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HIGHLIGHTS GRAPHICAL ABSTRACT

e Fall 2023 saw 4-day cumulative precip-
itation up to 300 mm in the Northern
Apennine.

e Cr(Ill) concentration in ultramafic
springs increase during heavy rainfall.
e Natural organic matter and Fe-minerals
in debris may drive Cr(VI)-Cr(IIl)

reduction.

o Cr(III) persists in aquifer due to wet-dry
cycle effects and NOM-colloids stability.

ARTICLE INFO ABSTRACT

Editor: Christian Herrera This study investigates the impact of intense rainfall on chromium concentrations in five springs discharging
from ultramafic rocks in the Northern Apennines (Italy), which are used for drinking water supply through

Keywords: integration into the local water network. Total chromium concentration increased significantly in response to

Ultramf"ﬁc rock heavy rain, exceeding the WHO drinking water guideline value (up to 80 pg/L) in one spring and the forthcoming

(th:;mslum 2036 EU target of 25 pg/L in all the springs. This increase could be attributed to a synergistic combination of

GI;ouE dwater factors: i) the reduction of Cr(VI) to Cr(Il) by natural organic matter (NOM) in soil and transport as NOM-Cr(III)

colloids and/or during the oxidation of magnetite to ferrihydrite in the aquifer; ii) the abundance of detrital

Cumulative precipitation
ultramafic material in the study area, which may store Cr(Ill)-bearing colloids too; iii) a triggering effect of first
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intense rainfall after a 20 dry consecutive days period (wet-dry cycle). Moreover, the persistence of a high Cr(II)
concentration in the aquifer even a month after the intense rainfall event aligns with previous laboratory studies
on NOM-Cr(III) colloidal stability, which showed that such colloids are highly stable and can persist in solution

for at least 20 days.

1. Introduction

Ophiolitic outcrops are estimated to constitute approximately 2 + 1
% of the Earth’s crust, of which approximately 1 % comprises ultramafic
rocks (Gwenzi, 2020; Scott et al., 2021). Despite their limited global
distribution, ultramafic rocks in ophiolites can act as a significant
chromium (Cr) source to water and soils, potentially leading to severe
environmental degradation and health risks associated with drinking
water sources. Trivalent chromium, Cr(Ill), predominantly exists in
primary silicate minerals of serpentinized ultramafic rocks, such as
spinel (chromite and picotite), pyroxene, and serpentine. In soils, sec-
ondary minerals, such as Fe(IlI)-(oxy)hydroxides and clays, are gener-
ally considered important hosts for Cr(III) because they can provide
surface sites (via sorption) or structural sites (via isomorphic substitu-
tion) (Oze et al., 2004). However, Cr(IIl) is also present in fragments
(clasts) of primary silicates or low-solubility hydroxides in soils condi-
tions, such as Cr(OH)3 or CryFe;_yx(OH)s3, where it is considered sub-
stantially immobile (Kierczak et al., 2007). Cr(III) is primarily released
from silicates during weathering and may be oxidized to Cr(VI) when
adsorbed onto high-valence manganese oxides. Other efficient oxidants
include Hy0,, microbial metabolism, and photochemically generated
radicals (Liang et al., 2021), while the kinetics of Cr(III) oxidation by Oy
from air or water are extremely slow in natural settings. Regardless of
the mineralogical source and its oxidation processes, Cr(III) has low
mobility in water because it is easily absorbable on mineral surfaces and
solid-phase organic ligands (Focardi et al., 2013), whereas Cr(VI) is the
dominant redox form in groundwater from ultramafic or alluvial aqui-
fers consisting of clastic material from weathered rock.

Weathering processes in different climatic regions and lithological
variations significantly influence Cr release and migration. However,
although climate change may influence groundwater chemistry
(Barbieri et al., 2023), the effects of heavy rainfall events on Cr still need
to be explored. In polluted areas (with anthropogenic chromium), some
studies (Dokou et al., 2016; Kumar and Riyazuddin, 2011) observed
increases in both Cr(III) and Cr(VI) during arid or pre-monsoon periods,
followed by a subsequent decrease in concentration after the rainfall
events.

Ophiolites in the Northern Apennines are significant groundwater
reservoirs and a primary public drinking water source (Segadelli et al.,
2021). Locally, these aquifers cover areas ranging from 2 km? to 40 km?,
with thicknesses between 250 m and 600 m. From an environmental
perspective, ophiolites also provide opportunities for applied scientific
research, such as studying geochemical influences on habitats and
identifying plant species resistant to toxic elements (Lombini et al.,
1998).

In this study, the concentrations of total, Cr(t), and hexavalent, Cr
(VD), chromium were analyzed in springs from ultramafic rocks in the
Northern Apennines (Italy), with a focus on concentration changes
before, during, and after two rainfall events that occurred during the
rainy season of fall 2023. In this area and its surroundings, maximum
precipitation indices and percentile-based indices suggest that extreme
events have generally intensified since 1950, including a significant
increasing trend in drought indices during the summer (Berényi et al.,
2023).

2. Geological, hydrological, and climatological settings

The Northern Apennines is a fold-and-thrust belt that belongs to a
collisional foreland basin system (Conti et al., 2020). Initially, the

Northern Apennines formed as part of an accretionary wedge in
response to the Late Cretaceous-Eocene closure of the Ligurian-
Piedmont Ocean, subsequently evolving into a northeast-verging fold-
and-thrust belt related to the west-verging subduction of the Adria plate
beneath European plate and their Oligo-Miocene collision (Carmignani
and Kligfield, 1990; Marroni et al., 2010). The ophiolite bodies present
in the Alpine and Apennine belts are oceanic lithospheric remnants of
the Ligurian-Piedmontese basin, which developed in the Middle to
Upper Jurassic, separating the European plate from the Adria plate
(Conti et al., 2020). In the Northern Apennines, ophiolites outcrop in
two paleogeographic domains, which are identified based on their
structural characteristics and their relationship with the associated
sedimentary sequences (Conti et al., 2020) (Fig. 1, Supplementary
Fig. SF1): the Internal and External Ligurides. Internal Ligurides contain
peridotites, serpentinites, gabbros, and basalts, which form the bedrock
of the Upper Jurassic-Paleocene sedimentary sequence deposits.
Conversely, the External Ligurides contain ophiolitic sequences that
occur as large slide blocks in Upper Cretaceous sedimentary mélanges
(Conti et al., 2020). Numerous olistoliths of basalts and peridotites are
embedded in the prevalent pelitic rock complexes of External Ligurides
units, which represent the stratigraphic base of the Upper Cretaceous
Helminthoid Flysch (Marroni et al., 2010) From the hydrogeological
point of view, the main aquifers in the study area are serpentinized ul-
tramafic (hard rock) aquifers occurring in Mt. Gorro (S1 spring), Mt.
Gora (S2 spring), Mt. Zirone (S3 spring), and Mt. Prinzera (S4 and S5
springs) (Fig. 1). These ophiolitic bodies are mainly composed of frac-
tured peridotites and bordered and underlain by low permeability de-
posits (aquitards) that are predominantly characterized by polygenic
breccias made out of blocks of limestones or marly limestones inside a
silty-clayey matrix (Segadelli et al., 2017). Various types of deposits
with ultramafic composition (eluvium, colluvium, scree slope) or recent
anthropogenic activities (quarry debris) characterize the study areas
from the Quaternary period to the present (Supplementary Figs. SF2-
SF6). These deposits show high infiltration capacity, provide an
important regulating function in the natural aquifer recharge process,
and feed some springs.

In such a hydrogeological setting, several perennial springs are
located at the permeability threshold between the ophiolitic aquifers
and the aquitard unit, often composed of clay-like materials. Therefore,
springs can be classified as contact springs (Fetter and Kreamer, 2018).
The hydroperiod of the sampled springs can be classified as perennial
(continuous source year-round (Alfaro and Wallace, 1994). According to
a previously proposed conceptual model, these springs represent the
whole discharge of the aquifer units (Segadelli et al., 2021; Segadelli
et al., 2017). The selected aquifers are of environmental and social in-
terest, located in a natural reserve area, and exploited for drinking water
supply by the local waterworks company (Montagna2000 Spa).

According to the Koppen-Geiger climate classification, in the period
1991-2020, the prevailing climate type in the study area is Temperate
Oceanic Climate (Cfb), with an average annual temperature between 10
and 13°C(11.6,10.3, and 12.3 °C at the springs locations S1, S2, and S3-
S5, respectively) and an average annual cumulative precipitation be-
tween 900 and 1400 mm (1316, 1040, and 911 mm at the springs lo-
cations S1, S2, and S3-5, respectively).
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3. Methods
3.1. Field sampling and measurements

We planned each spring sampling round on the fourth and seventh
days following the forecasted start of the rainfall event (note that both
the start and end dates are counted when calculating days between two
dates). The choice of the fourth day aligns with historical data; it cor-
responds to the delay observed in measuring a significant chromium
increase in groundwater following a 60 mm rainfall event (Supple-
mentary File SF10b). However, those data did not allow for further as-
sessments since historical sampling was conducted on a monthly-basis
(Supplementary File). Therefore, the seventh day following rainfall was
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chosen to check the persistence of dissolved chromium in the springs. In
this study, based on weather forecasts consulted prior to sampling,
rainfall events were predicted to start on October 20th and December
8th, 2023. Consequently, the first two sampling rounds were conducted
on October 23rd and the 26th, respectively, while the second set of
samplings occurred on December 11th and the 14th. A ‘blank’ sampling,
i.e., supposed to be without rainfall influence, was conducted approxi-
mately 10-12 days before the forecasted rainfall events, specifically on
October 12th and November 29th.

The data acquired in situ during each sampling and for each spring
were: discharge, temperature, electrical conductance (EC), pH, and
redox potential (Eh).

Spring discharge was measured using the volumetric method, often
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Fig. 1. Geological map and cross-section of the study area. S1-S5: location of the sampled springs.
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with a flexible plastic bag, because the traditional bucket did not fit the
outlet openings. According to Meinzer (1923), the obtained data were
used for spring classification.

Labile physicochemical parameters were measured in situ using a
portable multimeter (XS-PC 70 + DHS) to measure temperature (T),
electric conductance (EC), and pH. The redox potential (Eh) was
measured using a different multimeter (Thermo Scientific — Orion Star
A121) with an ORP/Eh/Temp probe (Thermo Scientific — Orion
9179BNMD Triode), which was standardized before each measurement
by an Eh = 4420 mV solution (Thermo Scientific - Orion 967,961).

For each spring, we collected four different aliquots using double-cap
PE bottles for laboratory analyses: three 100 mL bottles for anions,
cations, and hexavalent chromium [Cr(VI)], respectively, and one 50 mL
bottle for the stable isotope ratios of the water molecule. Before sam-
pling, the bottles were conditioned in the laboratory using 1 % HNO3
solution for one week, and then washed with Milli-Q® water (> 18.2
MQ cm, Millipore). The water samples were filtered in the field using a
0.45 pm pore diameter polyamide (nylon) membrane filter with a quartz
fiber prefilter (Whatman Polydisc GW). The first filtered water was used
as the final wash of the bottles. After filling with filtered water, the 100
mL cations aliquots were acidified to 1 % v/v, adding 1 mL of 65 %
HNOj3 Suprapur® (Supelco).

3.2. Laboratory analyses

The (bi)carbonate alkalinity, expressed as HCO3, was analyzed by
acidimetric titration using HCl, a digital titrator (SI Analytics TitroLine
Easy), and methyl-orange as a dye indicator.

Two ion chromatographs (IC) were used to analyze the major anions
Cl, SO?{, F~, and NO3 (Thermo Scientific Dionex ICS-5000) and major
cations Ca%*, Mg?", Na*, and K* (Thermo Scientific Dionex ICS-1100).

According to the EPA method 7199 for Cr(VI) analysis (EPA, 1996),
samples stored at 4 °C were analyzed within twenty-four hours of
collection. Chromate as CrO3~ at 9.0 < pH < 9.5 was separated from
sample solutions by an IC (Metrohm 930 Compact IC Flex), followed by a
post-column derivatization using a 1,5-diphenylcarbazide, and detected
at 530 nm by a spectrophotometer (Metrohm 944 UV/VIS Detector
Vario) (EPA, 1996). The Cr(VI) results are the means of three replicates,
and the standard deviation aligns with the eq. S = 0.059x + 1.055,
where X is the mean Cr(VI) concentration of each sample (EPA, 1996).

The dissolved minor and trace ions Li, B, Al, Cr, Fe, Ni, As, Rb, Sr, Mo,
Sn, Pb, Ba, Hg, and Pb were analyzed by an inductively coupled plasma
mass spectrometer (ICP-MS; Thermo Scientific iCAP RQ) (Standard
Method 3125) (Baird et al., 2017). Blanks, standard solutions, and
sample dilutions were prepared using ultrapure water (Millipore Milli-
Q® water, > 18.2 MQ-cm). Although the analysis encompassed a more
comprehensive range of elements, the ones listed above showed quan-
tifiable concentrations in all the samples (LOD element list in Vincent,
2017; LOQ ~ LOD x 10, according to Al-Hakkani, 2019). The chromium
concentration obtained by ICP-MS corresponds to the total chromium in
solution, i.e., Cr(t) = Cr(Ill) + Cr(VI). The KED (Kinetic Energy
Discrimination) collision cell mode was used for Cr(t) measurements. It
pressurizes the cell with a gas mixture and applies an energy discrimi-
nation barrier to delete unwanted polyatomic interferences. The
analytical accuracy of this method ranges between 2 % and 5 % for all
the analyzed elements. Quality control was performed by analyzing a
blank and a standard reference material (SRM1640a, NIST, USA) after
every tenth sample, treating them as samples. To account for un-
certainties, regular laboratory replicates of samples were analyzed, and
the instrument’s precision and calibration were routinely verified using
standard solutions.

The dissolved silica as SiOx(aq) was analyzed using the heteropoly
blue spectrophotometric method (Standard Method 4500-SiO2 D)
(Baird et al., 2017), cuvette reagents test kit (Merck Millipore Spec-
troquant®) and a spectrophotometer (Merck Millipore PHARO 300 UV/
VIS).
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All methods conform to the QA/QC requirements of the Standard
Methods (Standard Method 3020) (Baird et al., 2017).

The global anion-cation balance <5 % was checked on each sample
(Standard Method 1030E for checking analyses’ correctness) (Baird
et al., 2017), considering not only major dissolved constituents as usual
but also minor/trace elements, and utilizing the Phreeqc Interactive
code (Phreeqcl) (Parkhurst and Appelo, 2013), version 3.7.3-15,968.

The stable isotope ratio of oxygen and hydrogen of the water mole-
cule, 6180(H20) and 62H(H20), respectively, were determined by an
automatic equilibration device (Finnigan HDO) in-line with a mass
spectrometer (Finnigan Delta Plus) (Boschetti et al., 2005; Longinelli
and Selmo, 2003). The §°H(H20) composition was obtained by equili-
brating directly hydrogen gas Hy with water using a platinum catalyst
(Horita and Kendall, 2004), while the determination of 6180(H20) was
performed on CO;, gas equilibrated with the water at 18.0 + 0.1 °C (GFL
1086 shaking water bath). All the samples were measured at least twice,
and the reported value was the mean of two consistent results. All
measurements were carried out against laboratory standards, periodi-
cally calibrated against the international isotope water standards rec-
ommended by the IAEA (V-SMOW?2 and SLAP2) (Groning, 2018). The
standard error (26) was within +0.08 to +0.12 %o for 6180(H20) and +
1 %o to +2 %o for 52H(H,0).

3.3. Thermodynamics and statistical calculations

The code Phreeqcl, combined with the Thermoddem (Blanc et al.,
2012) thermodynamic dataset, version 1.1, was also used to calculate
the activity of the dissolved constituents and saturation index of
CryFe; _x(OH)3 (Zhang et al., 2023). The same thermodynamic dataset
was also used with the Act2 and Rxn tools of the software suite The
Geochemist’s Workbench® (GWB, version 12.0.9) (Bethke et al., 2022),
which were used to calculate the log[Mg?*/(H")?] versus log[H4Si04]
activity diagram (Supplementary File SF8) and to check the thermody-
namics of the reaction 1 in the Section 4.2, respectively. In comparison
to a previous study (Boschetti and Toscani, 2008), the thermodynamic
data of saponite-Mg-Fe>*, vermiculite-Mg-Fe>*, and p-antigorite
(Apollaro et al., 2013; Blanc et al., 2021; Gunnarsson et al., 2005) were
inserted in the Thermoddem database. The logK values for hydrolysis
reactions of the aforementioned minerals were recalculated across a
range of temperatures and pressures to maintain internal consistency
between ions and solid phases in the database. The Principal Component
Analysis (PCA) is a statistical tool that can discover unsuspected re-
lationships that could reduce the dimensionality of the dataset while
retaining the information present in the data structure. It has been
successfully applied to explain the hydrogeochemical composition of
groundwater in different geological settings (Awaleh et al., 2020; Bar-
bieri et al., 2021; Boschetti et al., 2003). In this study, OriginPro version
2024b (OriginLab Corporation, Northampton, MA, USA) was used to
extract the first two principal components using the correlation matrix.
Physicochemical parameters, discharge, isotopes, and 4-days cumula-
tive rainfall were selected as variables. The z-score standardization was
applied to eliminate the different degrees of variation and the influence
of size and dimension on variables with different units. The same soft-
ware was also used for other statistical tests (ANOVA, Dunnet’s Test,
Cross Correlation Analysis), whereas The Joinpoint Regression Program
(JRP), version 5.2.0.0 (April 2024; Statistical Methodology and Appli-
cations Branch, Surveillance Research Program, National Cancer Insti-
tute) and Weighted Bayesian Information Criterion (WBIC) were used to
detect change point in the temporal series of chromium historical data
(Supplementary File SF9a) (Barbieri et al., 2021).

3.4. Rainfall data
The climate data used in this study were extracted from Eraclito61

(https://dati.arpae.it/dataset/erg5-eraclito) (Antolini et al., 2016), a
gridded climatological dataset obtained through spatial interpolation of
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daily precipitation and min/max temperature, recorded at historical

meteorological stations, on a regular grid of approximately 5 km
resolution.

4. Results and discussion

All analysis results are reported in Supplementary Table 1 (Meinzer
indices) and Table 2 (physicochemical, chemical, and isotope results).

cell id 377

S2
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4.1. Cumulative precipitation versus Cr concentration

During the rainy season of 2023 (October-December), we investi-
gated the total chromium concentration, Cr(t) = Cr(III) + Cr(VI), and the
concentration of only Cr(VI) in five Mg-HCO3 springs discharging from
three Northern Apennines (hard rock) aquifers formed by serpentinized
ultramafic rocks. A detailed geochemical characterization of these
springs is provided in the Supplementary File. The soil in these areas
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Fig. 2. a) Gridded total precipitation data for the event October 23-26, 2023. The black curve depicts province administrative boundaries (the southern limit
coincides with the main hydrographic divide of the Northern Apennine (see also Fig. 1). The green areas represent the ophiolite aquifers that feed the S1-S5 springs.
The red-contoured squares delimit the 5 km grid area (cell id #) of Eraclito61 from which climatic data were obtained (https://dati.arpae.it/dataset/erg5-eraclito)
(Antolini et al., 2016). b) observed frequency distributions (1961-2023) of consecutive 4-days cumulative precipitation (blue line), with corresponding values of the
95th and 99th percentiles (black thick vertical lines), and the most relevant 4-days total precipitation events corresponding to the location of the sampled springs of
this study (black dashed vertical lines) (events with total precipitation <5 mm, such as December 14th in S2 and S3-S5, are not reported).
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contains significantly higher concentrations of geogenic Cr (up to 5000
ppm) than in the ultramafic rocks (up to 2500 ppm) (Venturelli et al.,
1997).

A particularly intense convective precipitation event, generated by
south-westerly humid air mass flows, took place on October 23-26th
(most precipitation was observed for the area of interest between the
23rd and 24th), with cumulative values of over 300 mm close to the
Apennine watershed (Fig. 2a), exceeding the 99th percentile of histori-
cal four-days cumulative precipitation at almost all rain gauges nearby
the investigated springs (Fig. 2b). In particular, the total precipitation
for this event is higher (much higher for spring S1) than the 99th
percentile for all springs except for spring S2, for which it is lower than
99th but higher than 95th percentile.

The six sampling rounds conducted before and after that rainfall
event showed an increase in Cr(t) followed by a decrease, mirroring the
trend of cumulative precipitation (Fig. 3a). The Cr(VI) concentration,
typically the dominant dissolved Cr-species in these waters, was indis-
tinguishable from Cr(t) at the beginning and end of the event. However,
during the three sampling rounds in the proximity of the peak of rainfall,
Cr(t) significantly exceeds Cr(VI) (Fig. 3a). Therefore, the Cr(t) incre-
ment is mainly due to Cr(III), which jumps from 10 to 40 % (Fig. 3b).

The Dunnett’s test (Fig. 3c; Supplementary Table 3) made after a
One-Way ANOVA for repeated measures also showed that the Cr(IIl)
concentrations measured on October 26th were not significantly
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different from those on October 23rd and November 29th. However, it
was in comparison to October 12th, December 11th, December 14th.
Therefore, increases in Cr(III) were observed not only during the peak of
the high rainfall event, which occurred on October 26th, but also during
the first day of that event (October 23rd) and after one month after the
event (November 29th). The early Cr(t)/Cr(III) increase before October
26th is likely attributable to the dry period preceding the high rainfall
event. Laboratory studies have demonstrated that the wet-dry cycle
affects soil by inducing internal reduction reactions (Chen et al., 2024),
leading to: i) the reduction of Cr(VI) to Cr(Ill), ii) alteration of the
binding of Cr ions to soil particles, impacting chromium migration; iii)
the involvement of microorganisms in chemical processes that consume
organic matter. Accordingly, the high rainfall event in October 2023
followed a dry period that had lasted for at least 24 consecutive days and
occurred before the event of October 23rd (Eraclito61 dataset for the
sites in Fig. 2). On the other hand, the delayed decrease in Cr(IIl) in the
days following the rainfall event is likely due to the slow change of Cr
(I11)-favorable physicochemical conditions. Indeed, the Eh measured in
the springs (0.30 & 0.09 V) is significantly lower than the value calcu-
lated for the Cr(VI)-Cr(III) redox equilibrium (0.42 + 0.03 V) (Two-Way
ANOVA, page 9 of the Supplementary File; Supplementary Table 2).
Specifically, the lowest value is very similar to that calculated for the N
(V)-N(III) equilibrium (0.35 + 0.01 V) (Supplementary File; Supple-
mentary Table 1), likely activated in the vadose waters and soil during
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Fig. 3. a) Comparison of variations in total chromium, Cr(t), hexavalent chromium, Cr(VI), and four-day cumulative rainfall in the spring’s area (Fig. 1; Fig. 2)
during the six sampling rounds of the S1-S5 springs (a—f data as day/month/year). The red and orange horizontal arrows depict the WHO and forthcoming 2036-EU
drinking guideline values for Cr(t): 50 pg/L (WHO, 2022) and 25 pg/L (EU, 2020), respectively. b) Relative percentage variations of trivalent, calculated as Cr(Ill) =

Cr(t) - Cr(VD), and Cr(VI) in the sampled springs. ¢) Significance of the multiple
October 26th, alias ¢ sampling).

comparisons (Dunnet’s Test) performed on Cr(IIl) concentrations (control factor:
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dissimilatory nitrate reduction to ammonium by bacteria and organic
matter dissolved by rainfall (Chen et al., 2024; Friedl et al., 2018). In
addition to its strong redox capabilities, the recycling of natural organic
matter (NOM) during wet-dry cycles could also explain the most prob-
able transport mechanism of Cr(III). This most likely occurs in the form
of Cr(Ill)-bearing NOM colloids (1-220 nm), which can easily move
through porous media (Li et al., 2022; Li et al., 2020; Liao et al., 2020).
These colloids could also account for the persistence of the high Cr(III)
signal in the sampled groundwater after the end of the rainfall event.
Indeed, colloidal stability studies suggest that Cr(III)-HA-Fe colloids
(HA = humic acid) are highly stable and persist for at least 20 days
without substantial change in particle size (Liao et al., 2020). Finally,
although the acidic pH of rainwater (5.4 under present-day atmospheric
CO4, partial pressure) can enhance Cr(III) mobility in alkaline soils, this
would be generally restricted to near neutral pH values, i.e., the mean
pH of the samples in this study, because at that values the precipitation
of polymeric Cr(IlI)-hydroxides become rapid (Zhitkovich, 2011).
However, if the NOM contribution is relatively high, Cr(III) mobility in
the form of NOM-Cr(IlI) colloids can still occur at these pH levels
(Andjelkovic et al., 2012; Chen et al., 2024).

4.2. Processes controlling changes in Cr concentration

Principal component analysis (PCA) clearly distinguishes the five
sample clusters according to their respective spring location (Fig. 4)
(Supplementary Table 4). All sampled waters are fresh (Total Dissolved
Solids TDS < 1 g/L), with the samples from the S1 spring having the
highest salinity (mean TDS = 0.37 + 0.01 g/L), which likely drove the
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direct relationships among most of the analyzed chemical parameters in
the PCA. Cr(t) concentrations were also the highest for that spring,
reaching up to 80 pg/L from Oct-23rd to Nov-29th, thereby exceeding
the current drinking water guideline values of 50 (WHO, 2022) (a target
of 25 pg/L is to be met by 2036) (EU, 2020). Notably, such a high value
coincides with the peak of cumulative rainfall (Fig. 1a). Moreover, the Cr
(t) variable vector is directly associated with the isotopic composition of
the water molecule (Fig. 2). This might appear coincidental, especially
considering that the S1 spring showed the highest mean isotope values
but no significant variations in isotope composition, which was seen
only in S5 spring (Supplementary Fig. SF9). The more '80- and 2H-
enriched isotope values of S1, in comparison to the mean values of the
other springs, could be attributed to S1’s closer proximity to the
Northern Apennines ridge (Fig. 1, Fig. 2). Large-scale atmospheric dis-
turbances from the southwestern sector (the Ligurian Sea and the
Ligurian-Tuscany side of the Northern Apennines; Fig. 2), which are
more frequent during the rainy (autumn and winter) months, would
discharge their rainfall loads near the ridge. Conversely, at lower ele-
vations on the northeastern Emilian side, precipitation —and conse-
quently the recharged spring discharge— tends to be more depleted.
Indeed, higher (heavier) isotopic values result from orographic precip-
itation events. In contrast, convective and other precipitation events
produce lower (lighter) isotopic values, where the vapor mass becomes
progressively depleted by rainout processes (Rhodes et al., 2021). As a
consequence, the rainout process leads to precipitation at the end of a
rain event with more negative isotope values than at the onset (Clark,
2015). This process explains the difference in the mean isotope
composition between springs located near (S1) or far (S2-S5) from the
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Fig. 4. Biplot of the first two principal components (PC1 and PC2, explaining 38.02 % and 20.00 % of the variance, respectively; Supplementary Table 4) from the
PCA of the physicochemical parameters, isotope ratios, and cumulative precipitation values in the area of the sampled springs. The biplot displays both the variable
loadings (eigenvectors, blue arrows; coordinates on the top and right axes) and the sample scores (colored dots labeled with letters a-f representing the sampling
dates, as seen in Fig. 1; coordinates on the bottom and left axes). The spring samples cluster into three main groups corresponding to their ultramafic aquifer units. In
particular, the Mt. Zirone (S3) and Mt. Prinzera (S4-S5) springs are closely grouped within the same climatic cell, used to extract the four days of cumulative
precipitation (Fig. 2a). Co-linear variable vectors indicate strong positive correlation, with the vector length proportional to the variable influence on the PC score.
Sample proximity to a vector reflects variable influence on the sample. Overlapping Cr(t) and 5°H vectors (dashed line) highlight their strong positive correlation,
particularly pronounced in S1 samples due to the intense rainfall event on October 23-26th, 2023.
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Northern Apennines’ main divide. It also accounts for the higher stan-
dard deviation observed in both isotope and discharge (highest Meinzer
index, Supplementary Table 1) values at the S5 spring, which could be
related to a huge unconsolidated ultramafic scree slope aquifer (Sup-
plementary Figs. SF5-SF6).

In Fig. 4, the vector of the variable related to the four days of cu-
mulative precipitation amount is close to the dissolved silica content, a
key parameter for this type of water. Indeed, on an activity diagram
using log[SiOsaq] and the ratio log[Mg2+] / [H*]2 as variables, the de-
gree of evolution of water-rock interactions can be indicated (Supple-
mentary Fig. SF8). In this context, the samples from spring S1, which
have a higher chromium content, also show higher values of the activity
ratios. It is, therefore, intuitive to hypothesize that a higher evolutionary
degree of interactions with the mineral paragenesis of the serpentinized
ultramafites corresponds to a higher Cr(t) content when compared to the
other less evolved groundwater flow systems. However, the differences
in the evolutionary degree of water—rock interactions among the various
springs can only explain the differences in the mean or median Cr(t)
content, given that the latter is usually represented by Cr(VI), but not the
specific Cr(III) increases related to rainfall. Therefore, it is likely that the
variations observed during rainfall could be due to several processes not
necessarily related to dissolved silica: i) the mobilization of Cr(III)
adsorbed by secondary minerals coating the weathering surfaces of ul-
tramafic rock fragments and soil particles (colloids); ii) a persistent Cr
(VD-Cr(III) reduction also driven by Fe(II)- to Fe(Ill)-bearing mineral
oxidation as magnetite to ferrihydrite, locally present in a widespread
manner (Boschetti and Toscani, 2008):

Fe™Fe]" O, +0.6667H" +4.333H,0 +0.3333Cr "V 02~

magnetite

= 3Fe™ (OH), + 0.3333HCr"™ 04 e))

ferrihydrite

Accordingly, the reaction proceeds from left to right, as verified by
thermodynamic calculation (AG, < 0) using the activities of water and
ions from the spring waters and combining different solid species (i.e.,
amorphous or crystalline magnetite and 2-line or 6-line ferrihydrite)
(Supplementary Table 5). After that, the post-rainfall drop in Cr(III), and
Cr(t), concentration is likely driven and buffered by the FeyCr; x(OH)3
supersaturation and precipitation (Dai et al., 2016; He and Traina, 2005)
(Supplementary Table 5).

Alternatively, the increase in chromium could be attributed to the
upwelling from greater depths of more geochemically evolved waters
with lower redox potentials, driven by a strengthened piston flow caused
by the heavy rain (Sugiyama et al., 2018). However, this seems unlikely,
at least for the deepest and most evolved hyperalkaline waters from
ultramafites. Indeed, that kind of water does not contain detectable
chromium, and a significant increase in pH should also be observed,
given their OH-dominant composition (Boschetti et al., 2013; Boschetti
and Toscani, 2008). Instead, the ultramafic bodies in the study area are
characterized by the presence of ultramafic natural and anthropogenic
debris (Jafarian and Jafarian, 2017; Oze et al., 2003), the latter pro-
duced by the intense excavation activities for extracting building stone
materials (Supplementary Figs. SF2-SF6). It has been observed in other
locations that the overflow of ultramafic debris from quarry activity
releases large quantities of chromium, especially during heavy rain
events (Gunkel-Grillon et al., 2014). In the study area, this is demon-
strated by a re-examination of historical data on the chromium content
of water in groundwater from two piezometer boreholes, one located
outside a quarry area and the other inside. While the former showed no
significant differences between Cr(t) and Cr(VI) levels, the latter
exhibited significantly higher Cr(t) content during rainy season moni-
toring (Supplementary Fig. SF10a). Cross-correlation analysis was
employed to determine if the debris influence hypothesis applies to the
current sample set. Recognizing that the number of samples might not be
sufficient to meet the minimum requirements for this type of analysis
(McGee, 2000), the results highlight a significant correlation between
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the cumulative rainfall over 4 days and Cr(III) content, specifically in
springs S2 and S5 (Fig. 5), where ultramafic debris is more extensive or
forms a vast part of the aquifer structure (Fig. SF3; Figs. SF5-SF6). The
non-significance of the other sites suggests the need for more frequent or
extended sampling due to excessive white noise.

5. Conclusions

The present study shows that an increase in total chromium in ul-
tramafic aquifers can be triggered by climate-related factors, specifically
intense rainfall following dry periods. Further analyses are undoubtedly
needed, such as increasing the sampling frequency during rainy periods
to allow more meaningful time series analyses, performing targeted
filtration/ultrafiltration to assess the impact of NOM-Cr(III)-Fe colloids,
and analyzing the organic matter content in soils and dissolved in water.
Groundwater in the study areas is crucial for the local population, who
rely on it for drinking water. Currently, local efforts to address the issue
of dissolved chromium in groundwater are focused on Cr(VI), with ex-
situ treatment conducted before the water is introduced into the aque-
duct network. These measures include mixing with water containing
negligible Cr(VI) levels or treating the water by removing Cr(VI) with a
chelating resin. Therefore, the Cr(IIl) increase in groundwater during
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Fig. 5. Cross-correlation function (CCF) at different lag values (red dots) be-
tween Cr(IIl) in mg/L (S5, a-diagram) or Cr(IIl) as a percentage in Cr(t) (S2, b-
diagram) versus the 4-days cumulative rainfall time series. In both diagrams,
the correlation is significant at Lag = 0, as the CCF exceeds the 95 % confidence
band limit (red gray area): 0.829 > 0.816 (a-diagram) and 0.817 > 0.816 (b-
diagram), respectively.
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and after heavy rainfall events, as evidenced in this study, could be
considered harmless compared to the carcinogenic nature of Cr(VI)
(WHO, 2022). It is worth noting, however, that while many studies
classify Cr(III) as an essential trace element (Monga et al., 2022; Swar-
oop et al., 2019), other studies emphasize its potential risks (Brown
et al., 2024; Vincent, 2017). This highlights the need for further epide-
miological studies to establish two differentiated concentration thresh-
olds for the two species, and the importance of long-term monitoring to
track variations in their concentrations in drinking water. Additional
concerns might arise from the drinking-water treatment, as: i) Cr(III) can
be oxidized to Cr(VI) during the chlorination of drinking water (Lindsay
et al., 2012), and ii) climate model projections indicate an increase in
extreme events in the future (Madsen et al., 2014). Finally, further
studies on local health risk assessment are also needed to evaluate the
actual health risk to the population and identify effective measures to
mitigate contamination. On a global scale, in areas where ultramafic
aquifers are used for water supply networks, these processes must be
carefully monitored to mitigate potential health risks.
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