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Changes in groundwater chemistry have been proposed as earthquake precursors. These include
changes in radon count rates'?, concentrations of dissolved elements®® and stable isotope ratios*”.
Other proposed precursors include changes in seismic wave velocities®, water levels in boreholes’,
micro-seismicity® and shear wave splitting’. These phenomena have often been attributed to rock

volume expansion”%!

. However, most studies of precursory phenomena lack sufficient data to
rule out other explanations unrelated to earthquakes™. For example, reproducibility has seldom
been shown and few precursors have been statistically-evaluated. Here we show changes in stable
isotope values and concentrations of dissolved elements preceding consecutive M >5 earthquakes,
based on measurement of groundwater chemistry for five years from 2008 to 2013 in northern
Iceland. We performed a statistical evaluation of these data, which shows that these chemical and
isotopic changes are genuine anomalies and that these anomalies are associated with the
consecutive M >5 earthquakes. Our results show that changes in groundwater chemistry before
earthquakes can be statistically verified provided that measurement campaigns are sufficiently

long term. This is an important step towards using groundwater chemistry as a tool in seismic

hazard assessment.

We measured stable isotope ratios for hydrogen (8°H) and oxygen (8'30) and concentrations of
dissolved major elements (Na, Si, Ca and K) in groundwater sampled weekly from a borehole at

Hafralaekur in northern Iceland (Fig. 1) since October 2008. This 100 m deep borehole penetrates
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basalt and basalt-derived sediments. It is flowing artesian, cased to 35 m, with inlets at 65, 82 and 96
m that yield a total of 7.7 I.s™* of water. The water is hot (73-76°C) and alkaline (pH~10.2) with a low
content of dissolved solids (240 ppm), typical of low-temperature geothermal waters on the flanks of
active rift zones in Iceland™. Previous studies suggest mixing of groundwater components

equilibrated at different temperatures'* and/or groundwater components with different isotopic

15-17 16,17

values™™. The latter are 1) modern day (Holocene) meteoric water (8°H ~-70 %o at Hafralaekur)
and 2) pre-Holocene meteoric water, characterized by 8°H values that are considerably more
negative than can be attributed to present day precipitation (i.e. <-106 %o)'*"’". Water-rock
interaction has also been inferred based on a shift from the global meteoric water line (GMWL)
towards less negative 8'®0 values by up to 7 %o'° and changes in water chemistry indicating elevated

temperatures'>*.

Earthquakes in northern Iceland primarily occur within an oblique transform zone linking the mid-
Atlantic ridge in Iceland (Northern Volcanic Zone: Fig. 1) to its northwards continuation. Within this
zone, most seismicity occurs along the Husavik-Flatey Fault (HFF) and the Grimsey Oblique Rift
(GOR). During our study, M >5 earthquakes occurred on October 21, 2012 (M 5.6) 78 km from
Hafralaekur at the western end of the HFF (Fig. 1) and April 2, 2013 (M 5.5) 67 km from Hafralaekur
within the GOR (Fig. 1). The first of these earthquakes was preceded by an M 4.5 earthquake on
September 19, 2012 at the western end of the HFF.

Coulomb stress modeling shows that Hafralaekur is too far from the hypocenters of both M >5
earthquakes to have experienced associated static stress changes exceeding tidal stresses™.
However, Hafralaekur is located within the region where, based on seismic energy density (e) as an
empirical metric®®, co-seismic hydrological responses could occur in response to dynamic strain®*
associated with both earthquakes (e >10° J.m'3)2°. Also, Hafralaekur is within the region where, based

22,23

on other empirical estimates™*, pre-seismic hydrological phenomena might have occurred.

Comparison of 8*H and 820 of groundwater from Hafralaekur with the GMWL (Fig. 2) reveals four
clusters of data that are statistically separable with respect to 8'°0 (p-value < 10™) but overlapping
with respect to 8°H (1-4: Fig. 2). For all four clusters, 8°H values are much lighter than -106 %o. For
this reason, we infer that all samples contain a pre-Holocene component. Each cluster of data is
elongated parallel to GMWL. This implies mixing between this pre-Holocene component and a
modern day groundwater component (Fig. 2). Separation of data clusters is approximately parallel to
the 820 axis. This implies mixing with a third groundwater component that is affected by water-rock
interaction (Fig. 2). This mainly affects "0 because rocks contain abundant (>40%) oxygen, but

negligible (<<1%) hydrogen. It may also involve a smaller negative 8°H shift related to formation of
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hydrous minerals**. Because fresh basaltic rocks have §'20 values > +5%o, reaction with rocks can
only explain 820 shifts towards less negative values. For this reason, we argue that cluster 4 is least
influenced by mixing with groundwater affected by water-rock interaction. This implies a large
deuterium excess (8°H — 8 x 8'20) of 15.8 + 0.4 %o, probably reflecting precipitation in a different

climate regime'’?.

Because 8°H is only slightly affected by water-rock interaction, we use 8°H as a proxy for mixing
between pre-Holocene and modern day groundwater components (Fig. 3a). We analyzed our 8*H
data using the Shapiro-Wilk normality test and found that they are not normally distributed (p-value
< 10®), but become so (p-value > 0.05) after removal of the 21 most extreme (heavier) 8°H values.
The extreme values define 8°H maxima that coincide with each M >5 earthquake. Each maximum
began before the respective earthquake and lasted 3 months. The remaining data are normally-
distributed about a mean of -126.6 + 2.7 %o. Similarly, we used 820 as a proxy for mixing with
groundwater affected by water-rock interaction. We plotted deviation of 5'0 from the GMWL,
rather than from a fixed reference value (Fig. 3b), to remove the effect of (GMWL-parallel) mixing

between pre-Holocene and modern day groundwater.

Gradual increases of 8°H from -126.6 %o towards modern day (heavier) values began 6 and 2 months
before the consecutive M >5 earthquakes (Fig. 3a), and culminated in maxima that are not part of a
normal distribution. These maxima were followed by gradual returns towards pre-Holocene (lighter)
values. We interpret mixing between pre-Holocene and modern day groundwater components.
Aware that coincidence in timing is not proof of an association, we used a binomial test to calculate
the probability that these 8°H maxima are related to the earthquakes as opposed to the null
hypothesis that they occurred randomly. This approach has been used previously in similar

26,27

studies™*". We estimate a p-value of 0.003 for 8*H maxima lasting 3 months coinciding with both M

> 5 earthquakes and infer probable association on this basis.

There were multiple abrupt changes of 5'%0 throughout the study (Fig. 3b). There is also an overall
trend of 8'*0 becoming more negative during the first 4 years of sampling (October 2008 —
September 2012). We infer stepwise reduction in the proportion of groundwater affected by water-
rock interaction caused by switching between fracture pathways due to permeability changes. We
further note that most earthquakes are followed by an abrupt change of §'*0, but that these changes
also occur at other times. With reference to a previous study, we propose that co-seismic

permeability changes could have occurred in response to passing seismic waves®.
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These interpretations are corroborated by chemical (Na, Si and Ca) data (Fig. 3c). The Shapiro-Wilk
normality test shows that Na data are not normally distributed (p-value < 10™), but become so after
removal of the 44 most extreme values. These values define concentration maxima not only for Na
but also for Si and Ca that are statistically separable from the remaining data (p-value < 10”) and that
coincide with each M >5 earthquake (Fig. 3c). Each maximum began before the respective
earthquake and its duration was 4 months. The remaining chemical data are normally-distributed
about linear gradients each of which shows steadily decreasing concentration during the first 4 years
of sampling. With reference to previous studies, we propose that this reflects changes in the mixing
ratio of groundwater components equilibrated with rock-forming minerals at different
temperatures'*?®. This is consistent with our interpretation based on stable isotope data of a
progressive decrease in the proportion of a groundwater component that was more affected by
water-rock interaction. Finally, we note that K behaves in an opposite manner to Na, Si and Ca
(supplementary table 1). This could reflect precipitation of K-bearing minerals in the source region of
the groundwater that is more affected by water-rock interaction®. The binomial test gives a p-value
of 0.005 for coincidence of concentration maxima of 4 months duration with both M >5 earthquakes.
This argues for probable association with the earthquakes. Mixing of groundwater components is a
probable cause of these maxima. Another possible cause is exposure of fresh rock surfaces to
groundwater. Comparison with experimental studies® infers that this could release cations (e.g. Na,

Ca) rapidly into solution.

Finally, we calculated p-values of 10° and 0.01 for both &°H and concentration maxima coinciding
with both M >5 earthquakes and for only one of these earthquakes, respectively. These compare
with p-values >0.10 for probable association based on coincidence of one earthquake and one (82H
or Na) maximum. We conclude that, for our time series, either two kinds of precursor or coincidence

with two earthquakes are needed to demonstrate probable association.
In summary, we found evidence of three processes affecting groundwater chemistry at Hafralaekur:

1) From October 2008 to September 2012, multiple abrupt changes of §'*0 accompanied by steadily
decreasing concentrations of Na, Si and Ca record a progressive decrease in the proportion of

groundwater affected by water-rock interaction.

2) Both M >5 earthquakes coincided with 8°H maxima that are not part of a normal distribution (p-
value <10°®). These began before each earthquake with a gradual increase of 8H towards heavier
values and ended with a gradual return towards lighter values. These observations can be explained

by a gradual influx of modern day groundwater followed by dilution with pre-Holocene groundwater.



129 Both earthquakes coincided with Na maxima that are not part of a normal distribution (p-value <10
130 12) These correlate with Si and Ca maxima and began with a rapid increase of Na concentration

131 before each earthquake. Possible causes are mixing of groundwater components or exposure of

132  fresh rock surfaces to groundwater. Both changes can be explained by expansion of the rock volume
133 (dilation) enhancing permeability. Dilation has previously been proposed to explain a wide range of

134  phenomena thought to be precursory to earthquakes'®*'.

135  3) Most earthquakes were followed by abrupt changes of §'°0. These changes can be explained by
136  different mixing ratios between groundwater variably affected by water-rock interaction. We
137  attribute these changes to switching between fracture pathways caused by seismically induced

138  changes of permeability.

139 Chemical and isotopic changes were reported before and after a M 5.8 earthquake in a study at
140  Husavik®* (Fig. 1). These changes differ from those reported in this study, mainly because
141  groundwater sampled at Husavik is from a deeper (1220 m) hotter (94-110°C) source with a 10%

142 marine component“s.

143 Both M >5 earthquakes coincided with 8°H and Na maxima that began before each earthquake and
144  which are neither part of a normal distribution (p-value <10°®), nor occurred randomly (p-value = 10°
145 ®). These correlate with Si and Ca maxima. We conclude that §°H and Na maxima are probable

146 precursors to consecutive M >5 earthquakes. Both maxima can be explained by pre-seismic dilation.
147  Although these changes are specific for Hafraleekur, we infer that chemical and isotopic signals of
148 dilation might be detected elsewhere before earthquakes. We make no claim of being able to predict
149  earthquakes. Instead, we highlight groundwater chemistry as a promising target for future

150 earthquake prediction studies. We note that Hafralaekur is well-placed to study activity along the

151 HFF, which has experienced prolonged seismic quiescence and is therefore considered at risk of a

152 large (M 7) earthquake in the foreseeable future.
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Figure legends

Figure 1: Tectonic map of northern Iceland.

Caption: This figure shows the Northern Volcanic Zone (NVZ), Husavik-Flatey Fault (HFF), Grimsey
Oblique Rift (GOR), groundwater sampling sites: Hafralaekur (65.8725°N 17.4525°W: this study) and
Husavik (previous studies) and fault traces (solid lines). Earthquakes of magnitudes 2-5 are shown as
orange dots. Locations of earthquakes on September 16, 2002 (M 5.8); September 19, 2012 (M 4.5);
October 21, 2012 (M 5.5, focal depth = 6 km) and April 2, 2013 (M 5.5, focal depth = 10 km) are
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highlighted. Data provided by Icelandic Meteorological Office courtesy of Gunnar Gudmundsson.

Focal mechanisms are from the Global CMT Project (http://www.globalcmt.org/).
Figure 2: "0 — 8°H plot for groundwater samples from Hafralaekur.

Caption: This figure compares 5'®0 — 8°H values for groundwater samples with GMWL (8°H = 8 x §'%0
+ 10). Statistically separable data clusters (1-4) are shown by colored symbols with mean values
shown by dashed lines. 2o envelopes are omitted from this figure for clarity, but shown in figure 3.
The inset shows inferred three-component mixing between modern day (Holocene) groundwater
(8%H ~ 70%0), pre-Holocene groundwater (for which the absolute isotopic composition is not known)
and a groundwater component that is affected by water-rock interaction and thus shifted towards

fresh basaltic rocks (8'*0 > +5%o).

Figure 3: Time series for deviation of 8%H from -126.6 + 2.7 %o, deviation of 8'®0 from GMWL, and

Na, Si and Ca concentrations

Caption: Time series for a) deviation of §°H from -126.6 +2.7 %o (see main text for explanation) b)
deviation of 5'®0 from GMWL, and c) Na, Si and Ca concentrations are shown. Earthquakes are
shown by solid (M >5) and dashed (M <5) red lines. Normally distributed data are shown by open
circles (8°H, 5'®0, Na), black circles (Si) and triangles (Ca) with mean values and 2o envelopes. Pre-
seismic maxima are shown by yellow symbols. Data clusters are shown by colored symbols with
mean values and 2o envelopes. Pre- and co-seismic changes are shown by arrows. Analytical errors

are shown.

Methods
Sampling procedure

Groundwater samples have been collected on a weekly basis since October 2008. Separate samples
were collected for analysis of isotope values, anions and cations/elements. Of these, only Na, Ca and
Si were present in parts-per-million concentrations. The concentration of K was ~1 ppm. Samples
were filtered through 0.2 um filters into acid-washed LDPE bottles. Concentrated supra-pure

HNO; was added to samples collected for analysis of cations/elements (1 ml HNO; per 100 ml
sample). Samples were refrigerated and stored in Husavik from where they were shipped to the

Department of Geological Sciences, Stockholm University.

Chemical analysis
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Oxygen (8'%0) and hydrogen (8H) isotopic values were measured using a cavity ring down
spectroscopy (CRDS) instrument from Los Gatos Research (LWIA model). Both 80 and 8H were
normalized so that the difference between VSMOW and SLAP was -55.5%o for §'°0 and -

428%o for 8*H. Cation/element concentrations were analysed using a Thermo ICAP 6500 Duo
inductively coupled plasma optical emission spectroscopy (ICP-OES) system. Anions were analysed
using a Dionex DX-300 ion chromatography system. Temperature, pH and alkalinity were measured
periodically onsite at Hafraleekur. The error in analysis of the measurements was better than +0.6%.
for the 8°H values, +0.1%o for the 8'20 values and +2% for element concentrations. Charge balance
was confirmed using PHREEQCI (http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqci/) using
anion data (supplementary table 1) and alkalinity measured in the field. Total C (supplementary table
1) was calculated from alkalinity using PHREEQCI. Earthquake data was provided by Icelandic

Meteorological Office courtesy of Gunnar Gudmundsson.
Statistical analysis

The Shapiro-Wilk normality test was performed using R (http://www.r-project.org/). This test was
used to compare with the null hypothesis that apparent pre-seismic 8°H and Na maxima were part of
a normal distribution. This null hypothesis could be rejected with a p-value < 10°® for 8°H and a p-
value < 10" for Na. The most extreme values (i.e. least negative 8°H, highest Na concentration)
were removed one at a time and the test was repeated. After removal of the 21 most extreme values
for 8°H and the 44 most extreme values for Na, normal distribution could no longer be rejected (i.e.
p-value > 0.05). The remaining 5°H data were normally-distributed with a mean value of -126.6 %o
and a standard deviation (1c) of 1.34 %.. The remaining Na data are normally distributed about a
gradient of -0.9 ppm-Na/year with a standard deviation of 1.02 ppm. Only the 8’H and Na maxima
that coincided with the M >5 earthquakes fell outside (above) these normal distributions by >2c (i.e.

2.7 %o for °H and 2.04 ppm for Na).

The following binomial test was used to compare with the null hypothesis that both °H and Na

maxima occurred randomly and were in fact unrelated to the M >5 earthquakes:
P =Py Py, (1)

where P is the p-value for both 8%H and Na maxima coinciding with n. M >5 earthquakes, and P, and
Pyq are the respective p-values for 8°H or Na maximum coinciding with n. M >5 earthquakes. P, and

Py are calculated from expressions of the form:
p"(1-p) e Mn,!

p=0"0 T (2)

nl(neg—n)!
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where n, is the number of M >5 earthquakes (2), n is the number of these earthquakes (1 or 2) which

coincide with the §°H or Na maximum and p is given by:

P =tn/t (3)

where t is the duration of the study (56 months) and t,, is the duration of the 8°H or Na maximum (3

months or 4 months, respectively).

Using the binomial test given by equations (1-3), we calculated a p-value of 10 for both §°H and Na
maxima (with durations of 3 and 4 months, respectively) coinciding with both M >5 earthquakes. On
this basis, we reject the null hypothesis. For our time series of 5 years, we can reject the null
hypothesis (i.e. p-value < 0.05) based on either maxima (8°H or Na) having coincided with both
earthquakes (p-value < 0.005) or both maxima (8°H and Na) having coincided with one of these
earthquake (p-value = 0.01). In comparison, one maximum (8°H or Na) before one of these

earthquakes gives a p-value > 0.10 and fails to confirm a probable association.

The Wilcoxon rank sum test was used to compare with the null hypothesis that our '0 data
represents one, not four separate populations. Population boundaries were set by non-linear
regression of four Gaussian curves to a histogram of the data using DATAFIT
(http://www.oakdaleengr.com/datafit.htm). This gave an adjusted coefficient of multiple
determination of 0.76, which compares with 0.08 if the data are treated as a single population. The
Wilcoxon rank sum test was then performed using R. The null hypothesis could be rejected with p-
value < 10™. This text was also used to confirm that Si and Ca maxima which correlated with the Na

maxima were separable from the remaining data. The null hypothesis was rejected with p-value < 10°
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