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Abstract The 2016 Mw ≥ 6.0 Amatrice‐Norcia earthquakes (central Apennines, Italy) and the related
seismic sequence were associated with increases in arsenic and vanadium concentrations recorded in
groundwater springs a few months before the earthquakes occurred. To evaluate these signals as reliable
seismic precursors and effective predictive tools, we studied the geochemical processes that caused these
anomalies. Using chemical and isotope models, we show that increased concentrations of arsenic and
vanadium, a slight increase in boron concentrations, and a concomitant lowering of the boron isotope ratio
may be due to mineral desorption (e.g., from iron oxides and/or clays). We argue that a displacing effect on
the trace elements sorbed on minerals was triggered by an excess of deep CO2 in groundwater, which
occurred prior to the main seismic event as a result of preseismic crustal dilation. Our observations confirm
the pivotal role of CO2 in the release of trace elements by alteration of solid phases and provide a new
understanding of earthquake‐related water chemical anomalies.

1. Introduction

Natural disasters have a great socioeconomic impact. In the last decades, studies of earthquake precursors
have shown that geophysical and geochemical changes may occur prior to earthquakes of magnitude greater
than 5 (Ingebritsen & Manga, 2014). Although many observed seismic precursors are related to the stress
buildup before an earthquake and its following release, the effect on the different geochemical parameters
and their amounts may vary depending on many factors (e.g., geodynamics, tectonics, rocks and minerals
composition, and hydrology). As a result, it is very difficult to relate the geochemical anomalies to a specific
process and prove that are really associated with earthquakes. Despite this, water chemical anomalies are
increasingly recorded at distances between 20 km and more than 200 km from strong earthquake epicenters
(Andrén et al., 2016; Chen et al., 2015; Claesson et al., 2004; De Luca et al., 2018; Grant et al., 2011; Huang
et al., 2012; Igarashi et al., 1995; Inan et al., 2012; Ingebritsen & Manga, 2014; Sano &Wakita, 2016; Skelton
et al., 2008, 2014, 2019; Wakita et al., 1988; Wang & Manga, 2010; Wästeby et al., 2014; Zeng et al., 2015).

The 2016 Amatrice and Norcia mainshocks (24 August and 30 October, respectively; Figure 1b;
Chiaraluce et al., 2017; Falcucci et al., 2018) involved significant pore pressure changes and fluid move-
ment, both at deep and shallow crustal levels (De Luca et al., 2018; Petitta et al., 2018; Tung & Masterlark,
2018), which were preceded by hydrogeochemical anomalies recorded since April 2016 in the springs of
the central Apennines (Barberio et al., 2017; De Luca et al., 2018). Increases in the concentrations of
arsenic and vanadium were recorded in groundwater issuing from springs monitored in the Sulmona area
(S1 to S7 in Figure 1b), roughly 70 km to the southeast of the epicentral area and in a spring within the
epicentral area (S8 in Figure 1b; Barberio et al., 2017). S1 to S4 are fed by deep groundwater flow, while
S5–S7 are fed by local aquifers.

A preseismic and coseismic elemental contribution from bituminous‐asphaltic and/or hydrothermal fluids
was hypothesized (Barberio et al., 2017). However, neither additional trace elements (e.g., Ba, Ni, and
Mn) nor salinity and oxygen‐hydrogen stable isotope ratio changes—which should be a consequence of
hydrocarbon decomposition (Bolliger et al., 1999; Tissot &WeIte, 1984) and fluidmixing, respectively—were
detected (Barberio et al., 2017). The possible cause of the anomalies must explain the steady characteristics of
groundwater flow and the simultaneous increase of selected trace elements.

Below, partly based on previous data (Barberio et al., 2017), we explain the geochemical processes that led to
the increase in As and V concentrations in groundwater, providing a new perspective on the possible link
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Figure 1. (a) Synthesis of stratigraphic logs from the Apulian‐Adriatic foreland of the Apennines fold‐thrust belt. See the well location in the upper‐right inset of
(b). (b) Map of central Apennines (see location in upper‐left inset) showing earthquake epicenters of the 2016 to 2017 sequence. Locations of the monitoring well
and springs analyzed in this work are displayed by blue drops and green squares, respectively. Earthquake epicenters are from the INGV database (available
online at http://cnt.rm.ingv.it/). Active faults (red lines, all extensional) are from the Ithaca database (available online at http://www.isprambiente.gov.it/en/
projects/soil‐and‐territory/italy‐hazards‐from‐capable‐faulting). (c) Interpretation of the CROP‐11 deep seismic profile (modified after Patacca et al., 2008). See A‐B
profile track in (b). Note the location and depth of the extensional Mt. Morrone fault system (red faults) adjacent to the well and springs considered in this paper.
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with deep CO2 input. We present new data on boron isotope ratios that supports the potential role of elemen-
tal desorption from secondary solid phases (e.g., iron oxides and clays).

2. Setting

The Apennines (Figure 1) form a fold‐thrust accretionary wedge that has progressively migrated eastward,
toward the Adriatic foreland. Post‐orogenic extension and normal faults have created numerous intramoun-
tain basins (Pliocene‐Quaternary; Billi et al., 2006; Cavinato & DeCelles, 1999). In the study area (Sulmona
plain; Figure 1b), located in the seismically active central Apennines (Galli et al., 2008), one of these exten-
sional faults is the Mt. Morrone fault, striking NW‐SE by roughly 25 km and dipping toward the SW by 50–
60° (Figure 1c). This fault is considered to have been responsible for past earthquakes greater than Mw 6.5.
Its most recent activation occurred during the second century Anno Domini (AD) (Ceccaroni et al., 2009;
Galadini & Galli, 2001; Galli et al., 2008; Gori et al., 2011).

In the Sulmona area, the pre‐orogenic succession consists of Meso‐Cenozoic limestone and dolostone and
Triassic evaporite with anhydrite and dolomite (units are thrust one over the other), as well as Permian‐
Triassic phyllite and quartzite (which makes up the crystalline basement; Parotto et al., 2003; Patacca
et al., 2008). The fractured carbonates correspond to primary aquifers hosting regional groundwater flows
(>10 m3/s from main springs) that converge from different hydrogeological units toward the study area.
Minor springs are frequently characterized by mixing between regional flow and deep fluids, as in the
sampled springs (Petitta et al., 2018). Moreover, two springs manifesting hydrocarbon seeps (Rusi et al.,
2018) occur on the eastern side of Mt. Morrone. Source rocks consist of Upper Triassic layered or massive
bituminous dolostone (Rusi et al., 2018). The syn‐orogenic succession consists of hemipelagic marls overlain
by sandstones with marl‐ and clay‐rich interbeds (Brandano et al., 2010; Carminati et al., 2007), the latter of
which correspond to the regional aquiclude. The post‐orogenic deposits are mainly fluvial‐lacustrine and
gravel deposits (Quaternary), acting as aquitards with local groundwater flow. These deposits host well‐
preserved thin volcanoclastic layers (tephra), derived from the explosive activities of the peri‐Tyrrhenian vol-
canoes or intra‐Apennine centers (D'Orefice et al., 2006; Giaccio et al., 2013; Peccerillo, 2017; Figure 1a).

3. Data and Methods

The hydrogeochemical and hydrogeological data used in this work derive from the monitoring sites located
in the Sulmona area (Barberio et al., 2017; Petitta et al., 2018) between the Gran Sasso and Morrone carbo-
nate fractured aquifers, where regional groundwater flow paths converge to feed basal springs (Figure 1).
The Morrone carbonate aquifer is bounded by low permeability layers; in the northern sector, these layers
are constituted by the thrust zone between the Gran Sasso (top) and Mt. Morrone (bottom) carbonate units,
where siliciclastic low‐permeability deposits also outcrop. In the eastern sector, the low permeability limit is
represented by the thrust zone between the Mt. Morrone unit (top) and the Laga siliciclastic flysch unit (bot-
tom; Salvati, 2002); in the western sector, the Mt. Morrone active extensional fault partially isolates the deep
carbonate aquifer from the local shallow aquifers located in the Plio‐Quaternary continental clastic deposits
of the Sulmona intramountain basin (Figure 1).

In this area, irregularly since July 2014 and systematically since January 2016, we hydrogeochemically mon-
itored a group of seven springs fed both by the Mt. Morrone and by the Gran Sasso carbonate aquifers
(Barberio et al., 2017; Petitta et al., 2018). The discharge area, corresponding to the Sulmona Plain and its
northern prolongation (Popoli Gorges), receives groundwater flow both from regional aquifers, high and
steady discharge springs, and locally from springs in the form of deep fluid contribution. The hydrogeologi-
cal framework clearly indicates this area as a focal point of regional groundwater flow with deep flowpaths;
for this reason, it is considered valuable for the monitoring aims of this research. Indeed, the stability of
groundwater flow, showing minimal seasonal oscillations, allows for an optimal evaluation of groundwater
changes due to reasons other than hydrogeological causes (i.e., seasonal recharge/discharge cycles, surface
water/groundwater interaction, and lateral flow or leakage). The monitored springs were selected for their
regime and chemical content as being representative of regional and deep groundwater flowpaths. These
springs also exhibit hydrogeological and chemical stabilities, which indicates that the influence of seasonal
and local hydraulic contributions is very limited and clearly identifiable (Barberio et al., 2017).
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Samples from these springs were collected on a monthly basis. In particular, labile physical‐chemical para-
meters (temperature and pH) were measured at the sampling site (Barberio et al., 2017), using a WTWMulti
3420 probe. New redox data (Eh in mV) measured from 28 April 2017 to 04 October 2017 using a WTW
pH/Cond 3320 probe are shown in the supporting information Table S1. Water aliquots of the samples were
analyzed in the laboratory for major cations, anions, and trace element content (along with 18O/16O and 2H/
1H isotope ratios, here not discussed due to their nonsignificant variations; Barberio et al., 2017). Water ali-
quots for major and trace cations were acidified at 1% v/v by adding 65% p/p HNO3 Suprapur® (Merck‐
Millipore). According to StandardMethods (Clesceri et al., 1999), the analytical accuracy onmajor ions ionic
balance and on trace elements determination was better than 5%. The Limit of Quantification of As and V by
inductively coupled plasmamass spectrometry (ICP‐MS) was 0.01 μg/L.We refer the reader to the previously
published manuscript for further details on these analytical methods and on the statistical significance of As
and V anomalies (Barberio et al., 2017). In this new study, new data elaborations and interpretations are
furnished along with new B and Sr isotope analyses on selected samples.

The total dissolved solids (TDSs) are calculated by summing the concentrations (in milligrams per liter;
Barberio et al., 2017) of the primary dissolved constituents as follows (Clesceri et al., 1999; Table S1):

TDS ¼ 0:5× Alk as HCO−
3

! "# $
þ Ca2þ þMg2þ þ Naþ þ Kþ þ Cl− þ SO2−

4 :

In the Table S1, the molality concentrations, activities, and mineral saturation indexes (S.I.) of the sampled
waters (Barberio et al., 2017) are calculated using the PhreeqcI code (Phreeqc Interactive), version 3, using
the llnl.dat thermodynamic data set, which employs the Debye‐Hückel theory for the activity calculation
(Parkhurst & Appelo, 2013). Contrastingly, the phreeqc.dat data set was used for calculations at
P > 10−1 MPa (e.g., Figure 4). The total molality (molar per kilogram H2O) of Ca, Mg, SO4, and
C(4) = TDIC, resulting from speciation at the pH‐T‐P sampling conditions of spring water samples
(Barberio et al., 2017), was used for the calculation of Ccarb and Cext parameters (Chiodini et al., 2000;
Martini, 2016; Table S1).

The standard properties of hydrous ferric oxide (HFO, FeOOH) was used for surface complexation modeling
(SCM; Dzombak & Morel, 1990; Parkhurst & Appelo, 2013; Zhu & Anderson, 2002): molecular formula
weight = 89 g/mol; surface area = 600 m2/g, strong site density = 0.005 mol/mol; weak site den-
sity = 0.2 mol/mol. Following adsorption modeling by the S3 water (17 December 2015 sample) and HFO
surfaces at different equilibria conditions and weights, desorption was modeled by the infiltration of 16
(HFO sites coupled to ferrihydrite‐water equilibria) or 20 (HFO weights: 0.25, 34, and 334 g) pore volumes,
using the S1 water (17 December 2015 sample) as recharging water at increasing CO2 fugacity (Parkhurst
et al., 2011). Calcite saturation was fixed during modeling calculation (Data Set S1).

Boron (11B/10B) and strontium (87Sr/86Sr) isotope ratios were obtained by multicollector thermal ionization
mass spectrometry (MC‐TIMS) measurement (Triton, Thermo Scientific) at the University of Calgary
(Elhamel, 2014; Wieser & Tuttas, 2009). Analyses were performed on 0.45‐μm filtered S1 (both 11B/10B
and 87Sr/86Sr) and S8 (only 87Sr/86Sr) samples, following column pretreatment to avoid an analytical back-
ground and taking into account the B and Sr concentrations. For boron, the delta values in permil of the iso-
tope ratios (δ11B %) were calculated against the reference material NIST SRM 951 (boric acid), whereas for
strontium, ratios 87Sr/86Sr were normalized to NIST SRM 987 (strontium carbonate). The external reprodu-
cibility (2σ) was better than ±2‰ for δ11B and ± 0.00002 for 87Sr/86Sr. The results are shown in the final
sheet of Table S1. A more detailed discussion of the methodology can be found in Supporting Information
S1 (Barbieri et al., 2005, 2017; Bethke, 2008; Blanc et al., 2012; McArthur et al., 2012; Giaccio et al., 2013;
Boschetti et al., 2017).

4. Modeling Pre‐Seismic and Co‐Seismic Geochemical Processes
4.1. “Deep CO2” Input

The involvement of deep CO2‐bearing fluids in the triggering of earthquake sequences has been widely
debated (Miller, 2013; Weinlich, 2014). A carbon mass balance of the involved water describing the origin
of total dissolved inorganic carbon (TDIC) can be represented as follows (amounts expressed asm=molality;
see the Supporting Information S1 for details) (Chiodini et al., 2000):
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TDIC ¼ Ccarbþ Cext;

Ccarb ¼ CaþMg–SO4;

Cext ¼ TDIC–Ccarb ¼ Cinf þ Cdeep:

Ccarb is the amount of carbon derived from the interaction of groundwater with carbonate aquifer rocks,
while Cext is carbon derived from processes other than these (i.e., from external sources). This latter compo-
nent can be expressed as Cext = Cinf + Cdeep, where Cinf is the carbon from atmospheric and biogenic CO2

(infiltrating water) and Cdeep is deep CO2 from metamorphism, mantle, or magma sources (Chiodini et al.,
2000).

In previous studies conducted in the Central Italy, the following thresholds were proposed (Chiodini et al.,
2000; Chiodini et al., 2004): 2.0E‐03≤Cinf <4.0E‐03 m. The low concentration concerns the waters with car-
bonmainly from a biogenic source (the background), whereas the high concentration is the threshold for the
waters with important contribution of deep carbon (the “cutoff”; that is, the probability that this value is
exceeded by Cinf is less than 1%; Chiodini et al., 2004). More recently, Cinf = 2.31E‐03 ± 6.1E‐04 m has been
proposed as representative of the recharge waters of the Apennines (Frondini et al., 2018).

The easternmost sector of the Apennines has been considered as an area where the probability of finding
groundwater with Cext greater than the cutoff is low (Chiodini et al., 2004). Consistent with this notion,
the monthly sampling sequence of the S5 to S7 water samples collected in the study area prior to and during
the seismic sequence shows a negligible excess of deep CO2, that is, Cext≃Ccarb≃Cinf. In contrast, S1 to S4
waters show an increased input in deep carbon source up to the cutoff value, along with an arsenic‐
vanadium concentration jump (April 2016; Figures 2 and 3). Three statistic tests performed on S1–S4 springs
have verified that the mean Cext detected during the sampling period is statistically different from the mean
Cinf of the Apenninic recharging water (Frondini et al., 2018; Tables 1 and S1–S4).

Figure 2. Time series for Cext‐Ccarb (big blue‐small gray dots joined by solid lines) and As‐V (pink‐red squares joined by dashed lines) of the S1–S4 springs. The
dimension of the data points is greater than analytical accuracy (5%). Cutoff and warning threshold refer to Cext values of 4.0E‐03 and 5.5E‐03 m, respectively
(Chiodini et al., 2004; Martini, 2016). These values are purely indicative and only shown for comparison. Cext gaps are due to a lack of pH data. Asterisks (*) denote
Mw ≥ 5.0 primary shock events: 24 August 2016 (Mw = 6.0) and 30 October 2016 (Mw = 6.5).
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Figure 3. Arsenic (purple) and vanadium (orange) concentrations (μg/L) versus the calculated dissolved CO2 fugacity as
logfCO2(g) (a) and Cext molality (b). Oxic‐suboxic (Eh ≤ 0: S1, S2, S3, S4; hereafter, S1 to S4) and oxic (Eh ≥ 0: S5, S6, S7;
hereafter S5 to S7) sampled waters are distinguished by diamond and square symbols, respectively. The larger symbols
depict the highest As‐V concentration detected during the first seismic mainshock (24 August 2016). Unfortunately, it was
not possible to calculate the Cext value for this period, due to a lack of pH values. For this reason, the larger symbols were
plotted using the averaged Cext values (crosses indicate the mean ± standard deviation of Cext for S1 to S4). The back
extrapolation of the trend lines that approximatively fit the higher As‐V concentrations detected in the S1 to S4 samples
(colored solid lines) intersects the CO2/Cext buildup (dashed black line) at the following supposed desorption triggering
values: As and V ≃ 2 μg/L (dotted black line), Cext ≃ 0.007 mol, and logfCO2 ≃ −1. All sampled water is fresh (total
dissolved solid < 1 g/L) and has a Ca‐HCO3 main chemical composition. In comparison to the S5 to S7 spring group
(5 < SO4 < 30mg/L), the S1–S4 group is more enriched in dissolved sulfate (40 < SO4 < 180mg/L), due to interaction with
gypsum and anhydrite of the Upper Triassic fm. Moreover, all spring water shows a slight calcite oversaturation. This can
be theoretically explained by a shift to the left in the following reaction:
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Moreover, Cext > cutoff is also detected. In particular, spring S4 shows (i) the most significant inverse rela-
tion between pH and Cext; (ii) Cext consistently above the threshold prior to the seismic sequence; (iii) two
Cext values above 5.5E‐03 m, an early warning signal of possible seismic activity in the central Apennines
(Martini, 2016), detected prior to As and V increase; and (iv) an abrupt Cext decrease following the seismic
sequence, likely related to dilution after fracture opening, as confirmed by the decrease of the TDSs from
higher than 400 mg/L down to 181 mg/L (TDS, Table S4‐Raiano). The deep origin of the CO2 along with
the highest logfCO2(g) = −1.3 detected in S4 on 21 April 2016 supports the hypothesis of fluid pockets with
high CO2 pressure at crustal depths (Fabrizio et al., 2008). It also supports results from a previous study per-
formed after the 2009 L'Aquila earthquake (Chiodini et al., 2011), that is, Cext = 5.3E‐03 ± 2.9E‐04 m,
δ13C(Cext) = −8.31 ± 0.64‰. In contrast, the Cext values below or near to the cutoff threshold combined
with an alkaline pH close to the water‐atmospheric CO2‐calcite equilibria (pH = 8.2 at T = 13 °C) are likely
related to shallow CO2 degassing and calcite precipitation (e.g., S2 water in Figures 3 and 4). Indeed, accord-
ing to Frondini et al. (2018), the location of the Cext peak values in Figure 2 between the cutoff value and the
recent defined limit of Cext = 0.03 m could be induced by these effects. Therefore, the thresholds depicted in
Figures 2–4 are purely indicative and necessitate a local redefinition by a systematic inspection of the δ13C
values.

CaCO3
↓

þ CO2

↑
þH2O⇐Ca2þ þHCO−

3 ;

which depicts calcite precipitation (downward arrow), as supported by travertine deposition in the area
(Carrara, 1998; Lombardo et al., 2001), and CO2 loss at the spring outpouring (upward arrow). As a primary
consequence, such combined carbon sinks produce both a pH increase and logfCO2(g) or Cext depletion.
These effects are primarily represented by the S5 to S7 spring waters, which show logfCO2(g) values lower
than at the atmospheric level (−3.4; “shallow degassing” in the A diagram), as well as Cext within the
Cinf range (0.00231 ± 0.00061; Frondini et al., 2018; B diagram). Cutoff and warning threshold as in
Figure 2.

4.2. Desorption

Arsenic and vanadium are redox sensitive elements that can exist between −3 to +5 and +2 to +5 oxidation
states, respectively. As(+3)‐As(+5) and V(+4)‐V(+5) are the most important species in natural waters.
Unfortunately, only aftershock redox potential data are available. These data include −0.2 < Eh ≤ 0 volts
for S1–S4 (compatible with the presence of dissolved sulfides) and Eh ≥ 0 volts for S5–S7 (Table S1).
Within these ranges of values, As and V mobility can be significantly reduced due to precipitation as oxides
and sulfides, respectively, and/or via adsorption on iron oxide‐hydroxide phases (Figure S1, Eh‐pH dia-
gram). However, by plotting the concentrations of As versus V detected in the studied groundwater prior
to and during primary shocks, a general trend compatible with an oxic‐suboxic (Wright et al., 2014) environ-
ment is shown in all the sampled springs (Figure 5). A stress‐activated oxidation process at the water‐rock
interface may serve as an explanation for the observed common redox trend (Balk et al., 2009; Grant
et al., 2011; Paudel et al., 2018; Singh et al., 2010). Moreover, the combined elemental increase may be the
result of desorption from minerals' surface as iron oxide‐hydroxides.

Table 1
Main Input Parameters and Results of the Two‐Sample T Tests and Z Test (McDonald, 2014)

Mean Std. dev. N Rejection of the null hypothesis H0 (H0 = meanCinf − meanS# = 0) at α = 0.05a

Cinf 2.31E‐03 6.10E‐04 83 —
S1 3.65E‐03 5.93E‐04 16 Yes
S2 3.00E‐03 2.88E‐03 16 Yes
S3 2.82E‐03 5.72E‐04 16 Yes
S4 4.52E‐03 1.26E‐03 15 Yes

Note. Values in molality, N = sample size, Cinf from Frondini et al. (2018). Details are in Tables S1–S4.
aChecked by the following three tests: Student's T test (equal variance), Welch's T test (unequal variance), and Z test.
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Figure 4. pH (−log[H+]) versus Cext (molality) calculated from total inorganic carbon. In (a), the linear best fits of water samples S1 to S4 are shown. In (b), all
sampled waters, S1 to S4 and S5 to S7, are compared with water‐CO2 equilibria at Taverage = 13 °C, P = 10−1 MPa, and different logfCO2 values (+numbered
and dotted best‐fit curve). The black small dots show the composition of the Sulmona basin groundwater, as found in the literature (Conese et al., 2001; Iride, 2008).
In both diagrams, the values detected in the S4 spring following the L'Aquila 2009 earthquake are also shown (black small dot withmean ± standard deviation bars;
Chiodini et al., 2011). Cinf (gray field) and cutoff‐warning Cext thresholds (arrows) are shown for comparison (see main text for details; Chiodini et al., 2000;
Frondini et al., 2018; Martini, 2016) along with the inferred desorption triggering value (Cext = 0.007 mol; Figure 3). In (b), the dashed curve represents the pH‐Cext
exponential best fit of a high CO2 water issuing from a deep borehole in the Northern Apennine watershed (Bicocchi et al., 2013). The deep borehole draws
fluid from a reservoir in the Upper Triassic rocks (Bicocchi et al., 2013). In this case, the equilibria between dissolved constituents and gases are first calculated at the
temperature and pressure values at depth (T= 120 °C and P= 69MPa). Second, shallow degassing is simulated, recalculating the water‐gas equilibria by decreasing
the logfCO2 (X numbered and dashed best fit curve) at the same average conditions of the water sampled in this study (S.I.calcite = 0, Taverage = 13 °C and
P = 10−1 MPa). As a comparison, the same calculation at P = 20 MPa is also shown (X numbered and dashed best fit line). The solid curve shows that the expo-
nential best fit for the S4 samples extends to higher and lower pH values.
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The V and As concentrations from the interaction between water and surface minerals were calculated via
SCM, using PhreeqcI computer code (Parkhurst & Appelo, 2013) version 3, applying a double‐layer
approach, and employing the minteq.v4.dat thermodynamic data set. Additional surface complexation con-
stants for dissolved inorganic carbon and iron species from the wateq4f.dat data set were also included in the
calculations. The desorption process of the adsorbed elements on HFO (HFO, FeOOH) was inferred by first

Figure 5. Vanadium and arsenic concentrations in the sampled water. Colored dotted lines show SCM desorption models
(see text for explanation) at different HFO amounts or equilibria conditions (key) and logfCO2 (numbers and dots).
Oxic water fitting (Wright et al., 2014) (dashed black line), oxic water from volcanoclastic units (Sappa et al., 2014; circled
field), and anoxic thermal fluids (Boschetti et al., 2005; squared field) are also shown for comparison. SCM = surface
complexation modeling; HFO = hydrous ferric oxide.
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equilibrating a local water sample taken during the preseismic event with
HFO and then providing an ingression of recharging water in the system
in a similar manner to advective transport. In this second step, increasing
values of CO2 fugacity and fluid‐calcite equilibria were set (S.I.calcite = 0).

The results of the calculated modeling are comparable with the As‐V
trend depicted by the sampled waters, in particular (i) at high HFO
amounts and (ii) if the HFO is connected to the ferrihydrite saturation
of the first solution (Figure 5).

From the top (Quaternary alluvial deposits) to the bottom (Paleozoic base-
ment) of the stratigraphic sequence, the adsorbent‐desorbent secondary
phases (i.e., iron oxide‐hydroxides, clay minerals, and zeolites) can theore-
tically be formed from different siliciclastic sources (Figure 6).

Iron concentration in volcanic ash is highly variable, from lower than 1%
as ferrihydrite in soil (andisol; Colombo et al., 2014) to very high amounts
in deeper/older deposits (65% to 70% as opaque minerals; Bernoulli et al.,
2004). Therefore, since published chemical data primarily concern iron
from the unaltered solid fraction, the true concentration of ferrihydrite
in local tephra layers is often difficult to determine. However, taking into
account the available chemical composition (Galli et al., 2015), porosity
(Macedonio & Costa, 2012; 67.5%), and density (Giaccio, 2006; 1.4 g/
cm3) of the tephra layers, a minimum HFO concentration of approxima-
tively 0.25 g/L, which may correspond to a heavily weathered andisol,
can be inferred (Zhu & Anderson, 2002). Using this HFO amount, the des-
orbed As and V concentrations obtainable from the model are not higher
than 2.3 and 3.7 μg/L, even if a logf (CO2)g = −1 was entered. If the HFO
amount is increased (e.g., supposing that all available iron was ferrihy-
drite or a similar amorphous phase, i.e., approximatively 34 g), the calcu-

lated model paths expand (Figure 5). Furthermore, the greater the CO2 fugacity, the more the model path
matches the real samples. Finally, the reliability of our theory is supported by the following evidence
(Figure 5): the highest As‐V‐CO2 values of both modeling results and spring water data tend toward the field
representing a potential analog site for peak concentrations in the westernmost Apennine sector (Sappa
et al., 2014). Indeed, in this latter area, deep CO2‐bearing groundwater continuously interacts with second-
ary minerals of the local volcanoclastic deposit (Battistel, 2014; circled area in Figure 5).

Regardless of the interaction with local tephra layers, the similarity between HFO‐desorption models and
As‐V increase in groundwater during seismic events may have an alternative explanation. The accumulation
of iron compounds in fault systems and their possible impact on groundwater composition, including
radium and radon concentration (Szabo & Zapecza, 1993), has been highlighted several times in the litera-
ture (Boullier et al., 2004; Corrigan, 1998; Lipfert et al., 2006; Schuessler et al., 2016; Wang et al., 2017).
Locally, the relationship between HFO and groundwater can be explained by an accumulation of amor-
phous iron hydroxide coatings on fault surfaces, or in fault gouges of the Mesozoic evaporite, rather than
as a result of water‐rock interaction with tephra layers, which are locally found no deeper than ~100 m
(Giaccio et al., 2013; Figure 1a). The substantially invariable strontium isotope ratio of the S1 spring
(0.70791–0.70794; Figure S2) agrees with an interaction of water with Mesozoic carbonates/sulfates, rather
than with Holocene ash layers (0.7083–0.7112; Figure S2; Giaccio et al., 2013). Accordingly, iron oxides can
also be derived from the silicoclastic Verrucano unit (Permian‐Lower Triassic; Parotto et al., 2003), which
overlies the crystalline basement, and also occurs as fragments incorporated in the Upper Triassic sequence
during the Alpine orogeny (Boschetti et al., 2017). Consequently, in this latter scenario, deep CO2 and the
As‐V anomalies may be related to a deep origin.

The boron data independently support the hypothesis of elemental desorption from secondary minerals.
The boron desorption concentration obtainable from SCM can vary significantly due to wide uncertainty
in logK values describing strong sites' HFO‐borates complexation: from 0.62 in the original minteq.v4.dat

Figure 6. Activity diagrams for the system Na2O‐K2O‐Al2O3‐SiO2‐H2O at
T = 13 °C and P = 10−1 MPa. Dissolved silica is saturated by cristobalite
according to the equilibria calculated by using historical data regarding the
S1 spring (SiO2 = 12 mg/L; Popoli‐SPA, 2018). The diagrams are drawn
using the Act2 tool of the Geochemist's Workbench code, 7.0.2 release
(Bethke, 2008). Lines show the theoretical equilibria between kaolinite and
zeolites by using two different thermodynamic databases, thermo.com.v8.
r6+.dat (dotted lines and the names of phases in italics; data set enclosed
in the software) and gwb_thermoddem_lvl2_no‐org_06jun17.dat, respec-
tively (dashed lines). Literature data as in Figure 4b. The clustering of the
sampled waters is parallel to the zeolites equilibria, in particular for S3,
showing the highest As‐V concentration during the first mainshock. It is
worth noting that cristobalite, kaolinite, and zeolites are the typical weath-
ering products of volcanic ashes and tephra (Bishop et al., 1998).
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to 5.63 in the literature (Ranjbar & Jalali, 2014). However, by using the former (lower) value included in
the data set, the B concentration increase due to desorption, as inferred by the models, is coherent with
that detected in the groundwater samples (Data Set S1). In a similar manner and consistently with the
total chromium increase during the seismic event, the Cr concentration in the groundwater desorbed
after SCM shows an increment of at least 10 times compared to the initial groundwater concentration
(Data Set S1).

It is worth noting that the simultaneous boron concentration increase and boron isotope ratio decrease
(from 40 to 290 μg/L and from δ11B = +7.5‰ to δ11B = +2.8‰, respectively), exhibited by the S1 water sam-
ples prior to the seismic events, may be related to desorption from mineral surfaces (Figure 7). This deso-
rption process is supported by the following considerations: (i) clays and iron oxides‐(hydroxides) logK
values (Ranjbar & Jalali, 2014) and isotope fractionation effects (10B enrichment on the surface of minerals;
Lemarchand et al., 2007; Schwarcz et al., 1969) are similar; (ii) similar boron concentration and δ11B values
were detected in cold groundwater, which interacted with clays and/or iron hydroxides formed in volcanic
deposits (B = 233 ± 58 μg/L; δ11B =+0.9 ± 4.5‰; Battistel, 2014). Finally, the hypothesis of boron desorption
is in agreement with previous work concerning different boron sources (Barth, 1997; Négrel et al., 2009;
Figure 7).

5. Conclusions

In this study, we assessed the possible relationship between deep CO2 inflow and the anomalies on trace ele-
ments such as arsenic (As) and vanadium (V) detected in groundwater before and during the 2016

Figure 7. (a) δ11B versus boron concentrations in the S1 water collected during the seismic sequence (data in Table S1).
Dashed‐contoured circles depict different and common boron sources (Barth, 1997; Négrel et al., 2009); solid and dotted
lines represent the binary mixing between them. Crosses highlight the mean and standard deviation values detected in
hot and cold water from volcanoclastic deposits (Battistel, 2014). (b) Time series of boron concentration and its isotope
ratio δ11B in S1 spring water. Error bars depict the external reproducibility of the δ11B measurements at ±2‰ (2σ).
Asterisk meaning as in Figure 2.
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earthquakes in central Italy. SCM shows that both As and V release can be related to ubiquitous secondary
mineral phases as iron oxides and triggered by deep CO2 dissolved in the water. While the As and V concen-
tration anomalies were significant and have been verified at most of the monitored springs, the possible con-
comitant boron (B) desorption processes necessitate further analyses to prove that a similar isotopic
signature occurred in other groundwater sampling sites. However, the analysis of boron (B) concentration
and isotope ratio at one spring provides tentative confirmation that the desorption processes occurred from
alteration minerals on volcanoclastic deposits. The combined role of deep CO2 and elemental desorption
processes could open new perspectives in strategies concerning the identification of seismic precursors.
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