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Introduction

One of the challenges of geothermal exploration at volcanoes is to detect the presence of active hydrothermal circulations in fractures. Geo-electrical and electromagnetic measurements are commonly used to this aim because electrical resistivity contrasts can delineate zones of intense hydrothermal activity (e.g. [START_REF] Árnason | The resistivity structure of high-temperature geothermal systems in Iceland[END_REF][START_REF] Flóvenz | The role of electrical interface conduction in geothermal exploration[END_REF][START_REF] Flóvenz | 7.03 -Geothermal Energy Exploration Techniques[END_REF]. Electrical resistivity of volcanic rocks is particularly sensitive to the presence of secondary "alteration" minerals, often witnesses of hydrothermal circulations in fractures, such as clay minerals. The distribution of clay minerals can provide estimates of the temperature distribution in volcanic or sedimentary systems where their formation is controlled by the geothermal gradient [START_REF] Alt | Hydrothermal alteration of a 1 km section through the upper oceanic crust, Deep Sea 29 Drilling Project Hole 504B: Mineralogy, chemistry and evolution of seawaterbasalt interactions[END_REF][START_REF] Bourdelle | Clay minerals as geo-thermometer: A comparative study based on high spatial resolution analyses of illite and chlorite in Gulf Coast sandstones (Texas, U.S.A.)[END_REF][START_REF] Kristmannsdóttir | Zeolite zones in geothermal areas in Iceland[END_REF][START_REF] Kristmannsdottir | Alteration of basaltic rocks by hydrothermal activity at 100-300C[END_REF].

In active hydrothermal systems, the formation of smectite is not only controlled by the geothermal gradient, but also by the convective activity related to recent fault opening and causing boiling as well as chemical disequilibrium [START_REF] Beaufort | High-temperature smectites in active geothermal systems[END_REF][START_REF] Bril | Fluid-rock interaction in the geothermal field of Chipilapa (El Salvador): contribution of fluid-inclusion data[END_REF][START_REF] Patrier | Role of permeability versus temperature in the distribution of the fine (≤ 0.2 µ m) clay fraction in the Chipilapa geothermal system (El Salvador, Central America)[END_REF]. Compared to other clay minerals (e.g. illite, chlorite, kaolinite), smectite is much more conductive (e.g. [START_REF] Kaufhold | Comparison of three small-scale devices for the investigation of the electrical conductivity/resistivity of swelling and other clays[END_REF][START_REF] Kaufhold | Electrical conductivity of bentonites[END_REF] and contributes significantly to the electrical conductivity of rocks, through Electrical Double Layer mechanisms [START_REF] Flóvenz | Resistivity structure of the upper crust in Iceland[END_REF][START_REF] Pezard | Electrical properties of mid-ocean ridge basalt and implications for the structure of the upper oceanic crust in Hole 504B[END_REF][START_REF] Revil | Theory of ionic-surface electrical conduction in porous media[END_REF]Waxman and Smits, 1968) and interfoliar conduction [START_REF] Henry | 10. Relationship between porosity, electrical conductivity, and cation exchange capacity in Barbados wedge sediments[END_REF][START_REF] Lévy | The role of smectites in the electrical conductivity of active hydrothermal systems: electrical properties of core samples from Krafla volcano, Iceland[END_REF][START_REF] Maraqah | Ion transport in single crystals of the clay-like aluminosilicate, vermiculite[END_REF].

Smectite is also abundant in subduction zones [START_REF] Hyndman | The seismogenic zone of subduction thrust faults[END_REF] and in some major faults [START_REF] Chester | Structure and composition of the plate-boundary slip zone for the 2011 Tohoku-Oki earthquake[END_REF] and may play a role in the mechanical weakening of altered volcanic rocks [START_REF] Heap | Microstructural controls on the physical and mechanical properties of edifice-forming andesites at Volcán de Colima, Mexico[END_REF][START_REF] Kaufhold | Clay mineralogy and rock strength of a mid-German diabase: implications for improved quality control[END_REF][START_REF] Meller | Localization and Characterization of Hydrothermal Alteration Zones in a Geothermal Reservoir and Their Significance for Rock Mechanics[END_REF].

In order to study in the laboratory the influence of smectite on electrical conductivity and mecanical properties of volcanic rocks, the smectite content needs to be quantified first. Smectite content in drill-cuttings can also provide estimates of the porosity or permeability in a reservoir, by comparison with in-situ borehole resistivity logs [START_REF] Flóvenz | The role of electrical interface conduction in geothermal exploration[END_REF][START_REF] Pezard | Electrical properties of mid-ocean ridge basalt and implications for the structure of the upper oceanic crust in Hole 504B[END_REF][START_REF] Revil | Electrical conductivity in shaly sands with geophysical applications[END_REF][START_REF] Rink | Interface conductivity and its implications to electric logging[END_REF]Waxman and Smits, 1968).

The primary goal of our study is to provide geothermal industry with a simple method to quantify smectite content in hydrothermally altered volcanic rocks. Quantifying smectite in altered volcanic rocks is challenging because a large number of minerals often coexist in the same rock formation. Quantification of smectite by Rietveld-refinements of X-ray diffraction (XRD) patterns (e.g. Taut et al., 1998) is hampered when smectite-containing mixed layers coexist with smectite. Moreover, high-quality XRD scans are required for these quantifications, which can be time-consuming.

Due to its particular crystalline structure, smectite has a much larger Cation Exchange Capacity (CEC) than other clay minerals [START_REF] Bouchet | Minéraux argileux: structure cristalline, identification par diffraction de rayons X[END_REF]. This CEC is mainly located in smectite interlayers (Dohrmann, 2006a;[START_REF] Lagaly | Characterization of clays by organic compounds[END_REF]Vogt and Köster, 1978). [START_REF] Hower | The mineralogy of illites and mixed-layer illite/montmorillonites[END_REF] found a linear correlation between the CEC and the smectite fraction in a series of illite-smectite samples. [START_REF] Kaufhold | Beyond the Methylene Blue Method: Determination of the Smectite Content using the Cutriene Method[END_REF] also observed that the CEC measured by backtitration of the Copper-triethylenetetramine(II) "Cu-trien" [START_REF] Ammann | Determination of the cation exchange capacity of clays with copper complexes revisited[END_REF][START_REF] Bergaya | CEC of clays: Measurement by adsorption of a copper ethylenediamine complex[END_REF][START_REF] Meier | Determination of the Cation Exchange Capacity (CEC) of Clay Minerals Using the Complexes of Copper(II) Ion with Triethylenetetramine and Tetraethylenepentamine[END_REF] was proportional to the smectite content in bentonites, qualitatively measured using the methylene blue method.

Altered volcanic rocks contain a larger variety of minerals than bentonite or illite-smectite series, with often a large fraction of zeolites. Some zeolites, such as clinoptilolite and heulandite, have a higher CEC than smectite, up to 300 meq/100g, thanks to their wide solid solution of extraframework cations [START_REF] Fridriksson | Experimental determination of thermodynamic properties of ion-exchange in heulandite: binary ion-exchange experiments at 55 and 85 • C involving Ca2+, Sr2+, Na+ and K+[END_REF]. However, the CEC of clinoptilolite drops to 5 meq/100g when measured by the Cu-trien method [START_REF] Meier | Determination of the Cation Exchange Capacity (CEC) of Clay Minerals Using the Complexes of Copper(II) Ion with Triethylenetetramine and Tetraethylenepentamine[END_REF], because the channels where extraframework cations are located cannot expand, unlike smectite interlayers, so that only small cations (smaller than Cu-trien) can enter clinoptilolite channels. Therefore, the Cu-trien molecule appears to be adequate to quantify the smectite content in altered volcanic rocks. Our study tests this possibility by comparing CEC measurements to smectite quantifications based on Rietveld-refinements of XRD patterns, for samples where smectite is the only swelling clay mineral.

Since altered volcanic rocks contain lower and more variable smectite content than bentonite or illite-smectite series, the solid/solution ratio needs to be optimized for each sample, in order to minimize both the instrument uncertainty and systematic biases. The need for optimization of the reactants (exchange solution and sample) proportion was first addressed by [START_REF] Orsini | Utilisation du chlorure de cobaltihexamine pour la détermination simultanée de la capacité d'échange et des bases échangeables des sols[END_REF] for CEC measurements with the Cobalti-hexamine molecule, "Co-hex", on large masses of soil samples. [START_REF] Orsini | Utilisation du chlorure de cobaltihexamine pour la détermination simultanée de la capacité d'échange et des bases échangeables des sols[END_REF] pointed out that the exchange between Co-hex and soil samples could be considered as total only when the initial quantity of Co-hex was at least three times superior to the CEC. Yet, beyond eight times, the accuracy of the measurements would significantly decrease. Based on these observations, the authors recommended to carry out experiments where the initial ratio between Co-hex and rock sample (expressed in CEC units) represents 30% to 80% of the CEC, or equivalently where the fraction of Co-hex consumed during the experiments ranges between 15% and 30%. Further development of the Co-hex back-titration method [START_REF] Cieselski | A comparison between three methods for the determination of cation exchange capacity and exchangeable cations in soils[END_REF][START_REF] Ciesielski | Determination of cation exchange capacity and exchangeable cations in soils by means of cobalt hexamine trichloride. Effects of experimental conditions[END_REF] allows extending the interval of Co-hex consumed to 5%-35%. The need to optimize the solid/solution ratio by adjusting the initial mass of sample, for samples having a wide range of CEC values, is also discussed for the Cu-trien method by [START_REF] Dohrmann | Three new, quick CEC methods for determining the amounts of exchangeable calcium cations in calcareous clays[END_REF] and by Dohrmann (2006b) for the similar Ag-thiourea method.

Our study investigates the theoretical grounds for the observations of Dohrmann and [START_REF] Dohrmann | Three new, quick CEC methods for determining the amounts of exchangeable calcium cations in calcareous clays[END_REF] and the ranges suggested by [START_REF] Orsini | Utilisation du chlorure de cobaltihexamine pour la détermination simultanée de la capacité d'échange et des bases échangeables des sols[END_REF] and [START_REF] Ciesielski | Determination of cation exchange capacity and exchangeable cations in soils by means of cobalt hexamine trichloride. Effects of experimental conditions[END_REF] and presents a simple method for quantifying the smectite content of altered volcanic rocks through optimized CEC measurements using the Cu-trien exchange complex.

Materials and Methods

Rock samples

Thirty-eight samples from the Krafla high-temperature geothermal area are used in this study. Core samples are collected from four cored boreholes (KH1, KH3, KH5 and KH6) at varying depths. They represent a variety of lithologies and secondary minerals (Table 1). Cylindrical plugs (2-3 cm long and 2.5 cm diame-ter) are prepared from the original core samples for petrophysical measurements, presented by [START_REF] Lévy | The role of smectites in the electrical conductivity of active hydrothermal systems: electrical properties of core samples from Krafla volcano, Iceland[END_REF]. From the lateral faces of the plugs, thin sections and powders are prepared. Ten samples are used for optimization of CEC measurements, 24 samples for comparison between quantitative XRD analysis and CEC, 15 samples for chemical analysis by Electron Probe Micro Analysis (EPMA) and four samples for ICP analyses of exchangeable cations. Some samples are used for more than one type of analysis (Table 1). A first set of powders is used for the analysis of CEC uncertainty, carried out on 88 samples but presented here for 10 relevant samples. This set of powders is roughly grained to powder size, without any size control.

A second set of powders is used for XRD scans and associated mineral quantification by Rietveld-refinements. Powders from the first set are further ground for 10 minutes in ethanol, using an automatic grinder Retsch RM 200, dried and sieved before being prepared as randomly oriented mounts. For each sample, the exact same powder is used later on for independent CEC measurements that are later compared to XRD mineral quantification.

Mineral quantification by X-ray Diffraction

The powders are front-loaded onto the sample holder, using a razor blade to smooth out the surface, in order to minimize preferred orientation (PO) and shift of diffraction peaks [START_REF] Bish | Sample preparation for X-ray diffraction[END_REF] In samples containing a mixture of disordered clay phases (such as smectite and smectite-containing mixed layers and/or disordered 1:1 minerals), smectite content is difficult to quantify accurately by Rietveld-refinements, because of the strong correlation between parameters, including background (e.g. [START_REF] Raven | Outcomes of 12 years of the Reynolds Cup quantitative mineral analysis round robin[END_REF]. XRD patterns of samples containing both smectite and chlorite can be fitted (Figure 2) but the software adjusts both the chemical composition of chlorite and the relative quantity of chlorite and smectite to fit the relative intensities of the d(001) peak at 14-15Å and the d(002) peak at 7.2Å.

This results in the non-uniqueness of the model parameters related to chlorite chemistry and smectite and chlorite quantities. The chemistry of chlorite can be constrained (especially the relative abundance of Fe and Mg), based on independent chemical analyses, but this requires a large number of EPMA on polished thin sections, to obtain a representative chemical composition of chlorite for the sample, which is time-consuming and expensive. Moreover, assuming that the chemistry of chlorite can be properly constrained, the combined presence of smectite and chlorite often implies the presence of a chlorite-smectite phase.

This chlorite-smectite phase also contributes to the d( 001) peak at 14-15Å and its contribution can hardly be discriminated from that of pure smectite. As a result, the fitted amount of "smectite" corresponds in reality to a quantity of smectite + chlorite-smectite. Since only the quantity of smectite layers matters for the comparison to the CEC, not the quantitiy "smectite+ chlorite-smectite", this quantification is not appropriate. Therefore, only smectite quantifications for samples containing no other clay phase are used in this study for further comparison to CEC measurements. tailed structure files in Appendix B). An uncertainty on the smectite content is calculated based on the discrepancy between the two fits. For the other minerals, the uncertainty is calculated based on the variance of the model parameters given by the software.

CEC determination

The CEC of altered volcanic rocks is measured by back-titration of the Coppertriethylenetetramine (Cu-trien) molecule, as in the original protocol designed by [START_REF] Meier | Determination of the Cation Exchange Capacity (CEC) of Clay Minerals Using the Complexes of Copper(II) Ion with Triethylenetetramine and Tetraethylenepentamine[END_REF] to measure the CEC of pure clay samples. This molecule is also used, for example, by [START_REF] Kaufhold | Beyond the Methylene Blue Method: Determination of the Smectite Content using the Cutriene Method[END_REF] to measure the CEC of bentonites.

First, the sample is weighted in a beaker and then 50 ml of deionized water, measured with a volumetric flask, are added into the beaker. The few remaining water drops in the volumetric flask, after adding water to the beaker, represent an average of 0.6 ± 0.2. In order to reduce the uncertainty on the water volume, we measure the exact mass of water added to the beaker and adjust it by weight as close as possible to 50.00 g. Without this weight adjustment and measurement, the volume of water added is 49.4±0.2 ml. The beaker containing the water-rock mixture is then left in an ultrasonic bath for 5 minutes. Next, 10 ml of Cu-trien at about 1.10 -2 mol/L are added with a 5 ml pipette (two steps). Details about the preparation and characterization of the exchange Cu-trien solution at 1.10 -2 mol/L are given in Appendix C. The exchange is considered complete after 5 minutes of magnetic stirring. Since most of the exchange is expected to occur within interlayer spaces of swelling clay minerals (smectite), 5 minutes are considered sufficient. A test, carried out on sample L126, indicates that the difference in exchange yield after 5 and 60 minutes is within the instrument uncertainty, and thus not significant (see more details in Appendix C). If the CEC of higher charge clay minerals (e.g. vermiculite) were investigated, longer contact times might be needed (Von Reichenbach, 1968).

After the exchange reaction is completed, solid and liquid are separated by centrifugation. Finally, the absorbance of the supernatant solution is measured by a spectrophotometer at 578 nm. The absorbance of the Cu-trien solution before exchange, prepared independently by mixing 50 ml of deionized water and 10 ml of Cu-trien at 1.10 -2 mol/L, is also measured. The CEC (in meq/100g) is then calculated with Equation 1.

CEC lab = 2(C i -C f )V m ( 1 
)
where V is the total volume of the solution (60 ml), m is the rock mass in The rock mass suggested by [START_REF] Meier | Determination of the Cation Exchange Capacity (CEC) of Clay Minerals Using the Complexes of Copper(II) Ion with Triethylenetetramine and Tetraethylenepentamine[END_REF] is 200 mg but is a key parameter to be adjusted: m varies between 100 and 1000 mg in our experiments (see e.g. Dohrmann, 2006b;[START_REF] Dohrmann | Three new, quick CEC methods for determining the amounts of exchangeable calcium cations in calcareous clays[END_REF] 

Analysis of exchangeable cations in smectite

Chemical analyses of clay minerals are carried out on 15 polished thin sections at Géosciences Montpellier, using a CAMECA SX100 electron microprobe (22 keV, 10 nA). The 15 samples used for these measurements are indicated in Table 1.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analyses are carried out at ÍSOR to characterize the main cations exchanged after reaction with Cu-trien. Magnesium, calcium and sodium concentrations are measured at the wavelengths 279.079, 373.690 and 589.592 nm, respectively.

The exchangeable cations of four samples are investigated by this method: L119, L96, 31 and L99. Solutions are analysed at three steps of the reaction for each sample: after mixing rock and water, after ultra-sonic bath and after exchange with Cu-trien. This allows not taking into account cations coming from basic water-rock interaction (e.g. dissolution of glass or minerals).

Results and Discussion

Estimation of the laboratory uncertainty

We calculate the total uncertainty on the CEC measurements, u tot , by taking into account measurement dispersion, u disp , and instrument resolution, u instr .

The general formula, based on the rule of error propagation by Taylor expansions, is presented in Equation 2 (e.g. Joint Committee for Guides in Metrology (JCGM), 2008; [START_REF] Ku | Notes on the use of propagation of error formulas[END_REF].

u tot (CEC) = u instr (CEC) 2 + u disp (CEC) 2 u disp (CEC) = 1 n(n -1) n i=1 (CEC i -CEC avg ) 2 u instr (CEC) CEC = ( u(V ) V ) 2 + ( u(m) m ) 2 + ( u(C i -C f ) C i -C f ) 2 (2)
where n is the number of measurements for each sample, usually two or three, and CEC avg the average of the n measurements. u(V) and u(m) are the uncer-tainties on volume and mass, respectively, and u(C i -C f ) the uncertainty on the difference between initial and final concentrations. We explain below how these three terms are calculated.

The uncertainty on rock weighting is estimated to u(m) = 0.5 mg, based on the variations of the last digit of the scale.

The uncertainty on the total volume (60 ml) measurement is calculated by propagating the uncertainty of the three measured volumes (see Equation 3).

V = V wat + 2V pip u(V ) = u(V wat ) 2 + 2u(V pip ) 2 (3) 
where u(V wat ) is the uncertainty on the 50 mL of water and u(V pip ) is the uncertainty on the 5 ml of Cu-trien (measured twice with a 5 ml micropipette to obtain 10 ml). u(V pip ) is estimated to 0.02 mL (by pipetting step). u(V wat )

is reduced from 0.20 to 0.01 ml when the exact mass of water added to the rock is measured. This results in a total volume uncertainty u(V ) = 0.03 ml, while it amounts to u(V ) = 0.20 ml when the water is direcly added from the volumetric flask without further verification.

The calculation of the uncertainty on the concentration difference is presented in Equation 4.

A i -A f = L(C i -C f ) ( u(C i -C f ) C i -C f ) 2 = ( u(A i -A f ) A i -A f ) 2 + ( u(L) L ) 2 = u(A i ) 2 + u(A f ) 2 (A i -A f ) 2 + ( u(L) L ) 2 (4) 
where A i and A f are the initial and final absorbance, respectively, and u(A The uncertainty on the absorbance measured by the spectrophotometer is considered to be 0.001, based on the dispersion observed for repeated measurements of the same solution, as well as the spectrophotometer resolution provided by the manufacturer.

The total instrument relative uncertainty is given by Equation 5.

u instr (CEC) CEC = u(V f lask ) 2 + 2u(V pip ) 2 V 2 + u(m) 2 m 2 + 2u(A i ) 2 (A i -A f ) 2 + u(L) 2 L 2
(5)

Increasing the rock mass decreases the laboratory uncertainty for low-CEC rocks

Based on Equation 5, we calculate, for six samples, the instrument uncertainty of CEC measurements using two different initial rock masses and the same initial Cu-trien solution. We show that the relative uncertainty decreases from up to 70% to less than 5% when increasing the rock mass from the 200 mg, as recommendend for example by [START_REF] Meier | Determination of the Cation Exchange Capacity (CEC) of Clay Minerals Using the Complexes of Copper(II) Ion with Triethylenetetramine and Tetraethylenepentamine[END_REF], to 1000 mg (Figure 3).

In the present case, increasing the rock mass from 200 to 1000 mg increases the fraction of Cu-trien consumed from less than 1% to about 13% (Sample L114

in Figure 3). and u (m) m are very small compared to the third term. This is particularly true 300 for samples with CEC lower than 5 meq/100g, i.e. with low smectite content.

301

This effect is due to the limited number of digits, which can be read on the 302 spectrophotometer (only three digits, with values always ≤ 1). For high-CEC samples, we observe that the measured CEC can decrease by up 306 to 50% when the rock mass is increased, for fixed initial volume and concen-307 tration of Cu-trien (Figure 4). [START_REF] Dohrmann | Three new, quick CEC methods for determining the amounts of exchangeable calcium cations in calcareous clays[END_REF] suggest that 308 an unsuitably small solution/solid ratio may result in a reduced selectivity of 309 the index cation (Cu-trien in their case) and thus in an incomplete exchange of 310 interlayer cations. A similar observation is mentioned in [START_REF] Cieselski | A comparison between three methods for the determination of cation exchange capacity and exchangeable cations in soils[END_REF] for CEC measured by the Co-hex index cation and attributed to a reduced yield of the exchange reaction when the fraction of Co-hex consumed exceeds a threshold.

Here, we investigate the mathematical expression of these empirical observations, in order to predict the yield of the exchange reaction between Cu-trien and the rock sample and determine an acceptable threshold of Cu-trien consumption at the end of the reaction. The yield of the exchange reaction is taken as the relative difference between the apparent measured CEC, CEC app = CEC lab , and the maximum CEC, CEC 0 . We first write the theoretical relationship between CEC app and CEC 0 . Figure 4: Measured CEC with different initial ratios of reactants (Cu-trien and rocks) for four samples (blue filled circles): L99, L9, L6 and L119. The initial concentration of Cu-trien is about constant ((1.6 ± 0.1) • 10 -3 mol/L) but the mass of rock varies between 100 and 1000 mg (top x-axes). The fraction of Cu-trien consumed at the end of the reaction is marked aside each measurement. The laboratory (instrument) uncertainty is smaller than the symbols. The model predictions for four values of the thermodynamic constant K are also displayed as plain lines with a warm colorscale. The values of K are chosen on a trial-error basis, assuming K ≥ 1. The value of CEC 0 used for these predictions is marked together with the name of the sample, and corresponds to the measured CEC for the highest initial ratios. The values of CEC 0 may differ from the values given in Table 1 because a different set of powder is used for these measurements than for the measurements related to the correlation with XRD refinements.

For simplification purposes, we consider only one bivalent exchange reaction, between the Cu-trien(II) cations and Ca 2+ cations filling the exchange sites in the rock samples. According to chemical analyses of the smectite grains carried out by EPMA, there is at least twice as much Ca 2+ filling the interlayer spaces than N a + . There is an overall abundance of M g 2+ in the structural formula of these saponites but EPMA does not allow differentiating M g 2+ in the crystal lattice from M g 2+ in the interlayer space. The concentration of Mg, Ca and Na, measured by ICP in the solutions after exchange with Cu-trien for four samples, indicate that no Na has been exchanged and that exchanged-Ca and exchanged-Mg represent 72-94% and 8-13% of the total cation exchange capacity, respectively. These two types of result confirm that bivalent cations represent the majority of interlayer cations and the exchange ratio with Cutrien(II) will be mostly 1:1 (Figure 5).

The chemical exchange reaction, considering a majority of Ca 2+ in the initial state, is written in Equation 6.

Cu aq + Ca ads ----Ca aq + Cu ads (6)

The thermodynamic constant K of this exchange reaction is defined in Equation 7. K = X Cu,eq a Ca,eq X Ca,eq a Cu,eq

where the subscript "eq" indicates that a chemical equilibrium is reached. X Cu,eq and X Ca,eq are the dimensionless chemical activities of cations Cu-trien(II) and

Ca 2+ filling sites in the rock at the end of the exchange reaction, respectively, and a Cu,eq and a Ca,eq are the dimensionless chemical activities of cations Cutrien(II) and Ca 2+ in the aqueous solution at the end of the exchange reaction, respectively. Chemical activities are defined in Equation 8, where the subscript "eq" is removed for clarity purposes, but we assume the thermodynamic equi- The sodium concentration in the solutions after exchange is not significantly higher than in the solutions before exchange (both before and after ultra-sonic bath) for any of the samples. Both types of measurements are available for two samples (L31 and L99).
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librium is reached. 9.

346                  a Cu = [Cu] aq a Ca = [Ca] aq X Cu = meq(Cu) mCEC0 X Ca = meq(Ca) mCEC0 ( 
                 Cu aq = C f Ca aq = C i -C f meq(Cu) = mCEC app meq(Ca) = m(CEC 0 -CEC app ) (9) 
Combining Equations 7, 8 and 9, the thermodynamic constant, K, can be written as in Equation 10.

K = meq(Cu) meq(Ca) × C i -C f C f = CEC app CEC 0 -CEC app × C i -C f C f (10)
Given that CEC app = CEC lab and following Equations 1,9 and 10,meq(Cu) and meq(Ca) can also be written, as in Equation 11.

     meq(Cu) = 2V (C i -C f ) meq(Ca) = meq(Cu)(Ci-C f ) KC f = 2V (Ci-C f ) 2 KC f (11)
Assuming that all exchange sites are filled with either Cu-trien(II) or Ca 2+

at the end of the reaction, the total CEC, CEC 0 , is described in Equation 12.

CEC 0 m = meq(Cu) + meq(Ca)

⇐⇒ CEC 0 = 2(C i -C f )V m (1 + (C i -C f ) KC f ) ⇐⇒ KC f CEC 0 = CEC app (KC f + C i -C f ) = CEC app [(K -1)C f + C i ] ⇐⇒ C f = C i × CEC app KCEC 0 + (1 -K)CEC app (12)
By writing C f as a function of C i , m, V and CEC a pp (Equation 1), Equation 12gives Equation 13.

C i - mCEC app 2V = C i × CEC app KCEC 0 + (1 -K)CEC app ⇐⇒ (KCEC 0 + (1 -K)CEC app ) × (2V C i -mCEC app ) = 2V C i CEC app (13)
Equation 13 can be re-written as a second-order equation of the variable Y = CEC app (Equation 14).

(

-K)Y 2 + (KCEC 0 + 2V KC i m )Y - 2V KC i CEC 0 m = 0 ⇐⇒ aY 2 + bY + c = 0                  a = 1 -K < 0 b = KCEC 0 + 2V KCi m c = -2V KCiCEC0 m ∆ = b 2 -4ac 1 
with a < 0 because K > 1 (otherwise no exchange would occur). By solving the second-order equation ( 14) and keeping only the positive solution (which remains positive even if K < 1), we obtain an explicit function for CEC app (Equation 15).

Y = CEC app = -b + √ ∆ 2a = -(α + X) + (α + X) 2 + 2αβX β            X = 2V Ci m α = CEC 0 β = 2 1-K K < 0 (15)
The function of X presented in Equation 15increases monotoneously with X and reaches asymptotically the value of CEC 0 . Since X is inversely proportional to m, the sequence of equations presented here predicts that an increase of rock mass (all other things being equal) will increase the difference between CEC app and its asymptote CEC 0 , which is equivalent to reducing the yield of the exchange reaction.

This model based on simple assumptions predicts the observations of Dohrmann and [START_REF] Dohrmann | Three new, quick CEC methods for determining the amounts of exchangeable calcium cations in calcareous clays[END_REF] and [START_REF] Cieselski | A comparison between three methods for the determination of cation exchange capacity and exchangeable cations in soils[END_REF] that the sample mass is the determining factor for optimum precision of the CEC and exchangeable cations, if the same volume of solution is used. The function presented in Equation 15can also predict our experimental observations on samples with large smectite volume, provided that CEC 0 is chosen accordingly (Figure 4). Values of K in the range 10-100 are consistent with the observations but the value of K does not affect much the predictions. Given the limited sensitivity of the model to the value of K, we do not attempt here to evaluate precisely this constan. We only suggest that the range 20-50 is appropriate to describe the reaction taking place in the samples shown in Figure 4. In reality, K depends not only on the exchanged cation but also on the type of minerals and of sites involved in the exchange (Tertre, 2014;[START_REF] Reinoso-Maset | Sorption of uranium (VI) and radium (II) at trace level onto kaolinite and montmorillonite[END_REF][START_REF] Durrant | Cesium sorption reversibility and kinetics on illite, montmorillonite, and kaolinite[END_REF][START_REF] Robin | Ion exchange reactions of major inorganic cations (H+, Na+, Ca2+, Mg2+ and K+) on beidellite: Experimental results and new thermodynamic database. Toward a better prediction of contaminant mobility in natural environments[END_REF][START_REF] Robin | Experimental data and assessment of predictive modeling for radium ion-PARAM=pb=0.6_0 . 5 ^0 . 8 PARAM=pc =0[END_REF].

Optimization of the CEC measurements

Equations 16 and 17 describe the "partial exchange" systematic error and "instrument" uncertainty, as a function of the fraction x =

Ci-C f Ci of Cu-trien consumed after the reaction, based on Equations 12 and 5, respectively.

Err partial = CEC 0 -CEC app CEC app = (C i -C f ) KC f = x K(1 -x) (16) 
u instr (CEC) CEC = u(V f lask ) 2 + 2u(V pip ) 2 V 2 + u(m) 2 m 2 + 2u(A i ) 2 (A i -A f ) 2 + u(L) 2 L 2 = u(V f lask ) 2 + 2u(V pip ) 2 V 2 + u(m) 2 m 2 + 2u(A i ) 2 x 2 A i 2 + u(L) 2 L 2 (17) 
Depending on the value of the thermodynamic constant, K, the optimal fraction of Cu-trien consumed to minimize both the instrument uncertainty and the partial exchange systematic error is somewhere between 30% and 80% (Figure 6), as suggested empirically for CEC measurements with Co-hex on soils by [START_REF] Orsini | Utilisation du chlorure de cobaltihexamine pour la détermination simultanée de la capacité d'échange et des bases échangeables des sols[END_REF]. Since it is not possible to determine K with these simple measurements, we consider most resonable to aim at 30% consumption (most pessimistic value for K) because the decrease of u instr (CEC) beyond 30% is less important.

Quantification of smectite weight fraction in altered volcanic rocks

A linear correlation is found between the smectite weight fraction and the CEC of altered volcanic rocks, where the only swelling clay mineral is smectite (Figure 7). Due to the complexity of Rietveld refinements in whole rock samples when several types of clays are involved, only samples where a satisfying fit is obtained using only the clay phase "Smectite tri-octahedral with interlayers filled with Ca and 2 water layers" are reported in this figure. In samples where a peak at 7- 7.5Å is observed (typical of chlorite and chlorite-smectite), the smectite quantity derived from the fit is considered irrelevant for a quantitative comparison with the CEC. An uncertainty on the quantification is calculated by fitting the same diffraction patterns with a different smectite phase: "Saponite with interlayers filled with undetermined cations and 2 water layers". The quantities derived from the fit with the less constrained saponite are systematically lower. The linear fit to the observations shown in Figure 7 has a slope CEC smec = 90 ± 5 meq/100g and a regression coefficient R 2 = 0.945. The slope is consistent with the known range of CEC for smectite, 80-120 meq/100g, caused by the permanent negative charge of the crystal lattice, in the range 0.3-0.6 per half unit cell Si 4 O 10 (OH) 2 , that is compensated for hydrated interlayer cations (e.g. [START_REF] Bouchet | Minéraux argileux: structure cristalline, identification par diffraction de rayons X[END_REF]. A slope of CEC smec,105 • C = 94 ± 5 meq/100g, with a regression coefficient of 0.952, is found when CEC values are corrected for the water loss at 105 • C (Appendix D). The contribution of other minerals to the measured CEC is also investigated, in particular zeolites, illite and chlorite. Zeolites can be divided into two groups:

0% 20% 40% 60% 80% 100% Fraction of Cu-trien consumed [(C i -C f )/C i ]
(i) "rigid" zeolites (e.g. laumontite, mesolite, analcime, natrolite and scolecite), whose chemical formula is well-defined and in which extra-framework (other than Al and Si) cations cannot be exchanged and only the water content can vary and (ii) "flexible" zeolites (e.g. heulandite, chabazite and clinoptilolite), which exhibit a wide and continuous range of extra-framework cation compositions. Although, CEC of heulandite and clinoptilolite can reach up to 300 meq/100 g [START_REF] Fridriksson | Experimental determination of thermodynamic properties of ion-exchange in heulandite: binary ion-exchange experiments at 55 and 85 • C involving Ca2+, Sr2+, Na+ and K+[END_REF], CEC measurements by the method de-veloped here result in CEC values in the range 0.5-1.5 meq/100g [START_REF] Lévy | The role of smectites in the electrical conductivity of active hydrothermal systems: electrical properties of core samples from Krafla volcano, Iceland[END_REF]. Therefore, the contribution of zeolites to the CEC measured by Cu-trien in altered volcanic samples is negligible.

The CEC of pure illite [Beavers Bend illite - [START_REF] Mankin | Proposed reference illite from the Ouachita Mountains of southeastern Oklahoma[END_REF]] is also measured using the same method (back-titration by Cu-trien), yielding 4 meq/100g, which confirms the quasi-absence of non-mica layers in the illite sample [START_REF] Mankin | Proposed reference illite from the Ouachita Mountains of southeastern Oklahoma[END_REF] and the negligible CEC of pure illite compared to pure smectite [START_REF] Hower | The mineralogy of illites and mixed-layer illite/montmorillonites[END_REF]. Moreover, the CEC of samples containing large amounts of chlorite, as well as in some cases wairakite and other "high-temperature" alteration minerals (epidote, actinolite), but no hint of smectite, is always lower than 0.5 meq/100g, when measured by this method [START_REF] Lévy | The role of smectites in the electrical conductivity of active hydrothermal systems: electrical properties of core samples from Krafla volcano, Iceland[END_REF]. We conclude that the linear trend presented in Figure 7 can be used to estimate the weight fraction of smectite in altered volcanic samples containing wide range of minerals. This weight fraction also includes smectite layers in mixed-layer chlorite-smectite or illite-smectite.

As mentioned in Section 2, the grain size of rock powders used for measurements presented in Figure 7 is strictly below 250 µm. This is a requirement to transform the CEC measurement into absolute smectite weight fraction. The presence of larger grains (e.g. millimetric size) have less surface exposed during the exchange reaction, which might result in reduced smectite accessibility by the exchange solution and thus smaller measured CEC [START_REF] Kaufhold | Clay mineralogy and rock strength of a mid-German diabase: implications for improved quality control[END_REF].

We do observe a discrepancy of 20% for a high-CEC sample, L99, between the CEC measured with the same initial and optimal conditions but ground to two different sizes. These two measurements were carried out by the Institut National de Recherche en Agronomie in Arras (France), which performs accredited measurements of CEC on soil: (i) using their standard size (≤ 2 mm) and (ii) using a smaller size (≤ 250 µm) on our request.

Finally, heterogeneity of core samples from geothermal areas may cause significantly different CEC values depending on which lateral face of the cylindrical plug is used for the powder. Therefore, crushing and mixing together as much rock sample as possible (e.g. from the two lateral faces) is recommended.

Conclusions

In this study, we suggest a modified protocol to minimize the uncertainty of CEC measurements with the Cu-trien method and thus to quantify the smectite content in altered volcanic rocks. We observe that using a fixed mass of sample for rocks covering a wide range of smectite content may cause a relative uncertainty of up to 70% for samples with low smectite content. We also show that XRD on randomly oriented powders is not sufficient for smectite quantification in samples containing other disordered clay minerals (including smectite-bearing mixed-layers) and/or chlorite. We establish that the fraction of Cu-trien consumed at the end of the reaction needs to be optimized in order to minimize the total uncertainty of the CEC measurement. Instrument uncertainty and systematic "partial exchange" error are anti-correlated with varying fraction of Cu-trien consumed. We suggest that a value of 30% for this fraction is optimal, as a rule. Finally, we show a linear correlation between the CEC, measured with an adequate Cu-trien consumption, and the smectite weight fraction determined by XRD, for 24 samples containing smectite as the only swelling clay mineral.

Our study provides the geothermal industry with a simple method to quantify the smectite weight fraction (pure smectite or expandable layers in mixed-layer clays) of powders from all kinds of altered volcanic rocks. Different spectrophotometric back-titration methods, using for example the Cobalti-hexamine (III) molecule, can be used in the same manner for smectite quantification, since a whole range of thermodynamic constants are considered for the cation exchange reaction.

exchange on beidellite, a swelling clay mineral with a tetrahedral charge".

In: Applied Geochemistry 85, pp. 1-9. Stanjek, H. and Künkel, D. (2016). "CEC determination with Cutriethylenetetramine: recommendations for improving reproducibility and accuracy". In:

Clay Minerals 51. A Effect of preferred orientation on X-ray diffraction patterns: the case of heulandite

The effect on XRD patterns of preferred orientation when samples are backloaded onto sample holders, is illustrated in Figure A.1. The relative intensity of the heulandite peak at low angle (about 10 • 2θ), compared to the other peaks, is much higher when sample is back-loaded. The residuals at the end of refinement (gray signal under each pattern) are also higher in this case. // s q u a r e d l o r e n t z i a n ( Gauss-l i k e ) b r o a d e n i n g B2=c a t (R2==s q r ( h/A)+ s q r ( k/B) , Z2==max( s q r ( sk )-R2 , 0 ) , o r i e n t i e r u n g 2==Z2/ s q r ( sk ) , i f t h e n e l s e ( and ( eq ( h , 0 ) , eq ( k , 0 ) ) , K2l * s q r ( sk ) , K20 * s q r ( sk )+ b r e i t 2 * o r i e n t i e r u n g 2 ) )

// // s c a l i n g o f c l a s s e s ( 0 0 l und h k l ) and removal o f redundant 00 l r e f l e c t i o n s GEWICHT [START_REF]PARAM=pFE=0.06_0^0 . 3 pAL=(1-pMG-pFE) -and t -vacancy[END_REF] =GEWICHT * i f t h e n e l s e ( and ( eq ( h , 0 ) , eq ( k , 0 ) ) , s e t (ECA, 0 , 0 , 0 ) // c a t i o n i n t h e middle o f t h e i n t e r l a y e r s e t (EOZ1, 0 , 0 ,dCAO) // O above s e t (EOZ2,0 ,0 , -dCAO) // O below s e t (EOZ3 ,dCAO, 0 , 0 ) s e t (EOZ4,-dCAO, 0 , 0 ) s e t (EOZ5, 0 ,dCAO, 0 ) s e t (EOZ6,0 , -dCAO, 0 ) xx =0.7 // s h i f t i n g parameter o f t h e i n t e r l a y e r complex i n x yy =0.2 // s h i f t i n g parameter o f t h e i n t e r l a y e r complex i n y // t h e f i r s t two E u l e r i a n a n g l e s f o r r o t a t i o n o f t h e i n t e r l a y e r complex , // f i x e d 

  Description of the 38 samples used in this study (ID = sample name). The borehole (BH) and depth (in meters) from which the samples are extracted are indicated in Columns 2 and 3. The type of analysis for which the samples are used are indicated in Columns 4 to 6, where Opt CEC corresponds to the optimization of CEC measurements. The CEC (in meq/100g) and the smectite weight per cent measured by XRD are given in Columns 7 and 8. The lithology (Litho) is given in Column 9: hyalo = hyaloclastite; v. lava = vesicular lava; d. lava = dense lava; ignimb. = ignimbrite. The presence of secondary minerals (if more than 1% as quantified by XRD quantification) is indicated in Columns 10 to 17. Sm = smectite; Chl = chlorite; Heu = heulandite (zeolite); Qtz = quartz; Clc = calcite; Pyr = pyrite; Tit = titanite; Oth. = other; Laum = laumontite (zeolite); Act = actinolite; Ep = epidote; Wai = wairakite; Ana = anatase; Jad = jadeite; Sid = siderite.

Figure 2 :

 2 Figure2: XRD quantitative analysis, using the BGMN software, for a sample containing smectite, chlorite and mixed layer chlorite-smectite.

  mg and C i and C f are the Cu-trien concentrations in the initial and final solutions, respectively, in mol/L. C i and C f are calculated based on the absorbance measurements and the calibration curve presented in Appendix C.

  i ) = u(A f ) their respective uncertainty. L is the slope of the calibration curve (ab-sorbance versus concentration, see Appendix C) and u(L) is calculated using the error propagation rule presented above, with an expression of L based on the two extreme calibration points and their respective uncertainty (Joint Committee for Guides in Metrology (JCGM), 2008).

Figure 3 Figure 3 :

 33 Figure3shows that the instrument uncertainty exponentially decreases with the fraction of Cu-trien consumed. This is consistent with Equation5, where the denominator (A i -A f ) 2 controls the overall value of u(CEC) because u(V ) V

3033. 3

 3 Increasing the rock mass decreases the yield of the 304 exchange reaction for high-CEC rocks 305

Figure 5 :

 5 Figure5: Number of exchangeable Ca-ions compared, to Na-ion and Mg-ion in the interlayer spaces of smectites. The relative number of exchangeable Ca versus Na is shown as a function of sampling depth. Sixteen samples, where chemical analyses by electron probe are carried out, are reported on this figure: L04 to L31 from KH1, L40-L58 from KH5 and L81-L99 from KH6. The error bar indicates the range of values found for the different smectite grains measured in each thin section. The histogram at the center shows the distribution of exchangeable Mg and Ca in four samples, as measured by ICP in the exchange solutions after reaction with Cu-trien. The sodium concentration in the solutions after exchange is not significantly higher than in the solutions before exchange (both before and after ultra-sonic bath) for any of the samples. Both types of measurements are available for two samples (L31 and L99).

  8)where[Cu] aq and[Ca] aq are the chemical concentrations of cations (Cu-347 trien(II) and Ca 2+ , respectively) in the aqueous solution, in mol/L, and meq(Cu) 348 and meq(Ca) are the quantities of cations (Cu-trien(II) and Ca 2+ , respectively) filling sites in the rock, in millimol equivalent "meq". Each mmol of Cu-trien(II) or Ca 2+ corresponds to 2 meq, given the double positive charge carried by each cation. a Cu and a Ca are normalized by an "infinite" theroretical concentration of 1 mol/L. With CEC 0 being the total CEC of the rock, in meq/g, and m the mass of rock considered in the experiment, in g, mCEC 0 is the total number of exchange sites available in the rock, in meq. According to these definition,[Cu] aq , [Ca] aq , meq(Cu) and meq(Cu) are given in Equation

Figure 6 :

 6 Figure 6: Laboratory uncertainty and "partial exchange" systematic error, as a function of the fraction of Cu-trien consumed.

Figure 7 :

 7 Figure 7: CEC measurements versus smectite quantification by Rietveld refinements of XRD patterns, for samples where smectite is the only swelling clay mineral. The slope and regression coefficient of the fitting line is given in the legend. CEC measurements and XRD scans are carried out on the exact same powders. The same figure, using CEC values corrected for taking the water content into account in each sample, is presented in Appendix D.

Figure A. 1 :(PARAM=K20=0

 1 Figure A.1: Effect of preferred orientation on X-ray diffraction pattern for a sample (L02) containing a large amount of heulandite (zeolite). The upper pannel shows the diffraction pattern when the powder is carefully grained and front-loaded. The lower pannel shows the diffraction pattern for the exact same powder but back-loaded. The diffraction peak of heulandite at angle 10 • 2θ is four times higher in the lower panel and cannot be correctly fitted.
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Figure D. 1 :

 1 Figure D.1: Smectite content versus CEC, after correction of the CEC value for the water content, based on the water loss at 105 • C. The slope and regression coefficient are indicated on the figure.

Table

  

Table D .

 D 1: Water loss at 105 • C and correction of the CEC values to take into account the water content.

	ID	Water content CEC (no correction) CEC corrected
		wt.%	meq/100g (room T) meq/100g (105 • C)
	L02	3.1%	13.5	14.0
	L04	2.4%	17.6	18.0
	L05	1.0%	6.1	6.2
	L06	2.6%	7.2	7.4
	L09	6.0%	25.9	27.6
	L10	3.9%	15.6	16.3
	L11	2.1%	24.9	25.5
	L12	1.3%	2.7	2.7
	L14	3.6%	33.2	34.4
	L15	1.8%	15.0	15.3
	L16	1.6%	4.5	4.6
	L19	2.0%	15.1	15.4
	L21	2.9%	19.2	19.8
	L22	2.4%	21.2	21.7
	L26	0.9%	12.8	12.9
	L28	2.7%	13.0	13.4
	L29	1.5%	9.4	9.6
	L30	1.3%	7.2	7.3
	L31	2.4%	20.0	20.5
	L119 7.2%	45.7	49.2
	L40	0.5%	10.9	10.9
	L58	0.4%	3.5	3.5
	L112 1.5%	6.2	6.3
	L113 1.0%	3.5	3.5
	L114 0.7%	2.6	2.6
	L81 L82	1.0% 0.3% 0%	16.0 5.8 20% Smectite weight fraction by Rietveld refinements of XRD patterns 16.2 10% 30% 40% 50% 60% 5.8	70%
	L87	0.6%	5.6	5.6
	L91	0.5%	8.4	8.4
	L93	0.6%	1.9	1.9
	L99	4.1%	34.0	35.5
	L100 4.8%	27.7	29.1
	L80	1.2%	4.8	4.9
	L86	1.1%	6.3	6.4
	L89	1.2%	5.0	5.0
	L95	5.1%	39.6	41.7
	L126 7.4%	53.4	57.7
	L149 3.6%	19.5	20.2
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where m CuSO4 and m trien are the masses of CuSO 4 and "trien", in g, M CuSO4

and M trien are the molar masses of CuSO 4 and "trien", in g/mol and V tot is the total volume of the solution, in L. The masses of CuSO 4 and "trien" are calculated to obtain a final concentration of 0.01 M Cu-trien (e.g. m CuSO4 = 1.6114 g (anhydrous) and m trien = 1.4941 g).

The complex "Cu-trien" is formed by stoichiometric reaction between the two compounds, so that the quantity of Cu-trien formed (in mol) corresponds to the quantity of the compound initially present in lesser quantity, the "limiting reactant". According to Stanjek and Künkel (2016), one has to avoid using an excess of "trien" in the preparation, due to a possible complexation of trien with the interlayer cations of smectite (e.g. Ca, Mg) that would prevent a later exchange with Cu-trien. Since the "trien" compound (from Sigma-Aldrich) has a purity of ≥ 97 % (see also [START_REF] Ammann | Cation exchange and adsorption on clays and clay minerals[END_REF]Stanjek and Künkel, 2016), and the masses are calculated as if trien were 100% pure, CuSO 4 is theoretically in excess in our preparation. caries between -4% and 4% (Table C.1). This indicates that no systematic error in the Cu concentration (due to possible rehydration and thus increase of the molar mass) shall be taken into account in the calculations.

Four independent Cu-trien stock solutions and respective dilutions are used for calibrating the spectrophotometer. This set of solutions includes the Cutrien solutions whose Cu concentration is measured by ICP (Table C.1). It also includes two Cu-trien solutions directly prepared with the two CuSO 4 solutions measured by ICP beforehand. In these cases, the mass of solution is weighted and a mass of "trien" corresponding to a stoechiometric ratio between Cu and trien is mixed with deionized water and added to the copper sulphate solution in a 1 L volumetric flask.

The corresponding calibration curve, presented in 

C.2 Contact time with Cu-trien

A test is carried out on sample L126 to evaluate whether longer contact times with Cu-trien might lead to increased exchange. The CEC measured after 5 and 60 minutes are 53.4 ± 0.7 meq/100g and 53.1 ± 0.7 meq/100g, respectively.

We consider the difference between these two numbers not signficant, which confirms that 5 minutes is a sufficient time for this type of samples.

D Water content and CEC correction

CEC measurements are carried out on rock samples dried at room temperature. The CEC values presented in this study do not include a correction for the water content in the samples. In particular, the slope presented in Figure 7 corresponds to the average CEC of smectite in samples dried at room temperature, i.e. containing up to 7% of bound water molecules. We present in