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Abstract: The interaction of the Almone River with groundwater in the Caffarella area
(Rome, Italy) was investigated using a multi-method approach based on hydrogeological
and radon analyses. Eleven measurement stations were established along the river at dis-
tances of approximately 270 m from one another. Stream discharge, water physicochemi-
cal properties, and radon levels were measured from June 2024 to March 2025. The con-
tribution of two tributaries of the Almone was evaluated, but it was found to be negligible
in terms of radon contribution. Except for an average increase of 40 L/s between stations
1A and 2A, the Almone’s discharge (corrected for the streams input) was constant (around
150 L/s) in June and slightly increasing from 6A to 11A in March due to heavier rainfalls.
The increased discharge between stations 1A and 2A was interpreted as groundwater
overflow from the volcanic aquifer into the alluvial body and in turn into the river due to
a change in geometry and volume of the volcanic aquifer. In that part of the river, radon
concentration increased only in March, due to the fast transition of the groundwater from
a high to a lower radon emanation unit. Radon decreased along the valley due to atmos-
pheric evasion, as confirmed by pH growth due to CO: degassing.
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1. Introduction

Groundwater and surface water are broadly acknowledged as interrelated hydro-
logic systems [1,2]. The interactions between groundwater and surface water occur in a
range of settings from headwater streams to coastlines. These connections sustain ground-
water-dependent environments and regulate river temperature [3,4] and biogeochemical
cycles [1,5].

In the urban environment, surface water significantly influences groundwater flow
and quality. Rivers are likely to impact urban groundwater due to the fact that cities are
typically established close to significant river systems, which first supplied drinking wa-
ter and transport and later fostered industry and trade [6].

The Almone is the third river in Rome (Italy) after the Tevere and the Aniene. It orig-
inates from the slopes of the Alban Hills Volcano, and after about 19 km, it flows into the
sewer conduit that reaches the water purification plant of southern Rome. Originally, the
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Almone flowed into the Tevere River, but strong water contamination [7] determined its
diversion to the wastewater treatment plant.

The aim of this work is to preliminarily assess the relationship between the Almone
River and the Alban Hills aquifer, taking into account the prominent role of the alluvial
body. Along the river’s course in the Caffarella Valley, an increase in discharge was re-
ported and interpreted as input from groundwater [8]. Serial measurements of discharge,
radon, and chemical-physical parameters, taking into account the contribution of two
smaller watercourses flowing into the Almone, will be used to study this phenomenon
and its environmental impact. An original 1:5000 scale field survey and the creation of
three hydrogeological cross-section and a longitudinal profile validated by borehole data
will provide the necessary geological constraints.

22Rn has been widely applied as a groundwater discharge tracer in freshwater and
marine environments [9]. Radon is a noble and chemically inert gas and its abundance in
natural waters is mostly controlled by its production from *Ra, its own decay and gas
evasion [10].

22Rn is released from the solid phase due to alpha recoil from its parent 22Ra and
subsequent diffusion, potentially achieving secular equilibrium in the interstitial pore wa-
ters after around 5.5 halflives (~21 days). ?Rn activities in groundwater are naturally two
to three orders of magnitude greater than in surface water. This occurs because (i) surface
water has less interaction with 26Ra-bearing minerals compared to groundwater, and (ii)
22Rn rapidly escapes into the atmosphere due to higher temperature and turbulence
found in surface water rather than in groundwater [9,11-13]. A great deal of publications
used a box 22Rn mass balance for estimating groundwater discharge into receiving surface
waters in marine [14] and freshwater environments [15-18].

Quantification of groundwater discharge to rivers is commonly based on a one-di-
mensional 22Rn mass balance [13,19,20] between radon sources (ingrowth by 226Ra decay,
input by tributaries, water exchange within the stream bed and banks) and sinks (atmos-
pheric evasion and ?22Rn decay). In this opening contribution, radon sources and sinks are
examined (though not quantified) to explore the interaction of groundwater with river
water and to improve the information obtained from measuring the river discharge along
the course of the Almone River. More detailed studies including the quantification of ra-
don sources and sinks will reinforce interpretations in the future.

2. Study Area

The Caffarella Valley is a 190-hectare state-owned park in southeastern Rome, bor-
dered by the Aurelian Walls, Via Latina, and Via dell’Almone. Named after the Caffarelli
family, who owned the land, the area was designated as public park in 1965 and is now
part of the Appia Antica Regional Park. Formed by the Almone River, the valley is carved
into the volcanic plateau of Alban Hills Volcano with steep slopes and a flat valley floor.
Historically prone to swamping due to numerous natural springs, it underwent major
hydraulic interventions, including the construction of two drainage canals (known as
“Marrana destra” and “Marrana sinistra” and referred to as “Marrane” when mentioned
together) to direct spring water into the Almone River, which was also subjected to mod-
ifications over time.

2.1. Geological Setting

The Caffarella Valley is an alluvial valley located in the southeastern area of Rome,
formed by the erosive action of the Almone River. It is part of an articulated and complex
tectonic context, defined by the inner sector of the central portion of the Apennine chain,
formed during the Neogene. The structuring of the Apennine orogen involves the entire
Meso-Cenozoic sedimentary succession from the Upper Miocene onwards, determining
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the migration of the entire orogenic system of the central Apennines towards the NE,
through the setting of thrusts and foreland basins, towards the most external domains of
the foreland [21,22]. This first compressional tectonic phase, linked to the structuring of
the orogen, was followed by a second phase of extensional tectonics, during the Upper
Pliocene—Quaternary, associated with the opening of the Tyrrhenian Retro-Arc Basin and
the orogenic collapse of the Apennines [23], which promoted progressive sinking and ma-
rine transgression.

During this phase, the formation of “Marne Vaticane” (Zanclean—Gelasian) was de-
posited, followed by sediments indicating a transition to more superficial marine environ-
ments (“Monte Mario” and “Monte delle Piche” Formations) and later by deposits of the
continental environment (“Ponte Galeria” Formation), due to the uplift of the Tyrrhenian
margin of the Latium Region. This phenomenon determined the complete emersion of the
Roman area in the Middle Pleistocene, transforming it into a marshy region crossed by
the paleo-Tevere River, with a delta located further south than today.

Around 600,000 years ago, during the Middle Pleistocene, volcanic activity devel-
oped along extensional tectonic lineaments due to crustal thinning following the for-
mation of the Apennine chain and the opening of the Tyrrhenian basin. In the first phase,
volcanic activity was confined to the area north of present-day Rome, leading to the struc-
turing of the Sabatini volcanic district. Its products reached as far as the current urban
area of Rome up to the banks of the right hydrographic side of the Tevere River, covering
part of the continental sediments deposited previously. At the same time, volcanic activity
began in the Alban Hills district, which emitted large volumes of volcanic products (ap-
proximately 300 km?) in three distinct phases.

The stratigraphy of the Caffarella Valley is defined by the following succession, from
the oldest to the most recent:

Marne Vaticane (MVA): This formation is at the base of the post-orogenic strati-
graphic succession of the Roman sector. It consists of clays, sandy clays, and stratified
grey-blue marly clays, from consolidated to highly consolidated. Throughout the urban
area up the left bank of the Tevere River, the stratification is dipping 5-20° to the NE (lower
Pliocene p.p. (Zanclean, upper part)-Upper Pliocene p.p. (Gelasian, lower part)) [24,25].

Santa Cecilia Formation (CIL): This is made up of alternating gravels, sands, silts with
diatomite, and clays of fluvial, fluvial-lacustrine, and marshy environments with volcanic
elements and paleosols. It rests directly on the “Monte Vaticano” Formation, from which
it is slightly discordant and from which it is separated by an erosional surface, as can be
deduced from the correlation of survey data. Three lithofacies can be recognized in the
Caffarella Valley (recognizable through survey data, as they do not outcrop): the basal
gravelly, the intermediate silty—clayey, and the summit sandy levels. The formation de-
veloped between the fluvio-lacustrine sedimentation phase and the beginning of volcanic
activity. Overall, the thickness can reach up to 40 m (lower part of the Middle Pleistocene
p-p- (approx. 600 ka)) [24,25].

Tufo di Tor de” Cenci (TDC): This is a greyish—yellowish cineritic pyroclastic deposit,
with an organization ranging from massive and chaotic to stratified. The framework is
composed of lava lithics, scoria, and crystals. The geometry of the deposit is variable de-
pending on palaeotopography: in palaeovalley areas, the thicknesses reach 15 m, while in
topographic palaeohigh areas, they do not exceed 1 m. The formation is the result of a
large-volume phreatomagmatic eruption with deposition mechanisms of pyroclastic
flows originating from the Alban Hills Volcano (Middle Pleistocene (561 + 1 ka)) [24].

Tufo del Palatino (PTI): Composed of massive pyroclastic products, this is lithoid and
semicoherent. The cineritic matrix is predominant and is composed of slag, leucite crystals
and glassy elements altered to zeolitic minerals, giving the formation its partially lithoid
character. The skeletal structure is less abundant and is composed of scoriae, holocrystals,
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and, in some levels, accretionary lapilli with a concentric structure called “pisolites’. The
maximum thickness of the entire formation is 10 m. This deposit is the result of a phreato-
magmatic ignimbritic eruption of the Alban Hills Volcano (Middle Pleistocene (528 + 1
ka)) [24-26].

Tufi Terrosi: This consists of altered and partly pedogenic tuff deposits of uncertain
origin between the volcanic complex of the Alban Hills and that of the Sabatini. Overall,
this material is present in discontinuous levels of relatively small thickness, interspersed
with other volcanic deposits present in the area. The first appearance of the Tufi Terrosi is
recorded immediately below the “Tufo di Tor de” Cenci”, while they end just above the
“Pozzolane Nere” Formation.

Pozzolane Rosse (RED): This is made up of massive, chaotic, semicoherent, red to
dark-grey pyroclastic deposits. The matrix is made up of coarse ash, within which there
are red scoria up to 20 cm in diameter, as well as minor lithics (lava and metamorphosed
sediments), also up to 20 cm in diameter. The upper part of the formation has gas pipes
(outgassing structures). It presents a scoriaceous matrix with little cineritic fraction, slag,
lava lithics, thermo-metamorphosed sediments and abundant crystals of leucite, clinopy-
roxene, and biotite. Its thickness can reach up to 25 m. It can be traced back to a pre-
calderic ignimbrite of the Alban Hills Volcano (Middle Pleistocene p.p.) [24].

Conglomerato Giallo (FTR1): This is part of the “Fosso del Torrino Formation” (FTR)
and consists of sandy-gravel volcanoclastic deposits. They usually occur in banks but are
poorly stratified. These deposits consist of rounded slags, heterometric volcanic lithics,
and crystals. It has erosion surfaces and weak alteration within it. The unit can reach a
thickness of 37 m, confined in a depression at the roof of the Pozzolane Rosse in the NW
sector of the Alban Hills Volcano. This unit is the result of a succession of lahars with
hyperconcentrated flow and debris flow mechanisms, passing laterally to fluvial deposits
(Middle Pleistocene p.p.) [24].

Pozzolane Nere (PNR): This is a black pyroclastic unit, exhibiting massive and cha-
otic facies, local gas pipes, and a scoriaceous—cineritic matrix, in which slag, lava lithic,
holocrystalline, and sedimentary deposits are dispersed. At the roof, there is a lithoid zone
due to zeolithization or, locally, massive debris-flow-type volcanoclastic deposits deriving
from the reworking of the unit. The geometry of the formation is tabular, and its maxi-
mum thickness is 20 m. It is referable to a large volume ignimbritic eruption of the Alban
Hills Volcano (Middle Pleistocene p.p.) [24].

Formazione di Villa Senni (VSN): This is referable to the last large-volume eruption
of the Alban Hills Volcano, which determined the current shape of the volcano caldera. It
consists of two ignimbritic units:

Tufo Lionato (VSN 1): This is made up of massive, chaotic, pyroclastic tuffaceous de-
posits, lithoid due to zeolithization, with a matrix that is both cineritic, at the base, and
coarse, on the roof. The maximum thickness is up to 25 m and appears as a rather regular
and continuous bank in the subsoil. Flames can be observed locally at the roof of the depos-
its. In the paleovalleys or distal zones, gas pipes, laminations, and log marks are present.

Pozzolanelle (VSN 2): This is made up of massive pyroclastic deposits with a coarse-
lapilli matrix. Rich in crystals, it contains large slag and is incoherent. The maximum thick-
ness is 30 m. Gas pipes may be present (Middle Pleistocene p.p.) [24].

Alluvial Deposits (SFTba): This made up of alluvial materials deposited within the
valleys by left-bank tributaries of the Tevere River. They have a grain size ranging from
sandy to clayey silt, with lenses of coarser material inside. The base of the deposit is buried
within the volcanic material upstream, while downstream, it is buried within the Pliocene
clays. The considerable thickness (about 30 m) was due to the intense erosive phase of the
Almone River during the Wurm glaciation dated about 20,000 years ago, which caused an
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impressive lowering of the eustatic level of the sea, modifying the basins of rivers accord-
ingly (Holocene) [24,25].

Anthropogenic Deposits and Archaeological Levels (h): These comprise heterogene-
ous deposits composed of fragments of masonry, bricks, ceramics, pottery, remains of
buildings constructed in the historical age, and materials used for road and railway em-
bankments, earthworks, and fills. The granulometric characteristics, geometry, and thick-
ness can be very variable. They usually have a gravelly-sandy grain size, with a silty—
clayey matrix or pozzolanic nature. The thickness can reach up to 30 m but usually in the
area of the historical center of Rome, and in general, in many urbanized areas, the thick-
ness of these deposits is 10 m (Holocene).

2.2. Hydrogeological Setting
The Caffarella Valley belongs to the Alban Hills Hydrogeological System (Figure 1, [27]).

295000

Figure 1. Study area on an extract of a hydrogeological map of Rome [8]. (1) Anthropogenic deposit
complex; (2) alluvial deposit complex; (4) heterogeneous clastic deposit complex; (5) lava complex;
(6) Tufo Lionato complex; (7) high-permeability Alban volcanic deposit complex; (8) low-permea-
bility Alban volcanic deposit complex; (9) Sabatini volcanic complex; (11) Santa Cecilia Formation
complex; (13) gravelly—sandy Ponte Galeria complex; (15) coarse sands of Monte Mario and Ponte
Galeria complex; (16) sandy—clayey basal complex. (a) Groundwater flow path; (b) spring; (c) ther-
mal mineral spring; (d) regional aquifer well; (e) Alban Hill upper aquifer well; (f) thermo-pluvio-
metric and hydrometric station; (g) regional aquifer water table; (h) Alban Hills upper aquifer water

table; (i) linear spring; (j) fault.

The Alban Hills volcanic products rest on a low-permeability sedimentary substrate
that acts as a regional-scale aquiclude (Marne Vaticane) for the basal groundwater hosted
in the volcanic aquifers [8,28]. Two main groundwater flow systems were identified in the
Alban Hills volcanic domain: an upper aquifer (the “upper Alban sector aquifer”) and a
lower aquifer (the “regional aquifer”) [8]. In the Caffarella Valley, the deep regional aqui-
fer, hosted within the Pozzolane Rosse Formation, appears to be separated from the upper
aquifer by the Tufo Lionato member within the Villa Senni Formation. This layer is
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characterized by low permeability due to zeolitization processes [28], assuming the role
of an aquitard. In specific areas, the presence of paleosols between different formations
can give rise to a confined aquifer. The limit of the upper aquifer can be identified near
Via dell” Almone, which represents the upstream limit of the area investigated in this
study [8].

Due to the average low elevation of the aquiclude top surface, the volcanic deposits
have a considerable thickness, and groundwater is directed toward the Tevere, Aniene,
and Fosso di Malafede rivers without encountering significant barriers to their flow [8].
However, the top surface of low-permeability Plio-Pleistocene clays is articulated into de-
pressions and structural reliefs, locally favoring the emergence of groundwater through
springs often located along rivers and thus mixing with surface water [8]. This is what
occurs along the Caffarella Valley, where “Marrana destra” and “Marrana sinistra”, col-
lecting the contribution of springs located on their hydrographic right and left banks, re-
spectively, feed the course of the Almone River. The occurrence of perennial springs with
considerable discharge was already known in Roman times: in the 2nd century AD, in
fact, Herod Atticus exploited this resource to build a nymphaeum (e.g., monument con-
secrated to the nymphs of springs) inside the cave of the nymph Egeria [8].

The following hydrogeological complexes can be recognized in this area, characterized
by different variable permeability degrees and by a different groundwater potential [27]:

Sandy—Clayey Basal Complex (Monte Vaticano—MVA): This is made up of over-
consolidated, sandy clays; it has an irregular surface due to pre-volcanic tectonics. It acts
as an aquiclude due to its considerable thickness and low relative permeability.

St. Cecilia Formation Complex: This is characterized by the St. Cecilia Formation
(CIL). Due to the presence of gravel bodies located at the base of the complex, it can be
subdivided into the sandy-silty and the gravel lithofacies. The former is composed of silty
clay and sandy sediments, while the latter features the conglomeratic deposits. In general,
it is possible to attribute a high degree of relative permeability to the basal gravelly facies
[8], but due to the greater thickness of the sandy-silty lithofacies, a low degree of relative
permeability can be attributed to the “St. Cecilia Formation” Complex.

“Tufi Terrosi” Complex: This is made up of partly pedogenized deposits of uncertain
origin between the Alban Hills and Sabatini Volcanic Complexes, linked to a series of fall-
out products in distal and reworked facies, found from the first phase of pyroclastic activ-
ity until the end of it. It first appears immediately below the “Tufo di Tor de” Cenci”, while
they end just above the “Pozzolane Nere”. The complex presents lateral and vertical var-
iations affecting permeability, which is generally low, making it a complicating element
for water circulation within the more permeable volcanic deposits.

Alban Basal Volcanic Complex: This includes low-permeability formations such as
“Tufo di Tor de’ Cenci” (TDC) and “Tufo del Palatino” (PTI), which act as aquitards sup-
porting the overlying aquifers [8].

Medium-High-Permeability Alban Volcanic Deposit Complex: This includes vol-
canic deposits with medium-high permeability, such as “Pozzolane Rosse” (RED), “Con-
glomerato Giallo” (FTR1), “Pozzolane Nere” (PNR), “Pozzolanelle” (VSN2), and deposits
with medium-to-low permeability such as the “Tufo Lionato” (VSN1) of the Villa Senni
Formation. This complex hosts the regional aquifer and feeds the sources of the left sector
of the Tevere River, including the Caffarella Valley, while the zeolitized “Tufo Lionato”, when
not fractured or perforated, acts as an aquitard for the upper aquifer of the Albano sector.

Alluvial Deposit Complex: This is represented by the Almone alluvial deposits, in
connection with surface water bodies. It is a very heterogeneous complex, made up of
different levels of sands, sandy silts and gravels, with high horizontal and vertical hetero-
pies. It has a degree of permeability that can be considered medium, as it is greater than the
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sandy—clayey basal complex, which, as already mentioned, acts as an aquiclude, but less than
the medium-high-permeability Alban volcanic deposit complex, which hosts the aquifer.

Anthropogenic Deposit Complex: This consists of modern fill and archaeological lev-
els, with water circulation of little hydrogeological significance but potential interference
with the urban context. Permeability varies among several types of deposits constituting
the complex, but on average, it is considered moderate.

The Almone River and the springs that flow in the Caffarella Valley are characterized
by almost neutral and oxygenated water with an electrical conductivity of approximately
900 pS/cm [29]. The water is located between the bicarbonate—alkaline earth facies and the
bicarbonate—alkaline facies [29].

The radon activity concentration in the groundwater ranges from 53 to 240 Bq L
[30,31], but significant levels (11 Bq L) were also detected in river water [31] at the loca-
tion of station 6A (this work).

3. Materials and Methods

To carry out a detailed study of the course of the Almone River, discharge measure-
ments, chemical-physical data and water radon concentrations were collected along the
river. Data were recorded during three seasonal campaigns: the summer campaign, be-
tween 10 and 12 June 2024; the autumn campaign, on 13 November 2024; and the winter
campaign, on 17 and 18 March 2025.

3.1. Flow Measurements with Electromagnetic Induction Current Meters

In order to analyze in detail the discharge variation of the Almone River in the Caf-
farella Valley, 11 discharge measurement sections were identified along the riverbed, ap-
proximately 270 m from one another. At these points, serial flow measurements were car-
ried out and geochemical data were collected. Discharge measurements were also taken
at the confluence point of two tributaries (“Marrane”) into the Almone river, bringing the
total number of survey points to thirteen.

The tributaries (specifically called “Marrana destra” and “Marrana sinistra”) are
channels, designed to reclaim the original marshy area. Currently, they convey water from
overflow springs (occurring along both their hydrographic right and left bank) directly
into the Almone River. Measuring the flow rate of the two “Marrane” just before their
confluence makes it possible to estimate the total flow rate of the springs in the valley.

The calculation of the flow rate (Q) of a watercourse was based on the following relation:

Q=S5-um 1)

where S is the area of the measurement section and vm is the average current velocity.
To determine these parameters with sufficient accuracy, an electromagnetic induc-
tion hydrometric reel (OTT Hydrometrie, Nautilus C2000, Sensa Z 300, Sterling, VA, USA)
was used for the first campaign and OTT MF Pro (Sterling, VA, USA)current meter in the
second one. The first instrument measures the velocity of water flow both at depth and at
the free surface, with a margin of error of about 10%, while the second has one of about 2%.

3.2. Geochemical Determination

The temperature, electrical conductivity, and pH of river water in the October 2024
and March 2025 surveys were measured using a pH/EC/DO multi-parameter probe,
model HI 98194, produced by Hanna instruments Italia Srl, Padova, Italy.

River water was sampled for radon analyses using 660 mL Polyethylene Tereph-
thalate (PET) bottles, taking care not to lose gas during sampling. The choice of PET bottles
was due to the negligible loss of radon from water during storage compared to other plas-
tic containers.
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Radon in river water was analyzed within one or two days from collection, consid-
ering the decay that occurred between sampling and measurement. A RAD7 radon mon-
itor (Durridge Company Inc., Billerica, MA, USA) coupled with a Big Bottle RAD H:0
device was used for radon determination.

The Big Bottle RAD H2O (Durridge Company Inc., Billerica, MA, USA) consists of
several components: a 660 mL glass bottle, an aeration system, a bubble trap, a tempera-
ture data logger, vinyl tubings, and a laboratory dryer and RAD7 monitor equipped with
a solid-state, silicon electrostatic collector (Figure 2).

J
w0

. =
1
” - ba 4

Figure 2. (1) Plastic PET bottle; (2) screw-on Teflon aerator, with a single air stone; (3) elastic clinch-
ing strap; (4) temperature data logger; (5) bubble trap; (6) laboratory dryer; (7) clip; (8) check valve;
(9) vinyl tubing; (10) RAD7 radon detector; (11) inlet filter (modified from [32]).

This detector measures the energy of radon daughters’ alpha particles (**Po in this
case) and converts them into an electric signal. During the measurements, the built-in
pump runs continuously, aerating the sample and delivering radon to RAD7. Two 15 min
cycles were selected: during the first 15 min, the instrument responds to the growth of
radon in the measurement chamber up to equilibrium and is ignored in the calculation;
the second cycle is employed for determination.

The radon extraction efficiency was calibrated based on the average temperature of
the air—water interface monitored approximately halfway up the bottle using the temper-
ature data logger. Relative humidity and temperature data from probes located in the
RAD?’s inner chamber were employed to correct for the influence of water molecules on
the electrostatic collection efficiency of the silicon detector. This effect was amended using
experimental equations derived from a specific test carried out in the radon chamber of
Istituto Nazionale di Geofisica e Vulcanologia (INGV) [32].

4. Results
4.1. Hydrological Data

The location of the 13 river discharge measurement sections is reported in Figure 3.
The river discharge data from the June 2024 and March 2025 surveys are reported in Table
1. Discharge values in June 2024 and March 2025 showed an increase between sections 1A
and 2A but were approximately constant in sections 3A to 6A; then, discharge increased
from sections 6A to 7A and from 10A to 11A, after the confluence of “Marrana Sinistra”
(MS) and “Marrana Destra” (MD) streams, respectively. In the March survey, an increas-
ing trend in discharge data is observed between section 6A and 11A.
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Figure 3. The Caffarella Valley with the location of the river discharge measurement sections; MS

and MD indicate “Marrana Sinistra” and “Marrana Destra”, respectively.

Table 1. Discharge of the Almone River and its tributaries (MS and MD).

. Discharge Discharge
Site (L s) * (L s) *
June 2024 March 2025
1A 85 119
2A 137 144
3A 150 149
4A 135 163
5A 149 139
6A 152 150
7A 179 195
8A 163 194
9A 158 196
10A 154 218
11A 193 260
MS 16 13
MD 21 30

Note: * Uncertainties in the discharge data are approximately 10% for June 2024 and 2% for the

March 2025 campaigns when a higher-performing current meter was used (see Section 3.1).

4.2. Hydrochemical and Radon Data

Three campaigns for radon determination were carried out in June and October 2024
and March 2025 (Table 2). The temperature, electrical conductivity, and pH of the river
water, collected only in the October 2024 and March 2025 surveys, are shown in Table 3.
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The radon activity concentration ranged from 1.6 Bq L (sites 10A and 11A in June
2024) to 22.9 Bq L (site 1A in June 2024). Higher values were found upstream, while
progressively decreasing activity concentrations were recorded downstream. Only in the
March 2025 survey was an increase in radon measured at station 2A, in accordance with
the river discharge data.

Slightly different radon values and spatial trends were recorded in the three surveys
due to expected moderate seasonal variability [31] and gas sampling uncertainties in a
shallow river [33], even if the March 2025 data are on average higher within the error
range compared to the other two campaigns.

Table 2. Radon in the Almone River and its tributaries labeled as MS and MD.

. 222Rn 222Rn ZZZRn
Site (Bq L) (Bq L) (Bq L)
June 2024 October 2024 March 2025

1A 229+1.7 19.2+15 18.8+1.5
2A 18.7+14 170+14 19.8+1.5
3A 16.6 +1.3 185+ 1.0 17.8+1.4
4A 127+1.3 10.7+1.3 14.7+1.2
5A 10.9+£0.9 10.0+0.9 13.7+1.1
6A 9.3+0.8 99+1.0 11.4+1.2
7A 42+05 6.0+0.6 8.7+1.0
8A 32+04 53+0.6 74+0.8
9A 33+04 4.8+0.6 6.4+0.7
10A 1.6+£0.3 32+04 42+0.1
11A 1.6 +£0.3 1.9+0.3 3.0+0.2
MS 5.1+0.6 73+0.1 -
MD 1.8+0.3 14+0.3 -

The contribution of the two small streams (MS and MD) flowing into the Almone
River was almost negligible in terms of radon supply because average water radon con-
centration in the streams were 6.2 and 1.6 Bq L, respectively, and these values were con-
sistent with radon levels in the main river just upstream and downstream of the conflu-
ences within a range of uncertainties due to both analytical and sampling methods.

Table 3. Temperature, electrical conductivity (EC), and pH of river water from October 2024 and
March 2025 surveys.

Station October 2024 March 2025

T(C) EC(uScm?) pH T (°O) EC (uS cm™) pH
1A 18 848 6.27 17 830 6.55
2A 18 863 6.45 17 842 6.57
3A 19 860 6.45 18 836 6.76
4A 19 863 6.67 17 841 6.60
5A 19 860 6.79 17 838 6.96
6A 20 853 6.79 17 824 6.68
7A 19 855 7.1 16 825 7.01
8A 20 858 7.19 17 824 7.05
9A 20 855 7.2 17 807 7.15
10A 17 856 7.42 15 805 7.16
11A 20 852 7.53 13 800 7.13
MS 17 817 7.06 15 832 7.06

MD 18 838 7.78 14 897 7.80
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The water temperature reflected the air temperature with an average of 20 °C in Octo-
ber 2024 and 18 °C in March 2025. Electrical conductivity varied between 817 and 873 pS
cmin October 2024 and 800 to 897 uS cm™ in March 2025, whereas pH ranged from 6.27 to
7.53 in October 2024 and from 6.55 to 7.15 in March 2025. The values of pH gradually in-
creased along the Almone River from stations 1A to 11A in both campaigns (Table 3).

5. Discussion

The analysis, focused on the interaction between the water table and the river in the
Caffarella Valley, starts with examining the lithologies and stratigraphies of available ge-
ognostic surveys [34,35]. Figure Al in Appendix A reports the location of these surveys.
To support the analysis, an original detailed geological map based on a field survey at a
1:5000 scale (Figure 4, this study) and the ‘hydrogeological map of Rome’ [8] were used.
These data, together with original hydrogeological cross-sections (Figures 5-7), allowed
the elaboration of a longitudinal hydrogeological profile along the riverbed of the Almone
River (Figure 8).
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Figure 4. Original geological map of the Caffarella area at a 1:5000 scale (by C.R., this study) with
traces of the geological cross-sections. (1) Alluvial deposits; (2) “Pozzolanelle”; (3) “Tufo Lionato”;
(4) “Tufi stratificati varicolori de La Sorta”; (5) “Pozzolane Nere”; (6) “Tufi Terrosi” below “Pozzo-
lane Nere”; (7) “Conglomerato Giallo”; (8) “Pozzolane Rosse”; (9) “Tufi Terrosi with pomiceous
levels”; (10) “Tufi del Palatino”; (11) “Santa Cecilia” Formation; (12) cross-section trace (sections 1,
2, and 3, respectively, from left to right); (13) faults; (14) boundaries of the study area; (15) marshy
ponds; (16) water flow direction; (17) springs; (18) sinkhole from 2002 cartography; (19) sinkhole
from Google Earth 4 (2022).
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Figure 5. Hydrogeological section 1. Crosssection trace is in Figure 4. IM, LP, MP, and HP stand for

impermeable, low permeability, medium permeability, and high permeability, respectively.
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Figure 6. Hydrogeological section 2. Cross-section trace is in Figure 4. For permeability classes, see
caption of Figure 5.
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Figure 7. Hydrogeological section 3. Cross-section trace is in Figure 4. For permeability classes, see

caption of Figure 5.

The hydrogeological complexes in the study area (Figures 5-7), above the regional
aquiclude (sandy-clayey basal complex) have variable permeability: the S. Cecilia For-
mation (locally mainly clayey), the “Tufi Terrosi”, “Tufi di Tor de’ Cenci”, and “Tufi del
Palatino” complexes act as aquitards, with a permeability higher only than that of the
“Monte Vaticano” unit. The “alluvial deposit” complex, completely saturated and con-
nected to the Almone River, has a permeability lower than the “medium-high-permeabil-
ity Alban volcanic deposit” complex, due to the prevalence of clayey levels.

To clarify the hydrogeological relationship between the regional groundwater circu-
lation and the hydrographic network, a longitudinal hydrogeological section along the
Almone River was drawn (Figure 8).

Altitude (ma.s.l.)
(s/7) abreydsiq

Alluvial deposits Complex

2000
Medium-high permeability i i
Alban Volcanic deposits Complex St Ceclia bormaticn Complex

Tufi terrosi Complex

Alban Basal Volcanic Complex June 2024 campaing data

with 10% associated error bar

L
March 2025 campaing data

with 10% associated error bar

Sandy-clayey basal Complex

Figure 8. Longitudinal hydrogeological section along the Almone riverbed and discharge measure-
ments trends (June 2024 and March 2025). The contribution of the two tributaries was subtracted

from the Almone River discharge data at corresponding confluence points (see text for explanation).
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The discharge measurement trends, represented together with the longitudinal hy-
drogeological section, were deprived of the Marrane’s inputs, which represent the contri-
bution of the overflowing springs along both river banks, since the focus is to investigate
the interaction between the Almone River and the groundwater circulation. The analysis
of the flow measurement trends, from both June 2024 and March 2025 measurement cam-
paigns, shows the following;:

1. The increase in discharge observed between stations 1A and 2A during both meas-
urement campaigns is significant because the differences between the discharge data
(52 L/s and 25 L/s, respectively, in June 2024 and March 2025) are higher than the
relative uncertainties (from 9 to 14 L/s in June 2024 and from 2.4 to 2.9 L/s in March
2025). This could be related to the geometry of the regional aquifer in this specific
sector of the valley (Figure 8). A gradual thickness decrease in the regional aquifer,
due to the bedding of the underlying less permeable deposits of the Alban basal vol-
canic complex and the incremental thickness of the alluvial deposits, lead to a
groundwater discharge into the surface fluvial network, resulting in a flow rate in-
crease along this segment of the river.

2. The discharge variation between sections 2A and 6A falls in the estimated 10% meas-
urement error; this suggests a nearly constant discharge between these sections and
contrasts with [8], which reported a progressive increase in the Almone River dis-
charge in this part of the valley.

3. The contribution of the two tributaries was subtracted from the Almone River dis-
charge data at corresponding confluence points (between 6A and 7A measurement
points for “Marrana sinistra” and between 10A and 11A stations for “Marrana des-
tra”). When these contributions were eliminated (Figure 8), an almost constant flow
rate trend was observed in June 2024, while increasing discharge data were recorded
in March 2025 between measurement points 6A and 11A. This increase is significant
because the differences (from 12 to 32 L/s) between consecutive measurements along
the river valley are basically higher than relative uncertainties (ranging from 3 to 5
L/s). This increased discharge is most likely due to enhanced runoff or subsurface
flow contributions determined by the rainy period preceding the March 2025 survey,
as shown by hydrometeorological data in [36]. Tor Marancia station (only 1 km from
the Caffarella area) recorded a cumulative rainfall of 413 mm in the months preced-
ing the March 2025 campaign and 246 mm for the period preceding the June 2024
campaign. Similar information was given by the Lago di Albano station (located near
the area of Almone’s spring) with 513 mm and 340 mm of rainfall preceding the June
2024 and March 2025 surveys, respectively. It is worth noting that seasonality and
seasonal extremes in dry vs. wet years might influence river-groundwater relation-
ships, with rainy periods enhancing the increase in river discharge from station 6a to
11A where the alluvial body is progressively thicker or dry years leading to no sig-
nificant input of subsurface water downstream. More sampling campaigns repeated
over multiple years will enhance the robustness of these preliminary findings.

In addition, the progressive increase in thickness of the saturated alluvial deposits
along the valley (from section 3 to 1, Figure 8), no longer in hydraulic contact with the
“medium-high-permeability Alban volcanic deposit” complex, could support more effi-
cient water exchange between the surface fluvial reticulum and the subsurface infiltration
water contained within the saturated alluvial deposits, resulting in a gradual increase in
the river discharge values.

This contribution is probably not attributable to groundwater but to subsurface water
that infiltrates within the alluvial infill deposits as a result of rainfall. This is confirmed by
radon analyses, which show a gradually decreasing concentration trend along the valley
(Figure 9) linked to outgassing phenomena. Furthermore, no local radon increase (or re-
duced gradients of radon loss along the riverbed) were found, as expected by the input of
radon richer groundwater [37].
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Radon activity concentrations along the Almone River from the June 2024, October
2024, and March 2025 surveys are reported in Figure 9. Station Al was characterized by a
significant radon level of approximately 21 Bq L', which is much higher than activity
concentrations generally recorded for rivers and streams [9,11-13,38] but consistent with
rivers interacting with volcanic aquifers where radon is produced via 22°Ra decay in )Ra-
enriched materials [39]. In the area of the Caffarella Valley, the radon content of some
springs related to the circulation in the volcanites is very high, ranging from 53 to 240 Bq
L11[30,31,40,41]
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Figure 9. Water radon concentration and pH along the Almone River from the June 2024, October
2024, and March 2025 surveys. Stars indicate the input of the two tributaries (MS and MD) into the
main river with the relative radon levels. The dashed curves are introduced only to indicate the
trend of radon and pH variations. The yellow triangle at station 2A in March 2025 shows a radon

increase in agreement with the increase in the river discharge.

Radon activity concentrations progressively decreased along the river course mainly
due to atmospheric escape, the decay of radon being almost negligible in a distance of 3
km. With a hydraulic gradient of 0.035, the radon loss was about 19 Bq L, following a
general exponential trend. The atmospheric evasion of radon along the river is mirrored
by a progressive pH increase (Figure 9), very likely due to CO: degassing. This carbon
dioxide loss from the river water supports the idea that the radon escape process is actu-
ally responsible for the observed radon decreasing trend. Similar simultaneous radon declines
and pH growth with distance was detected along the Acqua Vergine underground aqueduct
in Rome (Italy) and similarly interpreted as an evasion of gas from running water [42].

Taking into consideration the average surface input of radon by tributaries (MS and
MD in Figure 9), the measured radon concentrations fall on the curves described above,
indicating a negligible effect on the radon concentration in the Almone River. Similarly,
the effects of other radon sources in the river, the 2¢Ra decay, the subsurface flux due to
hyporheic exchange, and the parafluvial flow of groundwater [39] do not appear signifi-
cant enough to reverse the observed trend of decreasing radon. Specifically, no radon in-
crease was detected between stations 1A and 2A in June and October 2024, where the river
discharge increased by 52 L s (June 2024), since the overflow of groundwater from the
volcanites (“Pozzolane Rosse”) into the alluvial beds and then into the river was due to a
change in the geometry, volume, and depth of the volcanic aquifer (see Figure 8). It is
possible that radon levels in the groundwater discharging into this stretch of the river
decreased from a high value towards a lower equilibrium activity related to the transition
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from a high radon emanation unit (the Pozzolane Rosse) to a unit with a lower radon
emanation (the alluvial deposit) [35]. In fact, 2°Ra concentrations in the Pozzolane Rosse
and alluvium of the Caffarella Valley, equal to 132 Bq kg™ and 51 Bq kg, respectively
[43], support this hypothesis. In addition to that, we calculated the maximum expected
radon flux from the volcanic and alluvial units in the Caffarella area. Using the approach
of [44], we calculated values of 90 Bq m=2 day and 35 Bq m= day?, respectively, for the
volcanic and the alluvial units, based on radon emanation coefficients, grain size, porosity,
radioactive isotope content, and humidity data [31,40,43]. This parameter is directly cor-
related with the radon emanation potential and further supports our interpretation.

On the other hand, radon growth was detected between stations 1A and 2A in March
2025 in agreement with the increase in river discharge. This is probably due to a more
rapid transit through the alluvial sediments of groundwater from the volcanic aquifer to
the Almone River, which reduces the decay degree from the equilibrium radon of the high
radon emanation unit to the levels of the low radon emanation body, resulting in higher
radon contents at station 2A. The lower and faster transit time through the alluvial depos-
its is documented by the higher precipitations in the months preceding the March 2025
survey, compared to those of June 2024 [36].

Finally, the March 2025 increase in river discharge from stations 6A to 11A, not mir-
rored by a radon increase, can be explained as the contribution of subsurface water that
infiltrates within the low radon emanation alluvial infill deposits as a result of rainfall,
without supplying radon.

The contribution of radon analyses by this study is evidently a preliminary step, and the
quantification of all radon sources and sinks in the future will provide more solid evidence
and details of the interaction of the Almone river and groundwater in the Caffarella Valley.

6. Conclusions

The application of a multi-method approach based on hydrogeological, lithological,
and geochemical data was crucial to preliminarily studying the interactions between the
Almone River, the volcanic aquifer, and the alluvial body in the Caffarella Valley (Rome,
Italy), relevant for the knowledge and management of a very peculiar and precious natu-
ralistic environment in a vast urban area.

River discharge, radon, and pH trends recorded along the river in different seasons,
combined with information on the geometry, volume, and thickness of the hydrogeolog-
ical complexes were used to identify the input of groundwater or subsurface water into
the river. The integration of these data allowed us to recognize the emergence of ground-
water between stations 1A and 2A, always (June 2024 and March 2025) associated with an
increase in discharge, but only in March with an increase in radon. The reduced radon
concentration at station 2A recorded in the summer campaign compared to the March
survey could be justified by a slower transition (and thus a slower decay), which occurred
in the dry season (June), from a high-radon-emanation unit (the “Pozzolane Rosse”) to a
lower-emanation one (the alluvial sediments).

On the other hand, the increased discharge observed from stations 6A to 11A in
March was interpreted as the input of infiltrating subsurface water associated with heav-
ier rainfalls in the months preceding this survey. This was confirmed by progressively
decreasing radon levels due to degassing and strengthened by increasing pH trends along
the river.

The scenario that emerges is that of a river that receives the contribution of ground-
water from the Alban Hills aquifer only in the upper part of the Caffarella Valley and is
moderately affected by the input of subsurface water in its middle and final part only in
the rainy season. Such a finding highlights the importance of seasonality in regulating
river—groundwater relationships and suggests the need for further monitoring
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throughout the year and over multiple years to have a robust and definitive model. Our
opening scenario contrasts with previous hydrogeological studies that indicated a pro-
gressive increase in discharge along the entire valley as due to groundwater input. It is
probable that the confluence of the two tributaries (the “Marrane”) were not evaluated in
the discharge measurements. This scenario supports the past need for hydraulic interven-
tions (including the construction of two drainage canals (the “Marrane”) built to convey
the spring waters directly into the Almone River, thus avoiding the flooding of the valley.
Recently, two ponds were created, conveying the “Marrana Destra” water in the final
part of the valley and exploiting the “winter” runoff that characterizes the thick saturated
alluvial deposits of this sector of the Caffarella Valley. These ponds are now a very im-
portant naturalistic avifaunal oasis, just a stone’s throw from the historic center of Rome.
Finally, topics and interventions such as the creation of urban gardens, the planting
of new trees in rest areas, or the dilution effect of pollutants due to the input of ground-
water or subsurface water could benefit from the useful information in this research.
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Appendix A

Figure A1 reports the location of boreholes [39,40], whose stratigraphy was used to
prepare the new geological map at a 1:5000 scale (Figure 4), and the geological sections
(Figures 5-8).
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Figure Al. Location of the boreholes (red circles, [39,40]) used to draw up the geological map and
the geological cross-sections. The green line represents the boundaries of the studied area (the Caf-

farella Valley), as in Figures 3 and 4. SC1 and SC2 are two geognostic surveys carried out specifically
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in 2023 for the drafting of a new geological map of the Caffarella Valley and the geological mono-
graph of the park, financed by the Amici di Italia Fenice Foundation —ETS (in preparation).
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