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Abstract

The Acque Albule Basin in Tivoli (Rome, Central Italy) represents one of the largest
exposures of travertine deposits in the world. A detailed study of the Upper Pleistocene
Testina travertine, constituting the poorly lithified top part of the Lapis Tiburtinus
travertines, is presented. Fieldwork performed in an area of 10 km” and petrographic
analysis allow the recognition of six geobodies with different geometries, degree of
diagenetic alteration and architectural elements, composed of seven lithotypes. The
Testina travertine appears in general as a poorly lithified travertine, even if it shows
a high degree of cementation. It is mainly characterised by blocky, drusy or bladed
microsparite and sparite calcite cements, related to thermal and meteoric phreatic to
vadose water circulation, affecting in particular those travertine deposits located in
the northern part of the study area. The Testina, neglected until now in the several
studies performed in the Acque Albule Basin, shows a progradational trend from the
north to the south and is characterised by environments, evidencing deposition on a
gentle slope, in an alluvial plain and in a shallow lake, with gradual transitions be-
tween low-energy environments and high-energy environments. Furthermore, based
on correlation between the different geobodies in the overall study area, the Testina
travertine depositional system was influenced by tectonic activity in the northern
part, by an increasing topographic gradient and water discharge flow in the central
part and by flooding events related to the Aniene River in the southern part. This
study aims to differentiate such influencing factors facilitating the analysis of other
travertine depositional systems and also to aid in the interpretation of subsurface

analogues, as in the case of South Atlantic Pre-Salt reservoirs.
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1 | INTRODUCTION

Travertine deposits are composed of a wide variety of litho-
types, each with different petrographic and geochemical fea-
tures (Capezzuoli et al., 2014; Chafetz & Folk, 1984; Gandin
& Capezzuoli, 2014; Guo & Riding, 1998; Ozkul et al., 2002;
Pedley & Rogerson, 2010; Pentecost, 2005; Toker et al.,
2015) as well as complex depositional units characterised by
high lateral and vertical heterogeneities (Della Porta, 2015,
2017a, 2017b; Guo & Riding, 1998, 1999). Quantitative in-
formation on dimensions, shapes and orientations of the dif-
ferent travertine geobodies is important to better understand
the depositional environments where these deposits devel-
oped (Mancini et al., 2019a).

Based on Capezzuoli et al. (2014), travertine deposits are
continental limestones forming where hydrothermal and me-
teoric groundwater reach the surface. The carbon dioxide out-
gassing causes the rapid precipitation of travertine (Mancini
et al., 2019a, 2019b; Pentecost, 2005), resulting in complex
configurations of the resulting geobodies. Furthermore, most
of these geobodies generally reflect the interaction between
biotic and abiotic processes (Brasier, 2011). Travertine de-
posits have been studied worldwide by many authors as
for example in Central Italy (Brogi, 2004; Brogi et al.,
2012, 2020; Capezzuoli et al., 2014; Janssens et al., 2020;
Minissale, 2004), the Denizli Basin in Turkey (Aratman
et al., 2020; Brogi et al., 2014, 2016; Claes et al., 2015; Claes
etal., 2017b; De Boever et al., 2016; De Boever et al., 2017b;
Mohammadi et al., 2020; Ozkul et al., 2002), the Mammoth
Hot Springs at Yellowstone, USA (Fouke, 2011; Fouke et al.,
2000) and in Hungary (Claes et al., 2017a; Claes et al., 2020;
Torok et al., 2017, 2019).

The Lapis Tiburtinus travertine deposits have been stud-
ied by several authors over the last 40 years (Anzalone et al.,
2017; Chafetz & Folk, 1984; Della Porta et al., 2017a; De
Filippis et al., 2012; De Filippis et al., 2013a, 2013b; Erthal
et al., 2017; Faccenna et al., 2008; Mancini et al., 2019a).
The name ‘travertine’, in fact, originates from the Latin words
Lapis Tiburtinus, where Lapis means rock, while the term
Tiburtinus refers to the ancient town of Tibur (Tivoli at the
present day; Chafetz & Folk, 1984).

The so called Testina, representing the youngest car-
bonates at the top of the succession of the Lapis Tiburtinus
travertine (29 + 4 ka, Faccenna et al., 2008), consists of a
poorly lithified and porous travertine, capping most of the
Acque Albule Basin with an average thickness of 8 m (De
Filippis et al., 2013a). A detailed sedimentological study
was carried out in an area of 10 km?. Tectonic activity and
climate variations are fundamental in travertine formation,
because they influence the groundwater table, the position
of the springs and the geometries of travertine geobodies
(Anzalone et al., 2017; De Filippis et al., 2013a, 2013b;
Faccenna et al., 2008). The influence of such factors in the

Lapis Tiburtinus travertine succession was investigated in the
underlying deposits and reported by several authors (Della
Porta et al., 2017a; Faccenna et al., 2008), but never in the
Testina travertine.

Over the last several years, interest in continental car-
bonates has increased both in the academic world and in the
oil industry, due to the discovery of South Atlantic Pre-salt
carbonate reservoirs (Brazil and Angola—Saller et al., 2016;
Terra et al., 2010) that display similarities with travertines
(Alvarenga et al., 2016; Basso et al., 2020). In the framework
of the Pre-salt carbonate reservoirs discovered in Brazil and
Angola, interpreted as lacustrine freshwater to alkaline de-
posits (Sabato Ceraldi & Green, 2016; Saller et al., 2016;
Wright & Barnett, 2015) and sometimes associated with
travertines derived from vents or spring mounds (Alvarenga
et al., 2016), the study of exposed reservoir analogues is fun-
damental to assess reservoir architecture (Casanova, 1994;
Della Porta, 2015; Jones & Renaut, 1995; Mancini et al.,
2019a; Renaut et al., 2013). Therefore, many authors, based
on sedimentological analysis, suggest the use of continental
carbonate depositional systems as possible analogues of Pre-
salt reservoirs (Bosence et al., 2015; Claes et al., 2015; Claes
et al., 2017a; Della Porta et al., 2017b; Erthal et al., 2017,
Mancini et al., 2019a; Ronchi & Cruciani, 2015; Soete et al.,
2015; Torok et al., 2017). Such reservoirs are characterised
by the presence of shrub-like fabrics (Dias, 2004; Rezende
& Pope, 2015; Terra et al., 2010), representing for many au-
thors one of the most important targets for oil exploration due
to the associated high permeability (Wright, 2012; Wright
& Barnett, 2015). Despite the crystalline composition of the
Pre-salt shrubs, these deposits are morphologically similar
to the shrub boundstone described in the Testina travertine
(Basso et al., 2020; Claes et al., 2017b; Chafetz & Folk, 1984,
Erthal et al., 2017; Guo & Riding, 1998), and for this reason
this study can provide useful information to better understand
the spatial distribution of shrub lithologies in subsurface
reservoirs.

2 | GEOLOGICAL SETTING

2.1 | Regional setting

Central Italy (Figure 1), and in particular the Apennine belt,
is characterised by Meso-Cenozoic carbonates and evaporite
deposits organised in a system of thrust sheets, eastward-
migrating from the Late Miocene until the Pliocene (Billi &
Tiberti, 2009; Billi et al., 2006; Cavinato & De Celles, 1999;
Patacca et al., 1992). From the Late Miocene to Pliocene the
western part of the Apennine belt was characterised by the
activation of normal faults related to a back-arc tectonic re-
gime, while in the eastern part accretion was still active on
the frontal part of the orogenic belt (Carmignani et al., 1994;
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FIGURE 2 (A) Synthetic geological map of the Roman Basin (modified after Milli et al., 2016). (B) Geological map of the Acque Albule
Basin indicating the major faults and springs present in the area. Notice that springs are located in proximity of the major structural features
(modified after Faccenna et al., 2008; Giordano et al., 2010; De Filippis et al., 2013a)

Carminati & Doglioni, 2012; Molli, 2008; Patacca et al.,
1992; Rossetti et al., 2015). The western part of the Apennine
belt, the present-day Tyrrhenian side, is characterised by sev-
eral sedimentary basins mainly associated with a system of
NW-SE striking normal faults. The age of the deposits filling

these sedimentary basins reveals that growth of normal faults
occurred during the Miocene-Early Pleistocene (Faccenna
et al., 2008; Liotta, 1991). Furthermore, other effects of such
extensional process in the western side are represented by the
reduced thickness of the lithosphere, the presence of a high
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heat flow, the occurrence of several Pliocene—Quaternary ba-
sins and by the presence of magmatic districts, all oriented
along the western portion of the Apennine belt (Acocella &
Funiciello, 2006; Brogi et al., 2005; Dini et al., 2005; Liotta
& Brogi, 2020; Serri et al., 1993). One of these districts in-
cludes the Colli Albani quiescent volcanic complex and
the adjacent peri-volcanic hydrothermal area of the Acque
Albule Basin (De Rita et al., 1995, 2002; Faccenna et al.,
2008; Gaeta et al., 2000; Karner et al., 2001).

2.2 | The Acque Albule Basin

The Acque Albule Basin (Pleistocene; Faccenna et al.,
2008) is located 30 km to the east of Rome covering an area
of 28 km? to the west of Tivoli city (Figure 2A). This basin
is confined to the north and east by the Apennine belt, to the
south by the Aniene River and the Pleistocene Colli Albani
volcanic complex and to the west by the Roman Basin (Milli
et al., 2016). The Acque Albule Basin is a morphological
depression overlying a thick (4-5 km at least) succession
of Meso-Cenozoic marine carbonate rocks (Faccenna et al.,
2008) and filled by Plio-Pleistocene alluvial, lacustrine and
epivolcanic deposits. The top of this sedimentary succes-
sion is characterised by the presence of the Lapis Tiburtinus
travertine (Della Porta et al., 2017a; Faccenna et al., 2008),
deposited after or concurrently with the last phase of Colli
Albani volcanic activity (Late Pleistocene time; Faccenna
et al., 2008; Gaeta et al., 2000). The Lapis Tiburtinus trav-
ertine succession developed between 115 and 30 ka (Late
Pleistocene; Faccenna et al., 2008) and is characterised by
travertine units with a gentle inclination (3°-4°) from the
north toward the south and from the east toward the west.
The Late Pleistocene—Holocene tectonic activity of the area
is, according to Faccenna et al. (2008) and De Filippis et al.
(2013a) and De Filippis et al. (2013b), different from the
previous extensional regime and mainly characterised by
N-S striking, transtensional-to-normal faults, which caused
part of the subsidence of the Acque Albule Basin through
a pull-apart mechanism (De Filippis et al., 2013a). These
structures have partially controlled the latest stages of vol-
canism and the related hydrothermal outflows (Faccenna
et al., 2008). The main N-S strike-slip fault is documented
on outcrops of the Cornicolani Mountains, immediately to
the north of the basin, whereas the fault southward pro-
longation beneath the basin coincides with the two main
(Figure 2B) thermal springs of the area (i.e. Regina and
Colonnelle Lakes; Faccenna et al., 2008). Some of these
faults are still active (or they are activated by pore pressure
increase; Billi et al., 2007), as demonstrated by the low-
magnitude (2.1-2.7), shallow (less than 1.5 km), seismic
event in 2001 beneath the Acque Albule Basin (De Filippis
et al., 2013b).

2.3 | Previous studies
on the sedimentology of the Lapis
Tiburtinus travertine

As reported in Della Porta et al. (2017b), since the 1980s
the Lapis Tiburtinus deposits have attracted the interest
of several authors. In the study performed by Chafetz and
Folk (1984), Lapis Tiburtinus deposits were attributed
to a depositional system related to an extensive and lat-
erally continuous lacustrine setting, characterised by the
predominance of shrub lithofacies, sometimes interrupted
by the higher energy conditions associated with lithofa-
cies containing calcite ray-crystals, intraclasts and pisoids.
Successively, the Lapis Tiburtinus deposits were attrib-
uted by Pentecost (2005) to an irregular mound, affected
by topographic gradient with low relief depositional sys-
tem, organised into sheet-like layers gently dipping toward
the Aniene River.

According to Faccenna et al. (2008), 70% of the Lapis
Tiburtinus travertine deposited inside the Acque Albule Basin
is associated with water circulating in the thermal springs and
flowing toward the Aniene River, producing five tabular sub-
horizontal units 8—10 m thick and interrupted by erosional
surfaces. Faccenna et al. (2008) and De Filippis et al. (2013a)
suggested that the erosional surfaces are related to water table
fluctuations, influenced by the Pleistocene palacoclimate
variations of the last 150 kyr as well as fault-related deforma-
tions and volcanic activity associated with the Colli Albani
volcanic complex.

De Filippis et al. (2013a) described, in the north-west sec-
tor of the Lapis Tiburtinus deposits (Colle Fiorito area), a
2 km long and nearly 15 m high fissure-ridge structure, con-
trolled by fluctuations of the groundwater table. The Lapis
Tiburtinus was described as a travertine succession reaching
a maximum thickness of 80-90 m related to a N-S striking
fault and defined as a morphological structure without a
prominent topography called ‘travertine plateau’ (De Filippis
et al., 2013b). The water discharge represents, according to
De Filippis et al. (2013b), the most important factor keeping
open the fractured conduits feeding the travertine deposits,
activating the faults and the subsidence of the entire area.

Erthal et al. (2017) suggested that the Lapis Tiburtinus
deposits are related to an extensive waterlogged flat setting
laterally varying into a slope system. The entire depositional
system is influenced by water flow hydrodynamic conditions,
CO, degassing rate, evaporation and influence of microbially
mediated precipitation.

Based on sedimentological, stratigraphical and geochem-
ical data collected from a 30 m thick borehole drilled in the
north-west quarried area, Anzalone et al. (2017) suggested
that the Lapis Tiburtinus deposits formed in a shallow lake
and slope depositional setting affected by the presence of cy-
clical erosional discontinuities, related to climate fluctuations
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of Milankovitch orbital forcing, influencing the water table
fluctuations.

According to Della Porta et al. (2017a), the Lapis
Tiburtinus deposits can be divided into three different dep-
ositional zones: (a) a proximal zone in the north, close to the
spring area, characterised by deposition in horizontal to gen-
tly dipping pools evolving into a low angle terraced system;
(b) an intermediate zone in a smooth to terraced slope setting
dipping 5°-40° toward the southern and eastern sectors; (c) a
distal zone composed of lobes dipping toward the south and
developing into a smooth terraced system, alternating with
alluvial to fluvial terrigenous deposits.

The nine different units identified by Della Porta et al.
(2017a) in the Lapis Tiburtinus are characterised by a wedge-
shaped geometry with variable lateral thicknesses (5—10 m)
and bounded by unconformities related to erosive or non-
depositional periods, suggesting that the entire depositional
system was controlled by changes in the location of the active
vents, intermittent vent activity, topographic gradient, rates of
thermal water discharge and rates of carbonate precipitation.

Mancini et al. (2019a) classified and divided the entire
Lapis Tiburtinus depositional system into three different
zones, based on a hierarchical approach. The proximal zone
is located in the northern part of the area (Colle Fiorito hill;
De Filippis et al., 2012) and is represented by a fissure-ridge
element with a ridge shape. The intermediate zone is occu-
pied by a slope element with a very gentle inclination (from
sub-horizontal up to 7°-10°) with sheet, pool and channel
depositional settings and facies dominated by biotic crusts.
Finally, a distal zone is formed by marshes and alluvial plain
elements with a sheet shape crossed by channels and mainly
characterised by biotic crusts and lithoclastic deposits.

The topmost part of this compact hydrothermal trav-
ertine succession consists of scarcely lithified, mixed

carbonate—siliciclastic facies known as Testina (Faccenna
et al., 1994, 2008), overlooked by the several scientific stud-
ies performed in the area. Such deposits represent the last
depositional stage of the Acque Albule Basin which started
around 29 + 4 ka based on a U/Th dating performed by
Faccenna et al. (2008).

2.4 | Hydrogeological framework

The Acque Albule Basin is characterised by a hydrogeologi-
cal system composed of two connected aquifers, as also evi-
denced in Della Porta et al. (2017a) (Figure 3). The deeper one
is represented by fractured Mesozoic—Cenozoic limestone
and evaporitic strata, while the shallowest one, is unconfined
to semi-confined within the Late Pleistocene travertine de-
posits (Carucci et al., 2012; La Vigna et al., 2013a, 2013b,
2016; Petitta et al., 2010). Discontinuous Pliocene marine
claystone deposits of low permeability divide the two aquifers
which are capped by the Pliocene—Pleistocene continental si-
liciclastic to volcanic deposits that constitute the aquiclude
(Di Salvo et al., 2013; La Vigna et al., 2013a). Tectonic dis-
continuities connect the two aquifers as well as upwelling
deep, high temperature CO,-rich mineralized water which
mixes with the shallow ambient temperature meteoric water
coming from the carbonate ridges (Carucci et al., 2012; De
Filippis et al., 2013a; Mancini et al., 2019a; Minissale et al.,
2002). The several springs of the area discharge water with a
temperature of 23°C, a pH of 6.0-6.2 and a pCO, of 0.6 atm
(Maiorani et al., 1992; Minissale, 2004; Minissale et al.,
2002) (see Regina and Colonelle Lakes in Figure 2B) and
geothermal heat, related to the Colli Albani volcanic com-
plex (Billi et al., 2007; Di Salvo et al., 2013; Faccenna et al.,
2008; Minissale et al., 2002). The Ca-Mg-HCO; composition
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of the local spring fluids is related to the decarbonation of
Mesozoic—Cenozoic carbonates while the high concentration
of sulphate is caused by leaching of the Triassic evaporite de-
posits of the Burano Formation (Minissale, 2004; Minissale
et al., 2002). The shallow travertine aquifer is directly fed by
rainwater from the surrounding carbonate ridges with a drain-
age path provided by the Aniene River, in the southern part of
the Acque Albule Basin (Carucci et al., 2012; Di Salvo et al.,
2013; La Vigna et al., 2013a, 2013b; Petitta et al., 2010).

3 | METHODS

Field observations were performed in an area of 10 kmz,
analysing the well-exposed outcrops in the northern, central
and southern sector of the quarried area, where the Testina
travertine exposure is up to 8 m in thickness. Photographs of
the whole quarry walls were printed and used in the field for
detailed line drawings, allowing assessment of the thickness,
lateral continuity and variations of each geobody.

The different geobodies composing the Testina travertine
and their bounding surfaces were reconstructed applying
the principles of synthem stratigraphy and related with the
Unconformity-Bounded Stratigraphic Units (UBSUs; Chang,
1975; allostratigraphy; NACSN, 1983).

The UBSUs are stratigraphic units allowing the charac-
terisation of sedimentary bodies in areas affected by cycli-
cal phenomena, such as tectonic activity and climate-driven
sea-level changes. The units can be classified as rock units
bounded by unconformity surfaces.

The fabric type description and the travertine classifi-
cation already applied in previous studies (Chafetz & Folk,
1984; Gandin & Capezzuoli, 2014; Guo & Riding, 1998;
Della Porta, 2015; Della Porta et al., 2017a, 2017b; Ozkul
et al., 2002) is here used and integrated with the classifica-
tion of carbonate textures (Dunham, 1962; Embry & Klovan,
1971). Detailed stratigraphic logs with sedimentological
characterisation of the succession were acquired in three
different quarries, chosen as the most representative of the
different parts of the study area (Figure 4). The first log was
realised in the northern part at the QRN quarry and consists
in a vertical section comprising 7.5 m of unlithified Testina
travertine and 4.4 m of the underlying Lapis Tiburtinus, total-
ling 11.9 m in thickness. The second log was measured in the
GIAN quarry, typifying the central part, with a total vertical
thickness of 8.5 m, including 1.4 m of the underlying Lapis
Tiburtinus. The last three stratigraphic logs were performed
in the southern part in the PACS quarry, over a total thickness
of 9.4 m, comprising 2.5 m of the Lapis Tiburtinus.

A total of 31 samples were doubly impregnated with
resin before thin section preparation due to the fragility
of travertine, particularly at pore edges. A fluorescent dye
was used in order to easily distinguish micro-porosity with

& travertine .
quarried‘area . -

gy Certal part

/%‘5 b

Suern part

FIGURE 4 Map of the studied quarries. The position of the
stratigraphic logs and samples collected is also indicated (QRN:
Querciolaie quarry; GIAN: Giansanti quarry; PACS: Pacifici quarry).
The yellow dots indicate the exact log positions (maps modified from
Google Earth, Digital Globe, 2020)

fluorescent light microscopy. The petrographic character-
isation was performed on an Olympus BX60 (Olympus
Corporation) and Leica (Leica Microsystems) DM LP
microscope. A Zeiss Axio Imager Z1m microscope with
adapted filter set (EX BP365/12 EM LP397, EX G 365 EM
LP 420 and EX BP 450-490 EM LP 515) was used to take
pictures of the different samples analysed. Thin sections
were also treated with alizarin red S (ARS) and potassium
ferricyanide (PF) dissolved in a dilute hydrochloric acid
solution, in order to distinguish ferroan calcite from non-
ferroan calcite and dolomite (Dickson, 1966). Thin sec-
tions were soaked in the solution for a period of 30 s and
subsequently washed with distilled water and dried well to
remove impurities. Cathodoluminescence analysis was per-
formed with a Nikon Optiphoto with a modified Techosyn
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Model 8200 MARK II. Samples were then inserted in a
vacuum chamber with a low vacuum varying between 35
and 43 mTorr. The electron beam has a width of 5 mm and
hits the sample at a shallow angle. The voltage used var-
ied between 7 and 8 kV and the current between 200 and
300 mA.

4 | RESULTS

4.1 | Lithotypes description

Seven lithotypes labelled microbial laminite, shrub bound-
stone, crystalline crust, lithoclast travertine, reed travertine,
peloidal micrite and silt with clasts are identified in the stud-
ied quarries, reflecting sedimentation processes that can be
linked to specific depositional settings. The lithotypes were
distinguished based on meso-scale to micro-scale character-
istics and depositional geometry. In the proposed travertine
lithotype description, the term ‘interlaminar porosity’ refers
to Claes et al. (2017b). A summary of the descriptions is
given in Table 1.

4.1.1 | Microbial laminite

Description: Microbial laminite is mainly characterised by
tabular and lenticular geometries, with a maximum thickness
of 2 m. It is one of the most recurrent lithotypes within the
studied sections. The texture is characterised by vacuolar net-
works, comprising whitish to pale brown coloured laminae
up to 4 mm in thickness, reflecting an alternation of micrite
and sparite (Figure 5A1, A3). These laminae show mainly
sub-horizontal stratification with some minor undulations.
At micro-scale, microbial laminite is mostly characterised by
clotted micrite, often strongly cemented by blocky calcite ce-
ment. This lithotype shows fenestral to interlaminar porosity,
clearly recognisable at macroscopic and microscopic scale.
The abundant blocky calcite cement usually fills the primary
porosity occurring between the clotted micrite (Figure 5A2,
A4, AS). Locally, lenticular shaped vacuoles resembling
Chironomid larval tubes (Figure 5A2) occur.

Interpretation: Microbial laminite usually forms under
low-energy conditions (Gandin & Capezzuoli, 2014), such as
pools in terraced slope systems (Guo & Riding, 1999) and
are principally interpreted as being precipitated by microbi-
ally mediated processes (Gandin & Capezzuoli, 2014). The
laminae are characterised by variations of white and dark co-
lours, resembling alternating heteropachous lamination sensu
Pentecost (2005). The whitish layers may have precipitated
mainly inorganically, while the dark layers correspond to the
incorporation of organic components (Erthal et al., 2017).
According to Toker et al. (2015), alternating laminae could

be related to seasonal variations and/or biological activity.
A comparable lithotype to the microbial laminite observed
in the Testina have been reported by Guo and Riding (1999),
Rainey and Jones (2009), Gandin and Capezzuoli (2014),
Claesetal. (2015), Claes et al. (2017a) and Croci et al. (2016),
from different localities such as the Denizli Basin (Turkey)
and Tuscany (Italy). This lithotype forms under slow flow-
ing, weakly agitated spring water or reduced water discharge
conditions related to microbially mediated processes (Rainey
& Jones, 2009). Flat to slightly undulated microbial laminite
can be observed in very shallow pools where micritic lime-
mud accumulates at the bottom as a blanket over thin films of
bacterial colonies and their mucilaginous extracellular poly-
meric substances (EPS), forming sheets that rapidly acquire
a leathery consistency (Gandin & Capezzuoli, 2014). This
process appears to be triggered by steady evaporation that
gives rise to whitings and deposition of minor quantities of
micrite mud and then to syneresis processes driven by vari-
ations in fluid density and concentration, that leads to de-
hydration of the microbial components of the sediment with
deformation and/or cracking of the carbonate sheets (Gandin
& Capezzuoli, 2014).

4.1.2 | Shrub boundstone

Description: The shrub boundstone lithotype has a thickness
of 2 m with tabular geometries, consisting of a boundstone
texture characterised by lamination encapsulating bush-like
growth structures (Figure 5B1, B3). These bush-like struc-
tures are entirely bounded by micritic layers. Shrub bound-
stone shows a sub-horizontal lamination of a whitish to
beige colour at meso-scale with laminae thickness of about
1 mm. In detail, these fabrics possess a well-defined mor-
phology consisting of a clear vertical stem with small and
narrow branches expanding upward with narrow and tight
packing (Erthal et al., 2017). At micro-scale, this lithotype
consists both of micrite and blocky calcite cement, the latter
often micritized. Micrite occurs in sub-horizontal layers of
0.5-1 mm, while blocky cement usually surrounds the shrub
structures, thus reducing the porosity related to this lithotype.
The dense micritic layers mainly consist of clotted micrite
characterised by low porosity, while the narrow shrubs pos-
sess some well-developed porosity related to inter-shrub po-
rosity (Figure 5B2, B4, BS5).

Interpretation: Shrub boundstone lithotypes commonly
develop in low-energy environments, such as shallow water
lakes and shallow pools, subject to biologically harsh con-
ditions (for example in the proximity of H,S-rich springs)
(Chafetz & Folk, 1984; Erthal et al., 2017). The shrub struc-
tures themselves formed mainly under microbial influence
and the upward orientation is due to the hard surfaces located
below, preventing downward growth (Erthal et al., 2017).
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FIGURE 5 Different lithotypes characterising the Testina unit. (Al and A3) Outcrop view of microbial laminite in QRN quarry; (A2 and A4)
Photomicrographs of microbial laminite; (A5) Scanned thin section of microbial laminite; (B1 and B3) Outcrop view of shrub boundstone in QRN

quarry; (B2 and B4) Photomicrograph of shrub boundstone; (B5) Scanned thin section of shrub boundstone

Furthermore, the origin of the alternating micritic interlay-
ers within the shrub layers has been interpreted as reflecting
the reduced carbonate precipitation during the cold season
(Chafetz & Folk, 1984). In agreement with the observa-
tions made in active/present-day conditions, bacterial shrubs

appear to develop when the water evaporates and the level of
the flow drops, while the deposition of lime-mud is a conse-
quence of whitings forming during flooding periods (Erthal
et al., 2017; Gandin & Capezzuoli, 2014). Facies similar to
the shrub boundstone observed in the Testina are widespread
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in hot spring travertines around the world (Chafetz & Folk,
1984; Gandin & Capezzuoli, 2014; Guo & Riding, 1998;
Jones et al., 2005; Ozkul et al., 2002). Bacterial shrubs are
reported from very shallow pools and extensive sheets of
still water in waterlogged flats (Chafetz & Folk, 1984; Erthal
et al., 2017; Guo & Riding, 1998; Rainey & Jones, 2009).
In the Testina, shrub boundstone seems to be related to low-
energy environments, originating in thin sheets of thermal
waters. In active thermal systems, small clusters of shrubs
can be observed developing in several depositional settings,
characterised by the rapid evaporation of very thin films of
supersaturated waters flowing along sub-vertical walls of
semi-dried channels, on the fringe of very shallow slow-
running watercourses or within macro and micro-terraces
(Gandin & Capezzuoli, 2014).

413 | Crystalline crust

Description: The crystalline crust lithotype is a cement-
stone characterised by alternating micrite and sparite lami-
nae (sensu Della Porta, 2015; Della Porta et al., 2017a).
Crystalline crust is commonly dense, crudely fibrous with
a bright white colour (Figure 6A1, A3). Crusts are made of
composite calcite crystals with a feather-like arrangement
that developed perpendicularly to the depositional surface.
The geometries are tabular and lenticular convex with a
thickness from 2 to 3 m with alternating micritic laminae
and crystalline crusts. The thickness of the crystalline crust
changes from a few millimetres to 5 cm. At a microscopic
scale, the crystalline crust lithotype is characterised by in-
tercalations of micrite and sparite (Figure 6A2, A4, AS5).
Micritic laminae are commonly dark-coloured, whereas
sparite laminae are more transparent. Plume-like aggregates
can be observed orientated perpendicular to the substrate,
progressively shaping some micro-terraces. In thin section
it becomes evident that feather crystals are often micritized.
Porosity can develop between laminae or between crystals
as growth-framework porosity.

Interpretation: The crystalline crust lithotype is linked
to a high-energy environment. The feather-like crystalline
crusts precipitate directly from very thin sheets of water run-
ning on variably steep surfaces, with smooth, laminar flow
(Gandin & Capezzuoli, 2008; Guo & Riding, 1998), whereas
the alternation of light and dark layers has been interpreted
as diurnal variation near spring areas (Guo & Riding, 1998).
In the study area, crystalline crusts usually form as sub-
horizontal layers, but locally also form undulating structures
resembling rims and bumps (Erthal et al., 2017). The crystal-
line crust cementstone of Testina (sensu Della Porta, 2015)
commonly forms as the result of rapid precipitation from
fast flowing waters on smooth slopes (Erthal et al., 2017,
Okumura et al., 2012).

4.1.4 | Lithoclast travertine

Description: Lithoclast travertine is characterised by pack-
stone to floatstone rich in sub-angular to sub-rounded white
coloured clasts with diameters up to 1 cm (Figure 6B1,
B3). Lithoclast travertine is typically characterised by sub-
horizontal to tabular geometries with layers up to 40 cm thick,
beige to dark grey in colour. Microscopic analysis reveals
the presence of abundant micrite with peloids and gastropods
contained in the matrix around the clasts. This lithotype is
characterised by microsparite and elongated bladed (more
than 100 um) to equant or blocky drusy calcite (more than
20 um) cements, usually strongly micritized. Porosity is as-
sociated with vugs located where clast concentrations are
highest, although almost completely filled by calcite cement.
In contrast, the areas mainly characterised by the presence of
micrite show partially cemented pores, usually bordered by
bladed cement (Figure 6B2).

Interpretation: Travertine clasts range in shape from
spherical to irregularly rounded, depending on water en-
ergy. Intra-clasts and extra-clasts, formed by the erosion of
the travertine layers located upstream are probably depos-
ited during a pause or diversion of the thermal water input
(Della Porta et al., 2017a, 2017b; Erthal et al., 2017; Gandin
& Capezzuoli, 2014). The lithoclast travertine composition
suggests a distal, palustrine depositional setting in shallow
or ephemeral ponds, with clasts derived from the upper part
of the slope and including all of the different lithotypes de-
scribed. Such clasts are subsequently deposited on the lower
part of the slope and in depressions, but they could also be lo-
cally interpreted as deriving from soft sediment deformation
as described by Brogi et al. (2018) in similar depositional en-
vironments. Lithoclast travertine of the Testina has a similar
macroscale appearance and clast content as comparable fa-
cies described by Guo and Riding (1998) in Rapolano Terme
(Italy) and interpreted in terms of shallow pools, ponds, micro
to macro terrace depositional environments, characterised by
low-energy water flows.

4.1.5 | Reed travertine
Description: Reed travertine is characterised by in situ en-
crusted plant moulds up to 2 cm in diameter, oriented per-
pendicularly to stratification. Boundstone and sometimes
rudstone facies, characterise this lithotype, usually associ-
ated with encrusted coated bubbles (Figure 7A1, A2), creat-
ing concavo-convex shapes. The thickness of this beige to
brownish lithotype ranges from a few tens of decimetres to
more than 1 m. It is usually found associated with terrigenous
and siliciclastic deposits.

Microscopically, the reed travertine lithotype is
characterised by encrusted plant moulds consisting of
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FIGURE 6 Different lithotypes characterising the Testina unit. (A1 and A3) Outcrop view of crystalline crust in GIAN quarry; (A2 and A4)
Photomicrograph of crystalline crust; (A5) Scanned thin section of crystalline crust; (B1) Outcrop view of lithoclast travertine in QRN quarry; (B2)

Photomicrograph of lithoclast travertine; (B3) Scanned thin section of lithoclast travertine

homogeneous micrite, clotted micrite and/or microsparite,
associated with peloids, ostracods and gastropods (Figure
7A3). Porosity is mainly related to reed mouldic pores and
to interparticle pores between the plants usually filled by
micrite.

Interpretation: Plant moulds, peloids, bioclasts of ostra-
cods and gastropods, are related to the reduced influence
of thermal water, either cooled down in distal settings away
from the vents or mixed with freshwater, in marsh deposi-
tional environments (Capezzuoli et al., 2014; Della Porta
etal., 2017a, 2017b; Guo & Riding, 1998; Ozkul et al., 2002;
Pedley & Rogerson, 2010). Locally, the high density of stems
forms barriers to water flow and plants can be encrusted with

finely crystalline carbonate deposits (Guo & Riding, 1998).
The reed travertine lithotype was previously described by
Guo and Riding (1998) in Rapolano Terme (Italy) and sub-
sequently by Ozkul et al. (2002) in Denizli (Turkey), while
Rainey and Jones (2009) defined it as a macrophyte facies.
Higher plant communities grow when the thermal water no
longer flows in certain areas. When changes occurred to the
water flux or when the water supply was higher, plant stems
were submerged by the flowing water and subsequently en-
crusted by very fast calcium carbonate precipitation, leaving
the shape of the plant almost unaltered (Della Porta et al.,
2017a, 2017b; Guo & Riding, 1998). The deposition of cal-
cium carbonate around stems is interpreted as a physical
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FIGURE 7 Different lithotypes characterising the Testina unit. (A1 and A2) Outcrop view of reed travertine in PACS quarry; (A3)
Photomicrograph of reed travertine; (B1 and B2) Outcrop view of peloidal micrite in QRN quarry; (B3) Photomicrograph of peloidal micrite; (C1
and C2) Outcrop view of silt with clasts in PACS quarry

process. Rainey and Jones (2009) suggested that the ‘macro- ~ 4.1.6 | Peloidal micrite

phyte facies’ is most common at the base of the deposit where

local vegetation was inundated by spring water and encrusted Description: This lithotype displays a wackestone to
with calcite. packstone texture and it is usually located between clay

FIGURE 8 Transmitted light (TL) and cathodoluminescence (CL) images of different lithotypes related to the Testina travertine. (A and B)
Microbial laminite lithotype under TL and in CL (A1-B1), characterised by a bright luminescence for micrite and dull luminescence for bladed
cement (QRN quarry). (C) Shrub boundstone under TL and in CL (C1), image showing blue to purple dull luminescent clotted micrite within
shrub-like structures (QRN quarry). (D) Crystalline crust lithotype under TL and in CL (D1), with fabric of dull luminescent feather-like crystals
(GIAN quarry). (E) Peloidal micrite lithotype under TL and in CL (E1), sketch showing a very bright luminescent extra-clast also containing
skeletal and gastropods remains (QRN quarry). (F) Lithoclast travertine lithotype under TL and in CL (F1) fabric showing rim cement and a
carbonate clast with different cement phases (QRN quarry). (G) Peloidal micrite lithotype under TL and in CL (G1), texture with gastropod filled
by non-luminescent blocky cement (PACS quarry). (H) Reed travertine lithotype under TL and in CL (H1), texture showing Chara stem bordered
by a thin film of micrite clearly visible in CL (PACS quarry). (I) Lithoclast travertine under TL and in CL (I1), texture of a lime-mud inclusion
having the same luminescence as the adjacent blocky cement (QRN quarry)
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levels, showing a thickness of few decimetres and a
whitish to beige colour with tabular geometries (Figure
7B1, B2). Moreover, it also contains gastropods and bio-
clasts. Microscopically peloidal micrite is characterised
by wackestone and packstone with amalgamated non-
translucent clotted peloidal micrite, intercalated with
structureless micrite and microsparite (Figure 7B3).
Gastropods, bioclasts, ostracods, Charophyte stems (up
to 5 mm long, 0.5 mm in diameter) and intraclasts (up to
1 mm) frequently occur.

Interpretation: This lithotype is related with lacustrine-
palustrine to stagnant pond environments or to shallow flat
ponds, with occasional terrigenous and freshwater input,
as indicated by the presence of ostracods and Charophytes
(Della Porta et al., 2017a; Gandin & Capezzuoli, 2014; Guo
& Riding, 1998).

4.1.7 | Silt with clasts

Description: These deposits consist of massive, very fine
dark detrital siliciclastic silts that, occasionally, are finely
laminated with tabular geometries containing several intra-
clasts and gastropods (Figure 7C1, C2). The thickness of
these grey to dark grey-coloured layers ranges from a few
decimetres to more than 1 m. The reworked sediments dis-
play a fining upward trend.

Interpretation: This lithotype developed during peri-
ods of non-carbonate deposition and/or subaerial exposure
(Della Porta et al., 2017a; Erthal et al., 2017) and could be
interpreted as soil deposits sometimes associated with flood
events in mudflat areas of alluvial environments (Miall,
1996). Neves et al. (2005) interpreted similar lithotypes as-
sociated with gravel deposits and developed in lenses, as hav-
ing formed in ponds with the settlement of fine sediment.
The occurrence of gastropods is indicative of fresher and/or
cooler waters than those precipitating the travertine facies
(Della Porta et al., 2017a; Guo & Riding, 1998). This litho-
type is not generally associated with travertine facies, but de-
velops at the edges of travertine systems or during periods of
non-carbonate precipitation, representing the most common
lateral lithotype of the Testina travertine, which especially
occurs in the central and southern part of the study area.

4.2 | Diagenetic features of
travertine lithotypes

Cathodoluminescence analysis carried out on Testina litho-
types unravels different diagenetic processes related to (a) ce-
mentation, (b) dissolution and (c) sparmicritization (Figures 8
and 9). Calcite cement, characterised by red to purple colours
when treated with alizarin varies from microsparite (20 um)

to sparite (50 um). The reed travertine lithotype shows pen-
dant cements which formed under the downward pull of grav-
ity on water as a result of CaCOj precipitation from droplets
(Alonso-Zarza & Tanner, 2010). Pores are usually almost
completely filled by blocky or rim cement and occasionally
drusy or bladed cement. In cathodoluminescence, the differ-
ent lithotypes show alternating bright red to orange zones and
dull compositional zones for micrite, whereas the calcite ce-
ment usually appears as blue to dark blue dull luminescent
(Figure 8A, Al). The micritization process, recognised in all
lithotypes, affects calcite cements that appear in cathodolu-
minescence with a bright red to orange luminescence (Figure
8A, Al, B, B1). In contrast, clotted micrite, usually reflect-
ing microbial activity as, for example, in the shrub bound-
stone and microbial laminite lithotypes (Erthal et al., 2017),
displays a blue to purple dull luminescence (Figure 8B, B1,
C, C1). Lithotypes originating from abiotic processes, such
as the crystalline crust, are also characterised by a blue to
dark blue dull luminescence (Figure 8D, D1). Extra-clasts
observed in cathodoluminescence, possess bright lumines-
cence compared to their surrounding micrite (Figure 8E, E1),
while intraclasts of lithoclast travertine and microbial lam-
inite lithotypes, are characterised by multiple phases of bright
and dull luminescence (Figure 8F, F1). Bioclasts and plant
moulds in cathodoluminescence (Figure 8G, G1) are non-
luminescent. Dull luminescence instead is observed when
micritization phenomena occurs (i.e. Charophytes stems;
Figure 8H, H1). The lime-mud layers, mainly characterising
lithotypes such as microbial laminite and lithoclast traver-
tine, possess the same dull luminescence as calcite cements,
revealing that they belong to the same stage of diagenesis
(Figure 8I, 11). The Testina travertine appears as a poorly
lithified deposit but unexpectedly shows a high degree of
cementation, in particular those lithotypes occurring in the
northernmost quarry (QRN quarry). Proceeding southward to
the GIAN and PACS quarries, cementation becomes gradu-
ally less common and travertine pores are usually open due to
meso-scale to micro-scale dissolution process.

43 | Vertical and horizontal organisation of
Testina geobodies

The intensive travertine quarrying activity that occurred in
the Acque Albule Basin over the past few decades allows for
observation and correlation of vertical and horizontal vari-
ations of individual geobodies (Figures 10-12). The differ-
ent geobodies characterising the entire Testina were divided,
based on bounding discontinuities observable and mappable
at sub-basin scale. The recognised discontinuities are mainly
related to erosion and non-deposition, defining six different
geobodies. The lowermost surface, differentiating the Testina
travertine from the Lapis Tiburtinus travertine, corresponds
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with the S1 surface described by Faccenna et al. (2008). In
the northern part of the study area, the surfaces are covered
by the lithoclast lithotype in the lower part of the study suc-
cession, while in the upper part the lithotype is made up of
thin layers of brown to grey silt with clasts. In the central
part, these surfaces locally show erosional characteristics,
covered by the peloidal lithotype. In the southern part of the
study area, unconformity surfaces are discontinuous and len-
ticular, covered by grey-brown silt with clast and lithoclast
travertine lithotypes.

The QRN quarry (Figure 10), located to the north of
the study area, displays geobodies mainly composed of
microbial laminite, associated with shrub boundstone and
interbedded with lithoclast travertine and, occasionally,
crystalline crust lithotypes (Geobodies 1, 2 and 3). The
upper part of the investigated succession is characterised
by detrital silt with clasts of Geobody 4, followed by crys-
talline crust pertaining to Geobody 5. Geobody 6 is instead
mainly composed of the reed travertine lithotype. The dif-
ferent identified geobodies (Figure 10 A1, A2) have sub-
horizontal bedding with an inclination of 20° toward the
east. The geobodies in GIAN quarry (Figure 11), located
in the central part of the study area, are marked by shrub
boundstone interbedded with microbial laminite and peloi-
dal micrite in centimetre-thick layers (Gebodies 1-5). An
erosional surface divides Geobody 5 from Geobody 6. This
latter geobody is dominated by the crystalline crust litho-
type (Figure 11 Al, A2), locally with strongly undulated
geometries when compared with Geobodies 1-5, charac-
terised instead by tabular geometries. Located in the south-
ern part of the study area, the PACS quarry (Figure 12A)
shows the predominance of microbial laminite in Geobody
1 passing upward to the crystalline crust lithotype of
Geobody 2, forming undulated layers and pinch-out struc-
tures. Geobody 3 instead, is composed of silt with clasts
passing upward to the reed lithotype. Geobody 4 is com-
posed of the microbial laminate lithotype, passing to reed
travertine more than 1 m thick and related to Geobody 5,

200pm
|

characterised by an erosional surface at the top. Geobody
6 developed on top of the erosional surface and is char-
acterised by the crystalline crust lithotype and layers of
microbial laminites lithotype, sometimes associated with
carbonate clasts. The overall geobodies described have
principally sub-horizontal bedding (Figure 12 A1, A2, A3).

5 | DISCUSSION

5.1 | Controlling factors on Testina
travertine depositional system

The interpretation of the depositional environments of the
Testina travertine was delineated based on the identification
of physical (grain size, components, erosional features and
bedding), chemical (inorganic, dissolution and precipitate)
and biological processes (Brasier, 2011; Toker et al., 2015;
Torok et al., 2017) affecting the different lithotypes.

The six geobodies composing the Testina travertine have
lithotype associations attesting to different energetic condi-
tions, gradually changing from north toward south over the
study area. Based on lithotype interpretations and spatial dis-
tribution, the seven different lithotypes previously described
(see Section 4.1 and Table 1) are attributed to three different
depositional settings: (a) shallow lake, (b) slope and (c) allu-
vial plain.

The northernmost QRN quarry, mostly characterised by
microbial laminite and shrub boundstone lithotypes, iden-
tified this part as the most proximal area within the basin,
characterised by a shallow lake (Figure 13A). The abundant
presence of these lithotypes indicates an environment charac-
terised by low water energy conditions (Guo & Riding, 1998)
(Figure 13B,C; Geobodies 1-4). Silty levels recognised in
the upper part of the logged section highlight the reduced
or interrupted carbonate deposition (see log la and 1b in
Figure 13A,C; Geobody 5). Subsequently, the carbonate sys-
tem returns to its previous situation, depositing crystalline

200um
||

FIGURE 9 Examples of sparmicritization affecting the crystalline crust and microbial laminite lithotypes. (A and B) In the crystalline crust

the sparite is replaced by micrite generally with a sub-rounded shape. (C) In the microbial laminite boundstone the process instead affects the

sparitic laminae
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FIGURE 10 (A) Map of QRN quarry (northern part of the study area). (A1-A2) Line drawing and positions of the stratigraphic logs and
samples collected (partially modified from Google Earth, Digital Globe, 2020)

crust and reed travertine lithotypes, suggesting the presence
of a slope depositional environment prograding towards the
south (Figure 13A—C; Geobody 6) and representing the last
depositional event of the Testina travertine.

The GIAN quarry, located in the central part of the study
area, is characterised by prevalent horizontal geobodies

composed of shrub boundstone and microbial laminate, indi-
cating a shallow lake depositional environment, passing sub-
sequently into an erosional surface to smooth slope lithotype
(crystalline crust; Della Porta et al., 2017a; Guo & Riding,
1999). Thus, it can be identified as deposited in a more
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(A) Map of GIAN quarry (central part of the study area). (A1-A2) Line drawing and positions of the stratigraphic logs and

samples collected (partially modified from Google Earth, Digital Globe, 2020)

distal setting with respect to the main thermal water spring
(Figure 13A-C).

The PACS quarry, situated in the southernmost part of
the study area, is characterised by microbial laminite, crys-
talline crust and reed travertine interbedded with alluvial
siliciclastic deposits related to the silt with clasts lithotype
(Figure 13A), suggesting that this part of the depositional
system corresponded to a distal zone, with environmen-
tal conditions similar to an alluvial plain (Figure 13B,C;
Geobodies 1-5). Flooding events due to seasonal variations
or climate changes related to the nearby Aniene River could
be responsible for such interbedding of travertine with the
alluvial deposits. In the Acque Albule Basin, the combi-
nation of gently dipping topography (3°-4°; Della Porta
et al., 2017a; Erthal et al., 2017; Mancini et al., 2019a) from
north toward south, spring-water supply and mixing with
meteoric cool-water created a complex interplay between
low-energy subaqueous and high-energy slope lithotypes
which constitute the Testina geobodies. The general trend
displayed by the Testina geobodies consists of alternating

slope and shallow lake lithotype associations, character-
ising the north and the central part of the study area. In
addition to the latter lithotype association, the southern
sector of the study area shows the widespread presence
of the silt with clasts lithotype, pertaining to an alluvial
plain setting. The Testina geobodies are mainly character-
ised by aggradational and progradational patterns toward
the south. The sub-horizontal layering, typical of shallow
lake deposits, sometimes is interrupted by undulated litho-
types representing smooth slope deposits, or by erosional
surfaces occurring when the whole spring-water outflow is
strongly decreased, ceased or changed (as also described in
the lower travertine succession of the Lapis Tiburtinus trav-
ertine; Della Porta et al., 2017a; Erthal et al., 2017). Such
sub-horizontal bedding is commonly cyclic due to the alter-
nation of dominantly biotic and abiotic fabrics. Cyclicity re-
flects changes in the physico-chemical variables of the water
related mainly to changes in the water supply and the con-
sequent energy of the water flow (Della Porta et al., 2017a;
Erthal et al., 2017). The vertical change from flat to gently
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FIGURE 12 (A) Map of PACS quarry (southern part of the study area). (A1-A2-A3) Line drawing and positions of the stratigraphic logs and
samples collected (partially modified from Google Earth, Digital Globe, 2020)

dipping lithotypes results in undulating layers, reflecting a
more complex topography that causes rapid carbonate pre-
cipitation. Due to an increase in flow rates, or spring mi-
gration, proximal or distal depression environments could
be invaded by higher energy flowing water resulting in pro-
gressively enhanced precipitation of crystalline crusts rather
than sub-horizontal pool and marsh travertines, as also sug-
gested by Della Porta et al. (2017a) in their study regarding
the well-lithified Lapis Tiburtinus. Vertical lithotype transi-
tions are very sharp, suggesting that spring water flow rates
varied greatly and fluctuated often in response to factors
other than topography, such as flow re-direction from the
springs or changes in the volume of water discharged from
the vent (Della Porta et al., 2017a). Flow re-direction may
account for localised lithotype changes, but only discharge

volume changes could have affected widespread lithotype
development concurrently at proximal and distal parts of the
depositional system (Mancini et al., 2019a).

The boundary between the marsh-pool and the smooth
slope lithotypes, in vertical section, is generally marked by an
erosional surface (Guo & Riding, 1998). Erosional horizons
are related to periods with low or no-spring water discharge,
which leads to subaerial exposure of the previously depos-
ited travertines. An erosional phase is usually coincident with
a change in the depositional environment and, thus, in the
lithotype too. This is clear in the GIAN quarry, where the
erosional surface marks the transition between the flat-pool
facies and the overlying lithotypes, which are characterised
by crystalline crust with undulated structures related to an
inclined morphology. This erosive surface is probably related
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FIGURE 13 (A) Overview [K| northern part central part southern part [CISilt with clasts
of stratigraphic logs. (B) 3D model 60m (elevaiion p  2-KkM — 1km =‘§2|fgité§0r:inc<:§;°ne

. . [l Reed travertine
reconstruction, based on the correlation I Lithoclast travertine

~

between the different geobodies. (C)
Correlation panel of the different Testina
travertine geobodies recognised in the study
area, with each depositional environment
defined on the basis of lithotype association.
Geobody 1 lithotype association indicates
high-energy environmental conditions

Log1a | Log1b

in the north, which passes gradually to a
low-energy environment towards the south.
Geobody 2 and 3 lithotype associations

indicate high-energy environmental
conditions in the north, passing to

[E Erosional

low-energy environmental conditions .
surface

in the central part and high-energy
conditions in the south. Geobody 4 and 5
displays lithotype associations related to
homogeneous environmental conditions
in all analysed sections, pertaining to low-
energy settings. Geobody 6, representing
the last depositional stage of the Testina
travertine, is mainly characterised by a
lithotype association attributed to a high-
energy environment

northern part

Log 1a - Log1b

to the lowering of the water table (De Filippis et al., 2013b).
According to Faccenna et al. (2008) and De Filippis et al.
(2013a) the evolution of the Acque Albule Basin and the en-
tire Lapis Tiburtinus travertine succession was controlled by
tectonic activity and climate variations as also reported by
Anzalone et al. (2017). Discontinuities and fracture distri-
bution controlled the upwelling of high temperature fluids
rich in CO,, that finally mixed with the shallow water aquifer
(Carucci et al., 2012; De Filippis et al., 2013a; Della Porta
et al., 2017a; Mancini et al., 2019a; Minissale et al., 2002).
The climate changes affecting the Late Pleistocene, con-
trolled the elevation of the water table and finally the water
discharged by the springs (Della Porta et al., 2017a; Faccenna
et al., 2008).
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This study suggests that the Testina travertine deposi-
tional system was affected and controlled by these factors
in different ways depending on the geographic positions.
The position of the active vents and their location have
particularly influenced the deposition in the northern part,
with only local crisis of carbonate deposition mainly re-
lated to changes in the direction of the water flow. The
central part, however, seems more influenced by the topo-
graphic gradient and the water discharge, as also reported
by Della Porta et al. (2017a). The southern sector, cor-
responding to the distal part of the Testina depositional
setting, seems more influenced by flooding events related
to the Aniene River than tectonic activity, with travertine
deposits less cemented due to the mixing of thermal water
with freshwater.
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Tectonic activity, controlling the position of the springs,
has had more influence on the northern part of the study area
while flood events of the Aniene River, related to climate
fluctuations or seasonal changes, are able to affect the devel-
opment of the Testina travertine in the southern part.

5.2 | The effect of diagenetic overprinting
The diagenetic history of the Testina travertine can be linked, as
also reported by Della Porta et al. (2017a) for the Lapis Tiburtinus
travertine, to the interaction of the semi-confined aquifer, rainfall
precipitation and surficial drainage. The type of cements ob-
served in the Testina travertine lithotype and filling the porosity
are principally related to vadose and phreatic meteoric precipita-
tion. This conclusion is supported by the cathodoluminescence,
where luminescence indicates growth phases related to reducing
conditions indicating phreatic water circulation.

As reported by De Boever et al. (2017a), the open pore
systems of travertine deposits have probably led to a high
initial water—rock interaction and fast saturation of the infil-
trating fluids. In this view, fluids causing cementation in the
Testina travertine originated from thermal water and mete-
oric water or by a mixture (Della Porta et al., 2017a). Water
is able to flow through the empty pores and the lower flow
velocity could influence the precipitation of calcite cements.

The petrographic analyses performed suggest a main
composition of almost pure CaCO; based on alizarin stain-
ing that occurs mostly as calcite. The Testina travertine is
poorly lithified (see Figure 7A1, A2 and Figure 12 A1) and is
sometimes un-cohesive, although with an unexpectedly high
degree of cementation in the northernmost quarry (QRN
quarry), while it becomes less cemented toward the southern
sector in the GIAN and PACS quarries, where pores usually
remain empty.

Decimetre to millimetre sized dissolution vugs are wide-
spread and usually partially or totally filled by blocky or
isopachous cements. Such a process reveals that the Testina
travertine deposits were frequently affected by periods of
non-deposition, during which meteoric diagenesis, caused by
flowing of undersaturated water, strongly influenced the final
fabric. Sparmicritization processes involving the transforma-
tion of calcite spar crystals into micrite is a typical early dia-
genetic effect induced by bacterial processes (Alonso-Zarza
& Tanner, 2010) and characterised by concomitant disso-
lution and precipitation of calcite particles (Guo & Riding,
1992, 1994; Torok et al., 2017). Such a process frequently
affects lithotypes such as microbial laminites and crystalline
crusts (see Figure 9A—C). In the Testina lithotypes, sparmi-
critization generally occurs after, or at the same time as, the
dissolution process, originating in a fraction of micrite inside
crystals of sparry calcite. Loose clay and silt-sized grains of
calcite could be produced during sparmicritization associated

with water table fluctuations. Such particles can form vadose
silt that contributes to the internal sediment, which may be
deposited in available pores (Chilingarian & Wolf, 1994). In
contrast, the clotted peloidal micrite in the Testina lithotypes
is not derived from micritization processes but is a primary
deposit. These differences are highlighted by cathodolumi-
nescence analyses in which a distinct dull luminescence is
identified for the clotted peloidal micrite, while a bright lu-
minescence is emitted by the micritized fraction.

In this view, groundwater composition in the northern
area was characterised by higher rates of supersaturation
with respect to calcium carbonate, due to spring proximity,
and decreasing in the southern area due to the dilution of
groundwater with meteoric water. The CO, degassing and
the rapid carbonate precipitation due to the water flowing
downstream represent the most important factors able to in-
fluence carbonate precipitation as also reported for the un-
derlying Lapis Tiburtinus travertine deposits (Della Porta
et al., 2017a; Mancini et al., 2019b). Another possible expla-
nation for these differences lies in the topographic gradient,
allowing groundwater a higher residence time, thus enhanc-
ing cementation of the lithotypes located in the northernmost
area. Furthermore, the central part shows units characterised
by slightly steeper geometries, which allowed an easier water
flow toward the Aniene River. In addition to the limited time
for the cementation process to take place, considering the
Late Pleistocene—Holocene age of this deposit, this resulted
in reduced cementation.

5.3 | Testina travertine as a possible
subsurface analogue

The sedimentological analyses and the geobody reconstruc-
tions integrated with diagenetic observations allow the re-
construction of factors influencing the different depositional
settings. Furthermore, the spatial distribution of some litho-
types allows for better definition of some geobodies in the
case of subsurface reservoir analogues. In this view, the
presence of travertine deposits in the Brazilian and Angolan
Pre-salt is reported by many authors (Renaut et al., 2013;
Sabato Ceraldi & Green, 2016; Saller et al., 2016; Wright
& Barnett, 2015), as well as the presence of shrub-like fab-
rics, considered to be one of the most promising reservoir
units (Alvarenga et al., 2016; Dias, 2004; Rezende & Pope,
2015; Saller et al., 2016; Wright, 2012; Wright & Barnett,
2015). Despite the difference between the Pre-salt shrubs,
principally composed of crystalline fabrics, the shrub bound-
stone of the Testina travertine could represent an important
analogue in terms of depositional setting and environmental
conditions, principally related to a supersaturated environ-
ment affected by high carbonate precipitation and evapora-
tion phenomena (Basso et al., 2020; Erthal et al., 2017).
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Shrub boundstone occurrences are reported by many au-
thors from several places in the world (Japan, Turkey, Italy,
USA; Chafetz & Folk, 1984; Della Porta et al., 2017a, 2017b;
Erthal et al., 2017; Fouke, 2011; Fouke et al., 2000; Guo &
Riding, 1994, 1998; Kitano, 1963), forming in chemically
harsh and hot hydrothermal waters, in shallow lakes and de-
pressional depositional settings or in flat waterlogged envi-
ronments (Chafetz & Folk, 1984; Chafetz & Guidry, 1999;
Capezzuoli et al., 2014; Claes et al., 2017b; Erthal et al.,
2017; Guo & Riding, 1998; Jones & Renaut, 1995; Jones
et al., 2000; Turner & Jones, 2005). The study of the Testina
shrub boundstone shows that such lithotypes can be associ-
ated with kilometre-scale depositional environments, as in
the case of the shallow lake described in the Testina traver-
tine, laterally passing to an alluvial plain and interdigitating
with siliciclastic deposits.

In this view, the result obtained by this study permits bet-
ter definition of the possible geometries that can be observed
in subsurface analogues. The Angolan Pre-salt geometries
reported in seismic lines are similar to a local lacustrine car-
bonate platform that, based on data presented here, can be
interpreted as a travertine tabular distal body, related to a
shallow lake system passing laterally into an alluvial plain
(Alvarenga et al., 2016).

6 | CONCLUSIONS

The Testina travertine, representing the last depositional
stage of the Lapis Tiburtinus travertine is characterised by
a depositional system influenced by tectonic activity, topo-
graphic gradient, water discharge and flood events related to
the Aniene River. This study reveals the importance of such
features in the travertine depositional system as well as the
possibility to understand the role of these factors in different
locations. Furthermore, the Testina travertine, neglected until
now by the several studies performed in the Acque Albule
Basin and considered to be non-lithified travertine, shows a
high degree of cementation particularly in the northern sec-
tor, probably related to the composition and/or residence time
of the groundwater during deposition. Moreover, based on
geometries, lithotype distributions and architecture of the
different geobodies, it becomes clear how shrub boundstone
units in particular can be characterised by their kilometre-
scale distribution. These results could be useful in the inter-
pretation of subsurface reservoir units as in the case of the
Brazilian and Angolan Pre-salt subsurface deposits.
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