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Abstract Predicting the geoneutrino signal at underground detectors requires a local crustal reference
whose precision matches the experimental uncertainty. The current Borexino reference is 15 years old and
deterministic. We replace it with GUESS, a probabilistic 3‐D model of the Gran Sasso region, built by Bayesian
inversion of multi‐source geophysical data: ground and satellite gravity, deep exploration wells, seismic
profiles, receiver‐function Moho constraints, and high‐resolution topography are fused into a posterior
distribution of density and lithological label per voxel. The model partitions the volume into six lithologically
distinct units, each with quantified uncertainty on volume, mass and average density, and is validated against
three independent in situ density benchmarks. The structural uncertainty on the predicted geoneutrino signal of
the major units is constrained to 1%–3%, an order of magnitude below the uncertainty on uranium and thorium
abundances. The dominant source of error in the absolute crustal geoneutrino prediction therefore shifts from
crustal geometry to elemental composition, defining the next priority for the Borexino determination of the
radiogenic heat budget.

Plain Language Summary Deep inside the Earth, naturally occurring radioactive elements (uranium,
thorium, and potassium) continuously decay and release heat, contributing to plate tectonics and other geological
processes. A small fraction of these decays produces particles called geoneutrinos, which travel through rock
unimpeded and can be detected with specialized detectors deep underground. The Borexino experiment, under
the Gran Sasso massif in central Italy, measured these particles for over 14 years. Correctly interpreting its
measurements and estimating the Earth's radioactive heat budget requires an accurate model of the local rocks,
because most of the detected signal comes from within a few hundred kilometers of the detector. We built
GUESS, a new three‐dimensional model of the Earth's crust in the Gran Sasso region. Unlike earlier single‐value
reconstructions, GUESS combines satellite and ground gravity measurements, deep borehole logs, seismic
profiles, and crustal thickness constraints through a statistical approach, so every geological layer carries a
quantified uncertainty. Our results show that the geometric uncertainty of the model contributes only 1%–3% to
the geoneutrino signal prediction, far smaller than the uncertainty in the uraniumand thorium content of the rocks.

1. Introduction
Geoneutrinos (electron antineutrinos from beta decays of Heat‐Producing Elements, HPEs: K, Th, U) are a direct
probe of the radioactive content of the deep Earth. Each decay releases an antineutrino‐to‐heat ratio fixed by
nuclear physics, so the geoneutrino flux measured at the surface fixes the radiogenic heat budget when interpreted
within a known geological framework (Bellini et al., 2021; Fiorentini et al., 2007). Liquid scintillator detectors are
not directional, so crustal and mantle contributions cannot be separated at a single site: the global distribution of
HPEs can emerge only from a multi‐site analysis combining detectors at different geological settings (Bellini
et al., 2021).

The 1/r2 attenuation makes the crustal signal at any site dominated by sources within a few hundred kilometers
from the detector. This sets the scale of the modeling problem: a high‐resolution local model is required to
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subtract the near‐field crustal contribution and isolate the mantle component, while finer geological detail at sub‐
kilometer scale is invisible to the integrated flux and a coarser regional model misses the local mass distribution.
The model resolution must match the spatial response of the signal, not the resolution of available geological
maps.

The geoneutrino detectors network now spans KamLAND (Araki et al., 2005), Borexino (Bellini et al., 2010),
SNO+ (Allega et al., 2025), and JUNO which has recently entered the data‐taking phase (Abusleme et al., 2022).
Site‐specific crustal references have been built for KamLAND (Enomoto et al., 2007), Borexino (Coltorti
et al., 2011), SNO+ (Huang et al., 2014; Strati et al., 2017), and JUNO (Gao et al., 2020; Reguzzoni et al., 2019).
After 14 years of operation, Borexino reached an experimental uncertainty of 18% on the geoneutrino flux
(Agostini et al., 2020); matching this measurement precision requires a corresponding refinement of the local
crustal model used to subtract the near‐field contribution. The reference Borexino model (Coltorti et al., 2011) is
now 15 years old. Two main developments have transformed the input space since then: dense teleseismic
monitoring, including the 2016–2017 Central Italy seismic sequence, has refined the Moho geometry (Piana
Agostinetti et al., 2022; Spada et al., 2013) and Bayesian gravity inversion, deployed on JUNO (Reguzzoni
et al., 2019) and KamLAND (Takeuchi et al., 2019), now enables probabilistic data fusion with quantified un-
certainty on subsurface mass distribution. The Bayesian framework also accommodates high‐resolution topog-
raphy, which is critical for U and Th mass estimates near the detector (Strati et al., 2020).

We present GUESS (GeoneUtrinos: mESSengers of the Earth's interior), a 3‐D probabilistic crustal model of a
3° × 3° region centered on the Laboratori Nazionali del Gran Sasso (LNGS, L'Aquila, Italy), where Borexino has
operated. The voxel size is 4 × 4 × 0.1 km. GUESS integrates, within a Bayesian inversion framework, (a) ground
and satellite gravity (XGM2019e), (b) high‐resolution topography (TINITALY 100 m), (c) 53 deep exploration
wells, (d) 38 cross‐sections from CROP and RETRACE‐3D projects (Buttinelli et al., 2021; Di Bucci et al., 2021),
and (e) 154 Moho depth points. The output partitions the volume into six GUESS units (Quaternary volcanics,
Cenozoic terrigenous sediments, Mesozoic carbonates, Permian‐Triassic succession, Upper Crust [UC], and
Lower Crust [LC]), each with quantified uncertainty on volume, mass and average density. Posterior densities are
validated against independent sonic‐log data sets (Montone & Mariucci, 2020, 2026; Tiberti et al., 2026). The
structural uncertainty propagated to the predicted geoneutrino signal is constrained to 1%–3% for the major units,
shifting the dominant source of error from crustal geometry to U and Th abundance. The model is publicly
available at www.fe.infn.it/radioactivity/GUESS/.

2. Materials and Methods
2.1. Geological Setting of the Region

The study area covers a 3° × 3° region centered on the Borexino detector (N 42.45°, E 13.57°, 960 m a.s.l.), an
underground liquid scintillator that operated from 2007 to 2021 (Bellini, 2024). The detector is hosted by the
Laboratori Nazionali del Gran Sasso (LNGS), shielded by 1,400 m of rock under the Gran Sasso massif (Capuano
et al., 1998).

The Apennines orogenic belt formed during the Neogene‐Quaternary closure of the Tethyan oceanic basin (Vai
& Martini, 2001), with a subsequent back‐arc extension producing the asymmetric crustal thickness pattern
observed today: 12–30 km below the Tyrrhenian sector and 30–44 km below the Adriatic foreland (Di Stefano
et al., 2011; Spada et al., 2013). The boundary, dipping westward across the study area, is imaged in the CROP03,
CROP04 and CROP11 deep seismic profiles (Barchi et al., 1998; Di Luzio et al., 2009; Feriozzi et al., 2024;
Finetti et al., 2001; Scrocca et al., 2007). Its shallower portion is a low‐angle detachment at the base of the
Mesozoic carbonate units. The Gran Sasso massif sits above this regional discontinuity, placing Borexino at the
geometric center of the Adria‐Tyrrhenian transition zone. Beneath the axial belt, the Tyrrhenian Moho overlies
the Adriatic Moho along a continuous overlap zone, interpreted as the locus of ongoing lower‐crustal delami-
nation (Tavani et al., 2026).

The crust hosts two main crystalline layers, with no evidence of a middle crust in Central Italy (Cassinis
et al., 2003; Finetti, 2005): the UC, locally overlain by a Permian‐Triassic clastic succession (pt) of slightly
metamorphic metasandstones and shales (Scrocca et al., 2007), and the LC. The sedimentary cover above the UC
groups several geological units mapped in Figure 1a (Bigi et al., 1991; Conti et al., 2020; Patacca &
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Scandone, 2007): Mesozoic carbonates (ms; limestones, dolomites, marls), Cenozoic terrigenous formations
including extensional, foredeep and offshore deposits (pl, fl, pc; sandstones, clays, conglomerates), Quaternary
alluvial sediments (qt), and Plio‐Pleistocene potassic to ultrapotassic volcanics of the Latium‐Campania prov-
inces (vo, vc; Peccerillo, 2017). The volcanic deposits cover 6,000 km2 with a volume of about 900 km3 and an
average thickness of 150 m. They host U and Th concentrations that exceed those of any other lithology in the
area, making them disproportionately important for the geoneutrino signal despite their negligible mass fraction.

These geological units are clustered into six GUESS units (Table 1, Figure 1b) on the basis of lithology, age and
bulk density. The clustering is geochemistry‐driven because the geoneutrino signal of each unit depends on its U
and Th content (Equation 8): Unit 1 groups all volcanics, isolating the felsic potassic suite with the highest HPE
concentrations; Unit 2 (terrigenous) and Unit 3 (carbonates) split the sedimentary cover according to dominant
mineralogy; Unit 4 represents the Permian‐Triassic succession, set apart by its low density; Units 5 and 6 are the
Upper Crust (UC) and Lower Crust (LC).

Figure 1. (a) Geological map of the study area, with formations grouped by lithology and depositional history. (b) Simplified
surface classification into the units used by the GUESS model (volcanic rocks, terrigenous sediments, and carbonates), with
major thrusts and normal faults. BX marks the Borexino detector site.

Earth and Space Science 10.1029/2026EA005334

ROSSI ET AL. 3 of 17



2.2. Bayesian Gravity Inversion

The Bayesian gravity inversion is a method that can be exploited for reconstructing a three‐dimensional,
geologically constrained model of the Earth's crust by integrating gravity observations with prior geophysical and
geological information. The study volume is divided into N voxels disposed on a regular grid. Each voxel is
described by a mass density ρi, with i = 1, …, N, assumed to be constant inside the voxel volume, and a label Li

denoting its model unit. This setup allows the model to have neat density separations between different units, as
well as introducing some geological boundary conditions directly into the inversion process.

At the basis of the inversion algorithm there is the Bayes' theorem (Box & Tiao, 1992):

P(x| y) ∝ L( y| x) · P(x) (1)

where x = [ρ,L] is a vector containing the model parameters (i.e., the set of labels and densities), y is the vector of
observable gravity data, P(x) and P(x|y) are the prior and posterior probability distributions of the model pa-
rameters, respectively, and L( y|x) is the likelihood probability distribution. Because gravity is observed, the
likelihood distribution measures how well a set of model parameters x explains the data y. Assuming the
observation noise to be normally distributed, the likelihood distribution is expressed as:

L( y = yo|x) ∝ exp{−
1
2
[yo − y(x)]TC− 1

νν [yo − y(x)]} (2)

where yo is the vector of observed gravity values,Cνν is their noise covariance matrix, and y(x) is the deterministic
model relating parameters and observations, that is, the forward‐modeled gravity response from the given mass
density distribution. Indeed, although y(x) is formally a function of both densities and labels, it depends on the
densities only, while the labels enter indirectly through the prior probability.

The prior probability P(x) is built to reflect the expectation on the spatial distribution of the model units and their
physical properties. To this aim, we split the joint distribution of the full set of model parameters x as:

P(x) = ∏
N

i=1
P(ρi

⃒
⃒ Li)P(L) (3)

The conditional probability distribution of the density ρi given the value of label Li for the corresponding voxel is
modeled as a Gaussian:

Table 1
The Six GUESS Units of the 3‐D Model, Derived by Clustering Geological Formations on the Basis of Lithology and Bulk Density

ID GUESS unit Geological unit Lithologies Age

1 Quaternary volcanic rocks vo—Quaternary volcanic rocks Volcanic complexes of potassic (trachybasalt
to trachyte), shoshonitic, and ultrapotassic
(leucite‐tephrite to phonolite) rocks

Pleistocene‐Present

vc—Quaternary volcanic rocks, offshore

2 Cenozoic terrigenous
sediments

qt—Quaternary deposits Clays, sandstones, conglomerates, shales Miocene‐Present

pc—Pliocene‐Quaternary Adriatic Sea deposits

pl—Foredeep Miocene siliciclastic deposits

fl—Foredeep siliciclastic deposits

3 Mesozoic carbonates ms—Meso‐Cenozoic carbonates Carbonates, dolomites, marls, shales Mesozoic‐Miocene

4 Permian‐Triassic succession pt—Continental deposits of the Permian‐Triassic basins Sandstones, conglomerates, phyllites, schists Paleozoic‐Triassic

5 Upper Crust – Phyllites, schists Paleozoic‐Triassic

6 Lower Crust – Amphibolites, gabbroes, diorites, granulites Precambrian‐Paleozoic

Note. Mapping to surface geological codes (Figure 1a), lithologies and age range are reported per unit.
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P(ρi
⃒
⃒ Li)∝ exp{−

[ρ − μρ (Li)]
2

2σ2
ρ (Li)

} (4)

where μρ(Li) and σ2
ρ (Li) are the mean and the variance of the density for the considered label, respectively, as

provided in Table 2. Meanwhile, the marginal probability distribution of the labels is described as a Markov
Random Field, resulting in a Gibbs probability distribution (Azencott, 1988):

P(L) ∝ exp{−
1
2
γ∑

N

i=1
s2i (Li) −

1
2
λ∑

N

i=1
∑
j∈Δi

q2 (Li,Lj)} (5)

The penalty functions are s2i (Li) and q2(Li,Lj). The former penalizes label differences with respect to introduced in
Section 2.3 , while the latter enforces homogeneity among labels in the neighborhood Δi of the considered voxel i,
preferring models with smooth boundary surfaces between model units. The constants γ and λ weight the
contribution of the two penalties in the posterior probability distribution. Further details about the algorithm are in
Rossi et al. (2015), Rossi (2017), and Reguzzoni et al. (2019).

Combining the prior probability and the likelihood distributions (Equations 2–5) according to Equation 1, the
posterior probability distribution is derived. Then introducing the MaximumA Posteriori principle, the solution is
obtained by minimizing the following target function:

F(ρ,L| yo) = [yo − y(x)]TC− 1
νν [yo − y(x)] +∑

N

i=1

[ρ − μρ (Li)]
2

σ2
ρ (Li)

+ γ∑
N

i=1
s2i (Li) + λ∑

N

i=1
∑
j∈Δi

q2 (Li,Lj) (6)

The minimization is performed by a simulated annealing supported by a Gibbs sampler, which are capable of
exploring complex, high‐dimensional solution spaces while respecting hard constraints on density and geometry.

To prevent this minimization procedure from converging to formally optimal but physically unrealistic solutions,
additional deterministic constraints are introduced in the optimization procedure, thus limiting the research space
of possible solutions. As for the densities, their values are limited within a range of ±3σρ given the unit, and their
spatial variability inside the same unit is controlled by setting thresholds on the allowed lateral and vertical density
variations. As for the geometries, only some configurations of labels in the voxel neighborhood are admitted, for
example, by introducing a constraint on the minimum number of voxels with the same label within the neigh-
borhood. This enforces the information provided by the function q2 (see Equation 5) to get smooth boundary
surfaces between different model units.

Table 2
A Priori Density Values per GUESS Unit, With 1σ Uncertainty

Unit Description Density (kg/m3) Reference

1 Quaternary volcanic rocks 1,801 ± 42 Pola et al. (2014)

2 Cenozoic terrigenous sediments 2,325 ± 45 Mancinelli et al. (2019)a

3 Mesozoic carbonates 2,600 ± 58 Mancinelli et al. (2019)b

4 Permian clastic units 2,550 ± 77 Mancinelli et al. (2019)c

5 Upper Crust 2,800 ± 84 Mancinelli et al. (2019)c

6 Lower Crust 2,900 ± 87 Mancinelli et al. (2019)c

aCentral value and 1σ correspond, respectively, to the mean and one third of the range from Table 1 of Mancinelli et al. (2019)
for “Holocene to upper Miocene turbiditic and continental deposits”. bAs (a) but for “Lower Miocene to Jurassic carbonatic
and marly sequences and the Triassic unit.” cNo range is reported by Mancinelli et al. (2019) for this unit, and the 1σ is set to
3% of the central value, above the 1.9%–2.2% of Units 2 and 3.
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2.3. Building a Priori Crustal Model

The 3‐D crustal model is built on a regular voxel grid of 4 × 4 × 0.1 km extending from sea level down to 50 km
depth. The model spans a 5° × 5° region, with the inversion analysis restricted to the central 3° × 3° tile to avoid
edge effects from the 1° border. The reference Digital Elevation Model combines TINITALY (Tarquini
et al., 2023) for topography and EMODnet (EMODnet Bathymetry Consortium, 2024) for bathymetry, both
resampled to 100 m. The geological map of Figure 1b classifies the GUESS unit at the surface, with contacts
vertically projected down to elevation zero for gravity stripping (Section 2.4). Inputs are summarized in Table S1
in Supporting Information S1.

Subsurface geometry is constrained by three categories of data. Stratigraphic logs from the ViDEPI database
(Assomineraria, 2025) yield 53 deep exploration wells (Figure 2) (total depth 4.0–7.8 km) within a 5° × 5° area
around Borexino. Geological formations were clustered into GUESS units; the resulting depth‐to‐contact data,
treated with no uncertainty given the reliability of borehole observations, constrain Units 1, 2, and 3.

Boundary surfaces of the deeper units (4, 5, and 6) are constrained by 38 2‐D cross‐sections (Figure 2), combining
geological interpretations (D'Ambrosio et al., 2021; Di Luzio et al., 2009; Mirabella et al., 2008, 2011; Scisciani
et al., 2014) with seismic‐interpreted profiles (Barchi et al., 1998; Feriozzi et al., 2024; Finetti, 2005; Scrocca
et al., 2007). Six SW‐NE cross‐sections from the RETRACE‐3D model (Buttinelli et al., 2021; Di Bucci
et al., 2021) refine the central area down to 8–10 km depth. The Permian‐Triassic succession (Unit 4) is set to a
thickness of 2 ± 2 km, allowing 1σ variation between 0 and 4 km consistent with documented data (Scrocca
et al., 2007).

Figure 2. Spatial distribution of the inputs used to constrain the a priori crustal model: 53 ViDEPI exploration wells (blue dots), 154 Moho depth points (purple
triangles), seismic‐interpreted cross‐sections (red), geological cross‐sections (green), and RETRACE‐3D cross‐sections (yellow). The black box outlines the study area
centered on Borexino (BX); the right panel zooms on the central tile, with the shaded Apennine‐foreland transition zone where 40% uncertainty was assigned to Upper
Crust, Lower Crust, and Moho interfaces.
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The Moho discontinuity is constrained by the gridded map of Spada et al. (2013) at 2 km spacing, with 25%
uncertainty incorporating the 15% error reported by the authors plus interpolation effects, complemented by 154
receiver‐function estimates of Moho depth (Di Luzio et al., 2009; Mele & Sandvol, 2003; Mele et al., 2006; Piana
Agostinetti & Amato, 2009; Piana Agostinetti et al., 2022) selected for individual uncertainty below 20%.

The Adria‐Tyrrhenian discontinuity is derived from the Database of Individual Seismogenic Sources (DISS
Working Group, 2025) for the Northern Apennines, merged with the leading thrust of the Apulia carbonates
(Feriozzi et al., 2024; Nicolai & Gambini, 2007) in the central and southern sectors.

A 1σ uncertainty of 20% is assigned to all 2‐D cross‐sections, raised to 40% in the Apennine‐foreland transition
zone and on the Adria‐Tyrrhenian discontinuity itself, where structural heterogeneity is largest. Admissible depth
ranges per voxel are computed by interpolating each constraint on the horizontal grid, opening 2 × 3σ intervals
around each depth.

A priori densities are assigned per GUESS unit (Table 2). Unit 1 (Quaternary volcanics) takes the value reported
for lavas and pyroclastic rocks of the Latium‐Campania provinces (Pola et al., 2014). Units 2–6 follow the last
column of Table 1 of Mancinelli et al. (2019), where literature, laboratory and well data are integrated within a
joint gravity‐magnetic framework, ensuring internal consistency across the stratigraphic sequence. The 1σ un-
certainty for Units 2 and 3 is set to one third of the Mancinelli ranges for “Holocene to upper Miocene turbiditic
and continental deposits” and “Lower Miocene to Jurassic carbonatic and marly sequences” respectively; for
Units 4 (“Metamorphic Basement”), 5 (“Basement”), and 6 (“Lower Crust”) a conservative 3% is adopted.
Subsequent literature contributions (Montone &Mariucci, 2020, 2026; Tiberti et al., 2026), characterized by unit‐
specific density determinations over a subset of stratigraphic intervals, are discussed in Section 4 for an inde-
pendent consistency assessment of the GUESS model. None of these estimates enters the prior. The sonic‐log
densities of Montone and Mariucci (2020, 2026), derived from well P‐wave velocities, serve only as valida-
tion benchmarks.

2.4. Gravity Data

The gravity observations used in the inversion were obtained by gridding some ground gravity disturbances
available for the study region (Barzaghi et al., 2007). The choice of producing a grid of data to be inverted, instead
of using directly the original sparse data, was driven by the need of minimizing the computational burden of the
forward modeling during the inversion procedure. In fact, given regular grids of voxels and observation points,
the gravity forward modeling relationship acts as an integration kernel, allowing the application of the Fourier
transform to speed up the computation. This also requires working in planar approximation and having obser-
vations at the same height.

To compute the observation grid, the collocation approach was adopted in the frame of a remove‐compute‐restore
procedure (Barzaghi et al., 2007; Sansò & Sideris, 2012). The ground observations were reduced by the effects of
the low frequencies of the gravity model and of the high frequencies mainly caused by the topographical masses.
To implement this reduction, the gravity signal generated from XGM2019e (Zingerle et al., 2020) up to spherical
harmonic degree and order 5540 was removed from the observations. This model combines gravity data (up to
degree 719) and the effect of the topographical masses. The so‐computed residual gravity disturbances δgo

res were
gridded at a constant height by means of the collocation approach as (Moritz, 1980; Sansò & Sideris, 2012):

δ̂g
grid
res = Cδggridres δgres

(Cδgresδgres + σ2
ηI)

− 1δgo
res (7)

where the covariance matrices Cδggridres δgres
and Cδgresδgres represent the stochastic behavior of the gravity signal and

were evaluated by using a homogeneous and isotropic Gaussian covariance model, while σ2
η is the observation

noise variance and I the identity matrix. The covariance model parameters together with noise variance are
estimated by interpolating the empirical covariance function of the original data (Knudsen, 1987). Finally, the

XGM2019e was restored to the δ̂g
grid
res gridded residuals thus obtaining the yo set of observations to be used in

Equation 6, as well as their error variances obtained by formal covariance propagation through Equation 7. The
grid was defined at a constant height of 3,000 m to be safely outside from the masses with the same resolution of
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the voxel model (4 × 4 km) and was extended beyond the central tile region by a border of about 1° to reduce edge
effects. The accuracy of the gridded data is in the order of few mGal standard deviation (Figure 3b).

To isolate the signal due to the mass volume under study, that is, from the 0‐elevation level down to 50 km, the
topographic, bathymetric, and deep‐mantle contributions were computed and stripped from the data. As for the
topography and bathymetry, their geometry was modeled according to the DEM presented in Section 2.3 at 100 m
horizontal resolution, while their density was modeled according to the geological model of Figure 1b by
introducing the mean density of each model unit from the Earth surface down (for topography) or up (for ba-
thymetry) to the 0‐elevation level. The gravity effect was computed with the GTE software (Capponi et al., 2018;
Sampietro et al., 2016). The deep mantle effect was assumed to be equivalent to the signal of the XGM2019e
global gravity model up to spherical harmonic degree and order of 12 (Tadiello & Braitenberg, 2021).

The gravity observation grid used as input for the inversion procedure is shown in Figure 3, together with its
accuracy.

3. Results
3.1. Gravimetric Solution

The inverse gravimetric model was estimated through minimization of the target function in Equation 6. In this
equation there are some parameters of the prior probability distribution that need to be empirically calibrated.
These are the weights λ and γ, the parameters of the penalty functions s2i (Li) and q2(Li,Lj), and the thresholds
controlling the deterministic constraints, for example, the maximum allowed lateral and vertical density varia-
tions and the minimum number of voxels with the same label within the neighborhood of each voxel. To properly
span the solution space, the impact of these parameters is studied by selecting three significant values for each
parameter and computing a gravimetric inversion for all their possible combinations. To this aim, an overall
number of about 2,200 solutions was computed. Each solution required approximately 5 hr of computation,
corresponding to about 2 days of processing when using multiple parallel jobs on a computer cluster equipped
with approximately 250 cores and 1 TB of RAM overall.

Similarly to what was presented in Reguzzoni et al. (2019), the candidate models were ranked and the best so-
lution selected. A direct evaluation of the target function values (Equation 6) would not have been meaningful

Figure 3. (a) Gridded gravity observations after stripping topography, bathymetry and deep‐mantle contributions, used as input to the Bayesian inversion. (b) Standard
deviation at each grid node, in mGal.
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because of the missing normalization. Therefore, a set of indexes was calculated for each estimated solution to
highlight and quantify relevant geological features of the models. The considered indexes are:

1. The gravity residuals over the central tile (standard deviation),
2. The volume of the voxels involved in the subduction zone,
3. The average slope of the boundary surfaces dividing the model units.

To find the best inverse gravimetric solution among the computed ones, the idea is to search for those (a) fitting
the gravity data with a standard deviation better than 6 mGal, (b) including the largest possible subduction of the
Adria plate below the Tyrrhenian one, (c) with the smoothest possible interfaces between different model units.
These criteria are driven by (a) the accuracy of the gravity grid (Figure 3b), choosing the threshold of 6 mGal as
twice the highest error standard deviation to account also for possible mismodeling in the terrain correction, (b)
the expected geometry given the geological setting of the region and the consideration that the inversion algorithm
tends to minimize the extent of the subduction, (c) the higher plausibility of smooth boundaries between
geological units rather than rough surfaces.

Once the criteria were defined, we first excluded the solutions with a too large gravity fitting, then we grouped the
remaining solutions into 12 clusters on the basis of their subduction volume; finally, for each of these clusters we
chose the solution with the smoothest boundary surfaces (according to the average slope). The indexes describing
the overall volume of the subduction and the average slope of the boundary surfaces for the selected 12 solutions
are displayed in Figure 4.

With the aim of maximizing the subduction volume according to the geological expectations, but having the
smoothest possible boundary surfaces, solutions 5, 6, and 8 result to be almost equivalent and, therefore, they are
selected among the others. Given this finding, a further set of about 1,000 solutions (hereafter referred to as the
refinement set) is computed to evaluate the impact of the input parameters that are different in the three optimal
solutions with a finer discretization step. The final estimated inverse gravity model is obtained by combining
these ∼1,000 refined solutions. For each voxel, the modal value of the labels is taken (Figures 6a, 7a, 8a, and 9a)
while the mean value of the density is computed by considering only the solutions for which the label is equal to
the chosen modal value. The final solution in terms of labels and densities led to a fit of the observed gravity field
with a residual standard deviation of about 5.7 mGal, improving the fit of the a priori geological model by a factor
10 (Figure 5).

Figure 4. (a) Adria subduction volume and (b) average slope of unit boundary surfaces for the 12 cluster representatives.
Solutions 5, 6, and 8 combine the largest subduction volume with the smoothest boundaries and were retained as effectively
equivalent for the refinement set.
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Figure 5. Gravity residuals of (a) the a priori crustal model and (b) the final estimated GUESS model. The order‐of‐magnitude reduction in residual standard deviation
(final misfit 5.7 mGal) reflects the data fusion enabled by the Bayesian inversion. Traces of cross‐sections AA' to DD' are overlaid.

Figure 6. Virtual cross‐section AA' (traced in Figure 5): (a) GUESS unit geometry, (b) voxel‐wise relative frequency of the modal label across the 1,000 refinement
inversions, quantifying geometric uncertainty. The gray lines in panel (b) highlight the boundaries between adjacent GUESS units as shown in panel (a).
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The overall mass and volume of each model unit, as well as their average density in the final solution, are
presented in Table 3. The estimation accuracies of masses and volumes are computed by evaluating the empirical
standard deviation of the 1,000 solutions of the refinement set (Table 3).

Finally, the estimation accuracy of the geometry is computed voxel‐wise, by evaluating the relative frequency of
each label for each voxel. Since the most frequent labels are the ones constituting the final model, the corre-
sponding relative frequencies for each voxel are presented in Figures 6b, 7b, 8b, and 9b.

3.2. Geoneutrino Signals

The geoneutrino signal at the Borexino location is computed by integrating the contribution of every voxel within
the GUESS volume, weighted by the U or Th abundance, the rock density, the Inverse Beta Decay (IBD) cross‐
section, the three‐flavor electron antineutrino survival probability and the 1/r2 geometric flux dilution (Bellini
et al., 2021; Fiorentini et al., 2007):

S(X, r⃗) = Np · T · ενe
· η ·∫ dEν · σ(Eν) · Sp (X,Eν) ·∫ d3rʹ · Pee (∣r − rʹ ∣,Eν) ·

a(X, rʹ) · ρ(rʹ)
4π∣r − rʹ ∣2

(8)

Figure 7. Virtual cross‐section BB' (traced in Figure 5): (a) GUESS unit geometry, (b) voxel‐wise relative frequency of the modal label across the 1,000 refinement
inversions, quantifying geometric uncertainty. The gray lines in panel (b) highlight the boundaries between adjacent GUESS units as shown in panel (a).

Table 3
Per‐Unit Volume, Mass, Average Density, and Unitary Geoneutrino Signals G(U) and G(Th) of the GUESS Model

Unit Description Volume (103 km3) Volume (%) Mass (1015 kg) Mass (%) Average density (kg/m3) G(U) (TNU) G(Th) (TNU)

1 Quaternary volcanics 1.2 0.05 2.2 0.03 1,801 7.22 × 10− 4 4.89 × 10− 5

2 Cenozoic terrigenous sediments 55.8 ± 1.4 2.3 130.2 ± 3.3 1.9 2,332 ± 83 0.17 ± 0.01 0.012 ± 0.001

3 Mesozoic carbonates 585.1 ± 3.9 23.8 1,533.8 ± 10.5 22.6 2,621 ± 25 2.93 ± 0.02 0.201 ± 0.001

4 Permian clastic units 285.1 ± 4.9 11.6 724.0 ± 12.6 10.7 2,539 ± 62 0.49 ± 0.02 0.034 ± 0.001

5 Upper Crust 795.7 ± 8.2 32.3 2,244.7 ± 23.4 33.1 2,821 ± 41 1.36 ± 0.02 0.095 ± 0.001

6 Lower Crust 737.0 ± 15.3 30.0 2,150.2 ± 45.4 31.7 2,918 ± 86 1.20 ± 0.03 0.086 ± 0.001

Note. Volume and mass uncertainties are the empirical standard deviation across the 1,000 refinement inversions; density uncertainty is propagated assuming statistical
independence. G(U) and G(Th) are computed for unitary abundances (aU = aTh = 1 μg/g) and act as scaling factors: the actual geoneutrino signal of each unit is
recovered by multiplying G by the realistic U and Th content. Reported uncertainties on G quantify the structural (geometry‐and‐density) contribution only.
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where the integral runs over the GUESS volume.

The IBD cross‐section follows the formulation of Strumia and Vissani (2003), which includes radiative cor-
rections and threshold effects relevant at geoneutrino energies. The electron antineutrino survival probability uses
the three‐flavor vacuum formalism of Capozzi et al. (2014, Equation 37) with the latest oscillation parameters
(sin2θ12, sin

2θ13, δm
2, Δm2) from the Particle Data Group (Navas et al., 2024; Particle Data Group, 2025).

Geoneutrino signals are expressed in Terrestrial Neutrino Units (TNU): one TNU corresponds to one IBD event
per year in a detector with 1032 free protons under perfect efficiency.

Figure 8. Virtual cross‐section CC' (traced in Figure 5): (a) GUESS unit geometry, (b) voxel‐wise relative frequency of the modal label across the 1,000 refinement
inversions, quantifying geometric uncertainty. The gray lines in panel (b) highlight the boundaries between adjacent GUESS units as shown in panel (a).

Figure 9. Virtual cross‐section DD' (traced in Figure 5): (a) GUESS unit geometry, (b) voxel‐wise relative frequency of the modal label across the 1,000 refinement
inversions, quantifying geometric uncertainty. The gray lines in panel (b) highlight the boundaries between adjacent GUESS units as shown in panel (a).
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For the flux integration, the GUESS voxel grid is locally refined to 0.1 × 0.1 × 0.1 km. Each refined voxel inherits
the GUESS unit label and the corresponding posterior density and is assigned unitary U and Th abundances
(aU = 1 μg/g and aTh = 1 μg/g). The integral over the volume of each unit yields G(U) and G(Th) per unit
(Table 3), expressed in TNU per μg/g of crustal abundance. These unitary signals are scaling factors: the actual
geoneutrino signal of each unit is recovered by multiplying G(U) and G(Th) by the realistic U and Th abundances
of that unit. This separation isolates the geophysical contribution to the predicted signal from the geochemical
(i.e., U and Th) variability, which is treated separately and is the subject of follow‐up work.

The structural uncertainty on the predicted signal is propagated by repeating the calculation over each of the 1,000
refinement inversions of Section 3.1, building the distribution of G(U) and G(Th) per unit. The reported un-
certainty (Table 3) is the standard deviation of this distribution and quantifies only the geometry‐and‐density
contribution; the residual geochemical uncertainty associated with U and Th abundances is not included and
represents the dominant remaining error budget for the absolute crustal signal.

4. Discussion
The interpretation of Borexino geoneutrino measurements requires a local crustal model whose precision matches
the experimental uncertainty. GUESS replaces the deterministic reference of Coltorti et al. (2011) with a prob-
abilistic 3‐D model in which every GUESS unit carries a quantified mass‐and‐volume uncertainty derived from
the gravity inversion. The Bayesian integration of multi‐source data, including teleseismic receiver functions,
deep wells, seismic reflection cross‐sections, satellite gravity and high‐resolution topography, treats the local
crustal contribution as a posterior distribution rather than a single value, enabling a more reliable separation of the
mantle component in the multi‐site geoneutrino analysis.

The 2,200 candidate inversions used during calibration sample the prior space densely enough that the selected
solution is unlikely to be a local minimum of the target function. The final gravity misfit of 5.7 mGal is consistent
with the observation accuracy and improves the a priori model fit by an order of magnitude, confirming that the
Bayesian fusion of geophysical constraints captures the dominant features of the subsurface mass distribution.
The 1,000 refinement inversions further provide a first‐order estimate of the structural variability and ensure that
the inferred geometry is not an artifact of a particular parameter choice.

The crystalline crust (Units 5 and 6) accounts for 62.3% of the total volume and 64.8% of the total mass, with the
largest absolute uncertainties on the LC (2.1% relative on both volume and mass) reflecting the limited direct
seismic constraint at depth and the geodynamic complexity of the Adria subduction. The Mesozoic carbonates
(Unit 3) form a well‐constrained reservoir with 23.8% volume fraction and 0.7% relative uncertainty, consistent
with the structural homogeneity of the Apennine carbonate platform. The Quaternary volcanics (Unit 1)
contribute only 0.03% of the total mass but are tracked separately because their high U and Th content makes them
disproportionately important for the geoneutrino signal.

Comparing GUESS with Coltorti et al. (2011) on the common 2° × 2° central tile (Figure 10) reveals a substantial
internal redistribution of mass with nearly invariant totals: total volume and mass differ by 0.06% and 0.01%
respectively. Unit 2 (Cenozoic terrigenous) decreases to about 65% of its volume and mass, while Unit 4
(Permian‐Triassic) grows by approximately a factor of four in both. The combined contribution of Units 5 and 6 is
essentially unchanged, indicating that the redistribution is between Unit 2 and Unit 4 with the underlying UC
acting as a buffer. The methodological cause is direct: Coltorti et al. (2011) prescribed a uniform 700 m thickness
for the Permian‐Triassic succession, while GUESS introduces a 2 ± 2 km a priori thickness (Section 2.3) that is
then refined by the Bayesian inversion under the gravity constraint. The redistribution has direct consequences on
the spatial attribution of radiogenic sources and therefore on the predicted crustal geoneutrino signal.

Density variability across units mirrors the underlying geological heterogeneity (Table 3). Unit 2 shows the
largest relative dispersion (3.6%, 2,332± 83 kg/m3), in agreement with the broad range of grain size, porosity and
compaction expected for Cenozoic terrigenous successions. Unit 3 is markedly more stable (1.0%,
2,621 ± 25 kg/m3) reflecting the lithological continuity of the Mesozoic carbonate domain, and Unit 4 shows an
intermediate variability (2.4%, 2,539 ± 62 kg/m3) consistent with its mixed composition.

Posterior densities are validated against three independent data sets through a normalized deviation Z (the ratio
between central‐value differences and quadrature‐combined uncertainties). Unit‐aggregated densities from Figure
7b ofMontone andMariucci (2020) yield |Z|< 2 forUnits 2, 3, and 4. Figure 3 estimates of Tiberti et al. (2026) yield
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|Z| < 2 for Units 2 and 3 (the only units the comparison covers). Sampling the GUESS posterior at the 18 well
locations of Montone and Mariucci (2026) and aggregating per unit yields mean values of 2,329 ± 18 kg/m3 for
Unit 2 and 2,629 ± 28 kg/m3 for Unit 3, against sonic‐log compilations of 2,375 ± 72 and 2,669 ± 87 kg/m3. The
corresponding average relative misfits are 1.9% and 1.5%, again with |Z|< 2. The agreement on three independent
benchmarks confirms that the Bayesian inversion drives the model toward in situ‐consistent densities despite the
use of generalized literature priors. Per‐unit benchmark ranges are visualized in Figure 11. Detailed Z‐score for-
mulas and per‐well comparison results are reported in Text S2 in Supporting Information S1.

Figure 10. Relative distribution of GUESS units in the present model and in the Coltorti et al. (2011, C11) reference, as (a) percentage of total volume and (b) total mass
over the common 2° × 2° tile. Unit 1 is omitted (0.03% volume, 0.02% mass in GUESS within the 2° × 2° tile, absent in C11).

Figure 11. Independent density benchmarks for GUESS Units 2, 3, and 4. Squares: per‐unit values from Figure 7b of Montone and Mariucci (2020). Triangles: values
from Figure 3 of Tiberti et al. (2026). Horizontal bands: GUESS posterior mean ±1σ per unit.
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The GUESS framework follows the methodological precedents established for JUNO (Reguzzoni et al., 2019)
and KamLAND (Takeuchi et al., 2019), confirming that probabilistic gravimetric inversion is now the standard
tool for geoneutrino crustal modeling. Within the GUESS uncertainty budget, the structural‐and‐density
contribution to the predicted signal is constrained to 1%–3% for the major units, an order of magnitude below
the 20%–50% uncertainty typical of geochemical U and Th abundances. This shifts the dominant source of error in
the absolute crustal geoneutrino prediction from crustal geometry to U and Th content, redirecting the next
research priority toward the spatial distribution of HPEs.

Three limitations should be stated explicitly. The 4 km horizontal resolution is appropriate for regional gravity
inversion but cannot resolve fine‐scale structural details, which may affect mass estimates in marginal areas. In
geodynamically complex sectors such as the Adria‐Tyrrhenian transition zone, where direct seismic constraints
are sparse, the Bayesian inversion retains a residual uncertainty on the lithological labels. The clustering of
sedimentary units into broad geochemical categories (Units 2 and 3) ignores localized U and Th variations within
each unit; the propagated density uncertainty is wide enough to cover the lithological range, but absolute U and Th
estimates per unit will require dedicated geochemical sampling. For the crystalline crust, lithology‐specific data
such as those measured in the Adria‐derived lower crust of the Ivrea‐Verbano Zone (Lemke et al., 2026) could
replace unit‐average U and Th abundances in the next generation of the model.

5. Conclusions
The GUESS model establishes a new high‐resolution 3‐D reference for the Borexino local geoneutrino signal,
substantially expanding the geophysical inputs of the previous reference of Coltorti et al. (2011). The Bayesian
gravimetric inversion of multi‐source data, including satellite gravity, high‐resolution topography, deep wells,
seismic profiles and receiver‐function Moho constraints, achieves a gravity fit of 5.7 mGal that improves the a
priori model by an order of magnitude. The voxel‐wise output assigns density and lithological labels through
Gibbs sampling with simulated annealing, propagating geometry and density uncertainties to a 1%–3% structural
contribution to the predicted geoneutrino signal for the major units.

Posterior densities are statistically consistent with independent sonic‐log compilations at 18 well locations and
with regional 2‐D density models, validating the probabilistic refinement against in situ data. The internal mass
redistribution with respect to the previous reference, mass‐conservative on the totals but substantial on individual
units, propagates directly to the spatial attribution of radiogenic sources.
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