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• Boron appears to be a good indicator of
water-rock interaction in a geothermal
system.

• PCA was used to identify the specific
role of elements in different geologic
events.

• CPD used to statistically validate of the
trend variability in the time series

• Trace elements are promising to identify
potential precursors of geological
events.
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We analysed temporal variations of trace element concentrations in groundwater from a 101 m-deep borehole
(HA01) in northern Iceland during 2010–2018 and compared them with seismic and volcanic events that oc-
curred in the same period to identify potential hydrogeochemical precursors. An increase of B, Al, V, Li and Mo
concentrations started from eight months to one month before the 2014 Bárðarbunga eruption (~115 km from
HA01), a major rifting event in central Iceland, while Ga and V concentrations began to increase one day and
one month after the onset of the event, respectively. We also found that concentrations of some trace elements
(Li, B, Ga, Mo, Sr, Rb and Fe) significantly increased before an Mw 5.0 earthquake that occurred ~80 km from the
borehole in 2018. However, other notable hydrogeochemical changes were detected during the monitoring pe-
riod without apparent correlation with the seismic and volcanic events in the region. This study shows that the
systematic long-term hydrogeochemical monitoring in seismic and volcanic areas is critical to advance the sci-
ence of seismic and eruptive precursors. Furthermore, the use of statistical tools, such as Principal Component
Analysis (PCA) and Change Point (CP) detection can help identify themost useful chemical elements and validate
the trend variability of those elements in the time series, reducing arbitrary choices of pre-seismic and pre-
volcanic hydrogeochemical anomalies as potential precursors.
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1. Introduction

Hydrogeochemical changes related to earthquakes have been docu-
mented throughout history (Manga andWang, 2015;Wang andManga,
2021). Most of these changeswere recorded in conjunctionwith and/or
after seismic events (Scholz et al., 1973; Wakita, 1975; Igarashi et al.,
1995; Montgomery and Manga, 2003; Manga et al., 2003; Cucci, 2019;
Kim et al., 2019; Barberio et al., 2020; Chiodini et al., 2020; Barbieri
et al., 2020; Hosono and Masaki, 2020; Kawabata et al., 2020; Sato
et al., 2020); however, recent anomalous hydrogeochemical variations
before Mw ≥ ~5 earthquakes have been systematically measured and
documented (Claesson et al., 2004; Chen et al., 2013; Skelton et al.,
2014, 2019; Chen et al., 2015; Barberio et al., 2017; Petitta et al., 2018;
De Luca et al., 2018; Onda et al., 2018; Boschetti et al., 2019; Sano
et al., 2020). Until recently, the lack or paucity of continuous and long-
term hydrogeochemical monitoring aimed at investigating the seismic
cycle (Ingebritsen and Manga, 2014; Skelton et al., 2019; Zhou et al.,
2020) have significantly limited the ability of scientists to identify and
fully understand any seismic precursors of a hydrogeochemical nature.
While seismological and geodetic (GPS) networks have been globally
active for many years and have provided important information about
crustal deformation and seismic cycles (e.g., Chiarabba et al., 2020), hy-
drogeochemical networks for seismic precursor identification have only
recently started to emerge in China, Iceland, Italy, Japan, western USA
and a few other countries (Chaudhuri et al., 2013; Hosono and Masaki,
2020; Franchini et al., 2020). These new networks, or single monitoring
stations, have produced significant results on pre-seismic hydrogeo-
chemical changes likely connected with the dilatative preparatory
phases of intermediately strong earthquakes. In particular, pre-
earthquake changes in groundwater temperature (Shi and Wang,
2014; He and Singh, 2019), chemical composition (Claesson et al.,
2004; Barberio et al., 2017; Onda et al., 2018; Boschetti et al., 2019;
Skelton et al., 2019; Hosono et al., 2020; Nakagawa et al., 2020; Shi
et al., 2020; Franchini et al., 2020) and changes in natural gas geochem-
istry (Wakita et al., 1980; King et al., 2006; Sano et al., 2016; Barbieri,
2019; Buttitta et al., 2020; Martinelli et al., 2020) have been properly
documented and interpreted as potential seismic precursors. Fossil in-
stances of seismic precursors are also starting to be documented in
fault-related mineralization (Andrén et al., 2016; Coppola et al., 2021)
near where hydrogeochemical precursors of strong earthquakes had
previously documented in northern Iceland and central Italy (Skelton
et al., 2014; Barberio et al., 2017).

Hydrogeochemical monitoring networks are now emerging for seis-
mic precursor identification, whereas volcanic eruption precursors are
mainly searched for and identified through seismic and geodetic moni-
toring (Patanè et al., 2003; Sparks, 2003; McNutt and Roman, 2015) or
through geochemical measurements often (but not only) on proximal
emissions, such as fumaroles, hot springs and volcanic lakes (Aiuppa
et al., 2007; De Moor et al., 2016). Conversely, the intermediate or re-
mote hydrogeochemicalmonitoring of volcanoes for eruption precursor
identification, although used, is rarer (Armienta and De la Cruz-Reyna,
1995; Caracausi et al., 2003). Below, we will show that this remote
method could bemore suitable, more reliable, and easier than sampling
proximal volcanic fluid emissions.

Since 2002, a hydrogeochemical monitoring system has been run-
ning in northern Iceland with themain aim of identifying potential pre-
cursors to earthquakes. One monitoring station was set up at Húsavík
(HU01) and the other at Hafralækur (HA01) (Claesson et al., 2004,
2007; Skelton et al., 2014, 2019; Andrén et al., 2016). The samples
from this study come fromHA01 that consists of a 101m-deep borehole
located at Lat. 65.8722°N and Long. 17.4528°W (Fig. 1). HA01 has been
continuouslymonitored since 2008. Themonitoring systemhas allowed
geoscientists to identify hydrogeochemical changes (interpreted as po-
tential seismic precursors) before three large earthquakes (Mw > 5.0)
that occurred off northern Iceland on 16 September 2002, 21 October
2012 and 2 April 2013. Before the 2012 Mw 5.6 and the 2013 Mw 5.4
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earthquakes, significant anomalies in groundwater concentrations of
Na, Ca, Si, δ18O and δ2H were recorded at the HA01 hydrogeochemical
station (Skelton et al., 2014). These studies were then followed by geo-
chemicalmodelling and statistical studies to explain and verify previous
interpretations (Andrén et al., 2016; Skelton et al., 2019). Moreover, be-
fore the 2002 Mw 5.8 earthquake, significant anomalies of Cu, Zn, Mn
and Cr were detected in groundwater from the HU01 borehole (20 km
from the HA01 borehole) at Húsavík (Skjálfandi Bay; Fig. 1) together
with pre- and post-seismic shifts of groundwater concentrations of B,
Ca, K, Li, Mo, Na, Rb, S, Si, Sr, Cl, SO4, δ18O and δ2H (Claesson et al., 2004).

In 2018, to expand the hydrogeochemical analyses of themonitored
HA01 groundwater and identify further potential precursors of earth-
quakes in northern Iceland, international collaboration was established
between Stockholm University, the University of Iceland at Reykjavík,
SapienzaUniversity of RomeandCNR-IGAG in Rome.Within this collab-
oration, we analysed trace element concentrations in the groundwater
sampled from the HA01 borehole between 2010 and 2018 together
with earthquake and volcanic data in the same period.

We then used geochemical-thermodynamic computations to con-
strain the origin of the observed elements. The results show new poten-
tial hydrogeochemical precursors of Mw ≥ ~5 earthquakes and remote
hydrogeochemical precursors of volcanic eruptions. These results are
integrated with previous hydrogeochemical findings obtained from
the same monitoring system (Skelton et al., 2019) for a better compre-
hension of thehydrogeochemical and physical processes that occur dur-
ing the preparatory phases of intermediately strong earthquakes and
volcanic eruptions in Iceland.

Ourmain aim is to advance the science of hydrogeochemical precur-
sors of earthquakes and volcanic eruptions. Our results are part of a ten-
tative first step towards forming the background necessary to formulate
national protocols aimed at seismic and volcanic precursor identifica-
tion and related hazard mitigation.

2. Geological and hydrogeological settings

Iceland is located on the Mid-Atlantic Ridge between the divergent
plate margins of Eurasia to the east, North America to the west, the
Reykjanes ridge to the south and the Kolbeinsey ridge to the north
(Einarsson, 1991; Einarsson et al., 2008; Árnadottir et al., 2008; Fig. 1).
The tectonic setting of Iceland is dominated by an eastward shift of
the Mid-Atlantic Ridge due to a hot spot currently located under the
Vatnajökull glacier in southeastern Iceland (Thordarson and Larsen,
2007). Two transform zones connect the shifted ridge segment to the
Mid-Atlantic Ridge: the South Iceland Seismic Zone (SISZ) to the south
and the Tjörnes Fracture Zone (TFZ) to the north (Fig. 1). The TFZ cuts
across the area investigated in this work in northern Iceland.

The TFZ is a 120 km-long and 70 km-wide oceanic oblique transform
zone linking theNorthern Volcanic Rift Zone to the south and the south-
ern end of the submarine Kolbeinsey ridge to the north (Einarsson,
1991; Einarsson et al., 2008; Stefansson et al., 2008). This WNW-ESE-
trending fracture zone includes two main transform structures: the
Grímsey Oblique Rift (GOR) and the Húsavík-Flatey Fault (HFF)
(Gudmundsson et al., 1993; Gudmundsson, 2007; Rögnvaldsson et al.,
1998; Stefansson et al., 2008; Wästeby et al., 2014; Tibaldi et al., 2020;
Fig. 1).

Seismic activity in Iceland ismainly linked to the extensional and lat-
eral transfer dynamics associated with Mid-Atlantic Ridge kinematics.
Therefore, seismic activity is mainly located along the ridge segments,
but it is rarer in intraplate areas. Earthquakes in northern Iceland
occur mainly in the TFZ (Gudmundsson, 2007) along the HFF and GOR
(IMO, 2016; Fig. 1). Strike-slip and normal fault motions in the TFZ are
responsible for the high level of seismic activity in this zone, which
has hosted more than 10 Mw > 6 earthquakes in the past 300 years
(Gudmundsson et al., 1993; Gudmundsson, 2007; Rögnvaldsson et al.,
1998; Stefansson et al., 2008; Wästeby et al., 2014; Skelton et al.,
2019). Additionally,moderately strong earthquakes have been recorded



Fig. 1.Map of Iceland. Groundwater sampling sites inHafralækur (HA01) andHúsavík (HU01), northern Iceland, are displayedwith blue symbols. CGPS station (AKUR) in northern Iceland
and the relative time series of the detrended north component are displayedwith turquoise circles (see the diagram on top of themap;modified after Jónsson et al., 2019). The CGPS time
series shows a ~5 mm transient signal due to the Bárðarbunga-Holuhraun dike intrusion. The red vertical lines mark 15 August and 1 September 2014, just before and after the diking
activity. In the map, the Bárðarbunga volcano and glaciers (e.g., Vatnajökull) are also shown. Spreading zones and main transform zones are represented with red dotted lines and
black solid lines, respectively. Fissure swarms are displayed as yellow shaded areas (from Árnason, 2020). Earthquake epicenters (2010–2018) are represented with orange and yellow
dots depending on the magnitude (https://en.vedur.is/). Focal mechanisms of selected earthquakes (October 21st, 2012, Mw 5.6; April 2nd, 2013, Mw 5.4; August 16th, 2014, Mw 4.0;
February 19th, 2018, Mw 5.2) are also shown (https://en.vedur.is/). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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along with volcanic activity, such as at Katla, Krafla and Bárðarbunga
(Einarsson and Björnsson, 1979; Einarsson et al., 2008).

During our monitoring period (2010–2018), the main seismic and
volcanic events that occurred in central and northern Iceland were
fourMw ≥ 5.0 earthquakes in the TFZ and one volcanic eruption (a rifting
event). The earthquakes occurred off northern Iceland along the west-
ern HFF on 21 October 2012 (Mw 5.4 and 5.6 earthquakes occurred at
3

Lat. 66.333°N and Long. -18.805°W and at Lat. 66.299°N and Long.
-18.714°W, respectively), along the GOR on 2 April 2013 (an Mw 5.4
earthquake occurred at Lat. 66.547°N and Long. -17.661°W) and on 19
February 2018 (an Mw 5.2 earthquake occurred at Lat. 66.586°N and
Long. -17.708°W) (https://en.vedur.is/; Fig. 1).

A volcanic eruption occurred in Holuhraun, just north of the
Vatnajökull glacier, and was part of a rifting event that originated in

https://en.vedur.is/;
Image of Fig. 1
https://en.vedur.is/
https://en.vedur.is/


M. Barbieri, S. Franchini, M.D. Barberio et al. Science of the Total Environment 793 (2021) 148635
the Bárðarbunga volcano (Fig. 1). The rifting event started on 16 August
2014, with a magmatic dike gradually propagating 48 km northeast-
ward from the Bárðarbunga volcano until 27 August 2014. The dike
propagation and emplacement were followed by eruptive activity be-
ginning on 29 August 2014 and ending on 27 February 2015
(Sigmundsson et al., 2015; Andrén et al., 2016). The Bárðarbunga
(dike) intrusion has been estimated ~5 m in thickness (Sigmundsson
et al., 2015; Ruch et al., 2016) and it caused strain changes all over
northern Iceland, as indicated by ~5 mm of GPS-determined displace-
ments at distances beyond 100 km from the intrusion (Jónsson et al.,
2019, Fig. 1).

The HA01 hydrogeochemical monitoring borehole, which is the
source of the water samples analysed in this paper, is located in the
Hafralækur area (Fig. 1) in a low-temperature geothermal district just
south of the TFZ and ~ 20 km to the south of Húsavík (Andrén et al.,
2016). In the Hafralækur–Húsavík area, the bedrock mainly consists of
mafic and intermediate lavas from the Tertiary to Holocene ages with
intercalated sediments (Jóhannesson, 2014). The HA01 borehole is
101m deep and penetrates a layer of basalt-derived sediments beneath
the Younger Laxá Lava, producing three lava flows (Andrén et al., 2016).
From the borehole, artesian water naturally flows out after circulating
into basalts and basalt-derived sediments. The borehole is cased to a
depth of 35 m with filters for water inlets located at 65, 82 and 96 m,
yielding a total of 7.7 L/s. The groundwater from the borehole is be-
tween 71 and 76 °C with a pH of ∽10.2 (at 25 °C). The groundwater
has a low dissolved solid content (240 ppm), which is typical of fresh
low-temperature geothermal groundwater on the flanks of the active
rift zone in Iceland (Kristmannsdóttir et al., 2010; Skelton et al., 2014,
2019; Andrén et al., 2016).

3. Data and methods

Water samples have been collected from the HA01 borehole every
week from October 2008 (Skelton et al., 2019). The time window for
this study is from September 2010 to June 2018. Two samples from
the borehole were collected weekly to determine major (cations and
anions) and trace element contents and for isotope analysis. Before
sampling, tomitigate the borehole casing oxidation effects, we removed
the stagnant water (shallow), then purged a fixed number of borehole
volumes, generally between three to five (Trick et al., 2008). Both
groundwater samples were filtered in situ through a 0.2 μm filter into
acid-washed polyethylene bottles. One sample was filled leaving as lit-
tle air as possible, and it was not opened again until the analysis stage.
This latter sample was used for isotope analysis (Skelton et al., 2019).
On the day of sampling, the sample was cooled for around one hour be-
fore pH and temperature were measured. In the second sample,
Suprapur® HNO3 (Merck KGaA, Darmstadt, Germany) was added to
make it 1% acidified. After a period of storage in Iceland, the samples
were sent to and stored cold at theUniversity of Stockholm and theUni-
versity of Iceland in Reykjavík to analyse stable isotopes (δ18O and δ2H)
and major element concentrations, respectively (Skelton et al., 2019).
Finally, the acidifiedwater sampleswere sent to Rome for trace element
concentration analysis (Franchini et al., 2020). This latter analysis used
the same sample aliquots that had been previously analysed for the
major elements (Skelton et al., 2014, 2019; Andrén et al., 2016). We
measured the concentration of dissolved trace elements (lithium (Li),
beryllium (Be), boron (B), aluminium (Al), vanadium (V), chromium
(Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu),
zinc (Zn), gallium (Ga), arsenic (As), rubidium (Rb), strontium (Sr),mo-
lybdenum (Mo), cadmium (Cd), indium (In), antimony (Sb), caesium
(Cs), lead (Pb) and uranium (U); Table S1) at the Geochemistry Labora-
tory of Sapienza University of Romewith an inductively coupled plasma
mass spectrometry ICP-MS (X Series 2 Thermo Fisher Scientific) (Ricolfi
et al., 2020). To keep trace element stability in the solutions until
analysis, in the ICP-MS laboratory, we re-checked the pH of the
acidified water samples and added Suprapur® HNO3 till to pH < 2, if
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needed (Marcovecchio et al., 2014). We used ultrapure water
(Millipore, Milli-Q, 16 MΩ cm) to prepare blanks, standard solutions,
sample dilutions and an internal standard, Rh, to correct the ICP-MS in-
strumental drift. The analytical accuracy of thismethod ranged between
2% and 5% (Barberio et al., 2017; Nigro et al., 2017). After each tenth
sample, we analysed blank and two standard reference materials
(SRM1640a purchased from the National Institute of Standards and
Technology, United States) as water samples. The parameters for
water analyses by ICP-MS (X Series II Thermo Fisher Scientific Inc.) are
reported in Table S2. We measured and controlled for uncertainties
for all constraints using a regular laboratory replica of samples and by
confirming the precision/calibration of the instrument over regular
runs with standard solutions. The recoveries of analytes of interest
were in the range 98.4–106.3%, whereas recoveries of the SRM1640a
were in the range 91.2–111.6%.We added 206Pb, 207Pb and 208Pb iso-
topes to measure the concentration of lead (Ricolfi et al., 2020).

To analyse and assess the trace element temporal series, and to avoid
human influence or an arbitrary choice of anomalies, we used both
Principal Component Analysis (PCA) and Change Point (CP) detection.
In long-term borehole monitoring, such as for HA01, PCA is useful to
identify which elements (components) and samples (loadings) deserve
particular attention. After such a selection, CP detection is helpful to
identify significant changes in the time-series, particularly when com-
pared to seismic or volcanic events.

The PCA is a statistical tool that can discover unsuspected relation-
ships that could reduce the dimensionality of the dataset while
retaining the information present in the data structure. It has been suc-
cessfully applied to explain the hydrogeochemical composition of geo-
thermal waters in different geological settings (Nicholson, 1993;
Boschetti et al., 2003; Awaleh et al., 2020). Different codes from
OriginPro version 2019b (OriginLab Corporation, Northampton, MA,
USA) and SPSS version 16 (Armonk, NY: IBM Corp; IBM, 2019) were
used for classic PCA. Before PCA extraction, the sampling adequacy of
the data matrix was checked for the subject-to-variables ratio (Bryant
and Yarnold, 1995; Hutcheson and Sofroniou, 1999; Hatcher and
O'Rourke, 2013; Garson, 2018), Kaiser-Meyer-Olkin (KMO) and
Bartlett's test of sphericity (IBM, 2019). Results were also compared
with categorical PCA (CATPCA) and robust PCA (RPCA) (Filzmoser and
Todorov, 2013; Hubert et al., 2016). Other details are discussed below
in the dedicated section.

We also used CP analysis on the temporal series of chemical data. A
CP is a point in which an ordered sequence of data (y1, y2, …, yn)
changes its statistical properties (Skalska, 2017). Some freely available
codes can solve the detection and statistical evaluation of changes in
data trends (Skalska, 2017). The Joinpoint Regression Program (JRP),
version 4.8.0.1, is a software package that fits data into joinpointmodels
(Joinpoint Regression Program, 2020). The software enables the user to
test whether an apparent change in trend is statistically significant. A
sequence of permutation tests (the Monte Carlo method) identifies
the CPs between trends. The procedure is based on a sequential applica-
tion of likelihood ratio-type tests (Kim et al., 2000). Once theminimum
(kmin) and maximum (kmax) number of CPs is set, choosing the number
of statistically significant CPs is performed via a scheme of hypothesis
tests that compares a simpler model, called the null model, and a
more complicated model called the alternative model. This brief de-
scription does not attempt to be mathematically or statistically exhaus-
tive; therefore, the reader is referred to the Joinpoint Regression
Program (2020) for more details. In this study, we used the following
operative code conditions: i) to obviate the fact that the sampling
dates of the trace elements do not have regular periodicity, we used a
standard error of 5% (i.e. higher than the real 2%) for each raw data con-
centration before elaboration; ii) we chose weighted Bayesian informa-
tion criteria (WBIC) as the model elaboration, which combines both
traditional Bayesian information criteria (BIC) and its modification
with a harsher penalty (BIC3) using a weighted penalty term based on
data characteristics (Joinpoint Regression Program, 2020). The WBIC
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was considered the default in the Joinpoint software, particularly for a
large dataset (N> 160 samples), because it is more computationally ef-
ficient than the permutation tests andmaintains a relatively high prob-
ability of correct selection (Kim and Kim, 2016; Joinpoint Regression
Program, 2020).

Concerning seismic data, we considered earthquakes from 1
September 2010 to 31 December 2018, which included ~800 seismic
events (Mw ≥ 4) in Iceland (see Fig. 1; Table S3). These earthquakes
were mostly linked to the volcanic activity and caldera collapse of
Bárðarbunga in 2014–2015 (indeed, these earthquakesmainly occurred
between August 2014 and February 2015) and to the seismic activity of
the HFF and GOR in northern Iceland (Fig. 1). All earthquake data are
from the IMO catalogue (https://en.vedur.is/).
Fig. 2.Variability of elements in the HA01 groundwater. (A) Coefficients of variation for all the t
dots represent “anomalous values” of concentrations (ppb) compared to the median and the a

5

4. Results and discussion

4.1. Elemental variability of the HA01 groundwater

Before comparing the chemical data (Table S1) of the monitored
HA01 borehole against the seismic and volcanic activities during this
study's time window, we computed the coefficients of variation associ-
ated with HA01 groundwater trace elements in Fig. 2a (Table S4).

The coefficient of variation corresponds to the ratio between the
standard deviation (σ) and the absolute value of the mean (|μ|) of re-
sults from the physical-chemical measurements and analyses realized
in situ and in the laboratories on the groundwater samples collected
during the considered period. The coefficient of variation is a measure
race elements (Table S4). (B) Box-and-whisker plots for the selected trace elements where
ssociated box as they exceed the whiskers.

https://en.vedur.is/
Image of Fig. 2
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of dispersion of a frequency distribution and shows the extent of vari-
ability in relation to the mean of the population.

The low variability range (coefficient of variation <0.5) includes Li,
B, Al, V, Ga, As, Rb, Sr and Mo. The intermediate variability range (≥0.5
to <1.0) includes Cr, Co, Cu, Zn, Cd, In and Cs. The high variability
range (≥1.0) includes Mn, Fe, Ni, Sb, Pb and U (Fig. 2a).

Most elements with coefficients of variation >0.5 have very low av-
erage concentrations over the sampling period, namely, less than 1 ppb
or even below the quantification limit of the instrument (Table S4). For
this reason,we excluded these elements (Co, Cd, In, Cs, Cr, MnNi, Cu, Sb,
Pb, U and Zn) from our subsequent analyses and elaborations. In terms
of Zn, despite an average concentration of 6.42 ppb, it was only detected
in 29 out of 166 analysed samples. Although the Fe concentration was
often below the instrument detection limit (in 54 samples out of a
total of 166), we considered it the same because of its documented
role in pre-seismic processes elsewhere (Barberio et al., 2017;
Boschetti et al., 2019). The remaining elements (Li, B, Al, V, Ga, As, Rb,
Sr and Mo) were mostly characterised by low coefficients of variation
(<0.5),which, over a long time series (8–9 years) corroborate their suit-
ability as good indicators for changes connected with environmental
events. In other words, anomalies in groundwater concentrations are
emphasised by the stability of the time series expressed by the low co-
efficient of variation.

To better understand the statistical distribution of the analysed pop-
ulations, we also graphed concentrations of the selected elements (Li,
Mo, As, Sr, Rb, B, V, Ga, Al and Fe) as box-and-whisker plots (Fig. 2b).
Each box represents interquartile ranges (25–75 quartiles) and is sepa-
rated into two parts by the median. The whiskers are limited by the in-
terquartile range (IQR) with a factor equal to 1.5. All selected elements
had small boxes, meaning that populations were clustered around the
median. Furthermore, all elements, except As and Al, had outliers
(dots in Fig. 2b), which are anomalous values compared to the median
and associated box as they exceed the whiskers (Fig. 2b).

4.2. Time series of trace elements in the HA01 groundwater

The time series of previously selected (Li, Mo, As, Sr, Rb, B, V, Ga, Al
and Fe) trace element concentrations (Table S1) are shown in Fig. 3.
The graphic representation of the time series allowed us to appreciate
the extraordinary stability found in the concentrations of Li, B, Mo, V,
Ga, As, Rb, Sr and Al over nine years (Table S1), which is confirmed by
the low variability of the sample around the average values (Table S1).
Instead, Fe and Zn showed a very high standard deviation, which is a
symptom of higher intrinsic variability and/or potential instrumental
difficulties in their determination (Fig. 3 and Table S1).

Fig. 3 demonstrates that two groups can be identified based on the
trends of concentration over time. The first group is represented by Li,
Ga and Mo, while the second group is represented by B, V and Al.
These two groups of elements exhibit similar behaviourswhere compa-
rable trends of concentrations are recognised.

Sr, Rb and Fe concentrations were stable around their average
values, only significantly departing between January 2018 and the end
of study period (Fig. 3).

The As time serieswas characterisedwith very low and variable (but
within a very narrow concentration interval of about 1 ppb) concentra-
tion values. No clear trends were visible in this narrow distribution
within the monitoring period (Fig. 3).

4.3. Preliminary observations on hydrogeochemical changes vs seismic and
volcanic events

To identify possible correlations between trace elements of the
analysed groundwater and geological events, such as earthquakes and
volcanic activity, we compared our hydrogeochemical time series with
a time series of seismic events with Mw ≥ 4 and main volcanic episodes
(i.e. from the Bárðarbunga volcano) for the period of monitoring in
6

selected areas of Iceland (Figs. 1 and3).We identified the followingpos-
sible temporal correlations:

(1) An apparent increase in B, Al and V concentrations (HA01)
started about five months (May 2012) before theMw 5.6 seismic
event off northern Iceland on 21 October 2012, around 75 km
from the HA01 borehole. From July 2012, the concentrations of
these three elements returned to background values (Fig. 3). Dif-
ferent hydrogeochemical potential precursors for this earth-
quake were previously identified (Skelton et al., 2014, 2019;
Andrén et al., 2016).

(2) From January 2014, B, Al and V exhibited a substantial decrease
in their concentrations (HA01) until August 2014, when a quick
inversion and increase of all three elements were recorded. This
increase started about one week before the Bárðarbunga seismic
sequence and rifting event (16 August 2014), which, in turn,
heralded the volcanic eruption (on 29 August 2014) by about
twoweeks (Gudmundsson et al., 2016). Hence, the elemental in-
version and increase of B, Al and V (HA01) occurred about three
weeks before the Bárðarbunga eruption in Holuhraun, which oc-
curred at around 115 km from the HA01 borehole (Bárðarbunga
is located 140 km away from the borehole). Moreover, in
September 2014 (after the onset of the volcanic eruption), Li,
Ga and Mo concentrations started to increase. B, Al, V, Li, Ga
andMo returned to background values in February 2015 (Fig. 3).

(3)All the considered trace elements (Li, B, Ga, Mo, Sr, Rb and Fe con-
centrations in the HA01 groundwater), except for Al, V and As,
exceeded the +2σ threshold (Table S1) from January 2018,
about seven weeks before the Mw 5.2 earthquake off northern
Iceland on 19 February 2018, approximately 70 km from the
HA01 borehole (Fig. 3). Concentrations of these elements
remained high until the end of our study period (June 2018).

(4) Some hydrogeochemical variations occurred in 2016–2017
(HA01) when no significant seismic and volcanic activities oc-
curred. In particular, Li, Ga and Mo exhibited a substantial in-
crease in groundwater concentration (HA01) from December
2016 to November 2017, whereas B, Al and V exhibited a sub-
stantial increase from January to June 2017 (Fig. 3). In the same
period, the concentration of some major chemical elements in
the HA01 water showed anomalous changes (Skelton et al.,
2019).

The aforementioned potential correlations between hydrogeochem-
ical trends and seismic-volcanic events are statistically tested below.

4.4. Trace element hydrogeochemistry and volcanic events

As mentioned above and observed in Fig. 3, hydrogeochemical
changes before the 2014 Bárðarbunga activity were the most obvious
over the recorded time series. We propose some geochemical-
thermodynamic computations to understand the possible sources of
trace elements (and their pre-volcanic concentration changes) in
Icelandic volcanic environments.

Earthquakes are among the most important signals in forecasting
eruptions because magma movement enhances the stress of the sur-
rounding rocks. However, seismic activity in volcanic areas can be
characterised with wide variability depending on the large range of
elastic behaviour and rheology of the rising magma and surrounding
rocks (Marzocchi and Bebbington, 2012). Among themain volcanic pre-
cursors, geochemical signals may be important in forecasting volcanic
eruptions (Marzocchi and Bebbington, 2012). Monitoring methods
based on chemical changes related to volcanic activity have been used
to detect changes within the volcanic system. Geochemical monitoring
has mainly focused on gas emissions from fumaroles or craters and,
less frequently, the studies have addressed changes in remote ground-
water geochemistry before volcanic eruptions (Armienta et al., 2008).



Fig. 3. Time series of trace element concentrations andmajor earthquakes and volcanic eruptions. Trace elements concentrations in the HA01 groundwater (ppb; September 22nd, 2010 –
June 25th, 2018; Table S1) are shownwith circles of different colors. Seismic events (Mw ≥ 4; January 13rd, 2011 – February 23rd, 2019; Table S3) related to the Bárðarbunga Volcano and
Húsavík-Flatey Fault (HFF) activities are displayed with red and blue bars, respectively. Earthquake data are from the IMO catalogue (https://en.vedur.is/). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Nonetheless, the application of geochemical monitoring methods to
water (springs, streams, etc.) associated with volcanism has proven to
be productive in understandingmechanisms related to volcanic activity
(Armienta andDe la Cruz-Reyna, 1995). In an active geothermal system,
as is this case study in Iceland, fluids can remotely transport or deposit
metals that originate from source water, magmatic volatiles and via
rock dissolutions (Kaasalainen et al., 2015; Blomgren et al., 2019). For
example, B is highly mobile during water–rock interaction in a
basaltic-hosted geothermal system and, therefore, is a good indicator
of rock leaching. B is a chemical species that ismore sensitive to changes
in volcanic activity. Indeed, magma displacement can lead to dome or
dike emplacement facilitating the leaching of the host rock. For this rea-
son, the hydrogeochemical composition of springs varies with the
changes in volcanic stress pattern (Armienta et al., 2008; Arnórsson
and Andrésdóttir, 1995; Kaasalainen et al., 2015).

The calculation of the trace elements' relativemobility (Gislason et al.,
1996; Aiuppa et al., 2000; Koh et al., 2016), i.e. the normalised-to-sodium
ratio between the trace concentrations detected in the HA01 borehole
and basalt (Kokfelt et al., 2006; Kaasalainen and Stefánsson, 2012;
Shorttle et al., 2013), definitively confirms that B is the most mobile ele-
ment in the studied area (Supplementary File RM). Therefore, to examine
the volcanic hydro-sensitivity of B, we analysed the relationship between
B and trace element concentrations in the geothermal aquifer fluids of the
Hafralækur area (Fig. 4). We compared our water samples (black dots)
with data from previous studies on snow samples from the Vatnajökull
glacier and highlandNE of the glacier during the 2014–2015 Bárðarbunga
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eruption (white rhombuses; Galeczka et al., 2017), water samples from
the Jökulsá á Fjöllum River (JFR) during the 2014–2015 Bárðarbunga
eruption (light blue squares; Galeczka et al., 2016), Icelandic cold ground-
water (green triangles; Kristmannsdóttir and Klemensson, 2007;
Kristmannsdóttir et al., 2009; Kristmannsdóttir, 2011) and Icelandic ther-
mal groundwater (orange triangles; Arnórsson, 1969; Kristmannsdóttir
and Klemensson, 2007; Kristmannsdóttir, 2008; Kristmannsdóttir et al.,
2009; Kristmannsdóttir, 2011; Kaasalainen and Stefánsson, 2012;
Kaasalainen et al., 2015). The transition temperature between cold and
thermal waters was 10 °C (Kristmannsdóttir and Klemensson, 2007;
Kristmannsdóttir et al., 2009; Kristmannsdóttir, 2011), in agreement
with Schoeller's (1962) definition of thermal waters (air or surface
water temperature over 4 °C). In Húsavík, the mean annual temperature
of surface water was approximately 5.6 °C, and the transition between
cold and thermal waters occurred at around logB = 1. The logarithmic
values tended to fade the temporal element variability, particularly in
samples with a lower coefficient of variation values. However, it was
possible to have some indication of the origin of the trace constituents
by comparing them with the concentration of median trace elements in
Icelandic basalts (Kaasalainen and Stefánsson, 2012) and with the
data from Icelandic thermal waters at temperatures lower than or
equal to 100 °C (Arnórsson, 1969; Kaasalainen and Stefánsson, 2012;
Kaasalainen et al., 2015). Geochemical-thermodynamic codes can
be used to model the equilibria of major and trace elements during
water–rock interaction (e.g. reaction-path modelling; Marini, 2013;
Kaasalainen et al., 2015). However, the low concentration of trace

Image of Fig. 3
https://en.vedur.is/
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elements in T ≤ 100 °C groundwater combined with the difficulty in tak-
ing other phenomena into account, such as adsorption/absorption inmin-
erals (in particular oxides and hydroxides), co-precipitation in complex
phases (such as the solid solutions ormixed layered clays) and the incom-
pleteness of the thermodynamic data on solution species,mean that these
models must be used with extreme caution when applied to trace ele-
ments (Oelkers et al., 2009; Marini, 2013). This is evident in Fig. 4, espe-
cially in the case of Li and Rb, where the borehole waters were
positioned below the reaction path model created by Kaasalainen et al.
(2015). That model was calculated for high-temperature geothermal wa-
ters in Iceland; however, the first stretch of the path (low B content) can
be compliant for waters at T ≤ 100 °C, as in the case of the HA01 borehole.
It is relevant to observe how theHA01 samples are clustered at the switch
domain between the surface waters of JFR (Galeczka et al., 2016) and
Icelandic thermal waters, which are approximated by the maximum
boron content detected in JFR during the 2014–2015 Bárðarbunga erup-
tion (logB = 1.8) (Fig. 4). The samples tend to be closer to the reaction
path model in the case of Sr, Al and Fe, with the first one being quite im-
mobile compared to boron. The HA01 borehole groundwater samples
have lower contents in Sr compared to the reaction path model and
Icelandic thermal waters, probably due to the high pH of the HA01
groundwater (i.e. faster calcite precipitation especially close to the surface
conditions) and/or co-precipitation in calcic zeolites (Andrén et al., 2016).

TheAl and partial Fe concentrations inHA01 groundwater alignwith
the trend of JFR samples towards Icelandic thermal waters. These two
elements are geochemically similar and can be classified as immobile
trace elements (Supplementary File RM), probably due to their ten-
dency to form oxide-hydroxide colloids. However, Fe has the greatest
variability in the parity of B concentration, probably due to variable
redox conditions and/or the fact that iron resides in the structures of
nano- to micron-scale clay mineral particles undergoing cycling be-
tween Fe(II) and Fe(III) (Ilgen et al., 2019). In contrast, Mo is the second
moremobile trace element after B (Supplementary File RM). Its concen-
tration in the HA01 groundwater is also noteworthy because, similarly
to basalts, it is much higher than in surface waters and slightly shifts to-
wards higher concentrations compared to other Icelandic thermal wa-
ters (Fig. 4). Mo does not have a very high basalt concentration, but it
tends to accumulate in water proportionally to the time and tempera-
ture of interaction (Arnórsson and Óskarsson, 2007). This confirms
that theHA01 groundwater is ancient and probably originated fromgla-
cial melting; it is roughly datable to the pre-early Holocene era as sug-
gested by the low stable isotope ratio value of hydrogen, δ2H(H2O)
(Skelton et al., 2014). Therefore, it is clear that the analogy of the B con-
tent between JFR waters and the HA01 borehole before and during the
2014–2015 volcanic crisis is a mere coincidence, even if the position of
the borehole on the growth trend of the trace elements in the water is
compatible with its origin from glacial melting. Indeed, in Iceland,
early Holocene (12–8.2 cal ka) deglaciation and pulsed warming were
associated with two major generations of jökulhlaups (glacier outburst
mega-floods) around the Vatnajökull icecap at 11.4–11.2 cal ka and
10.4–9.9 cal ka and major tephra emissions from the Grímsvötn and
Bárðarbunga subglacial volcanoes (Van Vliet-Lanoë et al., 2020).

We indicated the evolution of the JFR during the 2014–2015 event
(purple arrow) along with a less-marked line representative of the cor-
relation of the samples typical of the thermal waters of north Iceland
(among which there is also the HU01 borehole; Kristmannsdóttir,
Fig. 4. Relationships between B and trace element concentrations in the HA01 groundwater. S
(2012, and references therein), except for Ga (median Ga value from Arnórsson, 1969; De
shows the trend line of the trace elements in the Jökulsá á Fjöllum River samples (white squ
shows the maximum boron concentration detected in the river during that period (log B =
diamonds; Galeczka et al., 2017). Dashed lines depict the reaction-path modelling for high te
et al., 2015). Green and orange triangles are Icelandic cold (T < 10 °C) and thermal waters (
line depicts the best fit of high-pH thermal waters in northern Iceland. (For interpretation of
this article.)
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2008) (Fig. 4). As well as the HA01 borehole, these samples have a
more basic pH (median equal to 9.7) compared to the others (8.37 in
Kristmannsdóttir and Klemensson, 2007; Kristmannsdóttir et al.,
2009; Kristmannsdóttir, 2011; 8.66 in NaCl waters in Kaasalainen and
Stefánsson, 2012). It is noteworthy that basic pH values are typically
measured from water originating from glaciers and are caused by the
isolation of groundwater atmospheric CO2 (Vigier et al., 2006). The cor-
relation line (green line) is always close to the HA01 samples (Fig. 4).
Therefore, this line can be representative of the evolutionary trend of
the waters in the Hafralækur area. However, water samples from the
HA01 borehole represent the transition between JFR and thermal wa-
ters (vertical red line) that are especially evident in theAl and Fe graphs.
Moreover, trends of HA01 and other basic samples are similar for ele-
ments with geochemical affinities, such as Al and Ga (different mobility
but with a similar dissolved species behaviour due to the pH; Elmi,
2009), As and Mo (similar high mobility and affinity with sulphides)
and Li and Rb (similar moderate mobility and parallel trend to the
ratio B/alkali metal in basalts) (Fig. 4; Supplementary File RM). Finally,
the concentration of alkali metals Li, Rb and Cs in geothermal fluids in-
creasedwith increasing temperature (Kaasalainen et al., 2015). This also
explains why the trend is different from the high-temperature geo-
chemical model (dotted line), given that the HA01 borehole has a
deep T equal to ca. 100 °C (Fig. 4). In Fig. 5, most of the HA01 borehole
samples are clustered between the mean composition of meteoric
water and a Li/Rb= 2.26 weight ratio, which is between that of basaltic
glass (Li/Rb= 2.33 in Berger et al., 1988, which is also similar to MORB,
Li/Rb = 2.26 in Gale et al., 2013) and the median ratio of Icelandic tho-
leiitic basalts (Li/Rb= 2.18; Kaasalainen and Stefánsson, 2012), the lat-
ter also being enriched with more Cs (Fig. 5). Generally, processes
related to the distribution of these elements in thermal waters are par-
ticularly evident at high temperatures in the following range: 150 < T<
350 °C (Seyfried Jr and Bischoff, 1979; Seyfried Jr., 1987; Giggenbach,
1991; Kaasalainen et al., 2015). In such a temperature range, the absorp-
tion of Li on quartz or Cs on zeolites is more pronounced (Giggenbach,
1991).

The calculation of the relative mobility of trace elements confirms
that B is highly mobile during water–rock interaction in a basaltic-
hosted geothermal system (Supplementary File RM). In particular, the
analysis of the relationship between B and trace element concentrations
in the geothermal aquifer fluids of theHafralækur area allows us to con-
firm that water samples from the HA01 borehole represent the transi-
tion between JFR and thermal waters (Fig. 4). Furthermore, the
noteworthy concentration of Mo confirms that the HA01 groundwater
is ancient, probably originating fromglacialmelting and roughly datable
to early Holocene (Arnórsson andÓskarsson, 2007; Skelton et al., 2014).

4.5. Principal Component Analysis (PCA)

In this study, some previously investigated major constituents such
as Ca, Na, Si and K (Skelton et al., 2014, 2019) were added to the trace
element database (Li, B, Al, V, Ga, As, Rb, Sr, Mo) to elicit as much infor-
mation as possible from PCA. This addition also helped compensate for
the lack of some trace elements that were not considered in PCA pro-
cessing as they were below the quantification limit. A data matrix of
13 variables (the elements) and 156 subjects (the samples) was ob-
tained that agreed with the subject-to-variables ratio of Bryant and
olid black line depicts the boron/element ratios according to Kaasalainen and Stefánsson
Argollo and Schilling, 1978; Willis, 1979; Reimann and De Caritat, 1998). Purple arrow
ares) during 2014–2015 Bárðarbunga eruption (Galeczka et al., 2016); vertical red line
1.8). Snow samples during the same periods are also shown for comparison (white

mperature geothermal water (meteoric water – basalt interaction at 260 °C; Kaasalainen
10 °C < T ≤ 100 °C) (see the main text for a complete reference list), respectively; green
the references to color in this figure legend, the reader is referred to the web version of



Fig. 5. Li-Rb-Cs ternary diagram. Element percentage from ppb (waters) or ppm (rocks) concentration values are reported over the diagram sides. Black dots show HA01 borehole
monitoring trace dataset (this work, Table S1; Li/Rb = 2.26 is the median value of that dataset). Median basalt (Kaasalainen and Stefánsson, 2012), basaltic glass (Berger et al., 1988),
MORB (Gale et al., 2013), river and rain waters (Kaasalainen and Stefánsson, 2012) are also shown for comparison. Black dots with sampling date labels as MM/DD/YY.
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Yarnold (1995), STV> 5 and other rules of thumb related to the dimen-
sion of the subjects (Garson, 2018): subjects = variables x 5 or subjects
>100 (Hatcher and O'Rourke, 2013); subjects >150 (Hutcheson and
Sofroniou, 1999). The principal components were extracted using the
correlation matrix in OriginPro code (Supplementary File 1). Similar
results were obtained using the SPSS code, which had the additional
option to rotate the extracted components using Varimax (IBM, 2019).
With this latter code, both the KMO measure of sampling adequacy
(KMO = 0.746) and Bartlett's test of sphericity (significance level
≪ 0.05) indicated that PCA was useful for interpreting the dataset. As
suggested by the scree plot's elbow, the right number of components
was four, which explains 75% of the cumulative variance of the data
(OriginLab, 2019; Supplementary File 1). However, considering that
the variance associated with the fourth component (PC4) was less
than 10% and that the third component (PC3) was mainly associated
with one trace element (As; see the3Dvector plot of thefirst three com-
ponents in Supplementary File 1), the PCA results were interpreted
using a binary plot, which shows both the variable eigenvectors and
the PC1 and PC2 scores related to the samples (Fig. 6). In that plot, As
is represented on the centroid of the diagram. Three main associations
of the other variables are evident: i) a correlation between Na and Si
vectors mainly represented by the positive side of PC2 (Y-axis); ii) the
relationship between K and Ca vectors oriented towards the negative
quadrant of Fig. 6; iii) the grouping of the trace elements' vectors on
the positive side of PC1. Moreover, the sample scores showed a
counter-clockwise distribution starting from 2010 (up/right quadrant,
Y-axis, PC2). After that, the 2012–2013 samples are distributed just
above the positive side of PC2, which is mainly represented by Na and
Si variable vectors. This pattern agrees with the chemical variations de-
tected during the swarm events of that period (Skelton et al., 2014),
which were related to the labradorite–analcime reactions reported in
Andrén et al. (2016). The subsequent clustering of the samples is on
the negative (left) side of PC1, which seems to be related to a period
of lower chemical concentration of most trace elements described by
PC1 (from June 2013 to June 2014). After that, the chemical variability
of samples collected in the second half of 2014 progressively shifts to-
wards the K vector. In particular, the samples collected after the seismic
swarms at the Bárðarbunga volcano (August 2014) seem not only re-
lated to that seismic event but also to the heat flow variations in that
area (Reynolds et al., 2019). Indeed, the November 2014 samples,
which correspond to the maximum thermal power in the cauldrons
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produced by new magma inflow in the volcanic system (Li et al.,
2021; Reynolds et al., 2019), are exactly at the top of the K vector
(Fig. 6; Supplementary File 2). The samples collected from late 2014 to
late 2017/early 2018 migrate gradually towards the lower right quad-
rant near the apex of the B and Li vectors and subsequently, towards
the upper-right quadrant of Fig. 6 (January/February 2018). This might
be related to post-eruptive changes after the Bárðarbunga-Holuhraun
rifting event (Li et al., 2021; Reynolds et al., 2019). Accordingly, the
time-series variation of the deep temperatures inferred by Na/K
(Verma and Santoyo, 1997) and Na-K-Ca (Fournier and Truesdell,
1973; Fournier and Potter II, 1979; Fournier, 1989) geothermometric
equations applied to the HA01 samples show a maximum temperature
at the end of 2014 and other minor jumps in the second half of 2016
(Supplementary File 3). Finally, the progressive temporal shifting of
the samples towards the trace element vectors mainly related to the
positive side of PC1 (Fig. 6) agrees with the fact that the pre-seismic/
seismic events related to 2018 (i.e. the Mw 5.2 earthquake on 19 Febru-
ary 2018) are detectable only with trace elements.

A second PCA used the correlation matrix of the trace elements and
aimed to better interpret their behaviour. The KMO (0.721) and
Bartlett's test (significance level ≪ 0.05) results certified once again
the suitability of the data for structure detection. The main characteris-
tics of this analysis are i) the twomain components that explain the 60%
of cumulative variance confirm the V, B, Al and Li, Ga, Mo clustering
mentioned in the previous section (the latter group is mainly explained
by the PC1 axis); ii) at the extreme of the negative side of PC1, samples
collected before the Bárðarbunga eruption are grouped, confirming
their concentration decreased before the event; iii) on the opposite
side of PC1, early 2018 samples are well distinguished as outliers not
only by Li, Ga and Mo but also by Rb. The samples collected during the
2012–2013 seismic swarms are indistinguishable from the others be-
cause they fall in the centroid of the diagram, confirming that the seis-
mic events during that period are not highlighted by trace elements.
Considering that PC1 explains most of the cumulative variance, it
could be used as a single variable encompassing all trace elements and
reducing unnecessary background information. Both the Varimax rota-
tion and alternative methods of component extraction, such as CATPCA
(Ma et al., 2016) or RPCA (Jung et al., 2014), do not increase either the
percentage of variance explained by PC1 or the discrimination capacity
of its scores (Supplementary File 4). Indeed, it is evident that the scores
related to PC1 extracted by classic PCA have a higher peak close to the

Image of Fig. 5


M. Barbieri, S. Franchini, M.D. Barberio et al. Science of the Total Environment 793 (2021) 148635
date of the 2014 Bárðarbunga eruption and a lower peak in late 2017/
early 2018 events compared to those obtained by Varimax-rotated,
CATPCA or RPCA (Supplementary File 4).

In summary, the PCA indicates that the seismic events during
2012–2013 were not preceded by significant changes in trace element
concentrations, while the 2018 seismic event was preceded by only
trace element changes, but not bymajor element changes. Furthermore,
the chemical variability of the groundwater samples collected after the
pre-eruptive seismic swarm of the Bárðarbunga volcano (August 2014)
is not simply related to seismic events but rather might be connected to
post-rifting changes after the Bárðarbunga-Holuhraun rifting event
(Reynolds et al., 2019).

4.6. CP detection in the time series

Change Point (CP) detection in the time-series data of the six trace
element clusters detected by the PC1 axis (B, Al, V, Li, Ga and Mo;
Fig. 7) reveals that each cluster has at least one CP within a central pe-
riod, which is characterised by seismic events that occurred before
and during the Bárðarbunga eruption (Fig. 7; Supplementary File CP).
Compared to the first earthquake, themain eruption and following seis-
mic events in the period marked by CPs have a broader date range. The
dates marked by CPs span from 10 November 2013 for Al until 22 No-
vember 2015 for Ga,with the start of pre-volcanic seismicity (16 August
2014) and eruptive events of the Bárðarbunga (29 August 2014) ap-
proximately in themiddle of the time series (Fig. 7). The CPs of Al should
be taken with caution because it is an element with lowmobility. How-
ever, the first Al CP is followed by a CP in boron (the most mobile of all
Fig. 6. Principal ComponentAnalysis (PCA) plot. Both the loadings of the variables (eigenvectors
as YY/MM/DD) are shown, in relation to the first two component (PC1 and PC2). Preliminary da
dashed curve depicts an approximated temporal evolution path of the distribution of the samp
ported in the Supplementary File 2, showing amagnification of time frames and labels of the sam
referred to the web version of this article.)
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trace elements) on 1 December 2013, which marks the beginning of a
declining trend in concentration, which then reverses on 8 March
2014. Element by element, it is difficult to explain the causes of these
variations. However, it is interesting to note how the first CPs coeval
with the stress accumulation detected in the north Iceland BRE seismic
station, which is located immediately above the fault-plane of the
Húsavík-Flatey transform fault, and it monitors shear-wave splitting
(Hong et al., 2020). At BRE, the stress accumulation connected to the
Bárðarbunga event was related to the overpressure of the
microfractures' fluid, which began in August 2013, a year before the
first pre-volcanic seismic shock at Bárðarbunga (Hong et al., 2020).
Therefore, the first detected CPs described here could be linked to
fluid overpressure in the microfractures before the main seismic
event. In contrast, we speculate that late thermal variations connected
to the Bárðarbunga eruption, which persist until the end of 2015
(Reynolds et al., 2019), may have been marked by the CPs of V and Ga,
K in the PCA (Fig. 7) and geothermal analysis using the main chemical
constituents as described in the previous section.

The second period, characterised by at least one CP in all elements ex-
cept Ga, is positioned just before the Mw 5.2 earthquake on 19 February
2018 (Fig. 7). Before that seismic event, mobile elements had two (Mo)
or three (B, Li) CPs. In particular, after an increasing trend, B starts to de-
cline in concentration on 23 April 2017, approximately onemonth earlier
than the other elements. Then, both B and Li start an abrupt decline on 1
January 2018, followed by an increase on 3 February 2018, i.e. twoweeks
before the seismic event. It should be noted that the alkali elements ter-
nary diagram (Fig. 5) also shows an outlier on 13 January 2018. The pre-
cursor trends and related CPs, although not supported by all trace
, in blue) and the scores assigned to the sampling points (reddotswith sampling date labels
ta (e.g., correlationmatrix) and full results of the PCA are in the Supplementary File 1. The
le scores, which seems marked by 5-time frames (TF#). A closer look to the diagram is re-
pling data. (For interpretation of the references to color in this figure legend, the reader is
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Fig. 7. Change Point (CP) diagram. Comparison between earthquake dates (top of the diagrams, vertical black bars and dashed lines; magnitude moment scale Mw) and the statistically
significant change points (CPs) and trends analysed by the JRP code (colored circles and paths, respectively; Joinpoint Regression Program, 2020) related to the six elements clustered on
PC1 (Al, B, Ga, Li, Mo and V). In (A), the ppb concentration scale of the elements is referred to the left log10 axis. In (B), to better show the slope of each element trend between the CPs, the
elemental concentration within the first decade was splitted to the secondary axis on the right. Along the paths, elbows not marked by circles are statistically not-significant variations in
the trends. In both diagrams, the vertical periods shaded in red highlight three different time frames having a different density of change points (bottom of the diagrams): the greater the
number of change points (# tot CP) or the elementswith CP to the total (# el. CP/6), the darker the red tone. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

M. Barbieri, S. Franchini, M.D. Barberio et al. Science of the Total Environment 793 (2021) 148635
elements (5–6), could be due to a more significant role of water–rock in-
teraction, particularly in the different solubility and chemical composition
between the glass and crystalline phase of the rock (Fig. 5) or because of
the role of adsorption/desorption carried out by the secondary mineral
phases in the aquifer fractures (clays, zeolites).

Finally, Mo andGa have a CP on 10 July 2011, while Al shows two CPs,
the first on 5 October 2011 and the second on 23 January 2012 (Fig. 7). As
they are not confirmed by other highlymobile elements, such as B and Li,
the supposed time frame has a low significance or low probability (4 CPs
in 3/6 elements; Fig. 7). This was confirmed by PCA, which did not find
any structure in the trace element data of that period (Fig. 6). FromOcto-
ber 2008 to September 2012, abrupt changes were detected in δ18O, ac-
companied by steadily decreasing concentrations of the main
constituents (Na, Si, Ca) (Skelton et al., 2014). These were connected to
a progressive decrease in the proportion of groundwater affected by
water–rock interaction (Skelton et al., 2014). Therefore, in the absence
of a better explanation of their origin, these CPs could be classified as
false positives or not directly related to seismic events.

4.7. Pre-eruptive and pre-seismic hydrogeochemical changes: a closer look
at the results obtained by statistical analyses

The hydrogeochemical changes recorded before and immediately
after the onset of the 2014 Bárðarbunga eruption are the most evident
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over the recorded time series (Fig. 3); this is also demonstrated in the
PCA and CP statistical analyses (Figs. 6 and 7, respectively). In particular,
B and Al concentrations show significant decreases, and Mo has a flat-
tening trend due to its stable concentration from eight months before
the Bárðarbunga eruption (Fig. 7). Later, the same elements start to
increase in concentration before the rifting event and the following
volcanic eruption. Moreover, Li, V and Ga concentrations recorded a
similar temporal pattern,with the inversion of concentrations occurring
circa two months (Li) or one day (Ga) before the start of the rifting
event and onemonth (V) after it (Fig. 7). We interpret these hydrogeo-
chemical signals as connected with the large Bárðarbunga rifting event
and eruption and, therefore, the changes in B, Al, Mo and Li, V, Ga con-
centrations are considered as potential remote volcanic precursors.

As mentioned above, previous studies documented the hydrogeo-
chemical sensitivity to earthquakes of the HA01 borehole groundwater,
at least for some major constituents (mainly Na and Si) and stable iso-
tope ratios of water molecules (Skelton et al., 2014, 2019). In this
study, neither PCA nor CP analyses detected significant concentration
anomalies or trend variations in trace elements before and after the 21
October 2012 Mw 5.6 seismic event.

In contrast, pre-seismic hydrogeochemical changes occurred before
theMw 5.2 earthquake on 19 February 2018. All the considered trace ele-
ments (Li, B, Ga, Mo, Sr, Rb and Fe) significantly increased their ground-
water concentrations from about seven weeks before the earthquake

Image of Fig. 7
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(Fig. 3). A similar element clustering and increasing trendmarked by sig-
nificant CPs have been statistically demonstrated by PCA and CP analysis,
respectively (Figs. 6 and 7). It is noteworthy that no major chemical ele-
ments or stable oxygen–hydrogen isotope ratios of water (i.e. δ18O and
δ2H) significantly changed their groundwater concentration before this
earthquake (Skelton et al., 2019). This evidence is a significant clue that
trace elements may be hydrogeochemically sensitive to pre-seismic
crustal deformation, particularly for intermediate magnitude earth-
quakes, such as the one occurred on 19 February 2018 in northern
Iceland (Mw 5.2). Further evidence is necessary in the future to support
or refute this idea because, in the case of the 2013 Mw 5.4 earthquake,
pre-seismic hydrogeochemical anomalies in major element concentra-
tions were recorded (Skelton et al., 2014; Andrén et al., 2016; Skelton
et al., 2019), whereas any anomaly in the same samples regarding trace
elementswas found (Fig. 3). The deviation from the equilibrium between
labradorite and analcime was invoked by Andrén et al. (2016) to explain
Na and Si variations during the 2012–2013 seismic events. This process
was triggered by a new input of Holocene groundwater (Skelton et al.,
2014, 2019), which probably had lower trace element content than the
two other members involved in the mix (pre-Holocene meteoric water
and an 18O-enriched component due to interaction with fresh basalt;
Skelton et al., 2014). Therefore, the variations in the stable isotope ratios
documented before the 2012 earthquake (Skelton et al., 2014) and the
generalised and smoothed decrease in trace element concentration
(Fig. 3), but marked by Al, Mo and Ga CPs during July 2011 (Fig. 7), are
probably related to these hydrological/permeability changes. Indeed, it
should be noted that the depleted 18O-water component that was af-
fected by water–rock interaction showed a significant input from April
2011 to May 2012 (Fig. 3b in Skelton et al., 2014). The geochemical rela-
tionship between Al and Ga, also highlighted by similar trends in Fig. 7,
and the fact that Mo is not concentrated in a modern-day groundwater
component has already been underlined.

On the contrary, significant pre-eruptive anomalies in the trace ele-
ments were recorded during 2014 (Figs. 6 and 7) without significant
anomalies concerning major elements (Skelton et al., 2014, 2019). The
complex role and sensitivity of potential hydrogeochemical precursors,
the role of influencing factors, such as type, distance and magnitude of
the causative geological events (e.g. earthquakes, volcanic eruptions)
and the subsurface geological setting (site-specificity) indicate that we
are only at the beginning of understanding this process.

Our interpretation of the recorded hydrogeochemical changes as po-
tential seismic or volcanic precursors is questioned by the observation
that, in 2016–2017, some hydrogeochemical variations occurred when
no significant seismic and volcanic activities were recorded. In particu-
lar, two elemental triplets (Li, Ga, Mo and B, Al, V) exhibited a substan-
tial increase in groundwater concentration during this time (Fig. 3). PCA
demonstrated that the grouping of trace elements with K that occurred
from late 2014 to late 2017/early 2018 could be related to the thermal
phase that marked the transition between the post-eruptive phase of
the Bárðarbunga and the seismic event that occurred during 2018
(Fig. 6). Furthermore, in the same periods, the concentration of some
major chemical elements in the HA01 water showed anomalous
changes (Skelton et al., 2019), possibly caused by the rupture of a hy-
drological barrier due to fluid overpressure and/or slow deformation.

4.8. Potential precursor interpretation

From the aforementioned results, we speculate that the following
hydrogeochemical changes in trace element concentrations could con-
tribute to the reliable forecasting of future geological events. In particu-
lar, we interpret that:

(1) the hydrogeochemical changes in B, Al, Mo and Li, V, Ga concen-
trations recorded before and immediately after the onset of the
2014 Bárðarbunga eruption are potential remote volcanic pre-
cursors and inceptive post-cursors of this event, respectively.
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(2) the hydrogeochemical changes in Li, B, Ga, Mo, Sr, Rb and Fe con-
centrations that occurred before the 2018Mw 5.2 earthquake are
potential earthquake precursors, indicating that trace elements
may be hydrogeochemically sensitive to pre-seismic crustal de-
formation, particularly for earthquakes of an intermediately
strong magnitude.

Our interpretations have to be further confirmed and validated by
future hydrogeochemical monitoring, which must always include the
analyses of major elements and isotopes of groundwater to obtain a
complete overview.

5. Conclusions

Long-term hydrogeochemical monitoring of trace elements is a
promising method for identifying potential precursors to significant
geological events, such as Mw ≥ 5 earthquakes and remote volcanic
eruptions. This method should be integrated by further hydrogeochem-
ical monitoring, such as concentrations of major elements and isotopes
in groundwater. The role of each element (major, trace and isotope) as a
potential precursor can be different and should be clearly identified and
understood as a function of many influencing factors, such as site-
specificity (i.e. subsurface geology) and type, distance and magnitude
of geological events (e.g. earthquakes or volcanic eruptions).

The obtained results confirm that B is highly mobile during water–
rock interaction in a basaltic-hosted geothermal system. Therefore,
this trace element shows a relevant volcanic hydro-sensitivity as it is a
good indicator of rock leaching.

PCA canhelp identify the specific role of elements in different events,
highlighting that approximately 115 events can be better explained by
major constituents (e.g. 2012 and 2013 Mw > 5 earthquakes) and
other trace elements (e.g. 2014 Bárðarbunga eruption; 2018 Mw 5.2
earthquake). CP detection of a specific cluster of elements identified
by PCA helps to statistically validate the trend variability in the time se-
ries. The trace elements showed different behaviours between volcanic
and tectonic earthquakes and between theMw>5 tectonic earthquakes
occurring in 2012–2013 and 2018. In particular, the contributions of
modern-day groundwater affected by water–rock interaction that oc-
curred one year before the 2012 earthquake seem to be coeval with
the CPs detected in the concentration trends of Al, Mo and Ga.

The combined use of PCA and CP helps to eliminate the human influ-
ence in evaluating chemical concentration changes in groundwater
samples collected in a time series. In particular, in long-term borehole
monitoring, such as for HA01, the data reduction capability of PCA was
useful to understand what trace elements (components) and samples
(loadings) deserved particular attention. After that, the time series anal-
ysis by CP detection on those specific trace elements was helpful to con-
firm whether the trends had significant changes during a seismic or
volcanic event. Both statistical tools help to reduce background and
other redundant data variability typical of trace elements monitoring.

Pre- and post-eruptive hydrogeochemical changes in the groundwa-
ter from the HA01 borehole, which is located farther than 140 km from
the Bárðarbunga volcano, should not be surprising. All seismically active
faults have envelopes of critically high-pressure pore fluids. Indeed, an
increase in stress accumulation was detected at the HFF system before
the Bárðarbunga volcanic seismic crisis (Hong et al., 2020). Conse-
quently, although both stations monitoring shear-wave splitting and
the HA01 borehole in northern Iceland are well over 100 km from
Bárðarbunga, they seem to be sensitive to stress changes that when re-
cording stress accumulation and chemical variations before the
Bárðarbunga eruption.

Certainly, the diffusion of long-term hydrogeochemical monitoring
sites and networks over seismic and volcanic territorieswill allow scien-
tists tomake significant progress in the science of geological risk precur-
sors (Franchini et al., 2020).
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Supplementary data to this article can be found online at https://doi.
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