0.23 -0.15

Table 1 Physical-chemical and isotopic (6**C-TDIC and 5*3*C-CO) features of the water and dissolved gas samples collected along
the PC channel; na: not analyzed.

4.2 The PC channel: physical chemistry and mineral precipitation modeling

A numerical model was defined by assuming a purely abiotic evolution of the water parameters

provided by the spring supply. The validation of the thermal and flow rate model was carried out by

comparing the theoretically predicted temperature and the dissolved CO, parameters with those
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effectively measured in the field. The data reported in Fig. 2a evidence a very good agreement
between experimental and computed temperatures at increasing distances from the spring. Since flow
rate affects the thermal exchange with atmosphere, thus governing the cooling of the channel, the
calculated thermal profile allowed the correct prediction of the temperature, evaluated at 1 cm from
the bottom of the channel.

The dissolved CO2 amount was regulated by both exsolution towards the atmosphere boundary and
vertical diffusion of CO; in water. Similarly to the measured and computed temperatures, the model

accurately reproduced all experimental evidences (Fig. 2b).
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Figure 2 Results of the numerical model of the channel: (a) temperature and (b) dissolved COz. In the inset, the comparison of the
considered parameter, evaluated at 1 cm from the bottom of the channel (blue line), with the corresponding experimental
measurement (points), listed in Table 1.

Once validated, the model can predict theoretical diffusion and transport properties of chemical
species involved in both solution equilibria and precipitation of solid phases. The behavior of HCO3
and Ca?* can be modelled by a kinetically controlled calcite precipitation (Fig. 3a-c). The kinetics of
this process was accounted through a reaction surface of 1.105 x 10% m%m?3, that corresponded to a
grain size of ~30 um. This size represented a maximum value, and it could be reduced to some

microns taking into account additional factors such as packing, biofilm occlusion, active sites on the
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surface (e.g. Murphy et al., 1989; Steefel and Maher, 2009). The computed calcite grain size was then
compared with that measured by SEM. Calcite in each travertine sample was found in different
aggregates. However, individual grains were rarely exceeding 20 um. In contrast, high surface grain
aggregates of definitely lower dimensions were almost frequent (see 8§4.6). Accordingly, a good

match between the grain size evaluated by the numerical model and that observed in the collected

samples can be assessed.
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Figure 3 Results of the numerical model of the channel: (a) Ca?* and (b) HCOs". In the inset, the comparison of the considered
parameter, evaluated at 1 cm from the bottom of the channel (blue line), with the corresponding experimental measurement (points),

listed in Table 1. (c) Volume fraction of precipitated calcite.
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Concerning other ions, i.e. F- and CI- and cations, such as Li*, Mg?*, K*, and Na*, the experimental
results and those provided by the model point to a nearly constant behavior. This can be explained
with the fact that (i) their salts are highly soluble and (ii) no reactions affect these ions.

An exception to this general trend is provided by SO.%, being possibly involved in gypsum
precipitation reaction. The model predicted that sulfate concentration evolved towards a layered
pattern (Fig. S1a). However, the total amount of dissolved sulfate was not generally changing. This
finding is in line with the saturation index values that were calculated along the whole channel (Fig.
S1b). According to our model, gypsum precipitation did not occur due to the low saturation index
(Fig. S1b). Similar considerations can be done for amorphous SiO2 and CaF2, which are frequently

precipitating from the Central Italy thermal springs (Allen et al., 2000).

4.3 Prokaryotic abundance and community structure in water

Total prokaryotic abundance in water samples increased from 6.8 x 10° cells/mL to 8.2 x 10° cells/mL
along the channel (Table S2). A slight decrease of cells with High Nucleic Acid content (HNA) was
observed from the origin to the end of the channel. Notably, HNA cells represented 87.8% of total
cells in C1 and 71.9% in C8. Cytograms showed high cytometric similarity between water samples
highlighting a highly similar microbial community along the channel. Accordingly, CARD-FISH
analysis revealed a similar microbial community composition in water column along the channel (Fig.
4a). The main microbial component in water samples belonged to bacteria domain (on average 79.3
% of total DAPI-stained cells) mainly affiliated with Proteobacteria (Fig. 4a). Gammaproteobacteria
was the predominant group along the whole channel showing abundances between 1.2 x 10° + 5.1 x
10% and 5.3 x 10° + 2.0 x 10 cells/mL (range: 16.7 - 77.1 % of DAPI-stained cells). On average,
Alpha-, Beta- and Deltaproteobacteria represented 7 % of total prokaryotic abundance. The other

bacterial groups represented less than 2.2 % of total cells. Meanwhile, 15.4 % of total prokaryotic
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cells (on average) belonged to Archaea, with a cell abundance ranging between 4.1 x 10* + 1.2 x 10°
cells/mL and 1.9 x 10° + 6.4 x 10° cells/mL.

The outputs from high-throughput sequencing were in line with the results generated by CARD-FISH
analysis. In particular, a total of 57,943 reads were generated by C1, C4, and C7 water samples. These
reads resolved into 239 OTUs. Overall, Proteobacteria was the most abundant phylum, mainly
represented by Gammaproteobacteria affiliated with genus Thiofaba (~85% of total OTUs) (Fig. 4b).
Epsilonproteobacteria represented around 9.2% of total reads. Archaea represented on average less
than 1% of total reads. A low level of biodiversity was found in water samples with Shannon index

values ranging between 0.6 and 0.8 and very similar Simpson index values (range: 0.26 - 0.30).
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Figure 4 Water: (a) Abundance of phylogenetic taxa (Archaea and main phyla within Bacteria) and single classes within
Proteobacteria (in blue) in the different water sampling points. (b) OTUs relative abundance in water samples estimated by NGS.
Bacterial taxa accounting for less than 1% of total composition were classified as ‘Other bacteria’.

4.4 Prokaryotic abundance and community structure in biofilm

Along the channel, total prokaryotic abundance tended to decrease in superficial biofilm layers
whereas it increased in those sub-superficial (Fig. 5a). In particular, values decreasing from 3.8 x 10°
cells/g to 4.0 x 107 cells/g were observed in superficial layers from C2 to C8 samples. In contrast,
increasing values from 5.2 x 107 cells/g to 8.8. x 107 cells/g were observed in sub-superficial layers.
The microbial communities were dominated by Bacteria in both the superficial and sub-superficial

layers representing on average the 90 % of total prokaryotes estimated by CARD-FISH. Among
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bacterial cells, Cyanobacteria were highly abundant in the superficial layers showing values from 2.7
x 10%+ 3.0 x 107 cells/g in C2 to 1.9 x 107 + 3.5 x 106 cells/g in C8 (Fig. 5b). Lower cyanobacterial
abundances were observed in the sub-superficial layers with an average value of 1.2 x 10" + 7.1 x
108 cells/g. The various classes within Proteobacteria counted together on average 1.3 x 108+ 1.4 x
108 cells/g and 3.1 x 107 + 2.1 x 10 cells/g in the superficial and sub-superficial layers, respectively.
High-throughput sequencing generated a total of 142,563 reads in the C1, C4, C7 and C8 superficial
and sub-superficial biofilm layers that resolved into 949 OTUs. The results showed a high microbial
diversity among biofilm samples. The Shannon and Simpson indexes ranged between 2.4 and 2.7 and
0.8 and 0.9 respectively.

OTUs affiliated with Cyanobacteria were more abundant in superficial layers (on average 37.3 %)
than in sub-superficial ones (on average 13.0 %) (Fig. 5¢). In particular, these OTUs mainly belonged
to genera Spirulina (around 35% in C4 and C7 superficial biofilm), Leptolyngbya (on average 8.4 %
in superficial layer and 1.8 % in sub-superficial one), and Fischerella (up to 7.7 % in C4 sub-
superficial biofilm). Overall, members of Proteobacteria represented on average around 20 % of total
reads in biofilm samples. In particular, OTUs affiliated with Alphaproteobacteria were the most
abundant in both superficial and sub-superficial biofilms. Specifically, they mainly belonged to orders
Rhodobacterales, Rhodospirillales, and Sphingomonadales. Furthermore, a high abundance of OTUs
affiliated with Rhodomicrobium, a genus belonging to order Rhizobiales within Alphaproteobacteria,
was mainly observed in C1 site (14.8 %). OTUs affiliated with Gammaproteobacteria represented on
average 3.4 % and 1.7 % of total OTUs in superficial and sub-superficial layers, respectively.

The phylum Chloroflexi represented on average 8.8 % of total OTUs in superficial biofilms and up
to 43.7 % in sub-superficial layers. These OTUs were mainly affiliated with family Anaerolineaceae
in superficial layer and with genus Roseiflexus in sub-superficial one. Members of this phylum were
highly abundant mainly in sub-superficial biofilm in C7 site. OTUs affiliated with phylum
Bacteroidetes, mostly belonging to family Saprospiraceae, increased along the channel up to 21.6 %

of total OTUs in site C8. The retrieved OTUs affiliated with phylum Chlorobi represented on average
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2.6 % of total OTUs in both the superficial and sub-superficial layers, with the sole exception of the

C2 superficial layer in which members of Chlorobiaceae represented up to 12.1 % of total OTUs.

Concerning the Archaea, Thaumarchaeota represented between 14.9 % and 41.0 % of total reads in

C1 and C4 sub-superficial layer, respectively. In the other biofilm samples, the OTUs belonging to

archaea domain represented less than 0.5 % of total reads.
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Figure 5 Biofilm: (a) Total prokaryotic abundance in superficial and sub-superficial biofilm samples. (b) Total abundance of
Cyanobacteria and single classes within Proteobacteria in superficial and sub-superficial biofilm samples. (c) OTUs relative
abundance in biofilm samples estimated by NGS. Clusters making up less than 1 % of total composition were classified as ‘other
Bacteria’ or ‘other Archaea’.

4.5 Tridimensional structure and successional changes of biofilm
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Development, biomass increments and three-dimensional structure of biofilm growing on microscopy
slides placed on the central point of the channel (corresponding to sampling point C4) were observed
by combining CARD-FISH and CLSM. After 2 and 7 days, CLSM examination revealed biofilm
assemblages with similar microbial community equally represented by filamentous Cyanobacteria,
and other prokaryotes (Fig. 6). After 12 days, a highly complex and multi-stratified biofilm was
observed, with a high amount of filamentous spirulina-like Cyanobacteria, dominating the microbial
community. Within the dense network of filamentous autotrophs, non-pigmented prokaryotic cells

were also visible.
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Figure 6 CLSM combined images showing the spatial distribution (X=Y, X—Z, and
Y—Z planes) of Bacteria (green), Cyanobacteria (red) and other prokaryotes (blue)

identified by CARD-FISH in biofilms. The hybridized bacterial cells were excited with
the 488 nm line of an Ar laser (excitation) and observed in the green channel from 500

to 530 nm (emission). Calcite crystals were visualized by their reflection signal (405
nm line of a diodo laser) and appear of gray color.

4.6 Mineralogical features

Three mineralogical phases were recognized throughout the channel. Calcite was found in two

apparently different and coexisting morphologies. The first one exhibited a rhombohedral or, more
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rarely, scalenohedral habitus (Fig. 7a). The crystals were almost homogeneous with an average size
of about 5 um and displayed an euhedral aspect. Such calcite was significantly abundant in the C1
precipitate although it was recorded throughout the whole channel. The second, and largely more
frequent, calcite facies was a shrub precipitate in which the evolution of the crystal(s) occurred
through the surface uptake by rhombohedral lamellae (Fig. 7b). In many cases, calcite individual
grains were no single crystals, but aggregates of many individuals. Moreover, the overall surface of
the grains appeared highly structured and rough (Fig. 7c and d). The individual grains were
significantly bigger than those of euhedral calcite. All samples but C1 exhibited this kind of
mineralization, irrespectively to the type of sample (green, red, or white).

Both calcite precipitates exhibited consumption from either the crystal edges or circular pits on the
crystal surfaces. These evidences were recorded in all the samples, although their presence was
reduced at >40 °C (C1 and C2).

Occasional, though not infrequent, findings of gypsum precipitates were also observed. All
precipitates showed a unique common morphology, i.e. aggregates of relatively small crystals, with
apparent traces of the {010} cleavage, assembled through multiple branching scheme, typical of
fractal crystallization (Van Driessche et al., 2019; Fig. 7e). Moreover, these aggregates grew up to
relevant dimensions (up to 50 um in linear dimension) and appeared randomly but unevenly
distributed in the precipitate (Fig. 7f). In particular, gypsum precipitates were found always
associated to abundant biofilm occurrences. Crystal surfaces were well formed, displaying neither
consumption nor pitting evidences.

Finally, the third identified mineral phase was fluorite, with the typical cubic habitus of 5-10 um in
size (Fig. 7d). Although its seldom presence in the samples, all observed crystals seemed well formed,
apparently unrelated to the mineralogical context where they were recognized, and sometimes
clustered in small regions of the samples. The fluorite crystals were perfectly euhedral, without

evidence of active re-dissolution processes.
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Figure 7 Secondary (a,b) and Backscattered (c-f) electron micrographs of representative regions of the investigated samples: (a)
C1W (Magnification: 9580X); (b) C3G (3410X); (c) C2R (1500X); (d) C5G (1500X); (e) C3R (2760X); (f) C2R (500X).

All samples but C1 displayed extensive evidence of biofilm. This provided a relevant network among
all types of precipitated minerals, as it can be devised by comparing secondary and backscattered
electron micrographs (Fig. 8a-c). In the white-colored encrustations (i.e. in C7W and C8W), biofilms

were less extended, but still present (Fig. 8d). Regarding the relationships with the four types of



501

502

503

504

505

506

507

described minerals (euhedral and shrub calcite, gypsum, fluorite), no specific relationship occurred
between biofilm and euhedral calcite, gypsum, fluorite. Their spatial co-localization resulted just from
a juxtaposition of spatially confined events. Conversely, the mutual relationships between biofilm
and shrub calcite were completely different and more complex (Fig. 7b and 8e): in certain cases, the
grains were completely enveloped by biofilm whereas, more frequently, they were interconnected by
bridges of organic matter. Overall, the mutual relationships between biofilm and shrub calcite

appeared to be not occasional.
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Figure 8 Secondary (a,b-e) and Backscattered (b) electron micrographs of representative regions of the investigated samples: (a)
C3G (Magnification: 1580X); (b) C3G (1580X); (c) C8G (1610X); (d) C8W (851X); (e) C7G (3000X).

The two additional samples obtained by exposing at the water flux two glass slides near the C4
sampling point revealed interesting features about the processes under which the travertine
encrustation form. The two samples were exposed at different times, and the difference in their micro-

morphological details could be ascribed to the temporal evolution of the encrustation over the slide.



513  The main difference (Fig. 9a-b) is the net increase of biofilm occurrence in the sample. In the 14-day
514  slide biofilm is scarce whereas in the 21-day slide it appeared abundant. Concerning calcite precipitate
515 morphology, at intermediate time both the rhombohedral and the shrub facies are concurring, with
516  poor evidence of crystal weathering (Fig. 9a). Weathering, as well as the occurrence of topological
517 relationships between calcite crystals and biofilm (already observed by confocal microscopy) are the
518 main features of the calcite precipitates (almost exclusively shrub) in the 21-day slide (Fig. 9b).
519 Interestingly, in the 14-day slide also spherules of aragonite needles, already described by Allan et

520 al. (2000) for the nearby Zitelle spring system, were identified (Fig. 9a).
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Figure 9 Backscattered electron micrographs of two representative
regions of travertine precipitated after (a) 14 days and (b) 21 days
over the glass slide. Magnification: 1000X.

521
522 XRPD analysis on differently colored aliquots (C4R and C4G) showed a simple mineralogy, being
523  largely dominated by calcite (Fig. S2). Weak additional reflections in the 25-35 20 range can be

524  attributed to quartz and another carbonate, e.g. dolomite. These results agree with the findings by Di
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Benedetto et al. (2011), where travertine encrustations were investigated without dividing them into
colored aliquots. A refinement of the lattice constants, operated by means of the Rietveld method,
provided the results shown in the Table S3. The calcite lattice parameters, the relative c/a ratio and
the cell volume appear rather similar in the two aliquots. Conversely, when compared with analogous
parameters described for a pure inorganic calcite (Graf, 1961), a net lattice strain coupled to a slight
increase of the cell volume can be noticed. This strain was attributed to biomediated precipitation
processes (Di Benedetto et al., 2011). Accordingly, the red and green travertine encrustations

appeared very similar in terms of mineralogical composition and structural features.

5. Discussion
5.1 The geochemical system of the PC channel

Water and dissolved gas chemistry from the PC channel was consistent with those reported by
previous studies (Di Benedetto et al., 2011). The Ca-SO4(HCOg) facies is typical of thermal waters
circulating in the Vicano-Cimino Volcanic District, affected by water-rock interactions with the
Mesozoic carbonate sequence and Triassic anhydrites (e.g. Minissale, 2004; Cinti et al., 2014).
Despite the limited spatial scale, the geochemical features evolved along the PC channel with a sharp
temperature gradient associated to chemical changes. The water-atmosphere exchange led to a
progressive increase in dissolved O concentrations as the distance from the water spring increased,
favoring the oxidation of reduced species as indicated by the decrease in NH4™ concentrations coupled
with an overall increase in NOs™ contents. On the other hand, the rapid exsolution of CO» towards the
atmosphere drove calcite precipitation along the PC channel, resulting in a progressive decrease in
Ca?" and HCOs" ions, as also supported by the numerical model. Accordingly, CO, degassing was
expected to be the main driving factor of travertine precipitation, as observed in similar systems (e.g.
Dupraz et al., 2009). Coherently, the carbon isotopic composition of both dissolved CO2 and TDIC

showed a progressive increase along the PC channel, being largely controlled by the fast CO>
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exchange with the atmosphere, as reported by Di Benedetto et al. (2011). The latter authors also
evidenced the occurrence of an out-of-equilibrium isotopic fractionation process between travertine
and dissolved carbon species, attributed to either kinetically controlled inorganic calcite precipitation
or biomineralization processes. On the other hand, the SO4> concentrations showed no significant
variations along the channel, in agreement with the thermodynamic model, which predicted that

gypsum precipitation did not occur along the channel.

5.2 Microbial assemblages in waters and biofilms

Microbiological characteristics in water samples were shaped by the physicochemical features of the
PC channel. HNA cells, which are often considered as the most active fraction (Lebaron et al., 2001),
showed a relatively high abundance in the initial section of the PC channel, suggesting a higher
microbial activity with respect to the final section. The decrease of HNA cells along the channel was
likely related to the transition from an anaerobic/anoxic high temperature aquatic environment to
aerobic and low temperature conditions. Overall, hot springs are characterized by a low biodiversity
due to their extreme conditions in terms of temperature and chemical characteristics (Kemp and Aller,
2004; Chiriac et al., 2017). In this study, low levels of biodiversity were observed in the water
columns probably due to the harsh environmental conditions more suited to pioneer/resistant species
(Piscopo et al., 2006; Giampaoli et al., 2013; Valeriani et al., 2018). Accordingly, the microbial
community in the water column analyzed in this study was dominated by Thiofaba genus
(Gammaproteobacteria class), able to grow under strict aerobic conditions with a
chemolithoautotrophic metabolism. Members of this genus are known to oxidize sulfur compounds
by utilizing H2S as electron donor for CO; reduction (van Gemerden, 1993) and are widely reported
in hot springs worldwide (e.g. Gulecal-Pektas and Temel, 2017; Gumerov et al., 2011; Huang et al.,
2011; Mori and Suzuki, 2008; Valeriani et al., 2018). Furthermore, the occurrence of
Epsilonproteobacteria in the water column confirmed the involvement of microbial community in

the sulfur cycle along the channel. Members of this class have indeed been proposed to being actively
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involved in sulfur cycling, constituting one of the major sulfur-oxidizers microbial group in high
temperature thermal springs (Campbell et al., 2006).

Although Thiofaba genus and Epsilonproteoboacteria were highly abundant in water, their
occurrence in the biofilm samples was very low. Remarkably, the complex microbial community
inhabiting the biofilm along the channel was mainly composed by phototrophic microorganisms, in
line with those previously observed in other hot springs (Bilyj et al., 2014; Coman et al., 2013; Portillo
et al., 2009; Stal et al., 2017; Wang et al., 2013). In particular, the predominant metabolic pathway
was the oxygenic and anoxygenic phototrophy driven by members of Cyanobacteria, Chloroflexi,
Chlorobi and Alphaproteobacteria (Coman et al., 2013). A stratified microbial community was
retrieved in biofilm along the channel, as previously observed in hot spring-bearing microbial mats;
in particular, the aerobic photoautotrophic Cyanobacteria inhabited the superficial layer while the
anoxic phototrophs dominated underneath (Konhauser 2007; Liu et al., 2011; Coman et al., 2013;
Pagaling et al. 2012; Hanada, 2016). The occurrence of these different phototrophic bacteria in
superficial and sub-superficial layers could explain the various color observed in the sampled
encrustations.

The occurrence of various cyanobacterial OTUs were likely linked to water temperature. It has
previously been documented that Fischerella species prevails at temperatures around 40 °C
(Konhauser 2007) corresponding to C4 site, while Leptolyngbya prefers temperatures around 55 °C
(McGregor and Rasmussen 2008; Roeselers et al. 2007; Sompong et al. 2008) corresponding to C1
site. The high occurrence of filamentous Cyanobacteria, such as Leptolyngbya and Spirulina, is a
typical feature of most hot springs worldwide (Amarouche-Yala et al., 2014; Subudhi et al., 2018;
Valeriani et al., 2018; Della Porta et al., 2021).

Due to the different oxygen availability, anoxygenic phototrophic microorganisms dominated the
sub-superficial layer and were mainly represented by green and purple sulfur/non-sulfur bacteria,
such as members of Chlorobi, Chloroflexi and Alphaproteobacteria. Green sulfur bacteria, mainly

affiliated with family Chlorobiaceae, were found in biofilm along the channel in line with their
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anaerobic and autotrophic metabolism (Imhoff, 2014). These phototrophs are able to oxidize
elemental sulfur and sulfide and to carry out photosynthesis only under anoxic conditions (Asao and
Madigan 2010; Imhoff 2014; Madigan et al., 2017). Furthermore, the occurrence of Chloroflexi,
affiliated with family Anaerolinaceae or genus Roseiflexus, currently known as “Filamentous
Anoxygenic Phototrophs”, was previously reported in thermophilic cyanobacterial mats (Gaisin et
al., 2016; Kambura et al., 2016; Tank et al., 2017; Valeriani et al., 2018).

Anaerobic and anoxygenic phototrophic purple non sulfur bacteria were frequently reported in
sulfidic hot springs with temperature around 50 °C (Ainon, Tan and Vikineswary, 2006; Bilyj et al.,
2014; Imhoff, 2017). In line with this finding, members of Alphaproteobacteria, mainly affiliated
with Rhodomicrobium genus, were encountered in biofilm samples along the channel. Members of
this genus preferably grow photoheterotrophically under anoxic conditions in the light, but they can

also use hydrogen, sulfide or ferrous iron as electrons sources (Imhoff et al., 2005).

5.3 Evidences from mineralogical analyses and theoretical computations

Mineralogical investigations assessed the widespread presence of calcite throughout the PC channel,
as also evidenced by the numerical model for which calcite precipitation was driven by CO> degassing
from the PC supersaturated water. Nevertheless, calcite was detected in two distinct morphologies,
indicating the occurrence of different precipitation processes. Euhedral calcite can be ascribed to a
purely inorganic precipitation process, as expected from the theoretical computations, whereas shrub
precipitates are related to the interaction with microbial communities and biofilms (e.g. Allen et al,
2000 and reference therein). This latter morphology was found in association with inorganic calcite,
irrespectively of the color of the sampled encrustations and of the microbial community composition.
Despite the occurrence of diverse cyanobacterial OTUs at increasing distance from the hot spring as
a function of water temperature, calcite shrubs were constantly present along the whole channel.
Accordingly, both empirical and theoretical observations excluded a biologically controlled or

induced precipitation of calcite shrub deposits, which were to be ascribed to abiotic processes.
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However, whilst no evidence was found to indicate an active role by microbial metabolism in calcite
precipitation, the shrub fabric might be influenced by the presence of microbial mats through
organomineralization (e.g. Perry et al., 2007; Dupraz et al., 2009; Allen et al., 2000; Bastianini et al.
2019).This mineral precipitation typically occurs in supersaturated waters by nucleation on
bacterially produced polymers, such as those composing cell walls or extracellular polymeric
substances (EPS). EPS can indeed account for over 90% of biofilm dry mass (Flemming and
Wingender, 2010), forming the scaffold for the biofilm architecture and internal cohesion and
allowing adhesion to surfaces. Accordingly, Cyanobacteria, which are among the main contributors
to the production of EPS in microbial mats (e.g. Rossi and De Philippis, 2015), dominated the
microbial community inhabiting the surficial layer of the biofilm along the PC channel. Even though
calcite precipitation did not seem to be related to microbial activity, the cyanobacterial and
prokaryotic colonization along the PC channel occurred simultaneously with the formation of calcite
nucleation. In fact, the mutual relationship between Spirulina-like cells, Bacteria and other
prokaryotic cells was evident with the tridimensional structure examination of biofilm grown on
microscopy slides on the central point of the PC channel (Fig. 6). This finding is paralleled with the
evolution of the crystal weathering traced by the SEM investigation of the calcite precipitates as a
function of time (Fig. 9). These evidences agree with those reported by a recent study on active
travertine deposits from Central Italy (Della Porta et al., 2021), including the Viterbo thermal area,
and with previous observations on the PC channel (Di Benedetto et al., 2011), which ascribed the
structural anomaly of calcite precipitates to the presence of organic polymers embedded in the
growing crystals. Accordingly, the analysis of the lattice strain showed structural features similar to
those previously described for this site and attributed to bio-mineralized calcite (Di Benedetto et al.,
2011).

Inorganic and shrub calcite precipitates exhibited evidence of two distinct redissolution processes.
The first one provided progressive consumption of crystals from the edges and/or some existing pits

(Fig. 7c), indicating a balance between crystal growth and redissolution process. The second process
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consisted of a specific pitting, starting from either crystal defects or centers of well-formed crystalline
surfaces, to produce evident circular pits (Fig. 7d). These features are commonly associated with
microbial mats containing sulfur-oxidizing bacteria (Leprich et al., 2021) and ascribed to acidity
buffering generated during sulfur oxidation at the microscale through calcite weathering (e.g. Dupraz
et al., 2009; Yang et al., 2019). Accordingly, the observed circular pitting was likely the result of the
metabolic activity of the S-oxidizing bacteria recognized in the water column (i.e., Thiofaba,
Epsilonproteobacteria) and microbial mats (i.e., Chlorobi, Chloroflexi). The temporal evolution
investigated by the glass slides inserted in the water flow of the channel allowed to give a rough
estimation of the time necessary to the precipitate-biofilm system to attain a stable configuration. In
particular, we observed that this dynamical equilibrium was reached in about 3 weeks.

Differently from calcite, the numerical model revealed that the PC waters were undersaturated with
respect to gypsum. Nevertheless, the occurrence of this mineral phase was widely detected along the
channel, though in very localized assemblages. The morphological observations on the retrieved
crystals indicated that gypsum sporadically nucleated and grew very fast. These evidences allowed
to speculate that the observed gypsum crystals were the result of a biologically-induced
mineralization, where microbial activity modified the local microenvironment creating favorable
conditions for chemical precipitation, as previously observed in other hydrothermal aquatic systems
(Tang et al., 2014). It can be hypothesized that S-oxidizing bacteria produced a local anomaly in
sulfate concentration inducing local supersaturated conditions and, thus, gypsum precipitation in
fractal clusters of crystals. This hypothesis could be supported by the presence of several sulfur-
oxidizing bacteria (e.g. Thiofaba, Chloroflexi and Chlorobi) along the PC channel in both the water
column and biofilm layers. A similar mechanism was previously proposed for both Bacteria
(Thompson and Ferris, 1990; Canfora et al., 2016) and microfungi (Cecchi et al., 2018). Notably,
contrary to what expected from the physicochemical conditions characterizing the PC channel, no
evidences of dissolution processes were observed for gypsum. It appeared to be preserved from

dissolution when embedded in the biofilm, pointing to a critical role of microbial mats in governing
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the mobility of chemical species at the water-travertine interface. These evidences were in line with
the findings by Canfora et al. (2016) according to which cyanobacteria would be capable to promote,

either directly or indirectly, the formation of a protective envelope made of carbonates and/or sulfates.

6. Conclusions

In the PC system, a sharp temperature gradient along the channel was associated with a chemical
evolution of the water and dissolved gas composition. The latter was mainly driven by inorganic
processes (water-atmosphere exchange), resulting in active travertine deposition. Travertine
encrustations were characterized by the presence of microbial mats with a well-stratified microbial
community, mainly shaped by light availability, which influenced the morphology of the mineral
phases with euhedral calcite crystals (inorganically produced by CO: degassing) coexisting with
calcite shrub (likely ascribed to organomineralization). Despite the geochemical modelling based on
measured ion concentrations indicated undersaturation conditions with respect to gypsum,
mineralogical analyses revealed the occurrence of this mineral embedded in the biofilm. This
apparent contradiction between physicochemical environmental conditions and mineralogical
evidences can be reconciled by hypothesizing the establishment of chemical gradients at the
microscale triggered by bacterial activity. In particular, the chemolithoheterotrophic oxidation of
reduced sulfur operated by microbial consortia was expected to produce a local increase in sulfate
concentration, determining supersaturated microenvironmental conditions that promoted
precipitation of gypsum crystals. This hypothesis was sustained by the recognition of circular pitting
on calcite crystals related to dissolution processes induced by the metabolic activity of sulfur-
oxidizing bacteria. On the other hand, microbial mats may exert a protective functioning with respect
to gypsum crystals, preventing dissolution despite the overall undersaturation conditions of the PC
channel, suggesting the capability of microbial mats in modulating environmental mobility of

chemical species.
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Figure captions

Fig. 1 Location of the study area in central Italy (a), few km west of the town of Viterbo (b). The

Piscine Carletti spring system is shown, together with the sampling sites along the channel (c).

Fig. 2 Results of the numerical model of the channel: (a) temperature and (b) dissolved CO.. In the
inset, the comparison of the considered parameter, evaluated at 1 cm from the bottom of the channel

(blue line), with the corresponding experimental measurement (points), listed in Table 1.

Fig. 3 Results of the numerical model of the channel: (a) Ca®* and (b) HCOs". In the inset, the
comparison of the considered parameter, evaluated at 1 cm from the bottom of the channel (blue line),
with the corresponding experimental measurement (points), listed in Table 1. (c) Volume fraction of

precipitated calcite.

Fig. 4 Water: (a) Abundance of phylogenetic taxa (Archaea and main phyla within Bacteria) and
single classes within Proteobacteria (in blue) in the different water sampling points. (b) OTUs relative
abundance in water samples estimated by NGS. Bacterial taxa accounting for less than 1% of total

composition were classified as ‘Other bacteria’.

Fig. 5 Biofilm: (a) Total prokaryotic abundance in superficial and sub-superficial biofilm samples.
(b) Total abundance of Cyanobacteria and single classes within Proteobacteria in superficial and
sub-superficial biofilm samples. (c) OTUs relative abundance in biofilm samples estimated by NGS.
Clusters making up less than 1 % of total composition were classified as ‘other Bacteria’ or ‘other

Archaea’.

Fig. 6 CLSM combined images showing the spatial distribution (X-Y, X—Z, and Y—Z planes) of
Bacteria (green), Cyanobacteria (red) and other prokaryotes (blue) identified by CARD-FISH in
biofilms. The hybridized bacterial cells were excited with the 488 nm line of an Ar laser (excitation)
and observed in the green channel from 500 to 530 nm (emission). Calcite crystals were visualized

by their reflection signal (405 nm line of a diode laser) and appear of gray color.
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Fig. 7 Secondary (a,b) and Backscattered (c-f) electron micrographs of representative regions of the
investigated samples: (a) CIW (Magnification: 9580X); (b) C3G (3410X); (c) C2R (1500X); (d)

C5G (1500X); (e) C3R (2760X); (f) C2R (500X).

Fig. 8 Secondary (a,b-e) and Backscattered (b) electron micrographs of representative regions of the
investigated samples: (a) C3G (Magnification: 1580X); (b) C3G (1580X); (c) C8G (1610X); (d)

C8W (851X); (e) C7G (3000X).

Fig. 9 Backscattered electron micrographs of two representative regions of travertine precipitated

after (a) 14 days and (b) 21 days over the glass slide. Magnification: 1000X.
Table captions

Table 1 Physicochemical and isotopic (8**C-TDIC and §**C-COy) features of the water and dissolved

gas samples collected along the PC channel.



