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BENTONITE AS A COLLOID SOURCE IN GROUNDWATERS AT OLKI-
LUOTO 
 
ABSTRACT 

In this work bentonite was studied as a potential source of colloids in Olkiluoto 
groundwaters. Samples were collected at two groundwater stations, PVA1 at 37.5m dept 
and PVA3 at 95.6m depth, in the VLJ-tunnel. The deeper groundwater at PVA3 was 
more saline (2.6g/L of Cl-) than the shallow at PVA1 (0.8g/L of Cl-). A bentonite source 
had been assembled at each groundwater station so that two sample lines were available 
for water samples; one for collecting a sample before and the other for collecting a 
sample after interaction with bentonite. Before starting the actual colloid sampling 
groundwaters from both sample lines at both stations were analysed. Only minor 
alterations, mostly within the uncertainty limits of the analysis methods, were brought 
about in the water chemistries after interaction with the bentonite sources. The only 
clear changes were seen in the concentration of iron which decreased after interaction 
with bentonite in the groundwaters at both stations. 

After groundwater sampling the actual colloid sampling was performed. The water 
samples were collected and treated inside a movable nitrogen filled glove-box. The 
samples could be collected from each sampling line directly in the glove-box via two 
quick-couplings that had been assembled on the front face of the box. The sample lines 
had been assembled with 0.45µm filters before entering the glove-box, because only 
colloids smaller than 0.45µm were of interest, as they are not prone to sedimentation in 
slow groundwater flows and therefore could act as potential radionuclide carriers. 

Colloid samples were collected and treated similarly from both sampling lines at both 
groundwater stations. For estimating the colloid content the groundwater samples were 
filtered with centrifugal ultrafiltration tubes of different cut-off values (0.3µm, 300kD 
and 10kD). The ultrafiltrations produced the colloid-containing concentrate fractions 
and the soluble substances-containing filtrate fractions. In addition to the ultrafiltrations 
some Nuclepore filter membranes with different cut-off values (0.4µm, 0.2µm, 0.1µm 
and 0.05µm) were prepared for SEM/EDS examination.  

The results of the groundwater samples collected before interaction with bentonite 
indicated that iron and aluminium were also associated with colloidal species, for 
example with SiO2, clay mineral or/and calcite colloids. The estimated size range of the 
colloids was from 50nm up to 400nm in PVA1 and in the more saline PVA3 up to 
300nm (SEM). The estimate of Fe-associated colloids in PVA1 was 0.8mg/L and Al-
associated colloids 0.004mg/L, whereas, in PVA3 the corresponding concentrations 
were clearly lower, 0.07mg/L and 0.001mg/L, respectively. 

After bentonite interaction bentonite colloids were detected (EDS) only in PVA1 
groundwater. The size of the colloids varied from about 50nm up to about 200nm 
(SEM). However, the upper size limit was difficult to estimate due to large aggregates. 
No clear indication of bentonite colloids was obtained in PVA3 samples, but the 
element composition (EDS) indicated that minor amounts could be present. In PVA1 the 
estimated amount of Fe-associated colloids was 0.4mg/L and the amount of Al-



 

 

associated colloids was 0.001mg/L, whereas, in PVA3 the contents were 0.06mg/L and 
0.001mg/L, respectively. 

Overall, the estimated concentrations of colloids in the studied size range (<0.45µm) 
were small in both groundwaters and interaction with bentonite somewhat decreased the 
amount of Fe- and Al-associated colloids. However, the decrease in the colloid amount 
was more prominent in the case of the fresh PVA1 groundwater, which contained a little 
more to begin with. The salinity of groundwater affected the amount of colloids; more 
saline - less colloids. Bentonite colloids released from the bentonite source were 
detected only in the fresh PVA1 groundwater, but the amount was too small for 
obtaining an assessment of the concentration.  

 

Keywords: groundwater, colloids, bentonite, ultrafiltration, SEM, EDS 



 

 

BENTONIITIN KYKY MUODOSTAA KOILLOIDEJA OLKILUODON POHJA-
VESINÄYTTEISSÄ 

TIIVISTELMÄ 

Tässä työssä tutkittiin bentoniittia mahdollisena kolloidilähteenä Olkiluodon pohjavesi-
olosuhteissa. Tutkimukset tehtiin VLJ-tunnelin kahdella pohjavesiasemalla, PVA1 
(37,5m:n syvyydellä) ja PVA3 (95,6m:n syvyydellä), joista PVA3:n vesi oli suolaisem-
paa kuin PVA1:n (kloridipitoisuudet vastaavasti 2,6g/L ja 0,8g/L). Kummallakin pohja-
vesiasemalla oli asennettuna kaksi näytteenottolinjaa vesinäytteiden keräystä varten 
siten, että pohjavesinäyte voitiin kerätä yhdestä linjasta ennen vuorovaikutusta 
bentoniittilähteen kanssa ja toisesta sen jälkeen. Ennen varsinaisten kolloidinäytteiden 
keräystä kummankin pohjavesiaseman vesinäytteet molemmista linjoista analysoitiin. 
Vuorovaikutus bentoniitin kanssa aiheutti analyysituloksiin vain vähäisiä muutoksia, 
jotka yleensä mahtuivat vielä analyysitulosten epävarmuusrajoihin. Ainoa selvä muutos 
oli nähtävissä rautapitoisuudessa, joka pieneni bentoniittikontaktin jälkeen kummankin 
pohjavesiaseman vesissä.  

Pohjavesinäytteenoton jälkeen aloitettiin varsinainen kolloidinäytteiden keräys ja käsit-
tely. Näytteet kerättiin ja käsiteltiin siirrettävässä hanskakaapissa, jossa käytettiin typ-
piatmosfääriä. Pohjavesinäytteet voitiin kerätä suoraan kaapin sisään sen seinään asen-
nettujen letkupikaliittimien välityksellä. Näytelinjojen letkuihin kaapin ulkopuolelle oli 
asennettu 0.45µm:n esisuodattimet, koska haluttiin tarkastella vain sen kokoisia kol-
loideja, jotka eivät ole alttiita sedimentoitumaan ja voivat siten toimia mahdollisina ra-
dionuklidien kuljettajina hitaissa pohjavesivirtauksissa.  

Kolloidinäytteet kerättiin kummastakin pohjavesilinjasta ja käsiteltiin samalla tavoin. 
Kolloidipitoisuuden arvioimista varten pohjavesinäytteet suodatettiin eri huokoskoon 
omaavilla (0,3µm, 300kD ja 10kD) sentrifuugissa käytettävillä ultrasuodatusputkilla. 
Näistä suodatuksista saatiin kolloidit sisältävät konsentraattifraktiot ja liukoiset aineet 
sisältävät suodosfraktiot. Näiden suodatuksien lisäksi tehtiin SEM/EDS tarkasteluja 
varten molemmista näytelinjoista suodatuksia erikokoisille (0,4µm, 0,2µm, 0,1µm ja 
0,05µm) Nuclepore membraaneille.  

Ennen bentoniittikontaktia otettujen pohjavesinäytteiden tulokset viittasivat vain alu-
miinin ja raudan osalta selvästi myös kolloidisten spesiesten läsnäoloon, jotka olivat liit-
tyneinä esim. amorfisen SiO2:n, savimineraalien ja/tai kalsiittien kanssa. Arvioitu kol-
loidikoko vaihteli noin 50nm:stä 400nm:iin PVA1:ssä ja suolaisemmassa PVA3:ssa 
noin 300nm:iin (SEM). PVA1:ssä arvioitiin olevan Fe-pitoisia kolloideja noin 0,8mg/L 
ja Al-pitoisia noin 0,004mg/L, kun vastaavat arvot PVA3:ssa olivat selvästi pienemmät 
noin 0,07mg/L ja noin 0,001mg/L.  

Bentoniittikontaktin jälkeisissä vesinäytteissä vain makean PVA1:n pohjavesinäytteissä 
havaittiin bentoniittikolloideja (EDS). Kolloidien koko vaihteli noin 50nm:stä 
200nm:iin, mutta koon ylärajaa oli vaikea arvioida suurien agglomeraattimuodostumien 
takia (SEM). PVA3:n näytteistä ei saatu selvää osoitusta bentoniittikolloideista, mutta 
alkuainekoostumus (EDS) viittasi kuitenkin erittäin vähäisen määrän mahdolliseen läs-
näoloon. PVA1:ssä Fe-pitoisten kolloidien määrä oli noin 0,4mg/L ja Al pitoisten noin 
0,001mg/L, kun taas PVA3:ssa vastaavat määrät olivat noin 0,06mg/L ja 0,001mg/L.  



 

 

Kaiken kaikkiaan tulosten perusteella arvioidut tutkitun kokoluokan (<0,45µm) kol-
loidipitoisuudet olivat vähäisiä ja molemmissa pohjavesissä kontakti bentoniitin kanssa 
vähensi jonkin verran Fe- ja Al-pitoisten kolloidien määrää. Selvemmin kolloidimäärän 
muutos näkyi makeammassa PVA1:n tapauksessa, jossa kolloidien määrä oli muutoin-
kin suurempi. Pohjaveden suolaisuus vaikutti pohjavedessä esiintyvien kolloidien mää-
rään; suolaisempi vesi - vähemmän kolloideja. Bentoniittilähteestä liikkeelle lähteneitä 
kolloideja havaittiin selvästi vain makeassa PVA1:n pohjavedessä, mutta niiden 
pitoisuutta ei voitu arvioida vähäisen määrän takia. 

 

Avainsanat: pohjavesi, kolloidi, bentoniitti, ultrasuodatus, SEM, EDS 
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1 INTRODUCTION 

In the safety of final disposal of spent nuclear fuel colloidal particles are one key issue, 
because they play a central role in regulating concentration and speciation of trace 
elements, and thus, may transport radionuclides released from a faulty fuel canister in 
the repository to the biosphere. Colloidal particles may not only be mobile, but may also 
move faster than average groundwater flow velocity in a fractured medium. 

In general, colloids are defined as small particles in the size range of 1nm to 1µm. They 
can be either inorganic (e.g. oxides, minerals) or organic (humic and fulvic acids, 
bacteria) and are ubiquitous in natural aquatic environments. In this context, however, 
the size of colloids of interest is < 0.45 µm, because only colloids which do not 
sediment in a very slow groundwater flow can be potential carriers of radionuclides in 
disposal conditions.  

According to the present concept of final disposal bentonite clay is a planned 
component in the disposal vault and Wyoming bentonite, MX-80, is one potential 
bentonite. Questions have arisen whether bentonite clay can be a potentially harmful 
source of colloids in the groundwater conditions at Olkiluoto. This study aims at 
estimating the amount of bentonite colloids emanating from bentonite sources 
assembled at two groundwater stations (PVA1 and PVA3) in the VLJ-tunnel at 
Olkiluoto. PVA1 is situated at the depth of 37.5m (Pitkänen & Snellman 1990) and 
PVA3 at 95.6m (Rautio 1989) in the tunnel. Before any estimations on the bentonite 
colloids can be given there has to be an assessment of the natural background of 
groundwater colloids. An evaluation of the size of montmorillonite particles (TEM, 
Transmission Electron Microscopy) emanating from effectively dispersed MX-80 has 
been given by Pusch (1999): over 90 % were < 0.3 µm, unless the dispersed clay 
particles aggregate.  

The clay content of MX-80 bentonite is dominated by montmorillonite 
((Na,Ca)(Al,Mg)2(Si4O10)(OH)2·nH2O), the dioctahedral low charged clay mineral of 
the smectite group. For the principal smectite in MX-80 bentonite Huertas et al. (2000) 
gives the following composition 
    [Na0.21Ca0.08K0.02]Al1.51Mg0.27Fe0.17Ti0.01[Si3.98Al0.02O10](OH)2. 
Additionally, quartz (SiO2), cristobalite (SiO2), feldspar (XAl(1 2) Si(3-2) O8, 
X=Na, K, or Ca), chlorite ( (Fe, Mg, Al)6(Si, Al)4O10(OH)8 ), pyrite (FeS2), illite 
( K0.7(Si3.3Al0.7)(Al2)O10(OH)2 ) kaolinite (Al2Si2O5(OH)4 ), carbonates and mica occur 
(Kaufhold et al. 2002). Table 1.1a) shows one result of a mineralogical analysis of MX-
80 (Müller-Vonmoos & Kahr 1982, 1983) in which ~2 wt.% of the material remained as 
“unidentified” (Bradbury & Baeyens 2002). The montmorillonite content given in Table 
1.1.a) is according to recent data too low. It should be around 85% according to more 
recent mineralogical determinations (SKB 2004). The chemical composition of MX-80 
bentonite is shown in Table 1.1 b) provided by Volclay Ltd (1) (Keto 2003) and another 
composition (2) by (Pusch et al. 1999). Bradbury & Baeyens (2002) also give an 
inventory of the amorphous iron(hydr)oxide, chloride and sulphate in MX-80, Table 1.2.  

According to the chemical compositions of MX-80 Si and Al are the major components, 
but lesser amounts of Fe, Mg, K, Na and Ca are present. The presence of these elements 
especially Si and Al in larger quantities in the colloid fraction may be an indication of 
clay colloids. However, the amount of clay colloids may also be so small that the 
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possible increase in the concentrations of Si and Al in the samples falls within the 
uncertainty range of the analyses or the concentrations are below the detection limit of 
the analysis method. However, if there otherwise is evidence of the presence of colloids, 
but the evidence in concentrations is negligible it of course implies that the 
concentration of colloids is very small. 

Table 1.1 a) Mineralogical composition of oven-dried MX-80 and b) chemical 
composition of MX-80 bentonite. The compositions are expressed in 
wt%. 

a)  b) 
Mineralogical composition (Müller-Vonmoos & Kahr 1982, 1983) Chemical composition 
  Mineral wt.%   1)  wt.% 2)  wt.% 
  Montmorillonite 
(Na,Ca)(Al,Mg)2(Si4O10)(OH)2·nH2O 

75  SiO2 63.0 61-95 

  Kaolinite (Al2Si2O5(OH)4) <1  Al2O3 21.2 22-25 
  Mica <1  Fe3O2  3.3 1-7 
  Quartz (SiO2) 15.2  FeO 0.4  
  Feldspar (XAl(1 2) Si(3-2) O8, X=Na, K, or Ca) 5-8  Na2O 2.6 0-1 
  Calcite (CaCO3) 0.7  MgO 2.7 1-2 
  Siderite (FeCO3) 0.7  CaO 0.7 0-0.6 
  Pyrite (FeS2) 0.3  K2O  0-3 
  Organic carbon 0.4  1) Keto 2003, 2) Pusch et al. 1999 

Table 1.2 Iron(hydr)oxide content, and Cl- and SO4
2- inventories of MX-80. 

Other constituents (mmol kg-1) References 

iron (hydr)oxide 
      amorphous 
     total  

 
10.6 ± 0.4 
25.9 ± 0.7 

 
Bradbury & Baeyens (2002) 

─  "  ─ 
NaCl 1.35 ± 0.1 

1.04 ± 0.2 
Bradbury & Baeyens (2002) 

Wanner et al. (1992) 
CaSO4 23.5 ± 0.9 

26.6 ± 4.2 
Bradbury & Baeyens (2002) 

Wanner et al. (1992) 
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2 GROUNDWATER COMPOSITION AND COLLOID MEASUREMENT 

Due to the ion-exchange nature of bentonite, it readily exchanges Ca with Na, Mg and 
K, the result of which can be reflected in the changes in solutions contacting bentonite. 
Also, dissolution of some readily dissolving minerals, such as calcite and gypsum 
(CaSO4), may increase the content of the corresponding ions in the contacting solution. 
Accordingly, this work includes analyses of groundwater from PVA1 and PVA3, both 
before and after interaction with the bentonite reactors. PVA1 is situated at the depth of 
37.5m (Pitkänen & Snellman 1990) and PVA3 at 95.6m (Rautio 1989) in the VLJ 
tunnel. The groundwater samples before interaction with bentonite are referred to as 
PVA1 and PVA3 (groundwater lines) whereas after the interaction PVA1 B and 
PVA3 B (colloid lines) are used. 

For the estimation of colloids concentration in the groundwater before and after 
interaction with bentonite, ultrafiltrations were performed on the groundwater samples 
from the four groundwater sampling lines. The solution fractions obtained in 
ultrafiltration were analysed. In addition to ultrafiltration, some filter membranes were  
examined with Scanning Electron Microscopy (SEM) and Energy Dispersive 
Spectroscopy (EDS). 
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3 THE BENTONITE REACTORS 

Figure 3.1 shows the principle of the bentonite reactors assembled in the bore holes at 
the two groundwater stations at Olkiluoto. The bentonite reactors were assembled within 
a packer system that had an inflation length of 1m. The design of the packer system was 
such that groundwater either passed the packer ("before" outlet) or was allowed to run 
pass the contained bentonite ("after" outlet). The flow could be adjusted with two need 
valves outside the bore holes. In this study the desired flow was about 9.5 mL/min. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  A diagram of the bentonite reactor assembled in a bore hole in side of a 
packer system. 

 

 

Bentonite reactor 

"before" outlet 

"after" outlet 

packers 
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4 RESULTS OF GROUNDWATER ANALYSIS 

The assembly of the two bentonite reactors (=sources) at the two groundwater stations, 
(PVA1 and PVA3) was implemented so that by changing the sampling lines for 
groundwater, samples could be collected either before or after interaction with the 
bentonite reactor. When starting the colloid sampling campaign groundwater was 
analysed at both groundwater stations from both sampling lines to determine detectable 
changes brought about by the bentonite reactors. The samples were collected at three 
occasions; first on 10th February 2003 for a more complete analysing for which the 
results are given in Table 2.1 (green columns) and later for two follow-up measurements 
on 31st March and 6th May 2003 when only pH, alkalinity and conductivity were 
analysed (Appendix 1, Table A1-2 and A1-3). The white columns in Table 2.1 give 
analysis results from December 1999 (analysed by Fortum Power and Heat Oy), which 
also include values for Al and Sr. 

Table 2.1 Analysis results of groundwater at the two groundwater stations 
(10.2.2003, green columns, 1999 white columns). B = after interaction 
with bentonite. The arrows in the table denote either increase or 
decrease in the measured value after interaction with bentonite. 

 

Analysis Unit PVA1 
(1999)  

PVA1 
(2003)  

PVA1 B 
(2003) 

PVA3 
(1999)  

PVA3 
(2003)  

PVA3 B 
(2003) 

Conducti
vity mS/cm 3.20 3.38 3.20 8.40 8.43 8.60 

pH  7.60 7.8 7.6 7.80 7.9 7.9 
HCO3

- mg/L  375 400  210 200 
Al mg/L 0.008 <0.05 <0.05 0.005 <0.013 <0.013 
Br- mg/L 3.0 2.6 2.3 10 7.5 6.5 
K mg/L – 23 23 – – – 
K mg/L 13 14 14 13 14 14 
Ca mg/L 96 77 70 390 370 380 
Cl- mg/L 780 805 760 2 570 2 520 2 580 
Stotal mg/L 47 46 43 130 120 120 
SO4

2- mg/L 145 140 130 370 360 380 
Sulphide mg/L 0.06 0.03 0.02 0.03 <0.01 <0.01 
Mg mg/L 29 31 29 108 100 110 
Mn mg/L 0.32 0.28 0.27 0.45 0.59 0.57 
Na mg/L 570 540 530 1 290 1 210 1 230 
Fe mg/L 0.81 0.32 1) 0.14 1) 0.03 0.031 2) <0.017 2) 

Si mg/L 7.48 – – 5.1 – – 
SiO2

 mg/L 16 15 1) 15 1) 11 10 3) 10 3) 

DOC mg/L 9.5 7.2 6.7 6.5 2.1 <1.8 
DIC mg/L 81 86 88 41 47 46 
Sr mg/L 0.87 – – 4.0 – – 
 – ) not measured 1) analysed by plasma emission spectrometry  2) analysed by 
graphite oven atomic absorption spectrometry  3) analysed by spectrophotometry 

= increase = decrease
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A more complete table of the analytical results (10th of February 2003) is found in 
Appendix 1 (Table A1-1) including the assigned relative standard deviations (RSD) 
based on at least three parallel samples. 

The groundwater samples in 2003 were collected on site and the analyses were carried 
out at the TVOs laboratory in accordance with either SFS or other standards or generally 
approved and used methods (Appendix 1, Table A1-9). Bottling and stabilisation of the 
samples was carried out according to established practices described in Appendix 1, 
Tables A1-7 and A1-8.  

The analytical results of PVA1 and PVA3 showed that the compositions of the 
groundwaters differed quite significantly. Almost in every case the ionic concentrations 
were at least twofold in PVA3 groundwater compared to those in PVA1 groundwater 
(Table 2.1 and 2.2), only the sulphide concentration was greater in PVA1 groundwater 
while the potassium concentrations were equal.  

The trend of the effects of the bentonite reactor on the two groundwater compositions 
was quite the opposite. In the case of PVA1, calcium, chloride, sulphate, magnesium, 
sodium and conductivity showed a slightly decreasing trend after interaction with 
bentonite, (Table 2.1, see also Tables A1-2 and A1-3 in App.1) while a slightly 
increasing trend in PVA3 was observed. The trends shown in alkalinity were opposite 
ones; alkalinity after interaction with bentonite increased in PVA1 groundwater but 
decreased in PVA3 groundwater.  

The iron concentrations decreased in the groundwater samples measured after the 
bentonite reactor, by up to 55 %. Bromide and sulphide results indicated that the 
bentonite reactor reduced their concentrations by over 10 % from the original amount. 

Table 2.2 Variations in electric conductivity (EC) and pH measured before, during 
and after colloid sampling. B = after interaction with bentonite. The 
arrows in the table denote either increase or decrease in the measured 
value after interaction with bentonite. 

 
Date Analysis Unit PVA1  PVA1 B PVA3  PVA3 B 
10.02.2003 EC mS/cm 3.38 3.20 8.43 8.60 
 pH  7.79 7.62 7.87 7.91 
27.02.2003 EC mS/cm – – 8.62 8.92 
 pH  – – 7.68 7.76 
05.03.2003 EC mS/cm 3.53 3.38 9.12 9.04 
 pH  7.40 7.53 7.67 7.72 
31.03.2003 EC mS/cm 3.48 3.33 9.01 9.18 
 pH  7.47 7.51 7.67 7.75 
– ) denotes not measured 

 

= increase = decrease 
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5 GROUNDWATER SAMPLING FOR COLLOID STUDIES 

Sampling of groundwater for the examination of colloids began on 25th February 2003 
and was completed on 5th March 2003. Groundwater was continuously flowing at both 
sampling sites with a flow rate of about 9.5 mL/min through both sampling lines; the 
groundwater line and the colloid line with the bentonite reactor.  

 
5.1 Preparations and set-up  

All the samples collected were treated on site in a nitrogen (N2 grade 6.0) flushed 
movable glove-box at ambient temperature. The tubing from the groundwater sampling 
station was connected via a quick coupling through the glove-box wall to enable the 
collection of groundwater directly inside the anoxic glove-box when needed. A particle 
filtering capsule, 0.45 µm (AquaPrepTM600, PALL), was installed in the sampling line 
before entering the glove-box. Sampling was started at the deeper level with the more 
saline groundwater PVA3 and then continued with PVA1. 

Flushing the movable glove-box with N2 began in the laboratory and continued 
throughout the transportation and sampling procedures in the VLJ tunnel at Olkiluoto. 
The continuous flushing with nitrogen required maintaining a slight over pressure 
throughout the activities. The oxygen content inside the glove-box was continuously 
measured using a probe for dissolved oxygen (Orbisphere).  

Inside the glove-box a small centrifuge was operated with 15 mL centrifuge 
ultrafiltration tubes (Macrosep, PALL) for treating the groundwater samples. For 
SEM/EDS analyses sequential filtrations were performed with Nuclepore filter 
membranes in disk-filtering devices. In order to avoid particle contamination from the 
air, the filters and centrifuge tubes were assembled in the laboratory under laminar flow 
and, to diminish oxygen contamination all equipment, membranes, tubes, sample 
bottles, pipettes etc. were taken inside a laboratory glove-box (O2 < 0.1 ppm) via a 
vacuum chamber. Inside the glove-box the assembled filters and ultracentrifugation 
tubes were closed inside plastic jars, and all the plastic bottles needed for collecting 
solution samples were tightly closed. In the glove-box all the items needed for the work 
to be performed in the movable glove-box were placed inside tightly closing steel 
vessels which were taken out from the glove-box and packed for transportation to the 
sampling sites at Olkiluoto. The items in the steel vessels were additionally flushed with 
N2, prior to moving them inside the movable glove-box. Despite these meticulous 
considerations one can not avoid some O2 entering the glove-box. 

From previous work with the movable glove-box it was known that centrifugation 
inside the glove-box produces extra heat increasing the working temperature from the 
ambient temperature in the tunnel. In order to get an assessment of the effect of the 
temperature change (13°C–25°C) on the saturation index of calcite, simple scoping 
calculations (EQ3/6, DATA0.com (Wolery 1992)) were performed. As input to the code 
the analytical data in Table 2.1 was used together with a given value for O2 fugacity (log 
fO2 = -65) for computing the redox. The results are presented in Table 3.1. Some 
saturation index results of Si and Fe minerals are included as well.  
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Calcite shows supersaturation in all cases except PVA1 B groundwater at the two lower 
temperatures (13°C and 20°C where calcite was only saturated). This implies that due to 
loss of CO2, indicated by log pCO2 values >  -3.5 (atmospheric), calcite may precipitate 
during sampling and appear as an artefact, but the temperature may have an effect only 
in the case of PVA1 B if higher than about 20°C.  

Table 3.1  Results from EQ3 modelling. PVA1 and PVA3 for the groundwates and 
PVA1 B and PBA3 B for the groundwaters after interaction with 
bentonite. ss=supersaturated, s=saturated 

  PVA1 PVA1 B PVA3 PVA3 B 

pH   7.79 7.62 7.87 7.91 
log fO2 given mV -65 -65 -65 -65 
Eh calculated         at 13°C 
          at 20°C 
          at 25°C 

mV -134 
-168 
-193 

-124 
-158 
-183 

-138 
-173 
-198 

-140 
-175 
-200 

HS-/SO4
2-         at 13°C 

          at 20°C 
          at 25°C 

mV -232 
-241 
-247 

-220 
-229 
-235 

 
 
 

 
 
 

Electrical imbalance at 25°C % of total 
charge 

-2.62 -2.35 -1.57 -1.38 

Itrue M 0.034 0.033 0.093 0.095 
pCO2          at 13°C 
          at 20°C 
          at 25°C 

 -2.35 
-2.31 
-2.28 

-2.18 
-2.13 
-2.10 

-2.75 
-2.71 
-2.68 

-2.81 
-2.77 
-2.74 

Calcite (CaCO3)         at 13°C 
          at 20°C 
          at 25°C 

Saturation 
index (SI) 

0.42   ss 
0.52   ss 
0.60   ss 

0.22   s 
0.33   s 
0.40   ss 

0.75   ss 
0.86   ss 
0.93   ss 

0.78   ss 
0.88   ss 
0.95   ss 

Chalcedony (SiO2)         at 13°C 
          at 20°C 
          at 25°C 

SI 0.37   s 
0.21   s 
0.11   s 

0.39   ss 
0.23   s 
0.13   s 

  0.20   s 
  0.04   s 
-0.06   s 

  0.20   s 
  0.04   s 
-0.06   s 

Cristobalite(α) (SiO2)   at 13°C 
          at 20°C 
          at 25°C 

SI  0.08   s 
-0.07   s 
-0.17   s 

 0.09   s 
-0.06   s 
-0.15   s 

-0.10   s 
-0.25   s 
-0.34   s 

-0.10   s 
-0.25   s 
-0.34   s 

Tridymite (SiO2)         at 13°C 
          at 20°C 
          at 25°C 

SI  0.47   ss 
 0.31   s 
 0.21   s 

 0.48   ss 
 0.33   ss 
 0.23   s 

 0.30   s 
 0.14   s 
 0.04   s 

 0.30   s 
 0.14   s 
 0.04   s 

Goethite (FeOOH)         at 13°C 
          at 20°C 
          at 25°C 

SI 0.82   ss 
0.66   ss 
0.54   ss 

  0.15   s 
-0.02   s 
-0.14   s 

  0.06   s 
-0.11   s 
-0.22   s 

 
 
 

Hematite (Fe2O3)         at 13°C 
          at 20°C 
          at 25°C 

SI  2.58   ss 
 2.26   ss 
 2.04   ss 

 1.22   ss 
 0.90   ss 
 0.69   ss 

 1.05   ss 
 0.74   ss 
 0.52   ss 

 
 
 

 

Three Si-minerals, chalcedony, cristobalite and tridymite, were also included to 
determine their saturation state in the groundwater samples at different temperatures. In 
the case of PVA3 and PVA3 B the computed values show only saturation and the same 
values for both samples. However, in PVA1 and PVA1 B tridymite shows 
supersaturation at the lower temperatures, as well as, chalcedony in PVA1 B. 
Comparing the saturation indices of the Si-phases (at 13°C) in PVA1 and PVA1 B they 
are just slightly higher in PVA1 B, which could imply an increase of silicate-containing 
colloids possibly originating from the bentonite reactor. Prior to analysis, the 
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groundwater samples were filtered with 0.45 µm filter and thus colloids (<0.45 µm) 
were included in the analysis results.  

No saturation indices for the iron minerals were computed in the case of PVA3 B 
because the concentration of iron was below the detection limit. The computed 
saturation indices show that goethite is supersaturated only in PVA1, while hematite is 
supersaturated in all the cases. However, the saturation indices of hematite in PVA1 B 
are clearly smaller than in PVA1 indicating less supersaturation.  

 
5.2 Procedures 

The cumulative centrifugation of groundwater samples was performed inside the glove-
box, which was installed in the VLJ near the two sampling points. The small centrifuge 
had a six-place fixed angle rotor for 15 mL test tubes. For concentration of groundwater 
ultrafiltration tubes (Macrosep, PALL), three different cut-off sizes were used: 0.3 µm, 
300 kD (≈ 60nm) and 10 kD (≈ 2nm) (kD=kilo Dalton). The prefiltered (0.45 µm) 
groundwater was collected (via the lead-in lines with quick coupling) inside the glove-
box in a plastic (PE) bottle. From this, groundwater was pipetted 
(10mL/tube/centrifugation round) into the six ultrafiltration tubes (Figure 4.1) with the 
same cut-off size and spun for about 10 min to 60 min (depending on the cut-off value) 
at 3783 RCF (Relative Centrifugal Force). This allowed 60 mL of groundwater to be 
handled per spinning round. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Two ultrafiltration tubes (Macrosep, PALL). On the left the tube parts; a) 
the cap, b) the membrane on a red supporter, c) the concentrate-collecting tube and d) 
the filtrate-receiving tube. On the right the assembled tube. 

The filtrates from the receiver tubes were combined and collected in a plastic bottle and 
a new 10 mL volume of groundwater/tube was added to the remaining concentrate in the 
tube and the spinning was repeated. When enough groundwater had thus been treated, 
the concentrates (about 0.5-1.5 mL/tube) in five of the tubes were rinsed with anoxic 
deionised water (10 mL of H2O/tube) spun once more in the centrifuge in order to 
remove a greater part of the salts. Again the filtrates were combined in one plastic bottle 
and the remaining concentrates were combined in a plastic test tube. Finally the filter 

a)
b)

c)

d)
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tubes were rinsed with 1% HNO3 (suprapure, 10 mL/tube) and the rinse solutions 
combined. A schematic diagram of the procedure is shown in Figure 3.1. Altogether 6 
different solution types were obtained for chemical analysis for each cut-off size value; 
from the five centrifuge tubes, the filtrates, the concentrate rinse waters, the rinsed 
concentrates and acid rinses, and from the sixth centrifuge tube two solutions, the not 
rinsed concentrates and the corresponding acid rinses.  

 

In addition to the solution samples filter membranes with cut-off values of 0.4 µm, 
0.2 µm, 0.1 µm, 0.05 µm, and 0.015µm were prepared for SEM/EDS analysis. 
Groundwater was filtered through the membranes using sequential filtration with two 
membranes assembled consecutively with two disc devices (e.g., 0.4 µm/0.2 µm, 
0.2 µm/0.1 µm) After filtration the membranes were washed with deionised anoxic 
water in order to remove salts. The SEM micrographs and EDS spectra are presented in 
Appendix 3. 

 

All the samples collected were stored in the glove-box until taken to the laboratory at 
VTT Processes in Espoo, where the samples were acidified and kept in a refrigerator 
until analysis. 

 

Figure 3.1  Schematic of the procedure in groundwater sampling. 

concentrates 

filtrates

Membrane 
(0.3 µm, 300 kD, or 10 kD) 

Vial for collecting the rinsed 
concentrates from 5 tubes 

Vials for collecting: 
1) groundwater filtrates (from all 6
     tubes) 

2) rinse water (from 5 tubes) 

 3) acid rinse (1% HNO3) 
    (from 5 tubes) 

Vials for the unrinsed 
concentrate and the acid 
rinse from one tube 

1)    n x 10 mL of groundwater to 6 tubes 

2)    10 mL of  H2O to 5 tubes 

3)    10 mL of 1% HNO3 to 6 tubes *)

Additions to the centrifuge tubes:

*) addition after collecting the filtrates 
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6 RESULTS 

While working in the glove-box, the O2 value measured at PVA3 varied between 5.5 
ppb and 17.0 ppb depending on the temperature and objects needed to be taken into or 
out from the glove-box via the flushing chamber. Using a centrifuge inside the glove-
box produced extra heat increasing the working temperature at PVA3 from the ambient 
10°C-11°C slowly up to 21°C during 9 hours of sample treatment. The corresponding 
variations at PVA1 were for O2 5.6 ppb - 18 ppb and for the temperature from the 
ambient 13°C-14°C up to 23°C.  

 
6.1 Solution analysis  

Table A2-1 in Appendix 2 gives the analysis results for the solution samples collected in 
the ultrafiltration procedures. IC (Ion Chromatography) was used to analyse Br, Cl and 
SO4, ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometry) for Ca, 
Fe, Mg, Mn, Na, Si, and Sr analysis, except in the case of Fe in the not-rinsed 
concentrate samples which were analysed using GFAAS (Graphite oven Flame Atomic 
Absorption Spectrometry) excluding one sample with high Fe content (Fe=4.7mg/L). 
FAAS was used to determine K concentrations. Aluminium was analysed with ICP-MS 
due to a very small concentrations. However, Al is susceptible to contamination from 
different sources and therefore the analysis results must be treated with some caution. 
Anions were not analysed in the concentrate fractions, as the amounts collected were too 
small to allow complete analysis. Sodium and Cl in the samples can be considered to be 
in soluble form and represent the behaviour of salt retention. By calculating element 
concentration ratios in the samples and comparing the results between the different 
solution samples indications of colloidal association of an element can be made, because 
ratios of soluble elements in solutions are expected to remain unchanged.  

Filtrate analyses: 

The analytical results for Fe (Table A2-1, a)) gave a clearly higher concentration in 
PVA1 and PVA3 filtrates (0.3µm), about 0.8mg/L and 0.08mg/L, respectively, than 
obtained in the groundwater analysis performed before the colloid sampling, 0.3mg/L 
and 0.03mg/L, respectively. However, in PVA1, a higher concentration of Fe has been 
measured before (0.8mg/L, Table 2.1) and thus the results may be due to natural 
variation. Also, the measured Al concentrations in PVA3 filtrates (0.3µm), 0.008mg/L 
were higher than a previously measured value, 0.05mg/L. All the other analytical results 
of the 0.3µm filtrates were comparable to the preceding groundwater results (Table 2.1, 
2003 columns).  

Similar trends as in the preceding groundwater analyses (Table 2.1, 2003 columns) were 
also seen in the results of the filtrates when comparing the samples from groundwater 
lines and colloid lines (following interaction with the bentonite reactors). In the case of 
PVA1, the concentrations of Na, Ca, Mg, Sr, Cl, Br, SO4, and Fe showed a slight 
decreasing trend in PVA1 B filtrates. The only exception was Fe in the filtrate of the 
smallest size ultrafilter (10kD) indicating an opposite trend. Also Si showed a consistent 
slight increase in PVA1 B, implying increased release of non-colloidal Si (≈ 0.3mg/L) 
possibly from bentonite. In the case of PVA3, subtly increasing trends were seen in 
PVA3 B for Ca, Sr, Mg, and SO4. All the other analytical results, before and after 
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interaction with bentonite, showed more or less the same values or showed no clear 
trend. However, it has to be born in mind that the changes mostly are within the error 
limits of the analysis methods. 

When comparing the analysis results of the filtrates between the different cut-off 
samples the only elements indicating retention in the concentrate (=decreased 
concentration in the filtrate with decreasing cut-off) were Fe and Al, Fe even more 
clearly. Especially the smallest cut-off devices retained more, indicating the presence of 
Fe- and Al-containing colloids smaller than 0.3µm, but the size range is large, at least 
down to about 10kD (≈ 2nm) in the case of Fe. Based on the filtrate analysis Fe and Al 
are mostly colloidal. The estimated amounts of Fe- and Al-containing colloids in the 
sampled groundwaters are given in Table 4-1. Bentonite (the main component 
montmorillonite) mainly contains Si and Al, but Si content of the groundwater samples 
was too high to observe any retention of Si-containing colloids which, together with Al-
containing colloids could imply the presence of bentonite colloids. 

Table 4-1 Estimates of the amounts of Fe and Al associated with colloids in the 
sampled groundwaters, based on filtrate analysis. 

 Fe   (mg/L) Al   (mg/L) 
 300kD - 0.3µm 10kD - 300kD 300kD - 0.3µm 10kD - 300kD 
PVA1 0.6 0.2 0.004  
PVA1B 0.4  0.001  
PVA3 0.03 0.04 0.001  
PVA3B 0.001 0.06 0.001  

 
Rinsing water analyses: 

The content of elements in the different cut-off size samples within the same 
groundwater (Table A2-1b) showed an increasing trend because more salt with more 
solution was retained by the smaller size ultrafilters. The calculated concentration ratios 
of elements between the different cut-off sizes within the same groundwater deviated 
enough only in the case of Fe in order to indicate other than soluble forms involved. 
(Note! Al was not analysed in rinse water => no result).  

Concentrate analyses: 

Two kinds of concentrates were analysed, one that had been rinsed with anoxic 
deionised water (Table A2-1, d) and another, which had not been rinsed (Table A2-1, e). 
Rinsing was performed in order to remove most of the soluble salts in the concentrate 
leaving stable colloids in suspension.  

In the analysis of the not-rinsed concentrate, questionable high values were seen for Si 
(40 mg/L), Fe (4.7 mg/L) and Al (0.71mg/L) in the PVA1 0.3µm sample. Whether this 
was due to contamination or leak could not be determined, but the element ratios for the 
different size filters (300kD/0.3µm, 10kD/300kD) in PVA1 for Al (0.03, 0.86) and Fe 
(0.04, 0.82) suggested that Al and Fe were coupled, whereas Si (0.19, 1.04) had another 
source. However, contrary to Fe and Al, the higher concentration of Si was not reflected 
in the filtrate analysis result. In the rinsed concentrate of PVA3 B all Al concentrations 
showed slightly higher values than the corresponding ones in the not-rinsed concentrate, 
an especially high questionable value (0.130 mg/L) was analysed in the 0.3µm sample. 
Otherwise the calculated element ratios in both concentrates indicated that Al and Fe 
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could be associated with colloidal material when all the other elements followed, more 
or less, the ratios of soluble elements. It has to be born in mind, however, that the 
concentrations of the elements other than Fe and Al are so much higher, that detection 
of, for example, colloid-associated Si is hampered by the presence of soluble Si.  

Acid rinse analyses: 

The ultrafiltration devices were last rinsed with acid in order to remove the material left 
on the filter membranes and vessel walls after removing the concentrates. The analysis 
results of acid rinses showed that the amount of elements generally decreased when 
rinsing with water preceded acid-rinse analysis (Table A2-1, c); exceptions were Al, Fe 
and Mn, the concentrations of which were about the same in both acid rinses (Table 
A2-1, c and d) indicating colloid related behaviour and/or sorption. The other element 
concentration ratios predominantly supported soluble material having remained in the 
devices, which is quite possible as the concentrations of the other elements in the 
concentrates were at least an order of magnitude, or even higher, compared to those of 
Al, Fe and Mn. Therefore the amount of rinsing used may have been insufficient to 
completely wash off all remaining solids. 

 
6.2 Filter membranes 

Unfortunately several of the assembled sequential disc filtering devices were leaking 
and allowed the solution being filtered through to leak out of the device before passing 
through both membranes. Therefore, only some membranes were good enough for 
SEM/EDS analysis. The SEM micrographs and the EDS spectra, obtained are presented 
in Appendix 3. In the EDS spectra the peaks of gold (Au) originated from gold coating 
of the specimen and peaks of copper (Cu), and zinc (Zn) came from the brass specimen 
holder. Gold coating of the specimen was necessary for imaging, but unfortunately the 
Au peaks may disguise the sulphur peaks, and S can not, therefore, always be detected. 
On some of the micrographs, some rather exotic elements, rhodium (Rh), chromium 
(Cr) and titanium (Ti), were detected; the origin of these is unknown. One possible 
source could be equipment used in the bore-hole. 

Generally, scanning of the filter membrane samples was first done with a magnification 
of 10 000 and when typical particles in greater numbers were found on the membrane 
then the magnification was increased to 30 000. The EDS analysis was performed on the 
particles found on the membranes. The area on the membrane covered in the analysis 
was a circle with a diameter of about 1µm, whereas the diameter of the active 
membrane area was about 2cm. Thus the micrographs and the EDS spectra are of the 
typical particles, but cover only a small part of the total specimen area. Any other kind 
of particles and elements may have remained undetected. 

All the different cut-off sizes of blank Nuclepore membranes (0.4µm, 0.2µm, 0.1µm, 
0.05µm and 0.015µm) were first analysed with SEM/EDS. The SEM micrographs of the 
membranes are shown in Figure A3-1 and the corresponding spectra in Figure A3-2. As 
these specimens were not gold coated and the material of the membranes was 
polycarbonate, only carbon (C) and oxygen (O) were detected. Due to the organic nature 
of the material a slight increase in the background could be seen. In the following 
discussion about the elements present on the different membrane samples, C and O are 
mostly omitted from the discussion as they are present in the background and can not 
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directly be referred to as due to (e.g.) organics or carbonates. However, in a few cases 
oxygen is considered. 

PVA1 filter membranes 
The membranes in Figure A3-3 were sequentially assembled during filtration of 32 mL 
of PVA1 groundwater. A greater amount of particles remained on the 0.4µm membrane 
(Fig. A3-3 a) than on the 0.2µm membrane (Fig. A3-3 c), even if most of the particles 
were smaller in size than the holes in the membrane. The particles on the 0.4µm 
membrane formed small aggregates of different sizes. The elemental composition of 
these aggregates on the 0.4µm membrane (Fig. A3-4 a) consisted mainly Fe, Ca, Cr, Si, 
Cl, but also traces of Na, Mg and Al. On the 0.2µm membrane (Fig. A3-4 b) the major 
component of the small particle aggregates was Ca with a little Cl and traces of Al, Si 
and Fe. Some precipitation of calcite is possible, but calcite is also a common fracture 
mineral at Olkiluoto. The presence of Al and Si indicates occurrence of mineral particles  
such as aluminosilicates. An approximate evaluation of the particle size range on the 
0.4µm membrane is from 0.1µm up to 0.4µm (without large aggregates). On the 0.2µm 
membrane the particle size was around 80 nm. 

The smaller cut-off membranes in Figure A3-5 were also used sequentially; the 0.1µm 
membrane (Fig. A3-5 a) with a 0.2µm membrane (26 mL filtered) and the 0.05µm 
membrane (Fig. A3-5 c) with a 0.1µm membrane (23 mL filtered). The major element 
on the 0.1µm membrane was Si with traces of Na, Al, Mg, Cl, Ca and Fe (Fig. A3-6 a). 
The increased oxygen peak suggests presence of silica, SiO2, which in amorphous form, 
is amongst fracture minerals detected at Olkiluoto. Ti was dominant on the 0.05µm 
membrane (Fig. A3-6 b) with additional traces of Si. The ratio of Na and Cl peaks 
indicates presence of salt while Si, Mg and Al suggest clay minerals and other silicates. 
The size of the small particles forming the aggregate on the 0.1µm membrane is roughly 
about 100nm.  

PVA1 B filter membranes 
The filter membranes in Figure A3-5 were sequentially assembled for filtering of 18 mL 
groundwater from the PVA1 "colloid line". The 0.4 µm membrane (Fig.A3-7 a) 
appeared to be quite blank indicating that groundwater particles passing the 0.45µm 
prefilter (in the sampling line) also passed this filter. On the left side in the figure, just a 
few particles seem to have been caught in the filter holes. No EDS spectrum for this 
specimen is shown as it was comparable to that of a blank membrane (Fig. A3-2 a). 

Contrary to the 0.4µm membrane, the 0.2 µm membrane (Fig.A3-7 b) retained a lot of 
particles, which have formed large aggregates on the membrane. Smaller particles that 
were able to pass the 0.2 µm filter were detected. The elements detected on the 
membrane were Si, Al, K, Fe, Cl, Na, Mg, S and Ca, as well as an increase of the 
oxygen peak (Fig.A3-8). The presence of Si, Al, Mg and K especially indicate to the 
presence of clay minerals and the ratio of Al/Si (∼0.43) implies that bentonite colloids 
are involved (Table 1.1). The height of the oxygen peak gives further indication of clay 
material. The presence of K may be an indication of K-feldspar as well. An estimate of 
the size range of the individual small particles on the membrane is from 50nm up to 
0.2µm. 

Figure A3-9 shows micrographs of a 0.1 µm filter membrane (prefiltered with 0.2 µm), 
which appeared rather blank (micrographs a) and b)), but an area with more material on 
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the membrane is shown in micrograph c) for which the EDS spectrum is shown in 
Figure A3-10, indicating the presence of Na, Cl, Si with a trace of Al, Ca, as well as Rh. 
Some salt (NaCl) is probably present with some silicates. The origin of Rh could 
perhaps relate to boring or other borehole equipment. 

On the micrograph (Fig. A3-11) of the smallest membrane 0.015µm (prefiltered with 
0.1µm) only Si-containing particles (Fig. A3-12) were detected and traces of Cl and Fe. 
The approximate size range for the individual particles is from about 50nm up to about 
70 nm. The particles have formed larger aggregates and there is also a salt crystal 
(∼0.4µm white spot) in the middle of Fig. A3-12 a. 

PVA3 filter membranes 
Figure A3-13 shows the micrographs of two sequentially assembled filter membranes 
(16mL filtered through); 0.4µm and 0.2µm. Very small and very few particles were 
detected on both membranes. The particles were smaller than the holes in the 
membranes but they were retained due to aggregation. The element ratio of Na and Cl 
on the 0.4µm membrane (Fig.A3-14 a) indicated the presence of some NaCl indicating 
that not all salt had been washed away. In addition the particles contained Si, Ca and Fe. 
On the 0.2µm membrane (Fig. A3-14 b) Ca dominated, which together with the 
increased height of the oxygen peak and ratio with it indicated the presence of calcite, 
which can be an artefact, but may also partly be colloidal calcite. Traces of Fe were 
present as well. A rough estimate of the particle size range seen on the micrographs is 
between 0.1µm and 0.3µm on the 0.4µm membrane, and on the 0.2µm membrane it is 
from about 30nm up to about 60nm. 

The 0.05µm membrane (Fig. A3-15) (16mL filtered through) was covered with a very 
fine material, which had dried and cracked like clay. The dominant element on this 
membrane was Ti (Fig. A3-16). In addition to Ti, Al, Si, Na and S were present. The 
origin of Ti is unknown, but could perhaps be from the drilling equipment. 

PVA3 B filter membranes 
Figure A3-17 shows micrographs of two 0.4µm filter membranes. The difference 
between the membranes was the amount of groundwater filtered from the "colloid line"; 
a) 42mL b) 25mL. The particles on the membranes appeared to be quite similar except 
that more salt crystals were seen in the case of a). The holes of both membranes were 
bigger than the particles retained on the membranes, but retention occurred due to 
aggregation. According to the EDS spectra, (Fig. A3-18) in addition to Na and Cl (salt 
elements), only Si and Fe were detected. 

Figure A3-19 shows micrographs of the two 0.2µm membranes which were during 
filtration sequentially assembled with the 0.4µm membranes in Fig. A3-17. Very little 
material was found on the membranes, which appeared as aggregates of smaller 
particles. The EDS spectra (Fig. A3-20) revealed the presence of Al, Si and K in 
addition to Na and Cl. Na, K and Cl were more distinguishable on the membrane 
through which more water was filtered (Fig. A3-20 a), whereas on the other membrane 
(Fig. A3-20 b) Al and Si were more distinct. The coexistence of Al, Si and K implies 
that clay minerals can be involved; however, the peaks in the spectra were so small that 
no ratio correlations could be examined. The smallest particles in the aggregates are 
about 50 nm. 
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Figure A3-21 shows micrographs of a 0.1µm filter membrane through which 25 mL of 
groundwater was filtered (prefiltered with 0.2µm). On the micrograph similar 
aggregates of small particles were seen as on the other filter membranes. The main 
elements detected in the EDS spectrum (Fig.A3-22) were Si and Fe in addition to Na 
and Cl. 

The estimated range of the size of particles appearing on all these filters is between 
30 nm up to about little over 100 nm, excluding the salt crystals (Fig. A3-17). 

Filter membranes form delayed processing 
Because some filtrations were not successful in the field, a few new filtrations of the 
groundwaters from PVA1 and PVA3 were performed in the laboratory two days after 
collecting the groundwater (0.45µm prefiltered) on the site. These membranes (Fig. 
A3-23 and A3-25) showed larger precipitates/aggregates than those on the micrographs 
on site. The EDS spectra of the PVA1 membrane (0.1µm, Fig. A3-24) and that of PVA3 
(0.4µm, Fig. A3-26 a) showed the presence of Ca which in relation to the O peak 
suggested calcite precipitation due to loss of CO2 during storage. This is in good 
agreement with the modelling results of calcite supersaturation (Table 3.1). In the case 
of PVA1 Cl is the only other element detected on the membrane, whereas in the case of 
PVA3 traces of Mg, Al and Si were also present. The EDS spectrum of the 0.1µm 
membrane showed Cl and Ca as major elements present, but some Na and Si was also 
detected. The deposits seen on these membranes are mainly artefacts which may 
disguise the colloids originally present. 
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7 SUMMARY AND CONCLUSIONS 

Prior to starting the colloid sampling campaign groundwater was analysed from both 
sampling lines, natural groundwater and "colloid", at both groundwater stations, PVA1 
and PVA3. The groundwater analysis performed before and after contact with the 
assembled "bentonite reactors" indicated only minor changes in the chemistry due to 
interaction with bentonite. A slight trend of opposite behaviour in some element 
analysis results (although mostly within the uncertainty range) was seen between the 
two groundwaters of different salinities. The observed differences may be due to several 
processes; to ion exchange with bentonite, dissolution of easily dissolving phases of 
bentonite, sorption, and colloids emanating from bentonite. However, the groundwater 
chemistry did not give any indication of bentonite colloids released, but retention of Fe 
by the reactors seemed rather obvious. 

For evaluating the amount of natural colloids and bentonite colloids released from the 
"bentonite reactors" centrifugal ultrafiltrations of the groundwater from the four 
sampling lines were performed as well as membrane filtrations. All the work was 
carried out inside a movable glove-box with N2 atmosphere in order to avoid 
disturbances brought about by the atmospheric gases (O2 and CO2). The sampling was 
not completely free of artefacts, even if performed by taking good care of various 
sources for artefacts, ; precipitation of calcite is difficult to avoid when CO2  can escape 
from the groundwater and Fe is susceptible to precipitation if O2 is available. Fast 
processing of samples on site helps to minimize these artefacts, and this was seen when 
some filter membranes produced later in the laboratory were examined with SEM/EDS. 

The results from SEM/EDS studies and the indicative results based on ultrafiltration 
samples are in good agreement with the characteristics of the particle phases present in 
the two groundwaters. However, the results obtained did not allow calculation of the 
actual concentration of the element association with the different particle phases. 

In the EDS spectra the peaks of Au, Cu, and Zn are always present, because they 
originate from sample preparation and the brass specimen holder. Gold coating of the 
specimen was necessary for imaging, but unfortunately the Au peaks often disguise the 
sulphur peaks, and S can not therefore always be detected especially in the case of little 
material on a specimen. The results of SEM/EDS analysis show that after in line 
prefiltration (0.45µm) there were a few particles collected on most membranes. Usually 
small particles, smaller than the cut-off size of the membrane, formed larger aggregates 
on the membranes (0.4µm, 0.2µm, 0.1µm and 0.05µm). The most abundant elements 
detected with EDS were Ca, Fe, Si, Na, Cl, Al, Mg, and Na, but on a few membranes K 
and S were also present. More prominent peaks were detected on PVA1 membranes, 
especially for Fe and Ca. In addition to these common elements some rather unusual 
elements, rhodium (Rh), chromium (Cr) and titanium (Ti) were detected on a few 
membranes. Titanium was detected in both groundwater samples before interaction with 
bentonite on the 0.05µm membranes, whereas Cr was present only in PVA1 (before 
interaction with bentonite) on the 0.4µm membrane and Rh was observed on the 0.1µm 
membrane in PVA1 after interacting with bentonite. The origin of these "exotic" 
elements is not known but may possibly be from borehole and drilling equipment. The 
common elements on the membranes refer to the possible presence of silicates, clay 
minerals, but also to the presence of some salt and calcite (artefacts). However, calcite 
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may not entirely be present as an artefact because calcite is also a common fracture 
mineral at Olkiluoto as are clay minerals, pyrite and amorphous Si. 

The presence of bentonite colloids was indicated only on the 0.2µm membrane from 
PVA1 groundwater after having interacted with bentonite. The elements present on the 
membrane included Si, Al, K, and Mg, indicates to clay colloids, and further, the ratio 
of Al to Si was representative of bentonite according to the chemical composition of 
MX-80 bentonite. In addition to the common clay mineral elements Fe, Na, Ca and Cl 
were also observed. The evaluated size range of the colloids aggregated on the 
membrane was from about 50nm up to 0.2µm.  

The presence of clay colloids was also suspected on the 0.2µm membranes of PVA3 
groundwater (after the bentonite reactor) because K, Al, Si, and traces of Mg were 
detected. Nevertheless, the amount of material on the membranes was too little to give 
distinguishable peaks in the EDS spectra to draw such a conclusion. The size of the 
smallest colloids in the aggregates was about 50nm. If the colloids on the membranes 
are bentonite colloids their amount is much less than observed in the case of PVA1, as 
even more groundwater was filtered through the PVA3 membrane. 

The results from the solution analysis indicated that Fe and Al were associated with 
colloidal material and were present in all four groundwater lines. For Fe, the content in 
PVA3 was less than in PVA1. However the concentration factors were not high enough 
to allow exact evaluation of the amounts of Fe- and Al-associated colloidal material or 
all of Si-, Mg- or K-associated colloids, which could have indicated the presence of 
bentonite. An increased concentration (≈ 0.3 mg/L) of soluble Si in all PVA1 
groundwater filtrates (after the bentonite reactor) was observed indicating a bentonite 
origin. Unfortunately, the analytical results of a couple of samples gave exceptionally 
high concentrations of Fe, Al and Si and were were suspected to have had some kind of 
disturbance or contamination preventing further evaluation of the results.  

Based on this study it can be concluded that: 

In the groundwater at both groundwater stations, PVA1 and PVA3;  

1) Before interaction with bentonite:  

- Fe and Al were found to be partly colloidal or associated with colloidal material, 
which could be amorphous SiO2, clay minerals, or calcite. The estimated size range was 
from about 50 nm up to about 400 nm (SEM) but in PVA3 up to about 300nm. In PVA1 
the estimated amount of colloids associated with Fe was about 0.2 mg/L in the size 
range from ≈2nm to ≈60nm and 0.6 mg/L in the size range from ≈60nm to ≈300nm, but 
for Al the amounts were only 0.004mg/L. The corresponding amounts in PVA3 were 
0.04mg/L and 0.03 mg/L for Fe and 0.001mg/L for Al-associated colloids. However, the 
Fe estimate may be too high in the larger particles range. 

2) After bentonite interaction:  

- Bentonite colloids were detected (SEM/EDS) in the fresh groundwater (PVA1). The 
estimated size range was from about 50 nm up to about 200 nm, but the upper limit was 
difficult to evaluate due to large aggregates. In PVA3 no clear indication of the presence 
of bentonite colloids was obtained, but the element composition (EDS) suggested the 
possibility, only in very small amounts, however. The estimated amount Fe associated 
colloids in PVA1 in the size range from ≈60nm to ≈300nm was about 0.4 mg/L and for 
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Al about 0.001mg/L, whereas in the smaller size range, from ≈2nm to ≈60nm, no value 
could be determined. The corresponding amounts in PVA3 were about 0.001mg/L for 
both Fe and Al and about 0.06 mg/L for Fe in the smaller size range.  

Fast processing of samples on the site decreases artefacts (shown by SEM/EDS on 
delayed processing samples), e.g., calcite precipitation, but on the other hand 
prefiltration with the 0.45µm filter, even if it was a closed capsule, may have caused 
some oxidation of Fe resulting in additional formation of colloidal Fe. The capsule may 
have retained also particles smaller than the filter size. 

As an overall conclusion it can be stated that Fe- and Al-colloids (<0.45µm) were found 
to be present in both shallow, fresh and deeper saline groundwaters at Olkiluoto, 
however, a little less in the saline groundwater. Interaction with bentonite caused no 
significant increase in the amount of colloids, rather a small decrease was observed. 
Only little evidence was gained of the presence of bentonite originating colloids in the 
fresh groundwater. The result is quite in line with studies on the decreasing effect of 
salinity on the stability of bentonite emanating colloids (Wold 2003). 
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APPENDIX 2  Results of chemical analyses 
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APPENDIX 3:     Solution analysis results from ultrafiltrations  

Table A2-1   Analysis results for the various solution samples collected in colloid 
sampling. The concentration factor was calculated based on the amounts 
of not rinsed concentrate and filtrates. 

  PVA1 PVA1 PVA1 PVA1 B PVA1 B PVA1 B PVA3 PVA3 PVA3 PVA3 B PVA3 B PVA3 B
  0.3µm 300 kD 10 kD 0.3µm 300 kD 10 kD 300 kD 300 kD 10 kD 0.3 µm 300 kD 10 kD 

Conc.factor 145 65 44 116 74 55 58 84 44 74 82 53 
a) Filtrates (combined from all 6 centrifuge tubes) 

Na mg/L 560 570 570 550 550 550 1 300 1 300 1 300 1 300 1 300 1 300
K mg/L 14 13 16 13 14 13 16 14 17 14 16 15
Ca mg/L 88 88 89 82 82 81 350 340 350 360 370 370
Mg mg/L 32 33 33 30 30 30 100 100 100 110 110 110
Mn mg/L 0.35 0.34 0.35 0.34 0.34 0.34 0.51 0.50 0.51 0.51 0.52 0.51
Sr mg/L 0.93 0.94 0.95 0.88 0.88 0.88 3.8 3.8 3.9 4.1 4.1 4.1
Si mg/L 7.0 7.0 7.0 7.3 7.3 7.3 4.8 4.8 4.9 4.8 4.9 4.8

Fe tot mg/L 0.80 0.19 0.042 0.54 0.11 0.11 0.089 0.056 0.012 0.085 0.084 0.025
Al mg/L 0.0115 0.0079 0.0082 0.0090 0.0078 0.0080 0.0075 0.0064 0.0068 0.0096 0.0062 0.0079
Br mg/L 2.3 2.1 2.2 2.1 2.1 1.9 6.4 6.2 6.0 5.9 6.3 6.3
Cl mg/L 860 890 890 790 810 820 2 600 2 830 2 690 2 690 2 670 2 630

SO4 mg/L 143 146 144 136 135 135 388 388 386 398 401 402
b) Rinsing water (combined from 5 centrifuge tubes) 

Na mg/L 33 76 87 36 64 85 100 150 210 78 160 210
K mg/L 0.8 1.8 2.0 0.8 1.5 2.0 1.2 1.7 2.3 0.9 1.8 2.3
Ca mg/L 5.1 12 14 5.3 9.5 12 28 40 58 22 46 61
Mg mg/L 1.9 4.3 5.0 1.9 3.5 4.6 8.3 12 17 6.6 13 18
Mn mg/L 0.021 0.047 0.051 0.023 0.040 0.050 0.041 0.059 0.083 0.031 0.064 0.084
Sr mg/L 0.06 0.13 0.14 0.06 0.10 0.13 0.31 0.45 0.64 0.25 0.51 0.67
Si mg/L 0.39 0.90 1.0 0.46 0.82 1.1 0.37 0.53 0.76 0.28 0.58 0.75

Fe tot mg/L 0.032 0.012 <0.005 0.033 0.011 <0.005 0.006 0.005 0.009 0.005 0.008 <0.005
Al mg/L n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a 
Br mg/L <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Cl mg/L 44 107 120 58 87 114 210 300 430 160 340 430

SO4 mg/L 8 21 23 11 17 22 34 47 66 27 53 64
c) Acid rinse (combined from 5 centrifuge tubes) 

Na mg/L 0.8 2.3 3.1 1.3 1.9 2.9 3.2 4.6 5.1 3.5 3.9 5.0
K mg/L 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Ca mg/L 0.47 0.69 1.20 0.49 0.62 1.10 1.10 1.50 1.90 1.20 1.30 1.80
Mg mg/L 0.05 0.13 0.19 0.05 0.11 0.16 0.22 0.35 0.42 0.25 0.31 0.40
Mn mg/L 0.020 0.022 0.034 0.027 0.028 0.045 0.038 0.038 0.040 0.027 0.039 0.043
Sr mg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.02 0.01 0.01 0.02
Si mg/L <0.1 <0.1 0.14 <0.1 <0.1 0.11 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Fe tot mg/L 0.045 0.12 1.2 0.035 0.054 0.77 0.039 0.055 0.25 0.046 0.039 0.31
Al mg/L 0.006 0.008 0.020 0.007 0.007 0.018 0.042 0.008 0.023 0.011 0.006 0.018
Br mg/L <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Cl mg/L 8.4 9.4 11 8.6 9.4 11 12 14 15 12 13 15

SO4 mg/L 0.8 1.0 1.2 0.9 1.1 1.1 1.1 1.8 1.8 1.4 1.6 1.8
   < denotes below detection limit (given by the value) 
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Table A2-1 continued 

  PVA1 PVA1 PVA1 PVA1 B PVA1 B PVA1 B PVA3 PVA3 PVA3 PVA3 B PVA3 B PVA3 B
  0.3µm 300 kD 10 kD 0.3µm 300 kD 10 kD 0.3 µm 300 kD 10 kD 0.3 µm 300 kD 10 kD 

d) Rinsed concentrate (combined from 5 centrifuge tubes) 
Na mg/L 34 50 90 41 50 67 81 130 170 75 130 180
Ca mg/L 5.8 7.8 14 6.3 7.3 9.8 23 36 47 22 37 51
Mg mg/L 2.0 2.8 5.0 2.2 2.6 3.5 6.5 10 13 6.2 10 15
Mn mg/L <0.05 0.032 0.053 <0.05 0.032 0.041 0.034 0.053 0.068 <0.05 0.052 0.070
Sr mg/L <0.1 0.08 0.15 <0.1 0.08 0.1 0.24 0.39 0.51 0.24 0.40 0.55
Si mg/L 0.53 0.62 1.1 0.57 0.68 0.88 0.31 0.49 0.64 0.33 0.48 0.66

Fe tot mg/L 0.130 0.071 0.190 0.074 0.049 0.200 0.069 0.270 0.100 0.035 0.046 0.073
Al mg/L 0.230 0.039 0.017 0.090 0.032 0.013 0.033 0.038 0.018 0.130 0.047 0.018

e) Concentrate, not rinsed(from the 6th centrifuge tube) 
Na mg/L 610 600 620 600 620 590 1 400 1 500 1 300 1 500 1 400 1 400
Ca mg/L 96 95 97 91 92 90 380 420 370 420 390 400
Mg mg/L 38 34 35 32 32 32 110 120 110 120 110 120
Mn mg/L 0.45 0.38 0.38 0.39 0.39 0.38 0.54 0.60 0.55 0.60 0.55 0.56
Sr mg/L 1.1 1.0 1.0 0.95 0.98 0.96 4.1 4.5 4.1 4.7 4.3 4.4
Si mg/L 40 7.4 7.7 8.0 8.1 8.0 5.2 5.8 5.1 5.7 5.1 5.1

Fe tot mg/L 4.7 0.17 0.14 0.6 0.17 0.3 0.083 0.18 0.21 0.090 0.093 0.072
Al mg/L 0.0709 0.022 0.019 0.064 0.070 0.022 0.016 0.020 0.030 0.026 0.030 0.018

f) Acid rinse (from the 6th centrifuge tube) 
Na mg/L 6.5 9.9 12 4.3 8.1 10 21 23 15 18 21 23
K mg/L 0.2 0.3 0.3 0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.4
Ca mg/L 1.1 1.8 2.4 1.0 1.5 2.1 5.7 6.5 4.6 5.5 6.1 7.0
Mg mg/L 0.36 0.56 0.67 0.21 0.44 0.55 1.6 1.8 1.2 1.5 1.7 1.9
Mn mg/L 0.024 0.027 0.040 0.030 0.032 0.049 0.044 0.044 0.045 0.033 0.046 0.050
Sr mg/L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.06 0.07 0.05 0.06 0.07 0.08
Si mg/L <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Fe tot mg/L 0.082 0.18 1.2 0.042 0.047 0.93 0.03 0.059 0.29 0.062 0.047 0.33
Al mg/L 0.018 0.020 0.022 0.013 0.010 0.018 0.013 0.011 0.022 0.014 0.010 0.018
Cl mg/L 16 21 22 13 17 20 48 49 35 42 47 51

   < denotes below detection limit (given by the value) 
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APPENDIX 4:     SEM micrographs and EDS spectra  

 

Micrographs of blank Nuclepore membranes and their spectra 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-1.   SEM micrographs of blank Nuclepore membranes with x10 000 magnification a) 
0.4µm, b) 0.2µm, c) 0.1µm, d) 0.05µm, e) 0.015µm and f) with x30 000 magnification for 0.015µm. 

a) b) 

c) d) 

f)e) 
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Figure A3-2.   EDS spectra for the blank Nuclepore filters in Figure A2-1.  a)-e), respectively. The 
only elements detected are carbon (C) and oxygen (O). 

a) b)

c) d)

e)
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PVA1, groundwater sampled before the bentonite reactor. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-3.  PVA1 SEM micrographs of membranes: a) and b) of 0.4µm membrane 
magnifications x10 000 and x30 000,respectively (prefiltration in sampling line with 0.45µm); c) 
and d) of 0.2µm membrane magnifications x10 000 and x30 000, respectively (prefiltration with the 
0.4µm membrane). 

 
 

 

 

 
 

 

 

 

 

 

 

Figure A3-4.  EDS spectra of the a) 0.4µm membrane  and b) 0.2µm membrane. 

b)a)

a) b)

c) d)
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PVA1, groundwater sampled before the bentonite reactor. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure A3-5.  PVA1 SEM micrographs of membranes: a) and b) of 0.1µm membrane 
magnifications x10 000 and x30 000,respectively (prefiltration with a 0.2µm membrane); c) and d) 
of 0.05µm membrane magnifications x10 000 and x30 000, respectively (prefiltration with a 0.1µm 
membrane). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3 -6.  EDS spectra of the a) 0.1µm membrane and b) 0.05µm membrane.

a) b)

c) d)

a) b)
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PVA1 B, groundwater sampled after the bentonite reactor. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure A3-7.  PVA1 SEM micrographs of membranes: a) of 0.4µm membrane magnification 
x10 000 (prefiltration in sampling line with 0.45µm); b) and c) of 0.2µm membrane magnifications 
x10 000 and x30 000, respectively (prefiltration with the 0.4µm membrane). 18 mL of groundwater 
was filtered. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-8.  EDS spectrum of the 0.2µm membrane. 

b) c)

a)

Note! No spectrum is presented for the
0.4µm membrane in A3-7 a) because
there is too little of material on the
membrane to give more information
than the spectrum of a blank membrane
in Fig. A3-2.a).  
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PVA1 B, groundwater sampled after the bentonite reactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-9.  PVA1 SEM micrographs of membranes: a) and c) of 0.1µm membranes 
magnifications x10 000  (prefiltration with a 0.2µm membrane); d) of 0.1µm membrane (in a)) 
magnification x35 000. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-10.  EDS spectra of the above 0.1µm membrane. 

c)

a)
b)
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PVA1 B, groundwater sampled after the bentonite reactor. 
 

 

 

 

 

 

 

 

 

 

Figure A3-11.  PVA1 SEM micrographs of a 0.015µm membrane (prefiltration wit a 0.1µm 
membrane.: a) membrane magnifications x10 000, b) membrane magnification x30 000.  

 

 

 

 
 

 

 

 

 

 

 

 

Figure A3-12.  EDS spectra of the above 0.015µm membrane. 

 

 

 

 

 

a) b)
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PVA3, groundwater sampled before the bentonite reactor. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure A3-13.  PVA3 SEM micrographs of membranes: a) and b) of 0.4µm membrane 
magnifications x10 000 and x30 000,respectively (prefiltration in sampling line with 0.45µm);  c) 
and d) of 0.2µm membrane magnifications x10 000 and x30 000,rtespectively (prefiltration with the 
0.4µm membrane); 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-14.  EDS spectrum of the above 0.4µm membranes a) =a and b) =c. 

a) b)

d)

a) b)

c)
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PVA3, groundwater sampled before the bentonite reactor. 
 

 

 

 

 

 

 

 

 

 

 

Figure A3-15.  PVA3 SEM micrograph of 0.05µm membrane magnification x250 (prefiltration with 
a 0.1µm membrane). The membrane is covered with a very fine material, which has cracked like 
dry clay. The holes are presumably "canals" for water to go through. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-16.  EDS spectrum of the above 0.05µm membrane. Titanium is the main element 
present, minor amounts of Na, Al, S and Si. 
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PVA3 B, groundwater sampled after the bentonite reactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure A3-17  PVA3 SEM micrographs of 0.4µm membranes (prefiltration with 0.45µm 
membrane): a) and c) magnifications x10 000  b) and d) magnifications x30 000. The difference 
between the membranes is the amount of groundwater filtered; a) 42 mL and c) 25 mL. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-18.  EDS spectrum of the above 0.4µm membranes a) = a and b) = c. 

a) b)

d)c)

a) b)

  Ca 
  Cu 

  Ca 



 

 

61

c) d)

 

b)

a) b)

  Au    Al 

PVA3 B, groundwater sampled after the bentonite reactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-19.  PVA3 SEM micrographs of 0.2µm membranes (prefiltration with 0.4µm membranes 
in previous figure A2.12): a) and c) magnifications x10 000  b) and d) magnifications x30 000. The 
difference between the membranes is the amount of groundwater filtered; a) 42 mL and c) 25 mL. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-20.  EDS spectrum of the above 0.2µm membranes a)=a and b)=c. 

 

a)
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PVA3 B, groundwater sampled after the bentonite reactor. 
 

 

 

 

 

 

 

 

 

 

Figure A3-21.  PVA3 SEM micrographs of a 0.1µm membrane (prefiltration with 0.2µm 
membrane) a) magnifications x10 000 and b)  magnification x30 000. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-22.  EDS spectrum of 0.1µm membrane in A2-21 b). The small peak between the marked 
Au and Cl peaks is also one for Au. 

 

 

 

a) b)
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Micrographs and EDS spectra from a few delayed filtrations. 

 

A few filtrations with Nuclepore membranes were performed later in the laboratory glove-box, 
some days after collecting the groundwater samples. These micrographs show that Ca-containing 
larger particles (presumably calcite) were formed. The most obvious cause is calcite precipitation 
due to CO2 loss. 

 

 

 

 

 

 

 

 

 

 

Figure A3-23.   PVA1 SEM micrographs of 0.1µm membrane (prefiltration with 0.2µm membrane): 
a)  magnification x10 000   b) magnifications  x30 000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2-24.  EDS spectrum of the 0.1µm membrane in A2-23 b). 

 

a) b)

a)
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Figure A3-25.  PVA3 SEM micrographs of a) 0.4µm membrane magnification x10 000 
(prefiltration with 0.45µm on site), c) 0.1 µm membrane magnification x10 000 (prefiltered with 
0.2 µm membrane) b) and d) x30 000 magnificationsof the membranes respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3-26.  EDS spectra; a) 0.4 µm membrane and  b) 0.1 µm membrane. 

c)

b)

d)

a)

a) b)
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