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Abstract

Agqueous extract test is a laboratory technique commonly used tainadgas amount of
soluble salts of a soil sample after adding a known mass tledistater. Measured aqueous
extract data have to be re-interpreted in order to infer poeewhemical composition of the
sample because porewater chemistry changes significantlytodadution and chemical
reactions which take place during extraction. Here we presemivanse hydrochemical
model to estimate porewater chemical composition from measurtent e@tent, agueous
extract, and mineralogical data. The model accounts for acid-badex, requeous
complexation, mineral dissolution/precipitation, gas dissolution/ex-ealutiation exchange
and surface complexation reactions, of which are assumed to take place eqddaium. It
has been solved with INVERSE-CO®Eand been tested with bentonite samples taken from
FEBEX (Full-scale Engineered Barrier EXperimemt) situ test. The inverse model
reproduces most of the measured aqueous data except bicarbonate ang proeifiective,
flexible and comprehensive method to estimate porewater cheoaunglosition of clays.

Main uncertainties are related to kinetic calcite dissolution and variatior@s{ig)pressure.


mailto:jsamper@udc.es

2/32

Keywords. aqueous extract, clay, porewater chemistry, hydrochemicaélmimverse model,

FEBEX bentonite, in situ test.

1. Introduction

Clay formations have been selected by several countriesndglate host rocks for
high level radioactive waste (HLW) disposal in deep geologiepbsitories and swelling
clays used in as engineered barriers of such repositoriess@ and Ledesma, 2005).
Assessing the long-term safety of a HLW disposal site regjlinowing the chemistry of clay
porewater.

There are numerous experimental studies of water-clay interadiFritz and Kam,
1985; Wanneret al., 1994; Cuevast al., 1997; Kraepielet al., 1998; Muurinen and
Lehikoinen, 1999; Bradbury and Baeyens, 2003; Fernaetdek, 2004; Muurinenet al.,
2004). Geochemical modelling of porewater in clays is an actilcedfework where several
approaches are taken to understand and quantify processes controkwgtporchemistry
and its evolution in response to changes in environmental conditions ifd/etlal., 1994;
Beaucaireat al., 2000; Bradbury and Baeyens, 1998, 2003; Muurinen and Lehikoinen, 1999;
Arcos et al., 2003; Fernandeet al., 2004; Pearsost al., 2003; Wersin, 2003; Metet al.,
2003; Ochset al., 2004; Wersinet al., 2004; Sampeet al., 2005; Gaucheet al., 2006;
Turrero et al., 2006; Sasamot@t al., 2007). Geochemical evolution of clay porewater
chemistry is controlled by cation exchange, proton surface contiplexaand
dissolution/precipitation of soluble accessory minerals, and depends oananaohperature
and pressure as well as on solid-to-liquid ra8ih, (Wanneret al., 1994; Fernandegt al.,

2004; Bradbury and Baeyens, 2003; Wersin, 2003; Wetsin, 2004).
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Obtaining reliable data for clay porewater chemistry is ficdlf task. Geochemical
characterization of clays can be perfornmeditu by drilling and field techniques aret situ
by means of rock sampling, storage, preservation and laboratdygian@here are numerous
laboratory techniques to extract water from clay samples, asidentrifugation, squeezing,
agueous extraction or leaching, vacuum, azeotropic distillation andt dipuilibration
(Sacchiet al., 2001). Squeezing and aqueous extract are the most commonly used nfethods.
large effort has been made during recent years to improtex exraction methods, develop
numerical interpretation methods and achieve consistency betwaebsicah data obtained
from squeezing and aqueous extracts tests (Seicahj 2001; Bradbury and Baeyens, 2003;
Pearsonet al., 2003). Both squeezing and aqueous extract alter the water-adsmsin
several ways and introduce sampling artefacts in measuredSdataezing at high pressures
may induce oxidation and dissolution of clay accessory minerals, outgadsCG and
chemical fractionation (Sacchi al., 2001; Pearsod al. 2003). Furthermore, squeezing does
not allow extracting porewater from clay samples with watentents less than 20%
(Fernandezt al., 2004). For low water contents one must resort to aqueous extract tes
(AET) in which a crushed sample is placed in contact with degdnwater at a givef/L
ratio. After establishing equilibrium, the solid phase is sepdratel the liquid phase is
analyzed (Parshiva-Murthy and Ferrel, 1972, 1973). Since AET teythhe geochemical
system, indirect hydrogeochemical modelling is needed to inéechhemical composition of
porewater from AET data.

Here we present an inverse hydrochemical model for the intatipretof AET.
Porewater composition of the clay sample is obtained by an inkpdsegeochemical model
using the inverse reactive transport code INVERSE-CBREDai and Samper (2004). The
paper starts with a description of AET and chemical processe$ wiay occur during AET.

After that, the inverse methodology is described. The inverse thyeimdcal model is used to
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interpret AET performed on bentonite samples taken from FEBE3tu test at Grimsel
(Switzerland). The paper ends with a discussion of main uncertainties and icosclus
2. Aqueous extract test
2.1. Description

AET is a method to quantify the total content of soluble saltsctdfyasample. Arl:R
aqueous extract test consists on adding to a mas# powdered clay sample a mass of
distilled water equal t&® timesMs. Clay sample and water are stirred during a period of time
of usually 2 days during which equilibration of water and clay sangpallowed. Chemical
analyses are performed on supernatant solution after phasetisepéna centrifugation
(Sacchiet al., 2001). The solid-to-liquid ratidg/L, is related to the aqueous extract rdio

through:

s_._ 1 1)
L

W+ R(1+w)

wherew; is gravimetric water content of clay sample. It should be notltadS/L coincides
with 1/R only when clay sample is fully drw(= 0). In addition to dilution, various chemical
processes may occur during porewater extraction such as dissadfitgmiuble minerals
(halite, sulphates and carbonates), dissolution and ex-solution of gaté&s,exchange and
surface complexation. All these processes perturb concentratiatissofved species in a
complex manner making difficult to derive the chemical compositioth@foriginal (before
agueous extraction) clay porewater from aqueous extract data. Foa#ua,raqueous extract
data are mostly used to: 1) Evaluate the amount of soluble salderi2e concentrations of
conservative species such as chloride and 3) Derive qualitative pattereadtve species.
2.2. Interpretation

Concentration of a conservative species in the original clay pae(sfore aqueous

extraction), ¢, can be derived from concentration of aqueous extgget,performed on a

clay sample of maddsfrom species mass balance
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CIVVI M S = CaeWaeM S (2)
where W, is the gravimetric water content of the aqueous extract whkiakelated tow;
through

W,

ae

W+ R(W +1) (3)
Substitution of Equation (3) into (2) leads to the expression of the dilution factor

(4)

F=S —1:R+
Cea

==

which is equal to the ratio of concentrations of the original sansplend that of the aqueous

extract,c,, .

Inferring dissolved concentrations of reactive species regge@eshemical modelling
based on mineralogical data. Our methodology to infer clay @teewhemical composition
from aqueous extract data is based on the definition of a geochenadal (GM) for the
clay-water system. The GM for a clay sample is definedeims of relevant chemical
processes taking place during aqueous extraction. IdentificatiGMofequires knowing: 1)
Aqueous complexes, 2) Mineral phases and their initial volumeidngcand equilibrium
constants, 3) Cation exchange reactions, cation exchange capaEi) @d cation
selectivities, 4) Surface complexation reactions, types of, sitessities and protolysis
constants, and 5) Gas phases, pressures and conditions (open or closed).

Since the appropriate GM may not be knosvpriori, it has to be improved in an
iterative manner as indicated in Figure 1. The method startsdn initial GM and a guess of
sample porewater concentrations,Inverse modelling accounts for the perturbations caused
by aqueous extraction and computes concentrations of aqueous extraatsinOpstimates
of ¢ are those which minimize the differences between measumda@meous extracts

concentrations. Large deviations of model results from measuradrdst indicate the need

to modify or update the GM (see Figure 1).
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2.3. Inverse model
Porewater chemistry is inferred with the inverse method oabdiSamper (2004) which
is based on generalized least squarespl=e{p;, p2, ps,...., Pu) be the vector of M unknown

parameters. The objective functi&(p), can be expressed as
Li
E(p) = Y wir? ®)
1=1

wherer, is the residual of thi#h data which is equal to the difference betweenpmaed and
measured concentrationg; is a weighting coefficient for measured data dnds the number
of dissolved species for which data are availabte. FEBEX bentonité,; is equal to 8 (see
below). Weightsw, depend on data accuracy. If some data are judgetiabie, they should

be assigned small weights in order to prevent {@inicious effect on optimization.

Inverse modelling of AET was performed with INVERSIRE® (Dai and Samper,
2004) a code which combines automatic parametéma&sbn algorithms with a reactive
transport code CORE (Samperet al., 2003; Yanget al., 2008). The inverse problem is
solved by minimizing a generalized least-squarésrayn with a Gauss-Newton-Levenberg-
Marquardt method. CORE and INVERSE-CORE are finite element codes for modelling
transient saturated and unsaturated water flow, fneasport and multicomponent reactive
solute transport under both local chemical equuitrand kinetic conditions. The chemical
formulation is based on ion association theory asek an extended version of Debye-Huckel
equation (B-dot) for activity coefficients of aqueo species. CORE and INVERSE-
CORE?® rely on thermodynamic data from EQ3/6 (Wolery, 299They have been used to
interpret field experiments such as the Redox Zexggeriment in a fracture zone of the Aspo
site (Molinero and Samper, 2004; Molinegtcal. 2004; Molinero and Samper, 2006), analyze

stochastic cation exchange reactive transport uifeg (Samper and Yang, 2006), couple
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chemical and biological processes within the candéxhe CERBERUS project in Boom clay
(Samperet al. 2006; Zhanget al. 2008), evaluate interactions of bentonite-conc(¥eng et

al., 2007a), corrosion products and bentonite (Sangpet., 2008c) and evaluate oxygen
consumption in a HLW repository in granite (Yaegal., 2007b). INVERSE-COR# has
been used to interpret laboratory experiments éndi Samper, 2004) and model geochemical

processes in coastal systems (Dai and Samper, P@0ét; al. 2006).

3. Inverseanalysisof AET datafrom FEBEX in situ test
3.1. Description of FEBEX in situ test

FEBEX (Rull-scale_Ehgineered RBrrier EXperiment) is a demonstration and research
project dealing with the bentonite engineered bamtesigned for sealing and containment of
a high-level radioactive waste repository (ENRE2800). FEBEX is based on the Spanish
reference concept for radioactive waste disposactristalline rock according to which
canisters are emplaced in horizontal drifts andosunded by a compacted bentonite clay
barrier. The project includes two main large-sdaigts which started in February 1997: a
mock-up test operating at CIEMAT facilities in Madrid, Spaand anin situ full-scale test
performed in a gallery excavated in granite atGhniensel site, Switzerland (ENRESA, 2000).
The gallery is 70.4 m long and has a diameter 88 2Zn. Two heaters were installed to
maintain a maximum temperature of 100 °C at thedmitie surface. A layout of thi& situ
test is shown in Fig. 2. Weighted averages of degsity and water content of bentonite
blocks are 1.70 g/cfrand 14.4%, respectively (ENRESA, 2000). Mineratajtomposition
of FEBEX bentonite is listed in Table 1 (Fernaneeal., 2004). The main mineral phase (90-
92 wt.%) is montmorillonite.

The FEBEXin situ test began in February 27th, 1997. Heater 1 watslsyd-off in
2002. A post-mortem bentonite sampling program wd@signed to characterize solid and

liquid phases, measure physical and chemical clsanmgkiced by the combined effect of
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heating and hydration; and to test model predistiiNRESA, 2006a; Sampetral., 2008a).
Bentonite samples were taken from vertical sectimosnal to the axis of the tunnel (Fig.2).
Fig. 3 shows the location of bentonite blocks ictiem 29 collected after dismantling of
heater 1. A total of 9 bentonite blocks were samgiB29-5 to BB2913). Bentonite blocks
were preserved immediately after their extractiorplastic films, two layers of aluminized
PET-sheets and vacuum-sealed plastic bags. ThePfit$-sheet was vacuum sealed after
flushing nitrogen in it. Protection against meclecahiactions was used to ensure block
integrity (Ferndndez and Rivas, 2003; ENRESA, 2008ET data from sections 29 and 19
located at both edges of heater 1 (see Fig. 2) wseel to test our inverse methodology.
Soluble salts of these two sections were analyyeebnandez and Rivas (2003) in agqueous
extract solutions. Crushed bentonite samples wiaxgeq in contact with de-ionised and de-
gassed water at a solid-to-liquid ratio of 1:4, k&maand allowed to react for 2 days at
atmospheric conditions. After phase separation dmtrfugation (30 min at 12.500 rpm),
supernatant solutions were analysed.
3.2. Geochemical model

The geochemical model accounts for the followingermaltal processes: aqueous
complexation, acid-base, mineral dissolution/priéaipn, gas solution-exsolution, cation
exchange and surface complexation. The chemictdmys defined in terms of the following
primary species: 0, H", C&*, Mg**, Na', K*, CI, SO, HCO; and SiQ(aq). Relevant
aqueous complexes were identified from speciatiams rperformed with EQ3/6 (Wolery,
1992). They are listed in Table 2. Based on aviglalgdrochemical data (Fernandetzal.,
2004) relevant mineral phases for FEBEX bentomitdude calcite, gypsum and chalcedony.
Initial volume fraction of gypsum is assumed toZeeo. For the duration of AET of 2 days

these minerals can be assumed at chemical equitibiDissolution of clays minerals such as
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smectite is extremely slow and can be disregartled.Gaines-Thomas convention is used for
cation exchange.

Modelling of AET performed on bentonite samples BBEX in situ test assumes that alll
water content is accessible for chemical reacti@memical reactions used in the model and
their corresponding equilibrium constants, selagtigoefficients and protolysis constants at
25 °C are listed in Table 2.

Weights,w;, in Equation 5 for inverse analysis are all eqoal except for bicarbonate
data which are given a weight of 0.1 because Inliiaarbonate concentrations are not
estimated, but calculated from equilibrium withati@. This is consistent with experimental
conditions of FEBEXn situ test during which bentonite reacted with porew&iemore than
five years and reached equilibrium. Initial bicarhte concentrations derived from
equilibrium with calcite not always lead to a gditddo measured bicarbonate data. Adding
bicarbonate data in the objective function doeshalp the estimation of initial bicarbonate.
Actually, bicarbonate data affects the estimatibmiial calcium concentration. In order to
prevent the pernicious effect of bicarbonate damatlee estimation of initial calcium
concentration, bicarbonate data are given smaljitsi

As concluded by Fernandetzal. (2004), protonation/deprotonation by surface sonpis
a key process controlling pH and bentonite poremwatemistry. Previous studies have
considered mostly a one-type of proton sorptioessifWielandet al., 1994). However,
Bradbury and Baeyens (1997) argue that three tgpesoton adsorption sites are needed to
describe titration data on SWy-1 montmorilloniteldi/Zn sorption isotherms. Sampetral.
(2008a) compared 1 and 3 types of proton sorpiites #1 a permeation test performed on a
compacted sample of FEBEX bentonite. They conclide protonation/deprotonation by
surface sorption is a key process in buffering pid #tnhat models with one and three types of

proton sorption sites provide similar results. Efiere, here we use a model with a single type
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of sorption site. Similar to Bradbury and Baeyeth89() no electrical terms for surface
complexation are considered.

Although our methodology accounts for redox reanxiduring water extraction, redox
processes were not considered for the interpretaticAET performed on FEBEX bentonite
because such processes are not relevant for tltioos of FEBEXin situ test. Bentonite
samples fromn situ test are at oxidizing conditions at which the re@oocesses most likely
to occur are pyrite dissolution, organic matterdaxion, siderite dissolution and iron oxi-
hydroxide dissolution/precipitation. FEBEX bentenihowever, has a very low content of
organic matter, pyrite and siderite (see Tablezhgnget al. (2008) report the interpretation

of AET performed on Opalinus clay samples by actiagrfor pyrite oxidation.

3.3 Modd results

Inverse geochemical modelling has been performe® famples of bentonite blocks
in section 29 (Table 3) and 12 samples in secti®n(Table 4). Solution of the inverse
problem provides optimum values of the initial cemrations which lead to calculated
concentrations of the aqueous extract which for thest part reproduce measured
concentrations.

Initial log K values of protolysis constants are equal to -5X@H," and 8.7 for XQ
These protolysis constants lead to calculated pehntarger than measured pH (see Table 5).
The fit to pH bicarbonate data is not good. Theadimeasured pH and HGQlata improves
greatly when protolysis constants are also estinateaddition to initial concentrations.
Estimated protolysis constants are equal to -5.&®H," and 11.8 for XQ These estimates

differ from initial estimates derived from Samperal. (2008a) (see Table 5) probably
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because they worked with compacted bentonite wieke AET were performed on crushed
bentonite.

Table 6 shows the inferred porewater chemical caiipo of a bentonite sample
from section 19, BB19-14/5, with a water conten24. The geochemical model reproduces
most of the measured data except for pH and bicatkalata.

In addition to dilution, dissolution/precipitatioof minerals, cation exchange and
surface complexation are the main geochemical pee=e that affect inferred porewater
chemistry of FEBEX bentonite.

The effect of dilution on dissolved concentratiacesn be evaluated by means of
Equation (4). In the absence of chemical reactitdms,concentration of any species prior to
aqueous extractiorg, can be computed from the concentration of aguestisict, C,e, by
multiplying c.e by the dilution factor in Equation 4. For reactigpecies, the initial
concentratiorg; differs from Fc,e due to chemical sink/sources which may be evalubte
comparingFc,e with the inverse-estimatg. Figure 4 shows the comparisongaf (measured
aqueous extractfcae (pure dilution) and (inferred) concentrations for dissolved calcium.
One can see that pure dilution concentratioRs, are much larger than measured
concentrationsde). They differ by a factoF which for samples in section 29 range from 20
to 33 (see Table 3). Inferred concentratiapsare larger than pure dilution concentrations by
at least a factor of 5 (see Figure 4). This mehasthe net effect of chemical reactions is a
sink for dissolved calcium. Calcite dissolution yidees a source of calcium while cation
exchange acts as a sink for dissolved calcium. Vthese two processes are combined, they
lead to a net sink of calcium, indicating that catexchange plays a more important role in
controlling the final concentration of calcium thaealcite dissolution. Results for dissolved
magnesium (Fig. 5) are similar to those of calciama reflect that dissolved magnesium is

exchanged with sorbed cations.
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Dissolved sodium (Fig. 6) and potassium (Fig. Ayehaources coming from cation
exchange since their inferred values are smallen tthose calculated from pure dilution.
Since the initial volume fraction of gypsum is zegypsum does not precipitate during
agueous extract and dissolved sulphate behaves@ssarvative species (Fig. 8). As a result,
inferred sulphate concentrations coincide with katp calculated from pure dilution. Model
results for bicarbonate indicate that there isla@®due to calcite dissolution so that inferred
concentrations (Fig. 9) are smaller than thoseutatied from pure dilution.

Inferred concentrations of chemical species fortdr@te samples of sections 29 and
19 are listed in Tables 7 and 8. Samgieal. (2008a) present a discussion of the interpretation
of the chemical composition of FEBEK situ test after heating and hydration processes.

Calcite dissolution in aqueous extract tends torease pH. However, surface
complexation reactions buffer pH. Therefore, mosenred pH values are slightly smaller
than measured aqueous extract pH (Fig. 10). Themuax difference between measured and
inferred pH is less than 0.3. The spatial distidoubf inferred pH does not show a clear trend
due to pH buffering processes.

4. Uncertainties

Our inverse hydrochemical model to interpret AET hincertainties related to: 1)
Initial amount of soluble minerals; 2) Relevant Imagism for mineral
dissolution/precipitation (kinetics versus equililon); 3) Types of sorption sites and 4)
Relevance of pH-buffering processes.

4.1 Initial amount of gypsum

According to ENRESA (2000), FEBEX bentonite at asmbiconditions (water content of
about 14%) contains 0.14 wt% of gypsum (0.08% ilmwe fraction) (see Table 1). Bentonite
samples fromn situ test were subjected simultaneously to heatinghgliation. During the

test gypsum could have been dissolved due to hgdrat precipitated near the heater due to
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evaporation. No mineralogical characterizationsenserformed before AET and therefore the
initial amount of gypsum before AET is unknown. §h$ a source of uncertainty in AET
interpretation. Whenever present, gypsum controlssofived sulphate concentrations.
Thereby, the saturation index with respect to ggpgurovides a hint on the presence of
gypsum. Agqueous extracts from sections 29 and a9markedly undersaturated with respect
to gypsum (see Tables 3 and 4). Since samples iareedd during extraction, original
bentonite porewater could be less unsaturatedafaeous extracts.

Saturation indexes were calculated also with comagons of initial water (chemical
composition before aqueous extract) by assuming plilution for all species. After
accounting for dilution, most samples are still ensdturated with respect to gypsum although
some samples are close to saturation. All thessulegions indicate that bentonite samples
most likely do not contain gypsum.

A sensitivity run was conducted to test the effeicassuming an initial amount of gypsum.
The inverse model was run for BB29-11/2-3 by assgman initial volume fraction of
gypsum equal to that reported in ENRESA (2000) ifdact bentonite which is equal to
0.08%. Model results for this sensitivity run arenpared to those of the base run in Table 9.
It can be seen that the inverse model with anaingmount of gypsum fails to fit measured
sulphate and calcium data. Inverse estimate (ed@rof sulphate concentration is smaller
than that of the base run. Therefore, it can becloded that most bentonite samples from

FEBEX in situ test do not contain gypsum.

4.2 Kinetic dissolution of calcite

According to Sampeet al. (2005), dissolved HC§ and C&" concentrations are
slightly affected by kinetic calcite dissolutiongéeous extracts after 2 days may have not
reached equilibrium and therefore measured disdobacentrations may be smaller than

those predicted with an equilibrium model.
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Aqueous extracts from section 29 are all slightigersaturated with respect to calcite
(see Table 3), Therefore after 2 days of aqueousaaton, samples have not reached
equilibrium with respect to calcite because itsdistion is kinetically controlled

On the other hand, porewaters in bentonite sanfjdas FEBEXin situ test have been
in contact with mineral phases for more than 5 yeamd therefore are likely to be at
equilibrium with calcite. Therefore, the interptada of AET must to take into account two
distinct conditions: (1) Initial porewater in benitt® samples is likely to be at equilibrium
with calcite; (2) Kinetic calcite dissolution takp&ce during AET, leading to undersaturated
aqueous extract samples. Here arises the quedtibowo to estimate the initial porewater
composition which is at equilibrium from measureBTAdata which are not at equilibrium
with respect to calcite. Since the computer codeused to interpret AET cannot handle this
type of problem, it was decided to assume calcgfeiliérium both initially and during
agueous extraction. This deviation from realitydedo problems in fitting bicarbonate data.
Future studies should improve the interpretatioABT for FEBEX bentonite by allowing for
initial equilibrium conditions and transient kinetnineral dissolution during extraction.
4.3 Types of surface complexation sites

Sampert al. (2008a) compared 1 and 3 types of proton sor#i@s in a permeation test

performed on a compacted sample of FEBEX bentoniéhey report that
protonation/deprotonation by surface sorption ikey process in buffering pH and that
models with one and three types of proton sorpsiv@s provide similar results. Here we
compare models with 1 and 3 types of sorption sittde keeping constant the total
concentration of sorption sites. Model results amailar in both cases, although there are

small differences in pH (see Table 5).
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4.4 pH buffering processes

Sensitivity analyses performed by Zheng (2006) aroapled THMC model of the
FEBEXin situ test indicate that surface complexation is molevent than calcite dissolution
in buffering pH. In order to evaluate the relevantdifferent pH buffering processes, several
sensitivity runs were performed with sample BB29213. Initial concentrations for
sensitivity runs are equal to those inferred fongke BB29-11/2-3 (see Table 5). In the first
sensitivity run, surface complexation is taken dat.this case pH is buffered by calcite
dissolution and C@dissolution. In the absence of surface compleratialcite dissolution
induces a noticeable increase in pH. In the sesenditivity run, both surface complexation
and calcite dissolution are dropped. As a resul}; @issolution causes a decrease in pH. In
the absence of calcite, calculated calcium is @nadhan in previous cases (Table 10).
Therefore, it can be concluded also that surfaceptexation is more relevant than calcite

dissolution in buffering pH.

4.5 Other uncertainties

Our model for the interpretation of AET of bentengamples fails to fit bicarbonate
and pH data probably due to the fact that the masi®limes a fixed pressure of §) during
aqueous extraction. Such deviations may be overdopmesing a variable C{gas pressure.
Although the inverse model of FEBEX bentonite agiseeextracts assumes that all water
content is accessible for chemical reactions, theerse method can deal with accessible
porosity smaller than total porosity and with mooenplex porosity structures (Samptal.
2008b).

Our inverse method estimates pH and concentratbmsiginal clay sample without
checking for charge balance. Charge balance eamrdess than 10% if surface complexes

XOH," and XO are considered in the charge balance calculafloncentrations of XOF in
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FEBEX samples are 3 orders of magnitude larger thase of XO. They are on the order of
10" mol/L and compensate for the lack of positive gear The inverse methodology should

be extended to ensure charge neutrality of estomatemical composition of clay samples.

5. Conclusions

A numerical methodology for quantitative interptaia of aqueous extract tests has
been presented. Contrary to squeezing which is fadgible for samples with large water
content, aqueous extraction can be used for sangblesy water content. Numerically-
interpreted aqueous extract tests, AET, not onbyipe an efficient alternative to squeezing,
but also offer a robust, flexible and comprehensiay to estimate the original chemical
composition of clay porewater from measured mimgngl water content and composition of
extract water. The inverse problem has been solwid INVERSE-COREP. Inverse
interpretation of AET has been shown to work weil lhentonite samples taken from FEBEX
in situ test. Zhenget al. (2008) report its application samples of Opalimlsy from a
ventilation experiment.

The inverse method to interpret AET provides a cahensive way to estimate the
chemical composition of clay porewater becausecdoants for a wide range of chemical
processes such as acid-base, redox, aqueous catihexmineral dissolution/precipitation,
gas dissolution/ex-solution, cation exchange amrfhse complexation. It provides also the
flexibility to account for tests performed with fifent SL ratios. For gaseous species, the

chemical system can be treated either as openpnettribed gas pressures or closed.
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Fig. 3. Location of bentonite blocks (BB29-5 to BB-13) in sampling section 29 collected after distiag of
heater 1 of FEBEXn situ test.
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Table 1. Mineralogical composition (in weight %) BEBEX bentonite (Fernande al.,

2004).

Main minerals Accessory minerals Poorly orderedarals
+ + .

e e et Tomron] = | oo

Plagioclase 241 | Soluble sulfates (gypsum) 0.14+0.01 AlLO; | 0.035+ 0.005

Cristobalite 2+1 Less soluble sulfates (barite, celestite) 0.02+ 0.00

Table 2. Equilibrium constants for aqueous compexaminerals and gases, selectivity

coefficients for cation exchange reactions; andqgbysis constants for surface complexation

reactions.
Aqueous complexes Log K (25 °C)
CaCl < Ce&* + CI 0.70457
CaCQ(aq) + H < Ca&* + HCOy 7.1009
CaHCQ' < C&" + HCOy -1.04111
CaSQ(aq)< C&* + SQ* -2.0855
CO,(aq) + HO < H" + HCOy -6.3733
CO,” + H < HCO; 10.371
H,Si0” + 2 H < 2 H0 + SiG(aq) 22.9116
HSiO; + H < H,0 + SiGQ(aq) 9.9525
KSO, < K"+ SQ* -0.86822
MgCl* < Mg”* + CI 0.13413
MgCOs(aq) < Mg®* + CO;2 -7.428
MgHCO;" < Mg** + HCO; -1.0295
MgSQOy(aq) < Mg®* + SQ* -2.3228
NaHCQy(aq)<> Na' + HCOy -0.2118
NaSQ < Na" + SQ* -0.79855
OH + H" < H,0 14.16
Minerals Log K (25 °C)
CaCQ(s) + H < Ca&* + HCOy 1.9299
CaSQ(s) = Cd' + SQ* -4.2451
CaSQ-2H0(s)< C&* + SQ* + 2H,0 -4.4699
SiOy(s) < SiO(aq) -3.8334
Gases Log K (25 °C)
CO,(g) + O < H' + HCOy -7.8136
Cation exchange - catior
Na + X-K < K" + X-Na 0.138
Na' + 0.5%-Ca< 0.5C&" + X-Na 0.2942
Na’ + 0.5Mg-X% <0.5Mg”* + Na-X 0.2881
Surface complexation LogiK
XOH," < XOH + H' 5.8
XO + H'< XOH 11.8
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Table 3. Chemical composition (in mol/L) of 1:4 aqus extracts from bentonite samples at
different radial distances along section 29. Alsted are dilution factors;, defined in
Equation 4 and saturation indexes with respecalkdte and gypsum.

Sample Radial| w.c. | Dilution [ pH | HCO; | SO cr K* Na" Mg** ca’ Sl
distance| (%) | factor calcite Sl
(cm) Gypsum
BB29-7/1-10 975 | 268 20.09 82 2.7%1p1.6.1¢° | 8.2-10 | 8.210° | 6.4-1CF° | 8.2.10° | 2.7.10° | -0.87 -3.85
BB29-12/2-1 87.5 21 24.05] 81 2.33p28.10°| 1.7.10° | 7.910° | 9.4.10° | 6.6:.10° | 2.7-.10 | -1.02 -3.61
BB29-12/2-2| 825 22 23.18] 81 2.371p3.1.10° | 2.1-10° | 9.210° | 9.5-10° | 8.6:10° | 4.7-10° | -0.80 -3.34
BB29-12/2-3| 775 | 20.3 24.70 g 203102710 | 4610 | 1.010' | 1.1.10 | 1.1-10° | 7.0-10° | -0.79 -3.23
BB29-12/2-4| 725 | 19.9 25.10 8 183102210 (7910|1410 | 1210|1810 | 1510 ]| -0.49 -2.97
BB29-11/2-1 66 16.3 2954 81 2.0%101.4.10( 9810 | 1.6:10 | 1.3.10° | 2.1.10° | 2.0-.10° | -0.25 -3.05
BB29-11/2-2 61 1594 3132 7p 18%101.810 | 1.010° [ 1810 | 1.3.10 | 2.3.10 | 2.3:10° | -0.41 -2.89
BB29-11/2-3 56 144 3317 8fi 20902.0-10 | 9.8-1¢° | 1.8-1¢° | 1.3-10° | 2.2.1¢° | 2.0-10' | -0.22 -2.89
BB29-11/2-4| 51 | 143 3317/ 8R 257102210 |8.9:10 | 1.7.10' | 1.2:10° | 1.4.10' | 1.3.10° | -0.23 | -3.05
Table 4. Chemical composition (in mol/L) of 1:4 aqus extracts from bentonite samples at
different radial distances along section 19. Alsted are dilution factors:, defined in
Equation 4 and saturation index with respect tcsgyp.
Sample Radial| w.c. | Dilution | pH | HCO; | SQF cr K* Na' Mg** ca’ S|
distance| (%) | factor Gypsum
(cm)
BB19-14/1 90.67 | 22.1 23.10 |8.13] 1.8:10 | 2.2:.10° | 3.5:10° | 1.2-10° | 9.9-10° | 1.0-10° | 7.3-10° | -3.29
BB19-14/2 87 21.4 2335 |8.10| 1.9-10 | 2.1.10° | 3.7-10° | 1.2-10' | 9.7-10° | 1.1-10° | 7.0-10° | -3.33
BB19-14/3 83.33| 22.1 2310 |8.17| 1.8:10 | 2.0-10° | 4.5-10° | 1.5-1¢° | 1.0-1¢° | 1.1-10" | 9.0-10° | -3.25
BB19-14/4-4| 79.67| 21.1 2396 |8.03| 1.7-1§ | 2.1-10° | 5510 | 1.4-.10° | 1.1.10° | 1.3-10' | 1.2-.10° | -3.12
BB19-14/5 76 21.7 2387 |8.13] 1.7.10|2.2.10° [ 59-10° | 1.5-10° | 1.1-.1¢° | 1.5-10° | 1.4-10° | -3.01
BB19-14/6 7233 | 20.8 2423 | 8 |1.7.10|2.1-10°| 6.4-10° | 1.6-10° | 1.2:.10° | 1.6:10° | 1.6-10° | -2.95
BB19-15/1 68.67| 18.¢ 2651 | 8 | 1.9-10|1.8-10°| 6.6-10° | 1.4-10° | 1.2-10° | 1.5-10° | 1.5-10° | -3.07
BB19-15/2 65 18. 27.22 | 8.03| 1.9-.19 | 1.8.10°| 7.2.10° | 1.6:10° | 1.1.10° | 1.4-10° | 1.5-10° | -3.08
BB19-15/3 61.33| 174 2799 |7.95] 2.0.10 | 2.1-10° | 6.0-10° | 1.6-10° | 1.1-1¢° | 1.5-10" | 1.7-10° | -2.94
BB19-15/4 5766 | 17.2 2826 | 8 |21.10|1.7-10°|6.4-10°| 1.5:10° | 1.1.10° | 1.3-10° | 1.4-10° | -3.11
BB19-15/5 53.99 | 164 2939 | 8 |2210]16-10]6.510° | 1.7.10' | 1.1.10° | 1.1-20° | 1.5-10° | -3.12
BB19-15/6 50.32 | 16.% 29.24 | 7.97| 2.2.19 | 1.8-10° | 5.9-10° | 1.7-10° | 1.1-10° | 4.8-10 | 1.7-10° | -3.01
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Table 5. Calculated and measured 1:4 aqueouscexiacentrations for bentonite sample
BB29-11/2-3 of section 29. Also listed are caltedthand inferred concentrations for the
original sample at a gravimetric water content #f21% for the base run and sensitivity runs

to changes in protolysis constants and types @itisor sites (concentrations in mol/L).

pH HCO, SO” cr K* Na Mg** ca’

Measured | 8.1 2.0-10 | 2.0-1C° 9.8:10° 1.8-10 1.3-10° 2.2.10° 2.0-10

Base run with 1-type of sorption sites.
Protolysis constants: LogK= -5.8 for XOH" and Log K, = 11.8 for XO

Inferred 7.85 3.6:10 [ 4.2.1¢ 3.3.10 1.8-10° 1.3-10 2.8:10° 2.6:10°

Calculated| 8.3 2.1.170 | 1.9-10 9.8:10° 1.7-10 1.3-10° 2.2.10° 2.0-10

Sensitivity run with 1-type of sorption sites.
Protolysis constants: Log;l= -5 for XOH," and Log K, = 8.7 for XO

Inferred 8.0 1.14.10 | 4.2.10 3.3.10 1.6-10° 1.28-10° | 2.9-10° 2.8:10°

Calculated| 8.9 1.7.10 |1.9-10 9.8:10° 1.5-10 1.25-10 | 2.4-10 2.3.10

Sensitivity run with 3-types of sorption sites.

Protolysis constants from Bradbury and Baeyensq{199

Calculated 9.1 1.4.10 | 1.9-10 9.8:10° 1.3-10 1.2-10° 1.9-10 1.8-10

Table 6.Calculated and measured 1:4 aqueous extract concentrationstiamiteesample BB19-14/5

of section 19. Also listed are concentrations inferred for thgghat sample at a gravimetric water

content of 21.2 % (concentrations in mol/L).

pH HCOy SQ” cr K* Na' Mg ca’
Measured 8.1 1.7.10 | 2.2.100 | 5.9.10 | 1510 | 1.1.10 | 1.5.10 1.4-10'
Inferred 7.88 6.4-10 | 5.2.10° 1.4-10' 1.3.10° | 9.1.10° 1.4.10° 1.2.10°
Calculated 8.4 3.2.10 | 2.2:10° 5.9-10° 1.5.10° 1.2.10° 1.5.10° 1.4.10°
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Table 7. Inferred chemical composition (in mol/lf) 14 aqueous extracts from bentonite

samples at different radial distances along se@bn

Sample Dist. (cm) w.c. (%) pH HGO sQ” cr K* Na' Mg®* ca’
BB29-7/1-10 97.5 26.5 | 8.08( 8.66-10' | 3.26:10° | 1.64-1C0° | 2.86-10 | 3.25-1C0° | 1.38-1C | 4.13-1C
BB29-12/2-1 87.5 21 [8.11| 9.80-10 | 6.76-10 | 4.00-10° | 4.11-1¢ | 4.50-1C | 3.07-10' | 4.89-1C°
BB29-12/2-2 82.5 22 |8.02| 9.47-18 | 7.07-10 | 4.97-10 | 5.26:1¢ | 4.89-1C¢ | 5.11-1C | 5.35-1C
BB29-12/2-3 775 20.3 [ 7.90| 7.54-10 | 6.56-10 | 1.14-10" | 6.59:1¢ | 6.47-1C0 | 6.69-1C | 8.69-10°
BB29-12/2-4 725 19.9 | 7.88| 4.83-10 | 4.83-10° | 1.98:10 | 8.49-1¢ | 7.59-1C | 1.10-1C | 1.61-1C°
BB29-11/2-1 66 16.3 | 7.81]| 3.55.10' | 3.84:10° | 2.90-10' | 1.57-1C | 1.27-10" | 2.83.10 | 2.77-1C
BB29-11/2-2 61 15.2 | 7.81] 3.48-10' | 3.82:1C¢° | 3.27-10' | 1.79-10 | 1.25-10' | 2.83.1C0 | 2.85-1C¢
BB29-11/2-3 56 14.2 | 7.85| 3.59-10 | 4.22.1CG | 3.26-10' | 1.80-1C | 1.30-10' | 2.77-1C0 | 2.58-1C¢
BB29-11/2-4 51 14.2 | 7.93| 5.05-10' | 6.54-1G | 2.95-10 | 1.68-10 | 1.15-10 | 1.85:10 | 1.57-1C¢

Table 8. Inferred chemical composition (in mol/lf) 14 aqueous extracts from bentonite

samples at different radial distances along sedtfbn

Sample Radial| w.c. (%)| pH| HCQ SO~ cr K* Na' Mg~ ca’

distance

(cm)
BB19-14/1 90.67 221 | 8.1p 9.78105.05-10° | 8.07-10 | 6.44-10 | 5.23-10 | 4.97-10 | 4.27-10°
BB19-14/2 87 21.8 | 8.183 9.95710 4.97.10 | 8.61-10 | 5.94-10 | 5.04-1C0 | 4.88:10 | 4.07-10°
BB19-14/3 | 83.33 221 | 8.0f 8.78%p4.56-10 | 1.03-10 | 8.87-10' | 6.05-1CF | 5.99-1C0 | 5.09-10°
BB19-14/4-4| 79.67 211 7.98 7.721p4.94.10 | 1.33-10 | 9.73-10' | 7.52:10° | 9.46-1C | 7.55-10°
BB19-14/5 76 21.2 | 7.88 6.367105.17-10 | 1.42-10 | 1.25:10 | 9.12-10 | 1.41-10 | 1.21-10
BB19-14/6 72.33 20.8 | 7.8 5.50105.15-10 | 1.55-10' | 1.34-10 | 9.80-10 | 1.66-10° | 1.55-1C°
BB19-15/1 | 68.67 186 | 7.8p 5.77104.83-10 | 1.74-10 | 1.30-10 | 1.02:10' | 1.66-1G | 1.56-10°
BB19-15/2 65 18.0 | 7.81 5.697104.85-16 | 1.96-10 | 1.50-10° | 1.08-10 | 1.76-10 | 1.66-1C
BB19-15/3 61.33 17.4 | 7.8p 5.37104.74-10 | 1.69-10 | 1.43-10° | 1.03:10' | 1.70-10° | 1.77-10
BB19-15/4 57.66 17.2 | 7.81L 5.75104.92-10 | 1.82:10 | 1.44-10' | 1.09-10' | 1.65-10 | 1.61-10°
BB19-15/5 | 53.99 16.4| 7.81L 5.66104.79-10 | 1.90-10 | 1.70-10 | 1.00-10' | 1.36-1CG | 1.62-10°
BB19-15/6 | 50.32 165 | 7.81L 5.41104.43.10 | 1.74-10 | 1.60-10 | 9.70-10 | 5.49-1C° | 1.66-10°
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Table 9. Calculated and measured 1:4 aqueousceximacentrations for bentonite sample
BB29-11/2-3 of section 29 for base run and a sertgitun with an initial amount of gypsum

(concentrations in mol/L).

pH HCOy SO~ cr K* Na Mg ca’
Measured | 8.1 2.0-T0 | 20100 [9.810 |[1.810 |[1.3.100 |[22.10 |2.0.1¢
Base run: no gypsum initially
Inferred 7.85 3610 [4.2.10 [33.100 [1.810 [1.310 [2810 |[26-10
Calculated| 8.3 2110 [1.9-10 [9.810 [1.7.10' |13.10 |2210 |[20-10
Sensitivity run: 0.08 % initial volume fraction gfpsum
Inferred 7.85 3610 [6.6.10 [3.3.100 |[23.10 [51.10 |[1.1.10 |[1.7-10
Calculated| 8.3 56.10 |[5.7.10 [9.810 |[53-.1¢ |1.2.10 |1.2:10 |[1.2:10

Table 10. Sensitivity analysis of model resultsB&29-11/2-3 to surface complexation and

calcite dissolution.

pH | HCQ, [ SO* | CI K* Na Mg | c&”
Initial concentrations 785 3.610 4.2.10° | 3.3-10' | 1.8:10° | 1.3:10' | 2.8:10° | 2.6-1C°
Measured 8.1| 2.0-T0[ 2.0-10° | 9.8-10° | 1.8:10' | 1.3-10° | 2.2-10" | 2.0-10"
Calculated with base run 8.3 2.1°1p1.9-10 | 9.8-10 | 1.7-10" | 1.3-10° | 2.2.1¢" | 2.0-1C°
Calculated by dropping 9.3 | 1.2.10 | 2.0:.10° | 9.8:10° | 1.4-10" | 1.0-1¢° | 1.4-10" | 1.4.10

surface complexation

Calculated by dropping both surfa¢&.9 | 5.8:10 | 2.0-10° | 9.8:10° | 1.0-10" | 8.0-10° | 7.9-10" | 6.9-10°

complexation and calcite
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