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ABSTRACT

Stream sediments integrate the geochemical and mineralogical signals of entire drainage basins, reflecting both
bedrock lithology and anthropogenic inputs. This study applies knowledge-driven Sequential Binary Partitions
(SBPs) of isometric log-ratio (ilr)-transformed data to unravel relationships among geochemistry, mineralogy,
and mass-specific magnetic susceptibility (y), with an approach tested on a representative river basin (i.e.,
Ombrone Grossetano River Basin, Southern Tuscany, Italy), lithologically diverse and impacted by past mining
activities. The method aims to improve the understanding of natural and anthropogenic influences on sediment
composition. Geochemical data (X-ray fluorescence) were transformed through ilr-balances, whereas mineral-
ogical compositions (X-ray diffraction), lithological information, and y measurements were used to support the
interpretation of sediment sources. Strong correlations between ilr-balances and mineral phases confirm that the
geochemical signals reliably reflect sediment mineralogy and the basin's lithological variability. Comparisons
between y and ilr-balances detect localized anthropogenic inputs, notably Fe-enrichments linked to historical
mining in a specific sub-basin (Farma-Merse). The combined use of compositional data analysis, mineralogical
constraints and magnetic susceptibility provides a transferable framework to investigate sediment provenance
and anthropogenic legacy in complex river systems. Beyond the case study, the results highlight the importance
of considering whole-composition geochemical relationships to correctly interpret element distributions in
fluvial sediments.

1. Introduction

to potential misinterpretations if isolated elemental abundances are
considered (Griffioen et al., 2025). Therefore, it becomes crucial to study

Stream sediments result from diverse contributions of an entire
drainage basin, giving information on the lithological composition of the
bedrock, mineralization and eventual contamination within the catch-
ment (Halami¢ et al., 2001; Reimann and Melezhik, 2001; Xie et al.,
2010; Wang et al., 2022). The mineralogy and geochemistry of sedi-
ment samples are closely linked; however chemical elements may be
distributed among various minerals, both major and accessory, leading

not only the chemical composition of stream sediments, but to consider
their mineralogical composition as well.

Geochemical datasets from stream sediments are compositional data,
as their parts are positive and constrained to a constant sum (Aitchison,
1986) and pertain to a sample space called simplex (Pawlowsky-Glahn
and Egozcue, 2001). To move out of the simplex and to be able to
analyse data using classical statistical techniques, data need to be

* Corresponding author. University of Florence, Department of Earth Sciences, Via G. La Pira 4, 50121, Firenze, Italy.

E-mail address: francesca.giannettil @unifi.it (F. Giannetti).

https://doi.org/10.1016/j.apgeochem.2026.106921

Received 19 February 2026; Received in revised form 28 April 2026; Accepted 3 June 2026

Available online 3 June 2026

0883-2927/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0009-0008-7068-4133
https://orcid.org/0009-0008-7068-4133
https://orcid.org/0000-0001-8384-8696
https://orcid.org/0000-0001-8384-8696
https://orcid.org/0000-0002-7013-7542
https://orcid.org/0000-0002-7013-7542
https://orcid.org/0000-0002-5412-3167
https://orcid.org/0000-0002-5412-3167
https://orcid.org/0000-0002-8705-7979
https://orcid.org/0000-0002-8705-7979
https://orcid.org/0000-0002-5724-9216
https://orcid.org/0000-0002-5724-9216
https://orcid.org/0000-0002-1249-6563
https://orcid.org/0000-0002-1249-6563
https://orcid.org/0000-0003-3497-8165
https://orcid.org/0000-0003-3497-8165
mailto:francesca.giannetti1@unifi.it
www.sciencedirect.com/science/journal/08832927
https://www.elsevier.com/locate/apgeochem
https://doi.org/10.1016/j.apgeochem.2026.106921
https://doi.org/10.1016/j.apgeochem.2026.106921
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Giannetti et al.

transformed (Egozcue et al., 2003; Pawlowsky-Glahn et al., 2015).

An isometric log-ratio (ilr) transformation (Egozcue et al., 2003)
with balances derived from a Sequential Binary Partition (SBP; Egozcue
and Pawlowsky-Glahn, 2005) enables a holistic view of the geochemical
landscape of stream sediments. Recent applications in environmental
and exploration geochemistry show that knowledge- or data-driven SBPs
yield balances that sharpen anomaly patterns and improve interpret-
ability in stream surveys (Liu et al., 2020; Gozzi et al., 2024;Gozzi,
2025).

As major element ratios are strongly constrained by mineral stoi-
chiometry, ilr-balances bridge bulk chemistry to mineralogy. Conse-
quently, the combination of ilr and mineralogy assesses the influence of
the basin lithology.

In this study, we apply a CoDA (Compositional Data Analysis)-based
approach by building knowledge-driven SBPs of ilr-transformed data of
stream sediment compositions and combine it with the distribution and
morphology of ferrimagnetic minerals (e.g., magnetite). These minerals
control mass specific magnetic susceptibility (y), which serves as an
independent physical proxy evaluating possible anthropogenic contri-
butions (e.g. Scholger, 1998; Schmidt et al., 2005; Famera et al., 2018).

Three main objectives are addressed: (i) to chemically characterize
sediments of a geologically heterogenous river basin and identify the
dominant compositional patterns; (ii) to link these patterns to mineral-
ogical phases, thereby linking geochemistry and mineralogy, and (iii) to
evaluate the potential of y as a complementary proxy for both litho-
logical variability and anthropogenic influence. This approach assesses
the extent to which SBPs balances can be used to unify geochemical,
mineralogical and physical proxies into a single interpretive framework.
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The study area is given by the Ombrone Grossetano River Basin
(OGRB), in Southern Tuscany (Italy), characterized by lithologically
diverse domains. The OGRB is also an important metallogenic province
where a wide variety of metal resources have been exploited for almost
three millennia (Dini, 2003). To the west of the OGRB, the pyrite and
Cu-Pb-Zn-(Ag) ores of the Colline Metallifere district have been
exploited up until the 1990s, when the last pyrite mine (Campiano) was
shut down (Dini, 2003). To the east, the Monte Amiata region was
exploited for over a century as one of the major mercury producers in the
world due to its cinnabar-rich ore deposits, with associated pyrite and
marcasite (Dini, 2003). The OGRB is located between these two districts,
possibly being impacted by both and by the related anthropogenic ac-
tivities (i.e., mining activities). Indeed, the basin, particularly the
Farma-Merse sub-basin, shows the evidence of past mining activities,
with abandoned mining sites and mine wastes that may still influence
sediment geochemistry and, subsequently, the entire river ecosystem.
However, the wide range of lithologies also contributes naturally to
metal concentrations, making the OGRB a suitable case study for dis-
entangling natural geochemical backgrounds from anthropogenic in-
puts. Today, agriculture dominates the region and represents its primary
land use (Diodato et al., 2023).

2. Materials and methods
2.1. The Ombrone grossetano river basin

2.1.1. Hydrographic setting, climate and land use of the river basin
The Ombrone grossetano (hereafter indicated as Ombrone River) is
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Fig. 1. Map of the Ombrone River Basin showing the defined sub-basins and the locations of the stream sediment sampling points. OM = Ombrone River; OR = Orcia
River; MEL = Melacce Creek; TR = Trasubbie Creek; GR = Gretano Creek; ME = Merse River; FA = Farma Creek; FE = Feccia Creek; AR = Arbia River. Samples have
been named based on the first two letters of the name of the watershed (except for Melacce, where three letters were used to avoid confusion with the Merse samples),
with an increasing Arabic number going from the spring to the mouth of the waterways (e.g., ME1 = upstream, ME5 = downstream).
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the main river of the OGRB, which spans an area of 3494 km? in
Southern Tuscany, Italy (Fig. 1). The main river originates in the
Apennines and flows for approximately 161 km before reaching the
Tyrrhenian Sea. It is the second-longest river in Tuscany; however, due
to the high erodibility of the lithologies underlying its course, the
Ombrone River exhibits the highest suspended sediment load
(Frangipane and Paris, 1994; Diodato et al., 2023).

The Ombrone River receives six major tributaries (Fig. 1). On its
hydraulic right, it is fed by (i) the Arbia River (63.5 km), originating in
the Monti del Chianti and joining the main river in Buonconvento
(Siena), (ii) the Merse River (71 km), draining the Colline Metallifere
and receiving the Farma and Feccia creeks before flowing into the
Ombrone River near Mulino di Pari (Cavalieri, 2001), and (iii) the
Gretano Creek (25 km), flowing from Roccastrada to Paganico. On its
hydraulic left, it receives (i) the Orcia River, which represents the largest
tributary (50 km), draining the northern side of Monte Amiata and
entering the Ombrone at Monte Antico (Grosseto), and the (ii) Melacce
and (iii) Trasubbie creeks, that flow for 16 and 28 km before joining the
Ombrone River at Campagnatico and Arcille, respectively.

Out of these, the Merse (and its tributary Farma) and Orcia rivers are
of extreme importance. The former drains an area affected by mining
activities that took place since the 16th century AD at least (Benvenuti
et al., 1997). The latter drains an area that is relatively devoid of
anthropogenic pressures, except for the presence of part of the Hg mines
pertaining to the Monte Amiata complex (Dini, 2003); however, in
recent years this area has been affected by dredges and high-rate
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draining for intensive crops (Cavalieri, 2001).

According to the Koppen classification (Koppen, 1931), the OGRB is
characterized by a hot-summer Mediterranean (Csa) climate, charac-
terized by hot, dry summers and cool, wet winters, with annual pre-
cipitation ranging from 600 to 1100 mm (Beck et al., 2018; Villani et al.,
2024). The most internal part of the basin displays greater precipitation
and shorter summers (Diodato et al., 2023).

Land use and coverage of the OGRB include forest (39%), herbaceous
annual crops (46.9%), permanent pastures (4.3%), vineyards and olive
groves (respectively, 3.8% and 1.9%) and 4.1% covered with artificial
surfaces, shrubland and bare land (Villani et al., 2024).

2.1.2. Geological and lithological characteristics of the basin

The OGRB lies in Southern Tuscany, on the southernmost edge of the
Northern Apennines, a late Cretaceous (Upper Cretaceous-Upper
Oligocene; e.g., Martini and Sagri, 1993; Carmignani et al., 1994)
collisional belt. The crustal extension that began during the Upper
Miocene (Carmignani et al., 1994; Bonciani et al., 2005; Brogi et al.,
2005) resulted in the continental lithosphere thinning and develop-
ment of horst and graben structures, with continental and marine sedi-
ments filling the basins (Martini and Sagri, 1993; Brogi and Liotta, 2008;
Cornamusini et al., 2011). Both mantle-derived volcanism (from
Miocene to Pleistocene; Conticelli et al., 2010 and reference therein) and
crustal-derived igneous intrusions and volcanism (Miocene — Pliocene; e.
g., Dini et al., 2005, 2008; Marroni et al., 2015 and reference therein)
characterized this extensional phase.
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Fig. 2. Simplified lithological map of the Ombrone River Basin. Main lithologies have been inferred from Regione Toscana (2022b). Sandstones (SND): Sandstones,
turbiditic sandstones, siliciclastic turbidites. Shales (SHL): Clay, silty and marly clays, shales, marls, calcilutites, siltstones. Carbonates (CARB): Limestone, dolomitic
limestone and dolomite, flysch, marly limestone. Alluvial deposits (ALL): Sands, pebbles, muds, travertines and continental limestones. Metamorphic rocks (MET):
Metamorphic limestones, dolomitic metacarbonates, quartzites, phyllites, quartzose metaconglomerates. Ultramafic rocks (OPHI): Ophiolitic breccias, serpentinized
peridotites. Volcanic rocks (VOLC): Volcanic rocks, pyroclastic rocks. MTR = Middle Tuscan Ridge. Location of mining site and mineral resources from the DB_RIMI

(Regione Toscana, 2012) is also reported.
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Within this geodynamic framework, the OGRB overlies four Tuscan
basins (the Siena — Radicofani graben to the northeast, the Radicondoli —
Chiusdino graben to the west, the Baccinello — Cinigiano and Velona
graben on the southeastern side; Martini and Sagri, 1993; Pandeli,
2008), and is bordered to the eastern and northern sides by the Monti
del Chianti - Monte Cetona Ridge and Monte Amiata, and by the Colline
Metallifere to the west (Fig. 2). The Middle Tuscan Ridge (MTR) borders
these structural basins and it is characterized by the presence of the
metamorphic units of the Tuscan Sequence (Finetti et al., 2001, 2005
and references therein).

The area overlies tectonic units belonging to the Ligurian, Sub-
Ligurian, and Tuscan domains (Carmignani et al., 1994, 2004; Finetti
et al.,, 2001, 2005; Marroni et al., 2015), including ophiolitic, sedi-
mentary, and metamorphic rocks. Taking into consideration the goals of
this work, the main lithologies of the area pertaining to these domains
have been summarized in Fig. 2 as follows: OPHI represents ophiolitic
lithologies from the Internal Ligurian Domain, whereas the meta-
morphic rocks of the Tuscan Metamorphic Complex are referred to as
MET. Calcareous-argillaceous and arenaceous sedimentary sequences
from the Ligurian, Sub-Ligurian and Tuscan Domain are grouped in
CARB, SHL and SND depending on the dominant component (i.e.,
respectively, carbonates, shales or sandstones). The upper
Miocene-Quaternary magmatic bodies will be referred to as VOLC.

As shown in Fig. 2, SHL represents the predominant lithotype across
the entire OGRB, particularly in the eastern sector, where it dominates
the Orcia, Melacce, and Trasubbie sub-basins, as well as most of the
Ombrone River's course. Moving southward toward the river's mouth,
SND becomes increasingly dominant, especially downstream of the
Trasubbie confluence. SND also occurs in the northern part of the basin,
affecting the spring of both the main river and the Arbia tributary. On
the western side, CARB lithotypes are common, particularly in the spring
areas of the Arbia, Feccia, Farma and Merse watersheds. The Farma-
Merse and Gretano sub-basins are instead characterized by MET and
OPHI. VOLC are scattered throughout the basin but are prominent in the
Gretano and Orcia (Monte Amiata) sub-basins.

2.1.3. Ore mineralization within the OGRB

The OGRB is located between various mineral belts (Fig. 2 and S1 in
Supplementary Figures): the north-western side of the basin hosts a
“Cu-Pb-Zn(-Ag) Zone”, whereas the south-eastern side is bordered by
the Hg metallogenic belt of Monte Amiata (Orcia sub-basin). The “Sb-Au
Zone” district lies within the basin centre, and the “Pyrite Zone” borders
the south-western side of the basin (Dini, 2003 and references therein).
The river basin hosts various ores (locations are displayed in Fig. 2),
whose exploitation began during the Etruscan period (Cipriani and
Tanelli, 1983) and continued through the 19th century. Nowadays,
extraction is limited to ornamental stones, building materials and a few
industrial minerals (Dini, 2003; Regione Toscana, 2022a). Pyrite was the
most extensively exploited resource, particularly in the Farma-Merse
sub-basin, yielding ca. 100 Mt of ore until the closure of the Campiano
Mine in the 1990s (Dini, 2003). This sub-basin also hosts Cu-Zn volca-
nogenic massive sulfides, Carlin-type Au and Sb deposits associated with
the Calcare Cavernoso and geothermal systems of the Middle Tuscan
Ridge (Dini et al., 2024). On the other side, the Orcia sub-basin hosts a
small portion of the supergiant Monte Amiata Hg district, which as a
whole accounted for 10% of Hg world production prior to the closure of
the mines (Dini, 2003; Dini, 2017). However, stream sediment surveys
in the Orcia and Ombrone rivers indicate that Hg and As concentrations
rarely exceed Italian environmental quality standards, with anomalous
values restricted to the immediate vicinity of former mine sites
(Chiarantini et al., 2016). At present, the input of these elements into the
watershed does not pose an immediate environmental threat to the
broader basin. However, minor occurrences of Cu, Pb, Fe, Mn, and Sb are
widespread throughout the basin (Dini, 2003). Despite the end of ma-
jority of mining activities, their environmental impact persists, as
abandoned waste rock dumps, flotation tailings, and acid mine drainage
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have locally impacted water quality, particularly in the Farma-Merse
sub-basin (Benvenuti et al., 1997; ARPAT, 2014, 2017; Monaci et al.,
2021).

2.2. Methods

2.2.1. Sampling strategy and analytical methods

A total of 33 sediment samples of the Ombrone river and its major
tributaries was collected during the spring 2023 (Figs. 1 and 2). Despite
the relatively limited number of samples compared to the extent of the
study area (ca. 3500 km?), the adopted sampling strategy was designed
to capture the main lithological contrasts within the basin, with a higher
sampling density in the more heterogeneous western sector of the OGRB.
Due to the homogeneity of the lithologies and the virtual absence of
anthropic pressures, the Trasubbie and Melacce sub-basins have only
been sampled in one point toward the mouth of the waterways.

The sediments were dried at 40 °C in a ventilated oven; then, two
different aliquots were separated, one sieved at 180 pm (aliquot “A”)
and one at 2 mm (aliquot “B”). With reference to the Wentworth (1922)
grain size classification, the <2 mm fraction encompasses coarse to fine
sand (63-2000 pm), silt (4-63 pm) and clay (<4 pm), whereas the
<180 pm fraction includes fine to very fine sand (63-180 pm), silt
(4-63 pm) and clay (<4 pm). Although a full granulometric analysis was
not performed in the present study, this latter fraction is expected to be
dominated by silt- and clay-sized particles.

The <180 pm fraction (aliquot A) was selected due to the preferential
distribution of trace elements in finer sediments (e.g., Wilber and
Hunter, 1979), which are a major sink of metals (e.g., Frankowski
et al,, 2008). The <180 pm (or <80 mesh) fraction is furthermore
widely adopted in sediment geochemical studies, with application in
several regional surveys (e.g., Dinelli et al., 2005; Gray et al., 2014;
Chiarantini et al., 2016). Frankowski et al. (2008) further showed that
heavy metal enrichment is significant not only in the <63 pm fraction
but also in the 63-100 pm range, reinforcing the appropriateness of the
<180 pm cut-off when dry-sieving methods are employed, as was the
case in the present study.

Although Italian legislation does not provide specific guidelines for
sediment analysis, the D. Lgs 152/06 references to concentration of el-
ements and compounds in soils sieved at 2 mm (aliquot B), hence the
selection of this grain size.

Samples were then milled and homogenized for 20-40 min using an
agate planetary ball-mill (Fritsch Pulverisette 5), to obtain the powder
used for all analyses described hereon. Both aliquots have been sub-
jected to the same analyses.

The determination of Loss on Ignition (LOI) was performed by
gravimetric method: powders were dried overnight at 105 °C, and then
3 g were subjected to calcination at 1050 °C for 2 h. Major, minor (SiO,
Al,03, CaO, K30, Nay0, Fe;03, MnO, MgO, TiO,, P20s) and trace ele-
ments (V, Ga, Rb, Cu, Zn, Sr, Zr, Ba) were analysed using a PANalytical
Axios XRF Spectrometer on beads made with Li;B4O7. XRF calibration
was performed using GeoPT standards from the International Associa-
tion of Geoanalysts, covering the necessary wide range of concentrations
(Webb et al., 2022). Both LOI and XRF measures were carried out at the
Montanuniversitat Leoben laboratories, Chair of Geology and Economic
Geology.

Mass specific magnetic susceptibility (y) has been tested as an indi-
cator for heavy metal contamination of river sediments (Scholger,
1998), adding useful information to the chemical analysis at low cost
and in a short time. The bulk y was measured at the Paleomagnetic
Laboratory of the Chair of Applied Geophysics of the Montanuniversitat
Leoben in Gams (Frohnleiten, Austria) with an error <1% by means of a
Multifunction Kappabridge (Agico MFK1-FA) with a field strength of
200 A/m and a frequency of 976 Hz. For each sample, about 10 g of
powdered sediment were weighted and filled in plastic cylinders of
10 cm® for the measurements. Magnetic particles from selected
non-powdered samples were retrieved using a hand magnet; these were



F. Giannetti et al.

later observed with a digital microscope to gather information on their
morphologies. Raman spectra of these high y samples were collected
with a Horiba Labram HR Evolution, supplied with a 100 mW Nd:Yag
(532 nm) laser, a confocal microscope (100x objective with a 0.80
numerical aperture and a confocal hole aperture of 100 pm) and a
1800 g/mm grating; a Peltier cooled CCD detector was used to collect
Raman spectra. The wavenumbers were calibrated using the Rayleigh
scattering line (O cm™ ) and a silicon wafer standard (520.7 cm ™).
Mineral identification was carried out based on diagnostic Raman bands
and comparison with reference spectra from the RHX database.
Magnetite was identified based on its characteristic peak at ~670 cm ™!,
whereas serpentine was recognized through its typical band at
~690 cm ™. These peak positions are consistent with those reported in
literature (e.g., Shebanova and Lazor, 2003; Auzende et al., 2004), and
the spectra match the ones from the RHX database, therefore these peaks
and their relative intensity patterns were used as the criteria for con-
firming mineral identification. Spectra can be found in Supplementary
Figures (Fig. S2).

Qualitative and semi-quantitative mineralogical composition was
determined via X-ray powder diffraction (XRPD) at the Centro di Servizi
di Cristallografia Strutturale (CRIST) of the University of Florence. Data
collection was performed using an Anton Paar XRDynamic 500
diffractometer with a Co Ka radiation (1.7902 f\). The measured 20 in-
terval ranges from 3 to 90° with a step size of 0.02° and an exposure time
of 30 s. The sample holder was kept spinning during the measurements
in order to reduce preferred orientation effects. Phase identification was
conducted using DIFFRAC. EVA (Bruker) and the Crystallography Open
Database (Vaitkus et al., 2023). Semi-quantitative analysis was per-
formed using TOPAS (Coelho, 2018).

2.2.2. Watersheds delineation

To map the influencing upstream area of the samples, watersheds
were defined for each sampling point using ArcGIS Pro software (Esri,
2025a). Each sediment sampling point defines the pour point (outlet)
of its corresponding contributing area.

The watersheds were delineated from the 10 m resolution Hydro-
graphic Digital Terrain Model (HDTM) provided by the Tuscany Region
(Directorate of Urban Planning and Housing Policies - Department of
Territorial and Environmental Information Systems; Regione Toscana,
2021), optimized for use in hydrological models. The Hydrology and
Spatial Analyst tools in ArcGIS were applied to first fill any depressions in
the HDTM and then calculate the flow direction and accumulation. This
sequence of steps allowed for the accurate determination of the
contributing area for each watershed (Fig. S3 in Supplementary Fig-
ures). To estimate the extent of the areas covered by the different
outcropping lithologies (Fig. 2) for each watershed, the Tabulate Area
tool was applied (Esri, 2025b).

2.2.3. Compositional data analysis (CoDA)

The understanding of geochemical data requires the use of compo-
sitional data analysis (CoDA) methods (e.g., Kirkwood et al., 2016; Gozzi
et al., 2018, 2024). Compositional data represent the D parts of a whole
and are constrained to a constant sum, therefore they are not free to have
arbitrary values as there's the need to maintain the total sum (Aitchison,
1982, 1986). This kind of data is described by components that acquire
information only when considered in relation to a reference (Egozcue
et al., 2024), which is represented by the other components (parts)
within the composition.

Moreover, compositional data pertain to a sample space called sim-
plex (Pawlowsky-Glahn and Egozcue, 2001). The geometry of the sim-
plex differs from Euclidean geometry. Since standard statistical tools are
typically developed for the latter, it is necessary to apply specific
transformations that move compositional data from the simplex to an
unlimited space. These include the additive log-ratio (alr), the centred
log-ratio (clr) and isometric log-ratio (ilr) transformations (Aitchison,
1986; Egozcue et al, 2003). The isometric log-ratio (ilr)
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transformation, as formulated by Egozcue et al. (2003), converts com-
positions into orthonormal coordinates in Euclidean space. Transformed
data can then be analysed with the same tools as standard data (Egozcue
et al., 2003).

To simplify the data analysis by using ilr coordinates, Egozcue and
Pawlowsky-Glahn (2005) introduced the Sequential Binary Partition
(SBP), which defines specialized ilr-transformed variables (i.e., bal-
ances) based on knowledge. Compositional data get divided in two
groups, one standing as a numerator and one as the denominator of a
log-ratio; then, both groups get, respectively, divided in two sub-groups,
until all groups contain only one log-ratio with two parts. This
sub-division can also be performed through data-driven methods such as
hierarchical cluster analysis (e.g., Liu et al., 2018; Gozzi et al., 2024).
This study adopted a knowledge-driven approach, grounded in the
characteristics of the basin as described in Sec. 4, to better constrain the
relationship between the data and the basin's features. All compositional
data analyses were performed using the freeware CoDaPack (v. 2.03.01;
Thio-Henestrosa and Martin-Fernandez, 2005).

It is noteworthy that mineralogical data obtained from XRD analysis
are also compositional data, as the relative abundances of mineral
phases within each sample are constrained to sum to a constant (100%),
and are therefore subjected to the same closure problem as geochemical
data (Aitchison, 1986). However, mineralogical abundances are
semi-quantitative data, and in this work they are used to evaluate
whether the ilr-balances derived from geochemical data correlate with
specific mineral phases. For this purpose, each mineral phase was
expressed as the natural logarithm of the ratio of that phase to the sum of
all other detected mineral phases [In (mineral/Y other minerals)],
allocating the data outside of the simplex and making them suitable for
standard correlation analysis (Spearman's p), necessary for the method
validation (see Sec. 4.2).

3. Results
3.1. Classic exploratory analysis

3.1.1. Grain size of stream sediment samples

As presented in Sec. 2.2.1, for each of the thirty-three stream sedi-
ment sampling points (fifteen for the main river Ombrone and eighteen
for the major tributaries) two different aliquots were separated, a fine
one sieved at 180 pm (aliquot “A”) and a coarse one sieved at 2 mm
(aliquot “B™).

Considering the ratio between the two grain fractions, the sediment
grain-size distribution in the OGRB (Table S1 Supplementary) varies
along the river course. The ratio between the fraction <180 pm over the
<2 mm one (%) ranges from as low as 2% (GR1) to as high as 82%
(OM1). In all considered waterways there is no marked increase in the
fine fraction going from spring to mouth, with the only exception of
Arbia River. Among the tributaries, Gretano, Merse, Farma, Feccia,
Melacce and Trasubbie display a higher proportion of coarse particles
(>180 pm). On the contrary, the majority of the Arbia and Orcia samples
have a higher proportion of the fine fraction (<180 pm). Considering the
Ombrone River, more than half of samples display an A/B ratio of at
least 50%, and the sediments that are the most enriched in the fine
fraction lie upon the central part of the river basin. Indeed, a marked
increase in the proportion of fine particles (<180 pm) in the Ombrone
samples is evident at the confluence with the Arbia and Orcia rivers.

3.1.2. Mineralogical composition and mass specific magnetic susceptibility
(62)

Results for XRD on A and B-fractions of the OGRB stream sediments
are presented through a Quartz — Calcite — Phyllosilicates ternary plot
(Fig. 3a), combined with a lithological sketch map to highlight the
mineralogical composition (Fig. 3b; Supplementary Table S1).

Across the basin, there are no major differences between the fine (A)
and coarse (B) fractions (Fig. 3a and b). Quartz is the dominant phase in
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both the Ombrone samples and its major tributaries (except for OR1B)
and it ranges from 25 to 89%. Its content reaches up to 89% in coarse
fractions from the Gretano basin and remains high (>60%) in many
Ombrone samples. There is a general decreasing trend in quartz contents
from spring to mouth along the main river. Plagioclase, which represents
a generally minor component (<10%) compared to quartz, behaves
similarly.

Micas are the second most abundant phase in most samples (ranging
from 7 to 43%): their concentration increases downstream and it is
slightly higher in aliquots of the fine fraction (A), reaching values as
high as 43% (Farma Creek). Mica-rich samples derive especially from
tributaries such as Melacce, Feccia, Farma, Merse and downstream the
Ombrone River.

Calcite content varies significantly across the basin from traces
(<3%) to its maximum values in samples such as OR1B (40%, where it
represents the most abundant phase), FE1B (31%), AR1B (30.2%) and
MEL1B (26%). Calcite represents the second most abundant phase in
samples from Feccia, Arbia and all the tributaries on the hydraulic left (i.
e., Orcia, Melacce and Trasubbie).

Samples enriched in calcite were retrieved in areas where the main
outcropping lithologies are represented by CARB, SHL and SND (Fig. 3a
and b). Sediments from the spring of Merse and Farma are the only
exception, as they lie on CARB but are almost devoid of calcite (ME1
only contains minor amounts of dolomite, near or below 3%;
Supplementary Table S1) and heavily enriched in phyllosilicates. Sam-
ples lying on MET (FA2, GR1 and GR2) are depleted in calcite and
enriched in quartz (Fig. 3a and b).

Chlorite-group minerals are consistently present across the dataset,
displaying similar concentrations (6-12%) regardless of the sampling
area, except for Feccia (FE), Gretano (GR) and a sample from Arbia
(AR1B) where these minerals display low concentrations (<3%) or are
not detected. The highest abundances are observed at the confluence
between Farma and Merse (ME4B = 18%). Their presence is often
coupled with increased mica content.

Dolomite is rare but present in significant amounts (>3%) in samples
from Farma, Feccia, Merse and Orcia waterways where it ranges from
4% to 12%.

The results of y measurements (Supplementary Table S1 and Fig. S4
in Supplementary Figures) range from 6.74 x 108 m%/kg to
197 x 1078 m3®/kg. The two analysed grain-size fractions are slightly
different: the coarser fraction (<2 mm) shows a broader distribution,
with a higher maximum value (197 x 10~8 m®/kg), as well as a greater
density of samples toward higher y values compared to the finer fraction
(<180 pm), suggesting that magnetic minerals are preferentially
concentrated in the coarser grains (>180 pm).

Considering both grain sizes, the highest y values were measured in
the samples retrieved from the Merse-Farma and Gretano sub-basins
(Fig. 4). The Ombrone samples retrieved after the confluence with the
Merse sub-basin (from OM4 onwards) are all higher in y compared to
those sampled before the confluence, showing a persistent influence of
the magnetic minerals coming from this sub-basin.

Ferrimagnetic particles extracted from relatively high y
(>80 x 10~® m3/kg) samples show morphologies compatible with a
natural origin (Fig. S2 Supplementary Figures). Raman spectra collected
on these particles identify magnetite and serpentine, as detailed in Sec.
2.2.1. No magnetite has been detected by XRD, consistent with the
generally low y measurements.

3.1.3. Stream sediments chemical composition

The results obtained from the XRF analysis are displayed in
Supplementary Table S1. Major elements are expressed in wt.% whereas
trace elements are in ppm. The median values for each sub-basin are
reported in Table 1.

Median element concentrations from the two grain sizes (Fig. 5) are
similar (Supplementary Table S1 and Table 1). However, Al3O3, P2Os,
TiOs, Zr, V and Rb are slightly enriched in the fine fraction; in particular,
TiO4 and Zr display the widest difference in the median concentration
between the two grain sizes.



F. Giannetti et al.

650|000

Applied Geochemistry 206 (2026) 106921

750[000

T 7 OoUTm
\ WA _
i=#Poggibonsi
»
//
Cg\lle, di Val d'Elsa
= “S.\_Monteriggio
\ .
1
o /
8 AN
S {
2 U
Pomarance
G So
\
1 J
Castelnuovo di
Vél/di Cecina
%
{
J4
& 5/
Massa Maritti
= o Wil
=T\
Gavorrano
L \;f—ﬁ\\\\
o X\
(=]
S
2
¥
620m
e T Magliano in
Toscana
0 5 10 20 Km )

Lithotypes

Sandstones (SND)
) Shales (SHL)
/ \ 7 Carbonates (CARB)
oMo (i Alluvial deposits (ALL)
\ Metamorphic rocks (MET)
Ophiolitic sequences
- (OpPHI) s
R I Volcanic rocks (VOLC)

EA ¥ in 108 (m3/kq)
| @ 6.74-16.8
{ @ 16.8-218
@ 218-426
@ 42.6-197

&% Mining sites

4800000

OA
OB

C
1
Montepulci\ano \
\ \
NY
Chianciano Terme/\

|
4750000

<

{ ~~_640m
N s ) }Bolsgna—
st Intermap, NASA, NGA, USASEN FomiTom, Garmin, FAC, METI/NASA,

< v UsGs

5

(4
=
3
°
I
S

Manciano <

I
650000

T 1
700000 750000

Fig. 4. Map depicting the values of Mass Specific Magnetic Susceptibility (y in 1078 m®/kg) for both grain sizes; the larger symbols correspond to the B-aliquot
(<2 mm), whilst the smaller symbols correspond to the A-aliquot (<180 pm). The location of mining sites from the DB_RIMI (Regione Toscana, 2012) is also

highlighted.

Overall, the median Al,O3 of the OGRB is similar to that of the
FOREGS geochemical baselines for European sediments (Salminen et al.,
2005). The OGRB sediments are significantly enriched in CaO, Fe;O3
MgO, MnO, Cu and Sr and less enriched in Rb, V, Zn and Ga with respect
to the reference median composition. On the contrary, the OGRB sedi-
ments show a slight depletion in SiO5, K50, Nag0O, TiOo, P5Os, Ba and Zr
compared to FOREGS baselines.

The comparison of the stream sediment composition among different
sub-basins with that of the entire OGRB, regardless of the samples’ grain
size (Table 1), highlights some peculiar local geochemical features
(Fig. 6): Arbia samples are the most enriched in NasO (1.14 wt%), P2Os5
(0.16 wt%) and Ba (389 ppm) compared to sediments from the other
sub-basins; Farma-Merse samples are characterized by the highest Fe,O3
(6.06 wt%), Cu (54 ppm) and Zn (109 ppm) contents of all considered
tributary basins; Orcia sediments are the most depleted in SiO5 (46.6 wt
%) and the most enriched in CaO and Sr (15.0 wt% and 338 ppm,
respectively); Gretano samples are the most enriched in SiO; (78.9 wt%)
and K0 (2.15 wt%), whilst being the most depleted in CaO (1.76 wt%).
CaO and Sr contents are also high in the Melacce samples (14.3 wt% and

316 ppm, respectively) with respect to sediments from the other sub-
basins, whereas the highest Al;O3 contents are shown by the Tra-
subbie samples (12.0 wt%).

A ternary plot based on the three most abundant oxides in the
investigated samples (their sum accounts for more than 50 wt% of the
total composition) has been produced; the results in RGB colours are
used to display samples on a lithological sketch map (Fig. 6).

Samples collected from SHL, SND and CARB lithological domains
display a relatively high CaO concentration, with some exceptions rep-
resented by samples FA1 and ME1 that show instead a peculiar enrich-
ment in AlyOs. This is in accordance with the mineralogical
composition: these latter samples are characterized by high contents of
phyllosilicates, whereas all the others do present relatively high calcite
concentrations. Samples collected from MET sequences are enriched in
SiOy, in agreement with the high quartz contents, with the only excep-
tion of sample GR2 that displays a relatively high CaO content.

3.1.4. Lithological composition of the catchments
The lithological composition of the catchment areas (Table 2)
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Median values for the different sub-basins and for the whole basin (OGRB); *Median of the baseline values from European stream sediments are reported as reference;
data do not take LOI into account (FOREGS; Salminen et al., 2005).

Median Arbia Farma-Merse Orcia Ombrone Gretano Melacce Trasubbie OGRB FOREGS*
n. of values 4 18 6 30 4 2 2 66
SiO, (wt.%) 53.2 55.4 46.6 61.1 78.9 52.7 58.1 56.9 61.3
TiO2 (wt.%) 0.47 0.56 0.51 0.48 0.41 0.38 0.49 0.49 0.63
Al,03 (Wt.%) 10.1 10.6 11.1 10.6 8.49 9.49 12.0 10.53 10.3
Fe03 (Wt.%) 3.86 6.06 5.23 4.39 3.29 4.98 5.16 4.87 3.57
MnO (wt.%) 0.13 0.17 0.14 0.11 0.07 0.18 0.15 0.12 0.08
MgO (wt.%) 1.12 1.69 1.96 1.63 0.37 1.44 1.62 1.61 1.2
CaO (wt.%) 12.8 9.08 15.0 9.24 1.76 14.3 9.34 9.43 2.33
Nap0 (wt.%) 1.14 0.47 0.67 1.12 0.65 0.67 1.03 0.83 0.9
K20 (wt.%) 1.63 1.94 1.66 1.84 2.15 1.60 2.01 1.85 2.01
P05 (wt.%) 0.16 0.10 0.13 0.11 0.07 0.09 0.09 0.11 0.14
LOI (wt.%) 14.9 11.8 16.0 11.2 4.01 14.5 10.6 11.28 -
V (ppm) 73 80 85 70 52 62 82 73 62
Cu (ppm) 48 54 29 27 12 26 32 29 17
Zn (ppm) 75 109 85 73 41 80 84 80 71
Ga (ppm) 12 14 15 14 14 12 16 14 12
Rb (ppm) 74 81 70 76 110 65 81 79 70
Sr (ppm) 278 239 338 235 78 316 208 241 126
Zr (ppm) 161 119 113 146 155 87 104 128 391
Ba (ppm) 389 298 255 299 242 253 304 290 386
Sediment aliquot
14+
% A (<180pm)
I [ Ie2mm)
12+

In(values in ppm)
-
-
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Fig. 5. Boxplots of the major and minor elements in the Ombrone basin (In of values in ppm), showing the differences between the <180 pm (A) and <2 mm (B)
aliquots. Median baseline values of these elements in European stream sediments (FOREGS; Salminen et al., 2005) are given as a reference (black stars).

associated with each sampling point was quantified as percentages of
major lithological units as defined in Sec. 2.2.2 and Fig. 2.

Samples show a wide variability in catchment lithology, ranging
from almost mono-lithological basins, such as Melacce (MEL1 = 78%
SHL) or the spring of the Ombrone River (OMO = 74% SND), to more
heterogeneous ones with various contributions from multiple lithologies
(e.g., OM4, OM10, OM14).

All calculated watersheds are primarily lying upon SHL, except for
samples OMO and AR1 where SND and CARB represent the major li-
thology, respectively, and Gretano samples that are majorly affected by
ALL.

CARB affect primarily the Arbia and the spring of Ombrone, Feccia,
Farma, Merse and Orcia. SND are present within the OM0, OM1, OM13
and OM14 watersheds, as well as TR1; in all other sampling points it

represents less than 10% of the lithologies of the delineated watersheds.
OPHI are present only in the western part of the basin, affecting pri-
marily the Gretano, Farma and Merse waterways; these, together with
the Orcia River, contain VOLC lithologies as well.

ALL contents show a marked variability too, covering more than 70%
of the waterway of sample GR1 and only 2% in samples FA1l, or not
being present within the FE1 watershed.

4. Discussion

Stream sediments result from the physical-chemical weathering and
erosion processes of the upstream lithologies and inputs related to
human activities (e.g., mining). Their composition is therefore the result
of natural and anthropogenic sources (Najafian et al., 2023 and
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Table 2
Percentages of lithotypes affecting the delineated watershed of each sampling
point.

SAMPLE  SHL CARB SND VOLC OPHI MET ALL
(%) (%) (%) (%) (%) (%) (%)

AR1 4 93 1 - - - 2
AR2 39 20 9 - 1 - 32
FAl 66 32 - - - - 2
FA2 52 5 - 4 1 29 10
FE1 45 55 - - - - -
FE2 56 14 - 1 - 1 29
ME1 50 22 1 - - 5 23
ME2 41 21 2 - - 11 24
ME3 48 17 1 1 - 6 28
ME4 36 16 1 1 3 17 28
MES 39 14 2 2 19 25
GR1 3 3 - 5 - 20 70
GR2 4 2 - 10 - 27 57
MEL1 78 2 7 - - - 13
OMO - 15 74 - - - 11
OM1 46 2 12 - - - 40
OoM2 41 15 10 - 1 - 34
OM3 46 12 9 1 1 - 33
OM4 43 13 6 1 1 8 30
OM5 43 12 7 1 1 7 30
OoM6 49 9 8 2 1 5 28
OoM7 49 9 8 2 1 5 27
OoM8 47 8 7 2 1 7 29
OoM9 47 8 7 2 1 7 29
OM10 47 8 7 2 1 7 30
OM11 48 8 7 2 1 6 29
OM12 48 8 8 2 1 6 28
OM13 47 7 11 2 1 6 28
OM14 46 7 11 2 1 6 28
OR1 36 32 - - - - 32
OR2 62 4 3 1 - 31
OR3 59 4 9 3 1 - 25
TR1 60 6 21 - - - 13

references therein). In this framework, this work focuses on how and to
what extent the bedrock drained by the watersheds of the OGRB controls
the chemical composition, mineralogy and magnetic susceptibility (y) of
stream sediments, and whether anthropogenic influence can be identi-
fied and assessed by these proxies. As analysis have been conducted on
two different grain sizes (Sec. 2.2.1), Sec. 4.1 assesses the differences
between the two aliquots, whereas the subsequent sections (4.2 to 4.5)
focus on the building of an holistic approach in the identification of the
main drivers of the OGRB stream sediments composition. Indeed, Sec.
4.2 is dedicated to the building and method validation of the ilr-balance
framework through geochemical-mineralogical correlations, Sec. 4.3 to
the interpretation of the natural lithological controls on sediment
composition and Sec. 4.4 to the identification of anthropogenic signals
related to historical.

4.1. Grain size effect analysis

Stream sediments were analysed in two aliquots sieved at <180 pm
(A) and <2 mm (B), respectively (see Sec. 2.2.1). The spatial distribution
of the A aliquot is largely controlled by basin lithology and morphology.
Taking into consideration the A/B percentages (i.e., % of <180 pm;
Fig. S5 in Supplementary Figures), finer sediments are predominantly
concentrated in the central sector of the OGRB, where SHL lithologies
dominate (Fig. 2) and the morphology is relatively flat compared to the
basin edges.

To quantify the differences between analysis carried out on the two
different grain sizes (Table 3), the median values of both aliquot A and B
have been computed for all the considered elements and mineralogical
phases, and the differences have been assessed as the relative difference
between A and B medians [(mediany - mediang)/mediang*100];
therefore, positive results imply an enrichment in the considered
component in the A aliquot, whereas negative values indicate the
enrichment of the element or mineralogical phase in the B aliquot.

Geochemical comparison of the two aliquots reveals systematic
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Table 3
Median values of geochemical and mineralogical parameters for the <180 pm
(A) and <2 mm (B) aliquots, and their relative difference

[=(median, — mediang)/mediang x 100]. Positive values indicate enrichment
in the A aliquot; negative values indicate enrichment in the B aliquot.

A B Relative difference between
medians (%)
7 (x1078 m®/kg) 20.9 26.1 -19.9
LOI (wt.%) 11.5 11.0 4.68
SiO, (wt.%) 56.5 57.3 -1.35
TiO, (wt.%) 0.55 0.45 22.0
Al,03 (Wt.%) 10.9 10.1 7.51
Fe,03 (Wt.%) 4.87 4.87 —0.06
MnO (wt.%) 0.12 0.12 0.82
CaO (wt.%) 9.46 9.41 0.52
NayO (wt.%) 0.87 0.80 8.74
K20 (wt.%) 1.89 1.79 5.62
P,05 (Wt.%) 0.11 0.10 8.99
MgO (wt.%) 1.65 1.56 5.96
V (ppm) 75.9 67.9 11.7
Cu (ppm) 30.7 27.6 11.1
Zn (ppm) 83.6 76.7 8.94
Ga (ppm) 14.3 13.4 6.54
Rb (ppm) 83.4 76.4 9.15
Sr (ppm) 243 236 2.64
Zr (ppm) 150 111 34.6
Ba (ppm) 304 285 6.53
Micas (%) 17 13 31
Quartz % 57 59 -3
Calcite (%) 13 13 —4
Chlorite group minerals 9 9 -
(%)
Plagioclase (%) 5 6 -17

enrichment in the <180 pm fraction for several elements (Table 3). The
largest relative differences between median values are observed for Zr
(+34.6%), TiO5 (+22.0%), Cu (+11.1%), V (+11.7%), whereas all other
elements show a relative difference of medians below 10%. The strong
enrichment of Zr in the A aliquot likely reflects its preferential concen-
tration in heavy accessory phases reporting to the fine fraction. Cu (and
Zn) is an element linked to mining activity in the OGRB (Sec. 2.1.3), and
it is systematically higher in the A aliquot, consistent with the affinity of
these metals for fine particles (e.g., Franceschelli et al., 1986).

Mineralogical differences between the two fractions are consistent
with the geochemical patterns. The <180 pm aliquot shows a relative
enrichment in micas of 30.8% compared to the B aliquot, whereas the
latter is slightly enriched in quartz (+3.4%), which act as dilutants of the
trace element signal in the coarser fraction.

Mass specific magnetic susceptibility median values are higher in the
B aliquot (26.1 x 1078 m®/kg) compared to the A aliquot (20.9 x
1078 m3/kg). Raman spectroscopy of ferrimagnetic particles from high-y
samples (e.g., Fig. S2 in Supplementary Figures) identifies both
magnetite and serpentine. The serpentine group minerals were not
detected by XRD due to their concentration being below the detection
limit. The higher y in the B aliquot is therefore likely linked to the
presence of coarse serpentine grains with magnetite inclusions, which
are preferentially retained in the <2 mm fraction.

Overall, most elements show differences below 10% (except for TiO,,
Cu, V and Zr; see Table 3), indicating that the geochemical character-
istics identified in this study are independent of the grain size fraction
considered. The selection of two grain size fractions thus represents a
complementary and analytically justified approach: the <2 mm fraction
captures the bulk lithological signal of the basin, whilst the <180 pm
fraction likely enhances the detection of anthropogenic inputs, as seen
by the enrichment of Zn and Cu in the A aliquot. Retaining both in the
analysis provides a more robust and complete characterization of the
factors dominating sediment geochemistry in the OGRB.
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4.2. Knowledge driven SBP of ilr-transformed geochemical data: building
and method validation

Disentangling natural and anthropogenic inputs to the stream sedi-
ment composition requires a holistic approach. The method described in
this section does not focus on singular elements but rather favours the
use of a cluster of elements, which allows to combine information,
leading to a more robust interpretation of the results. Elemental con-
centrations from stream sediment geochemical data, which are compo-
sitional, were clustered using the SBP applied to ilr-transformed data
(Supplementary Table S1 and Fig. S6 in Supplementary Figures, for a
summarized version see Table 4). These ilr-balances were selected using
knowledge-driven criteria based on the lithologies of the area and the
minerals that characterize those lithologies. Oxides were converted to
elements.

The main lithologies outcropping within the OGRB can be summa-
rized in five groups (excluding ALL, that are not lithologically charac-
terized, and OPHI, which represent only a minor component): SND, SHL,
CARB, MET and VOLC (Fig. 2). The building of the ilr-balances pre-
sented in Table 4 is based on the association of the various elements that
primarily represent the main lithologies, also taking into consideration
their mineralogical composition. This section focuses on the ilr-balances
relevant for interpreting the stream sediment composition from the
OGRB, rather than discussing all possible balances. The selected bal-
ances provide a solid framework for grouping elements according to
lithological sources and characteristics of the basin (i.e., the mine
exploitation) and for distinguishing natural versus anthropogenic con-
tributions to the sedimentary load of the basin.

Ir.1 is built with Ca and Sr at the numerator whereas all other
considered elements are at the denominator (contributing to 74.5% of
the variance of data), to assess the contribution of carbonate-rich li-
thologies (both CARB and SHL) to the samples. IIr.3 (Si, Al, Na, K, Ba,
Ga, Rb, Zr || Fe, V, Mn, Ti, Mg, P; accounting for 24.6% of data vari-
ability) divides elements linked to silicate minerals from element asso-
ciated to Fe- and Mn-oxides, together with Mg and P, considering the
high Fe content of the stream sediments analysed in this study compared
to European baseline values (see Sec. 3.1.3). Mg was not included in the
“carbonate component” of ilr.1 due to its almost ubiquitous presence in
a variety of lithotypes (e.g., OPHI).

Sandstones and shales can be chemically distinguished on the loga-
rithm of the SiO,/Al;03 contents, as seen with the SandClass system for
the geochemical classification of terrigenous sands and shales proposed
by Herron (1988), leading to the building of ilr.4 (Si, Zr || Al, Na, K, Ba,
Ga, Rb; accounting for 8.11% of data variability). IIr.4 infers also the

Table 4

Ilr transformations with their mean, median and variance (%). The symbol ||
separates elements at the numerator from those at the denominator of the log-
ratio.

IIr  Compositional parts within each balance =~ Mean Median  Variance
(%)
1 Ca, Sr || Si, Ti, Al Fe, Mn, Na, K, P, Mg, 0.90 1.04 74.5
Ba, Ga, Rv, V, Zr
2 Ca || Sr 3.95 3.98 5.4
3 Si, Al, Na, K, Ba, Ga, Rb, Zr || Fe, V, Mn, -0.07 —0.16 24.6
Ti, Mg, P
4 Si, Zr || Al, Na, K, Ba, Ga, Rb 2.09 2.08 8.11
5  Si||zr 5.36 5.35 7.3
6 Na ||K, Al, Ba, Ga, Rb 1.88 1.88 27.6
7 K, Ba, Rb || Al, Ga -0.23 -0.26 3.0
8 K,Rb || Ba 1.07 1.08 6.3
9  K||Rb 3.73 3.74 0.4
10 Al||Ga 5.86 5.86 0.6
11 Ti, Mn, V, Fe || Mg, P -0.30 —0.30 7.5
12 Fe, Mn, V || Ti -0.70 -0.73 4.7
13 Fe, V|| Mn 0.42 0.42 6.1
14  Fel|lV 4.34 4.31 1.8
15 Mg ||P 2.14 2.12 12.6
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influence of quartz and zircon rich lithologies, such as VOLC and MET (e.
g., Rhyolitic lava flows outcropping in the Gretano sub-basin and Ver-
rucano group; Annovi et al., 1980; Peccerillo, 2017 and references
therein; Regione Toscana, 2022b), whereas the denominator includes
those elements that can be ascribed to Al-rich minerals, such as feldspars
and clay minerals. lIr.6 (Na ||K, Al, Ba, Ga, Rb; 27.58% of data
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variability) and ilr.7 (K, Ba, Rb || Al, Ga; 3.00% of data variability) link,
and possibly distinguish, the presence of feldspars and/or clay minerals,
respectively. Ilr.12 (Fe, Mn, V || Ti, accounting to 4.68% of data vari-
ability) considers elements that are present in Fe- and Mn-oxides (e.g.,
Nesse, 1987) to infer a possible distinction in the contribution of mag-
netic susceptibility of samples; ilr.13 (Fe, V || Mn, contributing to 6.05%
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Fig. 7. Comparison between ilr and the log-ratios of the main mineralogical phases found in the OGRB. CAL = calcite; QZ = quartz; MC = mica; PLG = plagioclase;
CGM = chlorite group minerals; DOL = dolomite. a) ilr.1 vs. In(CAL/MC + QZ + CMG + PLG + DOL); b) ilr.3 vs. In(QZ/MC + CAL + CGM + PLG + DOL); c) ilr.4 vs.
In(QZ/MC + CAL + CGM + PLG + DOL); d) ilr.13 vs. In(CAL/MC + QZ + CMG + PLG + DOL); e) ilr.6 vs. In(PLG/MC + QZ + CAL + CMG + DOL); f) ilr.6 vs. In(MC/
QZ + CAL + CMG + PLG + DOL). Samples where the mineral at the numerator is below detection limit of <3% are highlighted with dashed circles. Key control
samples ME1, FA1, GR1 and OM4 have been highlighted with a “+” within their symbol and their label has been added when necessary. The label methodology and

position of samples can be inferred in Fig. 1.
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of data variability) is then built to take into consideration the presence of
Mn-rich carbonates in the Verrucano group (MET in Fig. 2; Annovi et al.,
1980).

To evaluate and validate the interpretative power of these ilr-
balances, they are compared to the mineralogical composition,
thereby linking geochemical signals to the main minerals in the
collected stream sediments from their distributions in binary diagrams
(Fig. 7). For the visualization of mineralogical data, an arbitrary content
of 1% has been attributed to “minor” amounts (<3%) and 0.01% when
the mineral content was below the detection limit (Supplementary
Table S1). Considering that the mineralogical data are compositional
data as well, each mineral phase is expressed as the natural logarithm of
the ratio of a given mineral phase to all the other mineral phases present
within the OGRB stream sediments (Sec. 2.2.3). Such log-ratios estimate
the relative abundance of each mineral phase in the appropriate sample
space; for example, a sample dominated by a single phase (e.g. quartz)
would return a ratio >1, and thus a positive log-ratio, whereas the
opposite is true for mineral phases making up <50% of the mineral
assemblage (Fig. 7). The relationship between the ilrs and the mineral
abundances has been analysed using the non-parametric Spearman
correlation coefficients (p) and the associated significance level (p).

IIr.1 is linearly positive corelated to the relative calcite abundance
(Fig. 7a; p = 0.96, p < 0.001), with the only exception of samples
(highlighted with a dashed circle) where this mineral is absent (hence
estimated at 0.01 %). In the case of ME1, FA1 and GR1, samples do not
show detectable plagioclase or dolomite, hence their ilr.1 values are
below 0. Therefore, Ca and Sr contents in the OGRB samples are
attributed primarily to the carbonate component of the lithologies
present.

Both ilr.3 (p = 0.67, p < 0.001) and ilr.4 (p = 0.69, p < 0.001)
positively correlate to the relative quartz abundance (Fig. 7b and c). In
the first case, a shift toward more negative ilr.3 is attributed to the
presence of Fe-rich minerals and/or Mn-bearing calcite (e.g., carbonates
in the Verrucano group; Annovi et al., 1980) affecting samples in the
Farma-Merse sub-basin, as suggested by the slightly negative correlation
between ilr.13 and the calcite contents (Fig. 7d; p = —0.56; p < 0.001).
The correlation between Mn and calcite affects more than the sole areas
where the Verrucano groups is present (Farma-Merse and Gretano
sub-basins), as the samples from the Ombrone and Orcia Rivers follow
the same trend. Plagioclase and micas influence the correlation between
ilr.4 and the relative quartz abundance, producing negative shifts from
the trend, as elements linked to these mineralogical phases are at the
denominator. Positive shifts are attributed to the presence of zircon,
which is a common accessory phase of the Verrucano Group (Annovi
et al., 1980).

A positive correlation is present between ilr.6 and relative plagio-
clase contents (Fig. 7e; p = 0.83; p < 0.001) in most samples. Samples
from Farma and Merse display an increase in ilr.6 going from spring to
mouth (i.e., from samples FA1 and ME1 to, respectively, FA2 and ME2),
despite the absence of plagioclase. This increase might be attributed to
lithologies of their catchments where the watersheds pass over the
Verrucano metasediments (MET in Fig. 2) bearing Na-bearing micas
(paragonite, Franceschelli et al., 1986; Giorgetti et al., 1998). However,
ilr.6 vs relative mica abundances (Fig. 7f; p = —0.58, p < 0.001) contents
highlights a negative corelation, meaning that the Farma and Merse
sediments only show an increase in Na-bearing micas but not in the total
mica content. The influence of Na-bearing micas can be inferred only
from these samples, as going downstream the relative abundance of
plagioclase strongly influences the relation to ilr.6.

These comparisons confirm that the selected ilr-balances capture
meaningful mineralogical signals across the basin, reflecting carbonates,
quartz, feldspars, clays, and accessory phases. Building on this valida-
tion, the ilr-balances can now be used to disentangle the natural (i.e.,
lithological) controls on sediment composition, which are first
addressed in the following section, before evaluating potential anthro-
pogenic inputs.
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4.3. Natural signal analysis

To assess and further investigate the influence of bedrock lithologies
to the chemistry and mineralogical composition of samples, ilr-balances
were cross-plotted (Fig. 8), with the support of data retrieved from the
watershed map and their lithological composition (Table 2); only the
significant relations are discussed hereafter.

The comparison of ilr.1 and ilr.3 (Fig. 8a) highlights the strong in-
fluence of the local outcropping lithologies. Samples rich in calcite or
quartz are discriminated, matching the spatially associated rock types.
Specifically, the calcite-rich samples were collected from areas domi-
nated by carbonate-rich lithologies (CARB and SHL see Fig. 2). In
contrast, the quartz-rich samples were collected on quartzites, phyllites,
and quartzose metaconglomerates (SND, VOLC (GR1), and MET). The
majority of the samples plots along the mixing line between the calcite-
rich and quartz-rich end-members, evidencing the dominant role of
these two lithologies in controlling the chemical composition; it is
interesting to note that the samples from the tributaries constitute the
end-members, whereas the samples from the Ombrone River plot in the
middle, acting as a homogenizing basin. A shift toward the left lower
corner is attributed to the Mg and Fe enrichment that characterized
some samples of the Farma-Merse sub-basin in relation to the contri-
bution from OPHI (e.g., ME4; see Table 2 for the lithological composi-
tion and Supplementary Table S1 for mineralogical composition), as
confirmed by the high y values of samples lying in this area (i.e., FA1,
ME1) that are related to the presence of Fe-bearing phases. Samples ME1
and ME4 are located in the proximity of mining sites (Fig. 4), suggesting
that the mineralizations, as well as anthropogenic sources, influence
their composition. These possible anthropogenic contributions will be
better explored in Sec. 4.4.

A better constrain on the lithologies that influence the sedimentary
load of the various sub-basins can be inferred by the comparison of ilr.6
and ilr.3 (Fig. 8b), which shows a clear distinction among the Ombrone,
Orcia, Farma-Merse and Gretano sub-basins.

As seen in Sec. 4.2, there is a positive correlation between relative
quartz contents and ilr.3 (Fig. 7b) and between relative plagioclase
concentrations and ilr.6 (Figs. 7e and 8b). Taking into consideration the
samples’ location (Fig. 2) and the lithological composition of the wa-
tersheds (Table 2), we can further differentiate the influence of the main
lithologies. The mixing trend affecting most of the samples is defined by
two end-members: i) stream sediments from the Orcia and Farma-Merse
sub-basins, and ii) samples from the Arbia (AR2) and the upper
Ombrone River (OM0, OM1, OM2) (Fig. 8b). The former group is mainly
affected by both CARB and SHL (see Table 2), whereas SND percentages
are always below 5% (only exception is OR3 with 9%, but here SHL are
more than 58%, therefore weighting more in the composition). The
latter group is characterized by a decrease in the SND percentage
downstream (74%, 12 % and 10% respectively for OMO, OM1 and OM2,
and 9% for sample AR2).

Overall, sediment samples are discriminated by the ratio between
SND and SHL + CARB, increasing from sample FE2B (belonging to the
first group defined above) to the samples close to the spring of the
Ombrone River (OMO, OM1, OM2) and AR2 (belonging to the second
group). Therefore, ilr.3 vs. ilr.6 describes the influence and the pro-
portions between these three lithologies in the majority of the sediment
samples. The Gretano samples represent an outlier, as their watersheds
are almost completely devoid of SHL or CARB (<5%) and their
composition is mainly affected by VOLC and MET lithologies compared
to the rest of the samples. Therefore, these samples point toward the
MET + VOLC end-member for the OGRB samples. Samples ME4B, ME1
and FA1 lie outside from this trend: ME4B lies on ophiolitic sequences
(OPHI) and is extremely enriched in Mg (and Fe) compared to all other
samples (6.86 wt% and 6.27 wt%, respectively), which could explain the
negative ilr.3 shift. Samples ME1 and FA1l are characterized by the
highest Fe contents that have been highlighted for the whole Farma-
Merse sample group (both ca. 8 wt%), but these are also the samples
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The label methodology and position of samples can be inferred in Fig. 1.

with the highest Al;03 contents (respectively, ca. 14 wt% and ca. 17 wt
% in both aliquot A and B), reflecting the significant presence of phyl-
losilicates, which might have caused the negative ilr.6 shift. Sample FA2
is also influenced by the presence of MET within its watershed, hence its
presence in the proximity of the Gretano samples. When considering
ilr.3 vs. ilr.6, it is interesting to note that the Orcia, Farma-Merse and
Gretano tributaries display distinctive compositions, that allow for the
discrimination of their samples based on their chemistry. The Ombrone
River sediments appear to be mainly affected by the presence of SND,
with a composition that is variously influenced by the tributaries;
indeed, the SHL-CARB contribution progressively increases downstream
the main waterway, in relation to their relative abundance to the total
outcropping lithologies.

IIr.4 and ilr.6 (Fig. 8c) were used to better infer the silicate fraction
starting from ilr.3 vs. ilr6. A shift of samples towards the lower left
corner of the plot is influenced by their mica contents, due to the pres-
ence of Al in the denominator of both ilr.4 and ilr.6. Indeed, this corner
is populated by samples containing more than 20% of mica (e.g., FA1,
ME1). Considering that clay minerals are enriched in Al, K, Rb and Ba,
their presence contributes to lower the values of both ilr.4 and ilr.6.
Therefore, the lower left corner of Fig. 8c may also reflect the presence of
clay minerals. Supporting this, samples FA1 and ME1 exhibit significant
amounts of chlorite group minerals (ca. 10 %). The upper right corner is
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influenced by the presence of both plagioclase (increase in ilr.6) and
quartz (increase in ilr.4). The majority of the OGRB stream sediments
are a mixture of clay-minerals and plagioclase + quartz, with the
exception of those where the silicate component is ascribed almost
exclusively to quartz (i.e., Gretano samples and FA2). Even in this case,
it is clear that the Farma-Merse and Gretano sub-basins insist on
different lithologies compared to those that characterize the Orcia and
Ombrone sub-basins. Furthermore, the A-aliquots (<180 pm) of GR1,
GR2, and FA2 display high Zr contents (400, 220, and 960 ppm,
respectively), likely reflecting the presence of zircon, producing a de-
viation from the general trend. The Ombrone River sediments are
characterized by the highest plagioclase and quartz contents, whereas
samples lying upon MET and VOLC lithologies are mainly influenced by
the presence of quartz and zircon. The Orcia and Farma-Merse sedi-
ments’ composition seems to be the most affected by the presence of
micas, consistent with the mineralogical features of the bedrock lithol-
ogies characterizing their watersheds.

Conclusively, the comparison of ilrs confirms that the lithological
proportions strongly control sediment chemistry, whereas localized
anomalies indicate anthropogenic influence from historical mining.
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4.4. Anthropogenic signal identification

The comparison between ilr.12 and mass specific magnetic suscep-
tibility values (Fig. 8d) argue for the potential of y as a quick proxy for
anthropogenic contaminations (e.g., Scholger, 1998). Based on this
graph, two samples’ groups are highlighted: i) group 1, with lower
median y of 20.9 m%/kg, and (ii) group 2, with a sharp increase in the
2/ilr.12 and a median y of 94.0 m>/kg. Samples pertaining to group 2
include both aliquots of FA1, ME1, ME4, ME5 and OM4, whereas all
other samples fall within group 1. Sample FA2 has been removed from
these considerations due to its combination of high y but low ilr.12,
placing it outside of the two defined groups. Based on this classification,
the high-y samples are predominantly located within the Merse-Farma
sub-basin, except for sample OM4, which was collected immediately
downstream of the sub-basin confluence along the Ombrone River.
Notably, these samples originate from areas characterized by the “pyrite
zone” (Dini, 2003) and ophiolitic lithologies (OPHI) that were histori-
cally exploited for iron (Figs. 2 and 4) as well as Cu and Zn (see Fig. S1 in
Supplementary Figures). Some of the high-y samples (e.g., ME1) were
collected in areas where mine waste dumps are located (Benvenuti et al.,
1997).

Other samples from the same sub-basin (e.g., FE2, ME3) do not
exhibit similarly elevated y values despite deriving from the same li-
thologies. This suggests that the specific magnetic susceptibility of group
2 may not solely reflect lithological controls, but also reflect a localized
anthropogenic influence related to past mining activities. Accordingly,
group 1 is interpreted as representative of the natural magnetic back-
ground of the basin, whereas group 2 likely captures superimposed
signals from anthropogenic disturbances in specific areas.

Raman spectroscopy of ferrimagnetic particles from high-y samples
of group 2 (e.g., Fig. S2 in Supplementary Figures) identifies of both
magnetite and serpentine. As the latter is not a magnetic mineral phase,
it is assumed that the magnetic properties come from tiny magnetite
inclusion. The morphology of most of these ferrimagnetic particles in-
dicates a natural formation (Fig. S2 in Supplementary Figures), although
these morphologies have been also found in mine waste dumps (Wang
et al., 2023), thus further supporting the need for a multi-proxy
approach combining y with geochemical tracers.

Copper and Zn are two of the elements historically mined in the
OGRB; therefore, both are used here as independent tracers to support
the interpretation and validation of y as a proxy for anthropogenic in-
puts in this river basin. To quantify the anthropogenic contribution of
the mining activities on Fe, Cu, Zn in the two groups identified in Fig. 8d,
we use the Enrichment Eactor (EF) computed as follows:

S
Cref
sample
C,
o baseline

Where C; represents the metal concentration and C,. is the concentra-
tion of the reference element, represented by Al in this work as it is a
conservative element (e.g., Barbieri, 2016). As the samples from group 1
represent the natural magnetic background, the median concentrations
of Al,03 Feo0O3, Cu and Zn which are, respectively, 10.2 wt%, 4.56 wt%,
27.6 ppm and 76.7 ppm, are used as the baseline values for the calcu-
lation of the EF in samples from group 2. Results are shown in Table 5.

EFpe203 remains constant at unity for all the samples, due to the
general coupling of Fe;O3 and Al,O3 even in the samples with the
highest Fe contents (e.g. ME1 and FA1l both aliquots, Supplementary
Table S1). Benvenuti et al. (1997) reported the presence of
Al-oxyhydroxides in mine waste dumps of the nearby Boccheggiano
mining district, which may further buffer the EFge203.

Results highlight moderate enrichment (EF > 2; Barbieri, 2016) in
Cu in samples ME1B and ME4A, and a significant enrichment (EF > 5;
Barbieri, 2016) in ME1A, whereas Zn is significantly enriched in both

EF = (€8
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Table 5

EFs computed for Fe;03, Cu and Zn in samples from group 2 identified in Fig. 8d.
Median values for Al,03, Cu and Zn from samples from group 1 (Fig. 8d) have
been used as the baseline for the EF computation.

Sample
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aliquots of ME1. The enrichment in ME1 is compatible with the location
of this sampling point in the proximity of a mine waste dump site
(Gabbellino; Benvenuti et al., 1997).

The virtual absence of enrichment in either Cu and Zn in all but few
samples suggests that the anthropogenic signal related to past mining
activities is spatially restricted to areas in close proximity to former
mining sites and mine waste dumps, and its impact in other parts of the
basin, although detectable, does not significantly alter the natural
geochemical baseline of the broader OGRB, compatible with the
generally low absolute y values measured in the sediment samples.

Overall, results confirm that magnetic susceptibility effectively dis-
tinguishes natural Fe-bearing mineral phases from localized anthropo-
genic inputs, thus representing a valuable screening tool within multi-
proxy frameworks for the assessment of human influences on stream
sediments in the OGRB. In this context, it is interesting to point out that
magnetic susceptibility and ilr seem to be able to detect the effect of
human inputs even where EFs remain relatively low.

5. Conclusions

The integration of CoDA-based ilr-balances, mineralogical log-ratios
and mass specific magnetic susceptibility provides a coherent frame-
work for the characterization of stream sediment composition in the
OGRB, as seen in Sec. 4.2 to 4.4. Each proxy contributes in the disen-
tanglement of the drivers of the OGRB sediments composition: ilr-
balances allow for the identification of the main lithological signals,
mineralogical log-ratios anchor these signals to specific mineral phases,
and magnetic susceptibility, supported by data on Cu and Zn, offers a
rapid indicator of Fe-bearing phase distribution sensitive to both natural
(OPHI contribution) and anthropogenic (mining related) inputs. This
multi-proxy approach shows that geochemical patterns are primarily
controlled by lithology at the basin scale, whereas mining-related
anomalies appear as localized deviations from the natural background.
Despite the relatively limited number of samples (33) compared to the
basin extent (ca. 3500 km?), the sampling strategy allows to capture the
main lithological contrasts between the various sectors of the OGRB
(western, central and eastern), as well as anthropogenic influences in the
Farma-Merse sub-basin. Moreover, the CoDA approach help to over-
come the limitations of a landscape-scale sampling. By focusing on log-
ratio balances rather than absolute concentrations, we can robustly
identify the geochemical fingerprint of each lithological domain,
ensuring that the identified patterns are statistically sound despite the
sample size.

Therefore, the results represent an effective first-order assessment of
sediment characteristics and provenance.

Overall, this study shows that ilr-transformed CoDA approaches
provide an integrative preliminary framework for understanding stream
sediment composition, linking geochemistry to mineralogy, tracing
lithological sources, and detecting anthropogenic influences. A further
advantage is related to the consideration of the whole compositions,
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thus taking better into account the complex processes affecting the joint
transfer of elements among different matrices. By explicitly linking
compositional geochemical balances to sediment mineralogy, this study
demonstrates that lithological controls dominate stream sediment
chemistry at the basin scale, whereas mining-related inputs emerge as
localized perturbations superimposed on the natural geochemical
background. This distinction is critical for interpreting sediment
geochemical data in historically exploited terrains.
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