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Abstract—Groundwater coseismic transient anomalies are evidenced and characterized by modelling
the mixing function F characteristic of the groundwater dynamics in the Ogeu (western French Pyrénées)
seismic context. Investigations of water-rock interactions at Ogeu indicate that these mineral waters from
sedimentary environments result from the mixing of deep waters with evaporitic signature with surficial
karstic waters. A 3-year hydrochemical monitoring of Ogeu springwater evidences that using arbitrary
thresholds constituted by the mean + 1 or 20, as often performed in such studies, is not a suitable
approach to characterize transient anomalies. Instead, we have used a mixing function F calculated with
chemical elements, which display a conservative behavior not controlled by the precipitation of a mineral
phase. Fis processed with seismic energy release (E;) and effective rainfalls (R). Linear impulse responses of
Fto E; and R have been calculated. Rapid responses (10 days) to rainwater inputs are evidenced, consisting
in the recharge of the shallow karstic reservoir by fresh water. Complex impulse response of F to
microseismic activity is also evidenced. It consists in a 2-phase hydrologic signal, with an inflow of saline
water in the shallow reservoir with a response delay of 10 days, followed by an inflow of karstic water with
a response delay of 70 days, the amount being higher than the saline inflow. Such a process probably
results from changes in volumetric strain with subsequent microfracturation transient episodes allowing
short inflow of deep salted water in the aquifer. This study demonstrates that groundwater systems in such
environments are unstable systems that are highly sensitive to both rainfall inputs and microseismic
activity. Impulse responses calculation of F to E; is shown to be a powerful tool to identify transient
anomalies. Similar processing is suggested to be potentially efficient to detect precursors of earthquakes
when long time-series (5 years at least) are available in areas with high seismicity.
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1. Introduction

Earthquakes can trigger or be preceded by various types of geochemical and
geophysical transient anomalies, the significance of which is still in debate (GELLER,
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1997; GELLER et al., 1997; SYKEs et al., 1999; Wyss, 1997, 2001; BERNARD, 2001).
Many hydrological (water temperature and level and stream flow) and geochemical
(gas contents or ratios) anomalies have been recognized as related to seismic
processes, either as precursors or coseismic signals (KING, 1986; THOMAS, 1988;
WAKITA et al., 1988; ROELOFFS, 1988; MoGI et al., 1989; MuIR-WooD and KING,
1993). Most of these anomalies are interpreted as the result of crustal processes
occurring at depth.

However, surficial hydrochemical processes may also occur in the sedimentary
pile. Aquifers often result from different groundwater sources which continuously
mix in various proportions, and earthquake-related processes may change the
relative mixing proportions. Abrupt changes in some ion concentrations in
groundwaters have been interpreted as short-term precursory anomalies at weak
epicentral distances (D < 50 kms) (TSUNOGAI and WAKITA, 1995; NISHIZAWA et al.,
1998; TOUTAIN ef al., 1997; BELLA ef al., 1998; BIAGI et al., 2000; FAVARA et al.,
2001; ITALIANO et al., 2001). These anomalies are interpreted as resulting from
preseismic strain changes, with subsequent variations of hydraulic head levels and/or
infiltration of surface waters. Both processes lead to mixing of geochemically
contrasted aquifers, and may both occur as the result of a single strain event
(TOUTAIN et al., 1998; Poitrasson et al., 1999).

Mixing of aquifers appears therefore as a key process associated with
earthquakes. However, unlike physical anomalies (level, temperature) where a large
set of data is available, very few hydrochemical anomalies are published and those
available concern mainly isolated events characterized by a single couple earthquake-
geochemical anomaly. Therefore, the assessment of systematic relationships for a
large set of data at a single site is still lacking, as well as the method to evidence such
relationships. Such an assessment requires a long-term recording of both seismic and
hydrochemical data within a limited and well constrained area, that is very rarely
performed.

In this study we have evidenced that the mixing function F characteristic of
aquifer dynamics in mixed sedimentary contexts is a key parameter to constraint
coseismic hydrologic effects. With this aim, we performed a three-year hydrochemical
monitoring of major elements on springwater from the western Pyrénées, which are
characterized by a moderate but recurrent seismicity (RIGO et al., 1997; SOURIAU and
PAUCHET, 1998; SOURIAU et al., 2001).

2. Seismotectonic and Geochemical Background
2.1 Seismotectonics and Thermal Springs Distribution in the French Pyrénées

The Pyrenean range results from the convergence of the Iberian and Eurasian
plates (CHOUKROUNE, 1992; OLIVET, 1996). The main structural and geological units
of the belt are the Mesozoic sedimentary North Pyrenean zone (NPZ), the granitic
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Figure 1
A : Structural sketch map of Pyrénées showing the main faults: NPFT (North Pyrenean Frontal Thrust),
BAF (Bigorre-Adour faul), TF (Tét Fault), TCF (Tech Fault) and the main structural domains: NPZ (North
Pyrenean Zone), AZ (Axial Zone), SPZ (South Pyreenan Zone). The three main earthquakes of the 20th
century are displayed: 1: Arette, M = 5.7, 1981; 2: Arudy, M = 5.6, 1986; 3: St Paul de Fenouillet, M = 5.2,
1996). B: Geological sketch map of the Ogeu area (modified from CASTERAS et al., 1970). C: Interpretative
crosssection showing the main structures and potential circulation paths.
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and metamorphic axial zone (AZ) and the sedimentary South Pyrenean zone (SPZ),
showing an E-W orientation (Fig. 1a), being bounded by three major faults, which
are from N to S: the North Pyrenean Frontal Thrust (NPFT), the North Pyrenean
Fault (NPF) and the South Pyrenean Frontal Thrust (SPFT). The range displays a
permanent, low to moderate seismicity (most of the quakes having magnitudes M <
5, and three quakes of magnitude > 5 during the last century (Arette, 1967,
M = 5.7; Arudy, 1980, M = 5.3; St Paul-de-Fenouillet, 1996, M = 5.2) (SOURIAU
and PAUCHET, 1998, Fig. 1a). The distribution of the seismicity is not homogeneous
all over the belt: it is concentrated along the NPF west of the Bigorre-Adour fault
(BAF), whereas in the central and eastern parts, it is associated with structural
features such as granitic bodies, the NPFT and the great fractures relative to the
Mediterranean tectonics (Tech and Tét faults).

About 120 mineral waters are identified in the French Pyrénées, mainly
distributed along major faults and granitic bodies. Three main chemical patterns
can be outlined: 1) alkaline Na-S waters discharge in the AZ, 2) waters with
carbonated-evaporitic features (Ca-HCO;, Ca-SOy4, Na-Cl and intermediate types)
rise in the NPZ, and 3) some CO»-rich springs are recognized along the Tech fault
(Na-HCOj; type) and in the NPZ (Ca-HCO; type). Na-S hot waters and CO,-rich
springs of the eastern Pyrénées are well-documented (MICHARD and FouiLLAc, 1980;
MICHARD et al., 1980; YERRIAH, 1986; MICHARD, 1990; ALAUX-NEGREL, 1991;
KRiMIssA, 1995), but typical Pyrenean carbonate-evaporite waters are still poorly
studied (VANARA, 1997). Recently, LEVET et al. (2002) investigated water-rock
interactions in Pyrenean tectonically active sedimentary terrains and outlined the
extend of mixing processes. TOUTAIN ef al. (1997) and POITRASSON et al. (1999)
showed in the eastern Pyrénées that such multiple mixing processes vary continu-
ously with time and may be disturbed by seismic processes.

2.2 Hydrogeological Background of the Ogeu Area

The Ogeu area is made of Upper Triassic detrital and evaporitic (anhydrite and
halite) deposits covered by less than 3000 meters thick Jurassic and Cretaceous
limestone-dolomite formations associated with marl, sandstone and clay layers
(CASTERAS et al., 1970; CASTERAS,1971). Quaternary deposits (alluvial formations
less than 25 m thickness) are crossed by the uprising of Ogeu waters. BERARD and
MaAzURIER (2000) identified the Urgonian limestones as the main karstic aquifer
feeding all the local springs. The local structure is composed of a synclinal followed
by an anticline; the bend of which is straight below the Ogeu-les-Bains discharges
(Fig. 1c), probably acting as a drain for underground circulations. ‘Black Flysch’
mainly composed of slaty limestones and marls fill the depression-shaped valley in
the study area (Fig. 1D).

The Bielle-Lurbe secondary chain (Fig. 1) is the local recharge area (BERARD and
MAZURIER, 2000). The seepage to depth of meteoric waters is probably fast, through
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the subvertical bedding of the Mesozoic layers and a well-developed network of
fractures in karstic terrains (CASTERAS et al., 1970).

Three natural springs (‘A’, ‘B’, ‘H’), three wells (AEP1’, ‘AEP2’, ‘Labourie’) and
two drillholes (‘C’, ‘Bel Air’) rise in the Ogeu area. Mineral waters are of HCO3-Ca-
(Na-Cl) type (Table 1). Temperatures are in the range 21 + 2°C, pH in the range 5.6
7.7 and TDS in the range 300-848 mg/l. CO, degassing occurs at ‘A’ and ‘H’ springs
and ‘Bel Air’ drillhole. The lack of CO, in C waters may be due to early demixion of
the gas owing to the specific geometry of the hydrologic circuit. The ‘H” and ‘C’ waters
are bottled for commercialization. We used C water for hydrochemical monitoring.

3. Methods
3.1 Chemical Analyses

326 commercial bottles of C drillhole water have been collected from March, 1997 to
June, 2000. Water remained stored in these bottles during a mean period of 1 year
prior to processing. TSUNOGAI and WAKITA (1995) and TOUTAIN et al. (1997) showed
that a two-year storage in similar conditions does not significantly affect major anion
and cation concentrations, except limited changes of HCO3™ resulting from slow
degassing. This makes such bottled waters suitable for chemical monitoring.
Waters were filtered at 0,2 um with an acetate cellulose membrane. Aliquots for
major cations were acidified to pH < 2 with ultrapure 14N HNO5. Ca®*, Mg?>* Na™
and K were measured by atomic adsorption spectrophotometry. Anions (Cl~, SO,*
and NO;™) were analyzed by ion chromatography. The international geo-standard
SLRS-4 is used to check the accuracy and reproducibility of the cations analyses.
Analytical errors are below 4% for all elements, excepting for calcium ( < 7%) probably
because of interferences. To correct long-term instrumental drifts, a running sample is
analyzed with every set of samples. Concentrations of cations and anions are calculated
using an external home-made standard. Twenty-five bottled waters distributed over the
whole time-series have been analyzed for total alkalinity (HCO; ) and SiO,
concentrations by using Gran’s method and molybdate colorimetry, respectively.
The mean concentration of HCO3™ (3.0 meq/l) has been used to calculate the charge
mass balance for all the samples. The charge imbalance is less than 8% for all the
samples with a mean value of 3%, which can be considered as an acceptable value.

3.2 Equilibrium Calculations

Major elements ratios and saturation indexes (SI = Log Ion Activity Product/
formation constant K) are used to highlight water/rock interactions. The SI of
pertinent mineral phases with respect to the sedimentary environment (calcite,
aragonite, ordered- and disordered-dolomite, anhydrite, halite, chalcedony) have
been calculated for outlet conditions with the EQ3/6 software (WOLERY and DAVELER,
1992) and the SUPCRT92 thermodynamic database (JOHNSON et al., 1992).
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4. Chemical Composition and Water-rock Interactions
4.1. Chemical composition

Only one isotopic measurement is available (6'0 = —6,4%, and 6D = —50%,,
Table 1), which is typical of a meteoric origin with an Atlantic signature. The very
weak shift (19,) with respect to the Global Meteoric Water Line (GMWL; CRrAIG,
1963) indicates that no isotopic exchange between rocks and fluids occurs at depth
because of low aquifer temperatures.

The chemical composition of Ogeu waters, together with mean concentrations of
drillhole ‘C” waters are shown in Table 1. The total mineralization ranges from 8 to
13 meq/l. HCO5™ and Ca®" + Mg?>" are the dominant ions indicating a major
carbonate contribution. A lower (2 to 4 meq/l, that is to say 22 to 38% of the total
mineralization) saline component (Na* + CI” + K* + SO, + (Ca*" +Mg*" -
HCO;3") indicates a significant evaporitic contribution. This chemistry is typical of
water chemistry in complex sedimentary environments (PASTORELLI et al., 1999;
LEVET et al., 2002; MINISSALE et al., 2002).

Time-series of cations and anions are displayed in Figure 2. The mean value plus
one or two standard deviations (1 or 2¢) are displayed as empirical thresholds above
or below which values are often considered as anomalous. Cations and anions vary
mainly within their respective 26 domains during the three years of monitoring. Very
few measurements may be considered as anomalous by considering the mean plus
two standard deviation threshold. Considering the mean plus one standard deviation
should lead to very contrasted results in terms of anomalous/versus non anomalous
periods. Moreover, considering alternatively each element should lead to the
identification of different anomalous periods. This highlights that assuming an
empirical threshold constituted by the mean plus one or two standard deviations is
not a reliable method.

Cl™ and SO,*~ ions display seasonal patterns, with higher concentrations in
summer (Fig. 2), whereas Ca®>", and Mg>" show no clear seasonal variations. The
contribution of chemically different fluids in Ogeu water may explain this different
behavior. Morever, CI~, SO, and Na™ likely behave conservatively (and their
contents can be affected by dilution/concentration processes) while Ca®* and Mg* "
are likely controlled by a mineral phase (Ca-Mg carbonate) either in diluted or
concentrated fluids through the seasons.

4.3 Water-rock Interactions

In a carbonate-dominated environment, pCO, controls equilibria with respect to
carbonate mineral phases (DREYBRODT et al., 1996). “C” is saturated with respect to
calcite and aragonite (Sl can = —0.1 and —0.2, respectively). The weak oversatura-
tion with respect to ordered-dolomite (Sle., = 0.7) likely results from early
demixion of COs,.
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Figure 2
Hydrochemical time-series. Mean and + 2 sigmas thresholds are displayed.

The calculated (Ca®* + Mg®")/(HCO;~ + SO4°7) ratios (in meq/l) of the 25
drillhole “C” samples for which alkalinity was measured and for the other
emergences vary from 0,98 to 1,14 (Table 1). This suggests that these four ions
originate from stoichiometric dissolution of both mixed calcium and magnesium
carbonates and sulphates. This confirms Ogeu waters to percolate both Mesozoic
carbonates (Urgonian limestones and dolomites) and Triassic rocks (anhydrite- and
halite-bearing evaporites).

The Figure 3 displays variations between Cl and Na and SO4 concentrations (in
mmol/kg) for the time-series and the discrete samples. The mean Na/Cl molar ratios
of samples from the time-series is 0.97 £ 0.03 (Table 1, Fig. 3a), which confirms that
Cl and Na ions originate from stoechiometric dissolution of halite. The linear
correlation (¢° = 0,80) shown in Figure 2b between sulphate and chlorine concen-
trations suggests the Triassic evaporitic layers as a common rock source for these two
ions. Ogeu waters are strongly undersaturated with respect to halite and anhydrite
(Slipean = —7,5 and —2,9 for halite and anhydrite respectively) that could result
either from a high water/rock ratio (limited occurrence of halite and anhydrite in
Triassic evaporites layers) or a mixing between deep saline fluids and weakly
mineralized groundwaters, or probably both. Moreover, as anhydrite displays both a
high dissolution rate and retrograde solubility, such a strong undersaturation likely
indicates that anhydrite is not present along the upflow pathway. This confirms that
Ogeu water results from the mixing of two independant reservoirs: a Urgonian
carbonated aquifer and a saline fluid resulting from leaching of Triassic evaporitic
layers. According to the local tectonics (Fig. 1c) and to strong anhydrite undersat-
uration (Table 1), the saline body is deeper than the karstic aquifer. Saline fluids
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Concentrations of main ions (SO,*~, Na™) as a function of chlorine (mmol/kg).

probably migrate along a deep-rooted fracture developed inside the Ogeu’s anticlinal,
and mixes with the Urgonian water body.

K concentrations are very low (0,02 to 0,04 mmol/kg). In similar sedimentary
environments, aqueous potassium commonly originates from interactions (dissolu-
tion, ions exchange) with marls and clays interbedded with the dominant limestones
and dolomites formations (MARINI et al., 2000; MINISSALE et al., 2000; LEVET et al.,
2002). This is confirmed in Ogeu context by the lack of correlation between K and ClI
(6 = 0,05), mainly as the result of ions exchange with clays.

In low-temperature hydrothermal systems hosted in carbonate-evaporite bodies,
silica has long been suggested to be controlled by poorly crystalline silica phases,
most often chalcedony (ARNORSSON, 1975; AZAROUAL et al., 1997; PASTORELLI et al.,
1999). This is consistent with the chalcedony SI values (0,29 to 0,15) calculated for
all the waters.

4.4 Quantification of the Mixing Process

Because Cl ions are conservative elements and originate from a single saline deep
source in Ogeu context, their concentrations are suitable to quantify the mixing
process. The chemistry of the two end-members involved in the mixing process for
Ogeu waters (carbonated water and saline water) is unknown, but can be
approximated by using hydrochemical data from similar geologic environments.

The Bagneres-de-Bigorre thermal waters which rise in the sedimentary NPZ are
typically derived from interactions of fluids with Triassic evaporite deposits at depth
since they display a mixed Ca-SO,4/NaCl character and an estimated equilibration
temperature around 60°C (LEVET et al., 2002). Depending on the relative amounts of
choride and sulfate minerals in the Triassic levels, the derived fluids may be Na-Cl or
Ca-SO, dominated. With a mean composition for dominant elements, CI~ = 3.1,
Na® = 3.2 Ca’* = 13.6, Mg®" = 3.1 and SO,°~ = 16.1 mmol/kg, the Bagnéres-
de-Bigorre waters can be used as the saline end-member for its chloride character.
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The chemistry of Mesozoic west Pyrenean karstic aquifers is characterized by the
absence of SO4>~, very low CI™ contents and displays mean concentrations of about
2.6, 1.3, 0.2 and 0.05 mmol/kg for HCO;~, Ca’", CI” and NO;~, respectively
(VANARA, 1997) which can be used as the carbonate end-member.

The mixing function F corresponds to the percentage of carbonated water in the
mixture. It is calculated with a binary mixing equation based on mass balance and ClI
contents, Cl,,; being a linear function of F:

Clpix = F(CIS — Clk) + Cly, (1)

where Cl,;x is the measured concentrations in mmol/kg of ‘C’ drillhole water, Clj, is
the mean concentration of western Pyrenean karstic waters (0.17 mmol/kg) and Cl; is
the concentration of the deep evaporitic end-member (3.1 mmol/kg).

Results (Fig. 4) show that F varies from 49 to 60% within the 2¢ interval over the
time-series. The absolute values of F obviously depend on the respective concentra-
tions of both saline and carbonate end-members. The mixing function F appears
therefore as a good tracer of the dynamics of the Ogeu aquifer.

5. Rainfall and Seismic Time-Series

Surficial karstic aquifers are usually complex hydrological and hydrochemical
systems opened to various fluid circulations and therefore may be strongly influenced
by rainfall and permanent crustal stresses. Seasonal recharge, particular rainfall
events and continuous crustal stress changes may therefore contribute to the control
of the chemical composition of the water. In sedimentary areas, strain build-up
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Figure 4
Time-series of the calculated mixing function F. Mean and + 2 sigmas thresholds are displayed.
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induced by major earthquake preparation process is often suggested to account for
the mixing of waters of contrasted chemistry (THOMAS, 1988; WAKITA et al., 1988;
TsuNnoGAl and WAKITA, 1995; TOUTAIN ef al., 1997). Such a basic assumption,
however, should be considered together with the dynamic response of the aquifer to
current external perturbations, due to rainfall recharge and background seismicity. It
is to be noted that up to now, papers dealing with geochemical anomalies related to
severe seismic events never took into account such perturbations. In this section,
time-series for rainfall, seismic activity and chemical composition of the waters are
displayed for a three-year period.

5.1. Rainfall Time-series

Monthly rainfall data recorded from March 1997 to May 2000 at 20 km distance
from Ogeu are shown in Figure 5. No clear periodicity of rainfall can be
distinguished, probably as the result of both a strong oceanic character and multiple
minor climatic influences. However, some periods of heavy rainfall can be identified
and may constitute events that potentially trigger impulse responses from the aquifers.

5.2 Seismic Time-series: Energy Released and Epicentral Distributions

The area under consideration is monitored by a homogeneous array of
seismological stations from the Observatoire Midi-Pyrénées; five of which lie within
50 km of the spring location (SOURIAU et al., 2001). During the period March 1997
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Figure 5

Rainfall time-series. Daily measurements are performed 20 km south of the Ogeu seismic station. Monthly
mean variations are displayed.
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to June 2000, 448 earthquakes were recorded and accurately located within 30 km
distance of the spring, with magnitudes spanning the range 0.3—4.0. 55 of these
events, with 0.3 to 3.6 magnitudes, were located closer than 10 km from the spring
(Fig. 6). Most of the earthquakes were situated south of the spring, on the north-
dipping NPF. Their depths (in the 10-km radius circle) extend from 0 to 16 km, with
an average value of about 8§ km. The average horizontal and vertical errors on the
epicenters are of the order of 1.5 and 3.0 km.

In order to characterize the influence of seismic events on the mixing function, the
key parameter is the seismic energy Eg radiated by the earthquakes. This parameter
can be connected to the magnitude through empirical laws. Care has to be taken in

-1° 0.8’ -0.6° -0.4° 0.2° 0
2 1 M 1 " ] M 1 a2
@ M>4 et .o — :
® 3<M<4 . Lo 10 km
e 2<M<3 ) ®
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g
°®
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Figure 6
Epicentral map of seimicity in the Ogeu area for the period March 1997 — June 2000. The size of the
symbols increases with earthquake magnitude. The star indicates the spring location. Circles with radii
10 km and 30 km centered on the spring are displayed. NPFT : North Pyrenean Frontal Thrust; NPF:
North Pyrenean Fault.
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the choice of these laws, since they closely depend on the kind of magnitude scale
under consideration. In the earthquake catalogue used, the magnitudes of the events
are local (or Richter) magnitudes M;. For this particular kind of magnitude,
KANAMORI et al. (1993) obtained a very simple linear relationship logig (Es) = 1.96
M; + 9.05, where the energy Eg is in ergs.

Figure 7 shows the amount of seismic energy radiated during the considered
period in the 30 km and 10 km radius circular areas centered on the spring. Events
were grouped within time windows of 10 days. The values displayed are lower bound
estimates, since the seismological array can fail in the detection of minor events (with
magnitudes smaller than about 1.5). However, owing to the exponential dependence
of energy on magnitude, the total budget is not greatly affected by the loss of small
earthquakes. These plots illustrate well the fact that the seismic activity is not
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Figure 7

Seismic energy release in a 30 km radius (upper plot) and 10 km radius (lower plot) circular area around
the Ogeu sampling site, within 10-day time windows.
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continuous, and periods with higher-than-average rates of energy released can be
identified, in particular during the year 1999.

6. The Mixing Function Versus the Energy of Earthquakes and Effective Rainfall

The purpose of this paragraph is the study of the response of the mixing function F'
according to both energy Eg of earthquakes whose distance of epicenter to the
monitoring site is nearer than 10 kilometers and the effective rainfall R at Ogeu.
Variations of the mixing function F represent the amount of fresh carbonated water
into the shallow reservoir.

The energy function M is calculated as log,,(Es) where E is the seismic energy of
events grouped within 10-day time windows.

The mixing function F can be represented as a linear relationship of M and R such
that

FZFM*M—FFR*R—FCSZ, (1)

where I'y; and T'g are the impulse responses of F' to the magnitude M and to the
effective rainfall R, respectively; f % g represents the discrete convolution product
between time series f and ¢:

Fedi) =S frogri= 3 fri- g 2)

i=O.N i=0.N

N is the order of impulse response f or g.

The calculation of I'y;, ' and the constant C* from the time series £, M and R
uses a regularization method since the inversion of equation (1) is an ill-posed
problem. Indeed, an infinity of solutions may fulfill equation (1) and the more likely
solution is selected so that its norm is minimum in order to make I'y; and I'p as
smooth as possible (PINAULT et al., 2001).

A constant C* is introduced in equation (1) since only the variations of the
mixing function F are to be explained from M and R so that:

where AF = F —F, AM = M — M and AR = R — R, F, M and R being the mean of F,
M and R.

Equation (2) represents the more general linear relationship between inputs and
an output. It is characterized by impulse responses, i.e., the response of the output
when inputs are impulses (they last exactly one sampling step, i.e., 10 days). In the
present case the inputs are effective rainfall R and the magnitude M. Impulse
responses represent the response of the mixing function F after a hypothetical
isolated event (a rainfall event or a seismic event depending upon the impulse
response). Once the impulse responses are known, the two terms of the second
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member of equation (3) represent the contribution of both inputs (rainfall and
magnitude) to the mixing function F.

Impulse response I'j; of the mixing function F to the energy function M is
equivalent to the variation of F subsequent to a quake for which M = log;y (Es),
i.e., an event of magnitude M, = (M — 9.05) / 1.96. In such a model, the
perturbation of F' is proportional to the magnitude.

In the same way, impulse response 'z of the mixing function F to the effective
rainfall R represents the variation of F subsequent to a rainfall event whose height is
R and, here again, the perturbation of F is proportional to the height of the effective
rainfall event.

Resolution of equation (1) is performed with a 10 day sampling rate. Figure 8
shows the output of the mixing function F versus both inputs M and R. Figure 9(1)
exhibits the comparison between the model (equation 2) and the mixing function F.
Discrepancies arise during the first year due to the truncation of time series M and R
in equation (1): the length of impulse responses is therefore 250 days. Figure 9(2)
shows the comparison between the model (equation 1) and the mixing function F
when only effective rainfall R is used as input. Discrepancies between the model and
F increase significantly between (1) and (2), evidencing the relevancy of the energy M
used as input in the model.

The time series representing both inputs and the output are centered in order to
remove the constant in equation (2). The calculation of the two impulse responses
requires the use of a regularization technique since, as a mathematical point of view,
it is an ill-posed problem (many solutions can fulfill the requirements). The
regularization technique consists in selecting the ‘smoother’ solution while the
discrepancies between the observed mixing function F and the model are minimal. To
accomplish that the Tikhonov regularization technique is used (TiKkHONOV and
GONCHARSKY, 1987). The solutions that are obtained from this regularization
technique are the more realistic according to the parsimony principle, which tries to
explain a phenomenon from the minimum number of arbitrary parameters.
Moreover, this technique minimizes the error propagation since the norm of the
impulse responses is minimal.

Figure 10 (1) shows impulse responses of F to M (I'y/) and R(I'g). Impulse
response of F' to R represents the recharge of the shallow reservoir due to an increase
in pressure head after a rainfall event. It increases drastically after a rainfall event,
reaching its maximum 10 days after the event and then decreases for 150 days.

Impulse response of F' to M may exhibit the intrusion of salted water into the
shallow reservoir after a quake that exerts a constraint on the deep feeding system. It
decreases very rapidly after a quake, owing to the increase of chloride concentration
into the shallow reservoir. This burst is very short since the impulse response
increases 30 days after the quake, when fresh-carbonated water replaces salted water,
and reaches a maximum 70 days after the quake. The amount of fresh-carbonated
water introduced after the quake is higher than the amount of salted water it is
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Direct correlation between F (mixing function) and M (energy of events at epicentral distances < 10 km)
and between F and R (effective rainfall).

assumed to replace, as shown in Figure 10 (2) that displays the two components of F
related to M and R, namely I'y; * M and I'y * R. The response of F' to earthquakes
manifests therefore long-term variations and it increases in 1999, due to the high
magnitude of earthquakes. The deep reservoir behaves as if the compression that
occurs during the quake was followed by decompression a few ten-day periods after
the quake. The impulse response of F to M becomes inaccurate when the lag
overreaches 100 days because of the shortness of time series in comparison to the
length of impulse responses, which makes its interpretation hazardous beyond this
lag. Correspondingly, the impulse response is too noised to be interpreted at negative
lags to bring to the fore precursor signals.
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Comparison of the mixing function F and the model with R and M as inputs (equation 1). 2: Comparison
of the mixing function F and the model with only R (rainfall) as input.
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1) Impulse responses of F to M and R. 2) Response of F to earthquakes (M) and rainfall (R).

7. Discussion

Limitations of using arbitrary thresholds. Bulk chemical time-series display
variations for which interpretations vary strongly when using either the mean + lo
or 2¢ thresholds, or when considering one or another element. Even if this common
practice may be convenient, our results evidence that in many case it is not suitable to
detect transient anomalies, at least when the signal/background ratio is limited.
Further evidence exists that local water-rock interactions are key constrains for
selecting chemical tracers because elements may be controlled either by superficial
interactions (e.g., K through ions exchange with clays) or by dissolution/
precipitation reactions (e.g., Ca* " controlled by carbonates precipitation resulting
from CO, degassing). Calculation of Saturation Index and observation of the
behavior of elements with respect to conservative elements (mainly Cl) have therefore
to be performed prior to selecting elements for geochemical survey.

Methodology. Our results confirm that groundwater in mixed carbonated/
evaporitic environments is the result of complex interactions between chemically
contrasted reservoirs. Mixing processes are the most likely to occur and can be
described as discontinuous and fast processes which appear to be controlled mainly
by rainfall inputs when strain is assumed to be constant. TOUTAIN et al. (1997) and
POITRASSON et al. (1999) evidenced that multiple mixing processes can affect karstic-
dominated groundwater under strain built-up. LEVET et al. (2002) demonstrated that
using a simple binary mixing equation based on mass balance and CI~ contents
enabled to the calculation of mixing proportions between the two main poles (deep
saline and surficial carbonated poles). Considering the temporal fluctuations of the
mixing function F may therefore supply information pertinent to crustal processes
linked to earthquake preparation and/or triggering. Figure 9(1) evidences that in the
sedimentary Ogeu area, which undergoes both discontinuous rainfall recharge and
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seismic activity, the mixing function F'is the result of both inputs. The involvement of
earthquakes in F is confirmed by Figure 9(2), which demonstrates that F cannot be
the result of only rainfall inputs. In the Ogeu context, because chlorine concentra-
tions in the fresh-karstic end-member are close to zero, the mixing function is very
similar to the 1/Cl concentration of the total fluid. In other contexts, F may be
calculated by using any other method based on major or trace elements as well as
isotopic ratios.

Crustal processes. As expected, impulse response of F to R constitutes an increase
of the contribution of fresh-carbonated water in the discharge. The delay of response
in Ogeu conditions is immediate (10 days with a 10-day sampling resolution). On the
contrary, the impulse response of F' to M is a two-step process with step 1 being a
decrease of F, which corresponds to an increase of the contribution of salted water
into the shallow reservoir, followed by step 2 that is an increase of F which results
from either a decrease of the salted content or an increase of the carbonated
contribution. The two-phase process shows response delays of 10 and 70 days for
steps 1 and 2, respectively. It is to be noted that the increase of F during step 2 is
higher than its decrease during step 1. In other words, the inflow of fresh-carbonated
water (step 2) in the reservoir is higher than the inflow of salted water (step 1). This
may suggest that step 2 can be due to an inflow of fresh-carbonated water rather than
the decrease of salted contribution. Another hypothesis is a simple relaxation process
during which normal conditions are reached.

Few crustal processes can be evokated to interpret these observations. The most
immediate is the crustal stress variation and/or migration following the earthquakes
and allowing the inflow of deeper salted water. Nevertheless, considering the small
magnitudes, the epicentral distances and the depths of the seismic events, it is difficult
to invoke this phenomenon alone. Preseismic fluid overpressures and variations of
the permeability in the fault zones inducing fluid migrations are closely established
for earthquakes with magnitude greater than 5 (e.g., MUIR-WoOD and KING, 1993;
SiBSON, 1994; HUSEN and KISSLING, 2001; YECHIELI and BEIN, 2002). These fluid
migrations highly dependent on the earthquake mechanism are invoked to explain
the poro-elastic postseismic deformation (PELTZER et al., 1998) and the triggering of
aftershock sequences and the migration of seismic ruptures (NOIR et al., 1997).
Regarding micro-seismicity, the focal mechanisms, and therefore, the deformation
features are mostly unknown in detail. Consequently, small events frequently
distributed in clusters must be considered as volumetric deformation. For example,
Koizuwmi et al. (1999) showed that earthquake swarms with magnitude of two could
be responsible for groundwater level variations in instrumented boreholes associated
with changes in volumetric strain. In our Pyrenean case, the two-step feature of the
impulse response of F should be associated with the volumetric strain variations
linked to the seismic activity. This deformation induced by or inducing micro-
seismicity, may allow the opening of microfractures and, then, the inflow of deeper
salted water (YECHIELI and BEIN, 2002). Then, the opened fractures may be closed
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several days later if no other seismic event occurred. Unfortunately, the 10-day
resolution of our results does not allow us (1) to ascertain if the inflow salted water is
a response of a seismic event (co- and postseismic response) as we hypothesize in our
model, or if it is a preseismic response as described by Koizumi et al. (1999), and (ii)
if the hypothesis of a linear response of the groundwater to an event is reasonable.
Nevertheless, it is unquestionable that our observations cannot be explained without
considering the moderate, but continuous, regional seismic activity.

8. Conclusion

Thermo-mineral waters rising in sedimentary environments such as Ogeu often
result from the mixing of chemically contrasted end-members. Temporal fluctuations
of the fluid chemistry can be described by using a mixing function (F), which is
calculated by using CI™ contents in the Ogeu case. However, various parameters
(isotopic ratios, trace elements concentrations, elemental ratios, ...) may be used to
constrain and to calculate the mixing function F according to hydrogeological
contexts.

Modelling F over a 3.5-year period by using E; (seismic energy release in a 10 km
radius) and R (effective rainfall) as inputs evidence the involvement of both
phenomena in the temporal fluctuations of F. This is the first time that microseismic
activity is shown to contribute to the control of the chemistry of water over an
extended period. Impulse response of F to E;, which is calculated with a 10-day
sampling rate, indicates volumetric strain episodes leading to successive and transient
migration phases of deep saline fluids in the aquifer.

Such modelling confirms that seismically induced fluid transfers can occur
episodically and systematically in a given area. Moreover, this modelling appears
suitable to precisely assess the role of various parameters such as hypocentral depths,
epicentral distances, and earthquake magnitude on the fluid transfers. Unfortunately,
such data processing appears unrealistic in this study as the result of the overly short
monitoring period (3.5 years) and the exceedingly moderate earthquake activity.
However, it is possible and highly desirable to process altogether hydrochemical and
seismic time series already available in areas with strong seismic activity.
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