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SAMPLING AND ANALYSIS OF GROUNDWATER COLLOIDS 
- a literature review 
 

ABSTRACT 
 
The purpose of this literature study was to give basic information of colloids: their 
formation, colloid material, sampling and characterisation of groundwater colloids.  

Colloids are commonly refereed to as particles in the size range of 1 nm to 1000 nm. 
They are defined as a suspension of solid material in a liquid that does not appear to 
separate even after a long period of time. Colloids can be formed from a variety of 
inorganic or organic material. Inorganic colloids in natural groundwaters are formed by 
physical fragmentation of the host rock or by precipitation. 

The water chemistry strongly controls the stability of colloids. The amount of colloid 
particles in a solution tends to decrease with the increasing ionic strength of the 
solution. Increases in pH and organic material tend to increase the stability of colloids. 
The mobility of colloids in a porous medium is controlled mainly by groundwater 
movement, sedimentation, diffusion and interception. 

Factors controlling sampling artefacts are oxygen diffusion: leads to e.g. calcite 
precipitation, pumping rates and filtering techniques. Efforts to minimise artefact 
formation should be taken if the scope of the sampling programme is to study the 
colloid particles. 

The colloid phase size distribution can be determined by light scattering systems, laser 
induced break down or by single particle analysis using SEM micrographs. Elemental 
compositions can be analysed with EDS spectrometry from single colloid particles. 
Bulk compositions of the colloid phase can be analysed with e.g. ICP-MS analyser. 

The results of this study can be used as guidelines for groundwater colloid samplings. 
Recommendations for future work are listed in the conclusions of this report. 

Keywords: colloid, sampling, properties, groundwater, characterisation. 



 

 

POHJAVESI KOLLOIDIEN NÄYTTEENOTTO JA ANALYSOINTI 
- kirjallisuusselvitys 
 

TIIVISTELMÄ 
 
Kirjallisuusselvityksen tarkoituksena oli antaa perustietoa kolloideista: niiden synnystä, 
koostumuksesta, näytteenotosta ja karakterisoinnista. 

Kolloideiksi määritellään yleensä partikkelit joiden koko on 1 nm – 1000 nm. Ne 
voidaan määritellä myös kiinteän aineen suspensiona nesteessä, joka ei erotu pitkänkään 
ajan kuluessa. Kolloideja voi syntyä lukuisista epäorgaanisista ja orgaanisista 
materiaaleista. Epäorgaaniset kolloidit luonnon pohjavesissä syntyvät joko isäntäkiven 
fysikaalisen rikkoontumisen seurauksena tai saostumalla. 

Veden kemiallinen koostumus kontrolloi kolloidien stabiilisuutta. Kolloidien lukumäärä 
pienenee veden ionivahvuuden kasvaessa. Korkea pH ja orgaanisen aineksen määrä 
usein lisäävät kolloidien stabiilisuutta. Kolloidien liikkuvuutta huokoisessa väliaineessa 
ohjaavat pääasiassa pohjaveden liike, sedimentaatio, diffuusio ja pidättyvyys. 

Näyte artefaktien muodostumiseen vaikuttavat mm. hapen diffuusio: (johtaa kalsiitin 
saostumiseen), pumppausnopeudet ja suodatustekniikat. Artefaktien muodostumiseen 
tulisi kiinnittää huomiota, mikäli näytteenotolla halutaan tutkia itse 
kolloidipartikkeleita. 

Kolloidifaasin kokojakauma voidaan määrittää valonsirontatekniikoilla, 
laserhajotustekniikalla (LIBD) tai yksittäisten partikkelien analyysillä (SEM). 
Kolloidien koostumus voidaan määrittää yksittäisistä partikkeleista EDS-
spektroskopialla ja kolloidifaasin kokonaiskoostumus voidaan määrittää esim. ICP-MS 
analysaattorilla. 

Tämän selvityksen tuloksia voidaan käyttää kolloidinäytteenoton ohjeistuksen 
suunnitteluun. Suosituksia jatkotoimenpiteistä on esitetty johtopäätöksissä. 

Avainsanat: kolloidi, näytteenotto, ominaisuudet, pohjavesi, karakterisointi. 
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1   INTRODUCTION 

This literature review concentrates on the occurrence of material in the colloidal 
disperse phase in a groundwater environment. The study focused on the formation of 
colloids and their structures, and on the colloid sampling and analysing techniques. 
Owing to their chemical variety and small size, colloids play a significant role in water-
ecosystems as material transferring agents, carriers or blockers. The study of 
groundwater colloids has been remarkably active for the past decades in several 
research areas, including studies of nuclear waste disposal. This literature review 
focuses mainly on the formation and investigation of inorganic and organic colloids; the 
existence of colloidal microorganisms is acknowledged, but deeper studies of the 
subject are discussed elsewhere. 

The results of this review can be used in planning colloid research programmes, 
defining the objectives of future investigations, designing sampling procedures, 
choosing equipment for groundwater colloid sampling and sample preparation, and 
defining analysing techniques to be applied. 

 

 
Figure 1. A colloid agglomeration (Zänker 2002). 
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2   WHAT ARE COLLOIDS AND HOW ARE THEY FORMED? 

When a phase is mixed with another phase, i.e. dispersed, the system is a disperse 
system. If one of the phases is geometrically unique, it is the disperse medium, and the 
other non-unique phase is the disperse phase. The disperse medium is usually in a liquid 
phase but it can also be in a gaseous phase or even in a solid state. Disperse systems can 
be formed by solid particles in liquid (suspensions), liquid drops in liquid (emulsions), 
gas bubbles in liquid (foams), and solids and liquids in gas (fogs and smokes) 
(Tommila, 1950). 

The properties of disperse systems are largely controlled by the grain size of the 
disperse phase. When the particle sizes of the dispersed particles are below 10 nm, the 
system is referred to as being homogeneous; i.e. the system consists only of one phase 
and is regarded as a solution. Disperse systems whose particle sizes range from 10 nm 
to 1000 nm are referred to as colloid dispersions. Colloid dispersions are known as sols, 
e.g. aerosols (gas and solid or liquid) or hydrosols (solid and liquid). The colloid 
particles may be giant molecules, molecule colloids or clusters of several molecules 
called micelle colloids. (Tommila, 1950). The term ‘colloid’ was first used by T. 
Graham in 1861 to denote any suspension of material in a liquid where suspension does 
not appear to separate even after a long period of time. The mechanism that keeps the 
colloidal particles in suspension is the constant, yet random, thermal (Brownian) 
bombardment by surrounding molecules, e.g. water molecules (Kung, 2000). A variety 
of inorganic and organic materials exist as colloids in natural groundwaters: e.g iron, 
aluminium, calcium and manganese oxides, hydroxides, carbonates, silicates and 
phosphates, rock and mineral fragments, biocolloids (viruses, bacteria and protozoans), 
microemulsions of non-aqueous phase liquids and macromolecular components of 
natural organic matter (McCarthy & McKay, 2004). 

Colloids are formed by several mechanisms: Primary generation of inorganic colloids is 
controlled mainly by physical fragmentation of the components of the host rock in 
contact with groundwater (Degueldre et al., 1996/I). The first formed colloids can be 
further eroded into smaller particles (Lerman 1976). The size distribution can be 
expressed as a Pareto power law (e.g. Degueldre et al .1996. See Chapter 3.2.) 
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Secondary generation 

If groundwater and the host rock are not in chemical equilibrium, changes in the 
groundwater chemistry and mineral phases will occur until the equilibrium is 
established (Stumm and Morgan 1981). This can lead to the precipitation of crystalline 
or poorly crystalline phases such as gibbsite, kaolinite, illite, muscovite, oxides-
hydroxides of Fe and Mn, Ca carbonates and Fe sulphides, and amorphous phases such 
as allophane and halloysite (Degueldre et al, 1996). 

 

 
 

Figure 2. SEM micrograph of an agglomerate of the colloidal particles from the mine 
drainage tunnel Rothschönberger Stolln laying on a 5-µm Nuclepore filter (Zänker et, 
al., 2000). 
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3   PROPERTIES OF COLLOIDS 

3.1. Material 

Colloids can be formed from several materials. Natural colloids in subsurface systems 
are formed mainly from the surrounding rock or soil. In shallow systems, organic 
substances are also present in the colloid phase. Bacteria of colloid size have been 
reported even in deep groundwater systems (Pedersen, 1996). 

In granitic groundwater systems, colloids consist mainly of particles derived from the 
host rock, e.g. SiO2, Fe oxide, CaCO3, Mn oxide (Degueldre et al 1996/I, Laaksoharju et 
al. 1993).  

Colloid-size microorganisms are found in deep groundwater systems (Pedersen 2002; 
Pedersen, 1999). The organic character with many different functional groups, e.g. 
phosphates and amines, makes them potent as radionuclide sorbents. The number of 
cells detected in granitic groundwater systems in Sweden and Finland varies from 103 to 
106 cells/ml. The cells were detected from depths of 0 m to 1500 m (Pedersen 2002). 

In laboratory studies, artificial colloid material is often used as reference material or in 
transport studies. The artificial colloids mainly consist of, e.g., polystyrene or silica. 

3.2. Size 

Colloids are very small solid particles (10 - 1000 nm, commonly 20 - 450 nm) that 
remain suspended in the disperse medium. Colloid particles can consist of single solid 
particles or be agglomerates of several smaller particles. The size distribution of 
colloids is continuous (Buffle, 1988) and their normal size distribution can be given as a 
Pareto power law:  

b-Ø
Ø

][
⋅= A

d
colld    (1) 

where A and b are constants (in size intervals), Ø (nm) is the size and [coll] (pt·ml-1) is 
the cumulative colloid concentration for size Ø (e.g. Degueldre et el. 1996/I). 

  { } b)-(1
(M)

b)-(1
(m) ØØ

1
][ −⋅

−
=

b
Acoll   (2) 

An integrated colloid concentration can be determined from a minimum value of Ø(m), 
which is given, e.g., from the lower detection limit, to the maximum size, Ø(M), for 
which colloids are not found in significant concentration (Degueldre et al., 1996/I). 

Constant b has a value of 4, when colloids are produced by erosion, i.e. plain milling 
(Lerman, 1979). In natural media, nucleation and aggregation may modify the values of 
both b and A (Degueldre et al., 1996/I). Aggregation can be evaluated by value b. When 
b = 4 no aggregation has occurred and when b < 4 aggregation may have occurred 
(Fillea & Buffle, 1993). 
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If the colloid number concentration should be expressed in mass concentration, the 
following assumptions are made: A) the colloid particle density. In a natural system 2 - 
2.7 is often used. B) The colloids are assumed to be spherical, which is often not true in 
natural systems. Considering the above assumption, the mass concentration [coll] can be 
calculated from the following equation: 

 

  
Ø

][
6

Ø
Ø

][ 3

d
colld

d
colld

⋅
⋅⋅

=
πρ   (3) 

 

where ][coll  may be expressed in µg/ml (Degueldre etal. 1996). 

The size distribution of the colloids is affected, e.g., by the pH, Redox, concentration of 
specific ions and humic substances (e.g. Düker & Ledin, 1998 and references therein.). 
The size of colloid matter increases as the salinity of the water medium increases 
(Düker & Ledin, 1998; Czinány, 2004).  

In calculations, colloids are usually assumed to be spherical. In natural systems, the 
shapes of colloids vary from planar to elongate or to spherical. The shape depends, e.g., 
on the formation mechanism (fragmentation, aggregation, precipitation) and the colloid 
material. 

 
Figure 3. The cumulative size distribution of colloid particles from various locations. 
AECL:  Atomic Energy of Canada, BGS: British Geological Survey, CEA: 
Commissariat de l´Energie Atomique, PSI: Paul Scherrer Institute, UKNP: Harwell 
Laboratory Nuclear Physics Division, UNOS: University of Norway. GRAV: 
gravimetry, SEM: scanning electron microscopy, PC: single particle counting, TEM: 
transmission electron microscopy.  (Grimsel test site, McCarthy & McKay, 2004). 
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3.3. Stability 

The water chemistry strongly controls the stability of colloids. The amount of colloid 
particles in a solution tends to decrease with the increasing ionic strength of the solution 
(Deguelde et al, 2000; Czigány, 2004). Degueldre et al. (2000) studied the effect of salt 
(Na+, K+) and water hardness (Ca2+, Mg2+) on the colloid stability. The increases in salt 
content and water hardness decrease the colloid stability (Figure 4). The colloid material 
itself also affects the colloid stability. For example Czigány (2004) studied the effect of 
the SAR (sodium absorption ratio) and electrolyte concentrations on different colloid 
materials. The study indicated that silica colloids were the most stable and 
montmorillonite colloids the least stable. Figure 3 shows that silica acts quite differently 
from polydisperse natural colloids and montmorillonite colloids. 

 
Figure 4. Hydrodynamic colloid diameter (Z-averaged) as a function of time for 
selected electrolyte concentrations at pH 10 (Czinány, 2004). 
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Colloids are stabilised by increases in the pH and the dissolved organic content 
(Degueldre et al., 2000), making them more mobile. Studies on metal transport 
associated with biosolid colloids (Karathanasis et al, 2005) indicate, however, that 
decreases in the pH and the colloid size enhance the mobility of metals.  

Colloid population generation/disappearance for a size of Ø may be expressed by the 
variation of the normalised colloid concentration. It may be described by the following 
equation (Degueldre et al., 1996/II): 
 

{ }
Ø)(Ø)(Ø)(Ø)(Ø)(Ø)(

1Ø][
atagdgerdgag DDDPPP

dt
dcolldd

+++++=
⋅ −

(5) 

 

The production rates (P>0) for sizes ranging from Ø to Ø + dØ are: 

P(ag)Ø: the aggregation rate (flocculation) from smaller colloids or species in true 
solution, 

P(dg)Ø: the desegration rate (peptisation) from larger colloids or suspended particles, 

P(er)Ø: the erosion (detachment) rate from the matrix. 

The disappearance rates (D<0) for sizes ranging from Ø to Ø + dØ are: 

D(dg)Ø: the desegration rate (peptisation) rate towards smaller colloids or species in true 
solution. 

D(ag)Ø: the aggregation (flocculation) rate towards larger colloids or suspended particles 

D(at)Ø: the attachment (filtration) rate to the matrix. 

For analytical reasons the equation can be simplified, so that only aggregation is 
considered to affect the colloid stability in fractured rock systems (Deguelrde et al., 
1996/II). The fundamental equation describing this process was developed by 
Smoluchowski in 1917 (Degueldre et el., 1996/II). 
 

  Ø)(Ø)(

-1}Ø][{
agag DP

dt
dcolldd

+=
⋅    (6) 

 

The aggregation term can be expressed by the following equation: 
 

 ∑ ⋅⋅⋅⋅⋅−=
i

ijijag dcollddcollBaD )Ø][()Ø]([ -1-1
Ø)(   (7) 

where a is the chemical, dimensionless attachment factor: 

a = interparticle attachment rate/interparticle collision rate and Bi,j is the collision 
frequency factor (physical) for colloids of sizes Øi and Øj (Degueldre et al., 1996/II). 
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For a monodispersed population of spherical colloids, equation 6 is given by (Mills and 
Liu, 1991): 

 

  2][
3

4][ coll
v

Tk
a

dt
colld b

⋅
⋅⋅

⋅−=    (8) 

 

This corresponds to a second-order kinetic reaction, and the colloid population half-life 
(t1/2) is defined by: 

 

  
0

2/1 ][4
3

collTka
vt

b ⋅⋅⋅⋅
⋅

=    (9) 

 

for monodispersed colloids of initial concentration [coll]0, with v being the water 
viscosity, T the absolute temperature and kb the Bolzman’s constant (Degueldre et al., 
1996/II). 

In natural groundwaters, both colloids and rock surfaces are negatively charged, their 
attachment thus being weak, i.e. a < 1. The attachment factor can be estimated by the 
DVLO theory (Deraguin, Landau, Verwey, Overbeek) (Hogg et al., 1966). However, 
the calculated attachment factors are of an order of magnitude smaller than those 
obtained experimentally (Grauer, 1990; O’Melia, 1987; O’Melia and Tiller, 1993). 

The colloid population stability may be examined by the Pareto law parameters (see eq. 
1) (Buffle, 1988) for a steady-state situation: 

 

0][
=

dt
colld  (10) 

and: 

0=
dt
db  (11) 
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Figure 5. Comparison of the colloid concentration on the basis of alkaline and alkaline 
earth element concentration. Conditions: colloid size >100 nm; the arrows denote the 
decrease in stability. Locations: Swizerland – Transitgas tunnel (1-16), Grimsel Test 
Site (GTS), Leuggern (LEU), Zurzach (ZUR), Wellenberg (WEL6); Canada – Cigar 
Lake (CIL139); Nevada, USA – (J13); Germany – Gorleden (GO532), Menzenscwand 
(MZD), Bad Säckingen (BDS); UK – Markham (MARK); Brazil – Morro do Ferro 
(MF12); Gabon –Bangomé (BAG2) (Degueldre et al. 2000). 

 

Atomic force microscopy has been used to study the colloid morphology and changes in 
the morphology versus pH. Lead et al. (2005) discovered that the colloid shape varied 
as a function of the pH. Substantially different structures were observed at high pH 
values, with the loss of near-spherical colloids possibly due to rearrangement and 
aggregation (Lead et al, 2005). 
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3.4. Mobility 

In porous media, colloid transport can be described by the filtration theory (Czigány, 
2004). The filtration theory describes the mechanisms of colloid transport to the solid 
collector (collector efficiency) and the probability of colloids attaching to the collector 
(collision efficiency). Contact between the collector and the colloid can occur owing to 
interception, diffusion (Brownian motion) and sedimentation (Czigány, 2004). The total 
collector efficiency, ηtot, is the sum of these individual efficiencies (ηi; interception, ηg; 
sedimentation, ηd; diffusion) (Yao et al., 1971). 

 
dgitot ηηηη ++=  (12) 

 

The single collector efficiencies are given as (Logan et al., 1995): 
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where Øc is the colloid diameter, Øm is the diameter of the spherical collector, ∆ρ is the 
difference between the colloid and fluid densities, v is the pore-water velocity, η is the 
dynamic viscosity and D is the colloid diffusion coefficient. The diffusion coefficient 
can be calculated with the Stockes-Einstein equation (Flury and Gimmi, 2002): 

 

Ø3πη
kbT

f
kbTD ==   (16) 

 

where kb is the Boltzmann constant, T is the absolute temperature in K, and f is the 
friction factor. The right-hand side of the equation is valid for a spherical particle. 
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In slowly flowing groundwater, the transport of colloids is dominated by diffusion 
(Degueldre et al., 1996). When the pore-water velocity increases, sedimentation 
dominates the transport of colloids. Interception can generally be neglected (Czigány, 
2004).  In fractured systems, the mobility of colloids is a function of the water velocity 
and sticking properties with the rock phase (Degueldre et al., 1996/II).  In colloid 
transport studies (McCarthy & McKay, 2004), colloids have been found to be 
transported faster than nonreactive solute tracers in fractured media. This is largely due 
to the diffusion of the solutes, but not of the colloids, in the fine pore structure. Colloids 
are readily retained in the air-water-solid interface in the vadose zone, where the film 
thickness is approximately equal to the colloid diameter (Zevi et al., 2005). It is more 
complicated to study the mobility of colloids in the vadose zone because of the presence 
of air (McCarthy & McKay, 2004). 

 

 
 

Figure 6. Retention of slightly hydrophobic colloids in AWmS (Air-Watermeniscus-Solid) 
and AW interfaces (a-d) and on sand grain surfaces (e-f) (Zevi et al., 2005). 
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3.5. Contaminant transport 

Contaminant molecules or particles may be sorbed into the colloid particles and further 
migrate by groundwater movement. Radionuclides such as plutonium, americium, 
cobolt-60 and cesium-137 (Kung, 2000), PAH compounds (Villholth, 1999; Backhus et 
al., 1993) and PCB compounds (Backhus et al., 1993) are reported to have been 
transported by colloids in groundwater. Size fractionation studies with cross-flow 
ultrafiltration show that <4% of Pu-239 or Pu-240 is found in the colloidal fraction (Dai 
et al., 2002). An interesting result was obtained by studying colloid format fronts (Wan 
et al., 2004). The concentration of mobile colloids is much higher (hundreds or 
thousands of times) in the plume front than inside the plume.  

The surface complexation capacity for inorganic colloids can be estimated assuming 
colloid particles to be spherical. Two hypotheses can be proposed: A) complexation 
occurs on the surface of the spherical particles, with a site density of 3 sites per nm2. B) 
The particles are assumed to be nanoporous entities with a site density of 3 sites per 
nm3. Assumption A) gives the minimum complexation capacity and B gives the 
maximum complexation capacity (Degueldre, 1995). The complexation capacities can 
be calculated by the following equations:  

 

A) 
Ø[

][Ø
Ø

][ 2

d
colld

d
sited

⋅∆⋅⋅= π  (17) 

 

B) 
Ø

][
6
Ø

Ø
][ 3

d
colld

d
sited

⋅∆⋅
⋅

=
π  (18) 

 

where [site] is the complexation capacity, Ø is the colloid size (nm) and [coll] is the 
colloid concentration (Degueldre, 1995). 

The distribution of trace elements (e.g. uranium) between the colloid and water phases 
was studied by Pedersen et al, 1996 in the Oklo area, which is a natural fossil nuclear 
reactor. The results showed that uranium could be bound to humic substances in 
groundwater in large fractions (8% to 67%). The distribution coefficient (Kp) for 
uranium was 2·106 ml/g. The Kp value indicated that uranium was not only sorbed to but 
also associated with groundwater colloids (Degueldre, Ulrich & Silby, 1994). 
Distribution coefficient Kp can be estimated by the following formula (Pedersen et al. 
1996): 

 

 
][

1
][

][
collU

U
K coll

p ⋅=  (19) 

 

where [U]coll is the uranium concentration associated with colloids, [U] is the total 
uranium concentration and [coll] is the colloid concentration. 
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Humic and fulvic acids generally form strong complexes with highly charged metal ions 
(e.g. actinides). Humic and fulvic acids can comprise up to 15% of the dissolved 
organic carbon (DOC) in groundwater (Malcom, 1991). In groundwater in granitic 
bedrock, the humic substances constitute only a minor fraction of the organic matter 
(0.5% to 3%) (Pedersen et al., 1996). The amounts of organic carbon in granitic 
groundwater systems are generally low, few mg/l (Karlsson et al, 1994). 

Comment in Czigány (2004) 

Ionic strength has pronounced but opposite effects on the colloid and radionuclide 
transport. High ionic strength enhances the mobility of radionuclides owing to 
competition for exchange sites between the electrolyte cations and the radionuclide. On 
the other hand, colloids are destabilised in solutions of high electrolyte concentrations 
as their diffusive double layer is compressed and the particles are more prone to 
aggregation. 

 
Figure 7.  Effect of low and high ionic strengths on colloidal mobility and on the 
transport of radionuclides. At low ionic strength colloids are stableand mobile in the 
pore water and might facilitate cesium transport (Czigány, 2004). 
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4   SAMPLING METHODS 

4.1. Overview 

When collecting colloid samples from groundwater, special care must be taken to avoid 
contamination and artefact formation. Artefacts may be formed while sampling with 
several processes: A) Changes in groundwater chemistry, initiated by, e.g., pumping or 
exposure to oxygen, can result in precipitation. B) High pumping rates can cause 
cemented colloids to be remobilised. C) Artefacts may be produced by improperly 
cleaned equipment, e.g. filters, or by an inadequate filtering technique. D) Unstable 
colloids may be stabilised by organic compounds (Laaksoharju et al 1993; Deguelder et 
al., 2000). 

To estimate the effect of potentially precipitating phases (which may also occur as 
sampling artefacts), it is necessary to determine whether or not dissolved species are 
saturated in groundwater with respect to solid phases (Degueldre et al., 1996). Consider 
the reaction: 

 

  )()()( smnaqaq BAmBnA ⇔+  

 

where A(aq) and B(aq) are dissolved species and AnBm(s) is in the solid phase (either 
colloidal or solid). If the ion activity product, IAP, is defined as the product 

][][ )()( aq
n

aq BA ⋅  where ][ )(aqA  and ][ )(aqB  are the activities of A and B in the solution 
and solubility product: KT is defined as the ion activity product in equilibrium, then a 
saturation index, SI, can be defined as 

 

 SI = log(IAP/KT) (20) 

 

 SI is positive when the solution is oversaturated and negative when undersaturated. SI 
can be calculated by running any thermodynamic aqueous speciation model such as the 
PHREEQE program (Parkhurst et al., 1985) for the species whose KT is known, using 
current databases (e.g. Pearson et al., 1992). 

As mentioned earlier, organic matter can stabilise colloids and therefore cause 
inconsistency in the estimated and observed results. The effect of organic matter is 
usually taken into account in shallow water systems, which generally have higher 
concentrations of organic matter (Laaksoharju et al., 1994). 

Long transport times and distances (including long hoses) may cause degassing and air 
contamination for the samples (Laaksoharju et al., 1993; Degueldre et al., 1996/I). The 
optimum pumping rate should therefore be determined on the basis of the sampling 
purpose: High pumping rates increase the colloid content and slow pumping rates may 
change the sample owing to long transport and decompression times (Laaksoharju et al., 
1993). It is reported that colloids are affected by long storage times (Kung, 2000). The 
samples are most likely affected by degassing, which causes changes in the water 
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chemistry. The water sampling must also be optimised so that only native suspended 
colloids are collected and the colloids generated (e.g. re-suspended) are excluded 
(Degueldre et .al., 1996/I). It is advisable to do as much characterisation in situ or online 
while collecting colloid samples (Degueldre et al., 1996/I). Although all the above-
mentioned precautions are considered, the concept of a representative groundwater 
sample is still problematic, because the nature and abundance of colloids can be 
influenced by seasonal or storm-related variations in the flow and chemistry, especially 
in unconfined aquifers or in fast-flow karst systems (McCarthy & McKay, 2004). 

Humic and fulvic acids are typically macromolecular, anionic and, on the other hand, 
have an unpolar character. The materials used for sampling should be appropriate for 
the task. Suitable materials for sampling purposes are e.g., glass and quartz (Manninen 
& Nordlund, 2005). 

The concentrations of humic and fulvic acids in groundwater are usually very low. For 
analysis, litres to even hundreds of litres of groundwater are required to be able to 
isolate an appropriate number of humic and fulvic compounds (Manninen & Nordlund, 
2005). A concentration trap can be used to reduce the amount of the required sample. 
The trap can be installed in the sampling well or next to the well (Manninen & 
Nordlund, 2005). 

In environmental investigations, it is recommended that groundwater samples should 
not be filtered, because some mobile colloid loads may be filtered in the process 
(Backhus et al., 1993). In general, the decision to filter samples is mainly a question of 
the objective of the investigation. If colloids are to be analysed instead of the total 
mobile contaminant load, it is advisable to filter the samples online.  There are several 
online/in-situ sampling methods. The filtering methods include, for instance, ordinary 
filtration, inert filtration and ultrafiltration.  

4.2. Sampling colloids from different groundwater environments 

Different geological formations are hosts to groundwater. The formations can be 
divided into two main categories, fractured rock formations and soil formations. The 
groundwater sampling method and the used pumping rates depend on the aquifer 
properties and on the objective of the sampling programme. 

In soil formations, the groundwater is extracted via screened wells. It is recommended 
that low pumping rates be used. The objective of the technique is to minimise the stress 
(drawdown) to the water system. Typically, flow rates are in the order of 0.1 to 0.5 
L/min (Puls & Barcelona, 1996). Water quality parameters (pH, specific conductance, 
dissolved oxygen, temperature, turbidity) should be monitored to determine when the 
formation water is accessed during purging (Puls & Barcelona, 1996). In low-
permeability formations, the recharge might be too small for active sampling. In such 
cases passive sample collection may be used (Puls & Barcelona, 1996). A passive 
sampling method based on a dialysis cell is described in Chapter 4.2.1. 
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Different techniques are applied to collect water samples from the vadose zone, such as 
free drainage lysimeters, suction cups or porous plates and fibreglass wicks or rock 
wool samplers. All of the techniques have advantages and disadvantages. Free-drained 
lysimeters only operate when the soil becomes saturated, and thereby cause 
hydrodynamic artefacts (Abdou & Flury, 2004). The use of a porous material, on which 
suction is applied to remove the pore water from the soil, can eliminate these artefacts. 
Fibreglass wicks have been used as pore-water samplers by, e.g., Brown et al. (1998). 
The wick lysimeter is relatively cheap and easy to maintain. The suitability of fibreglass 
wicks for colloid sampling was tested by Czigány (2004). The study showed that 
portions of colloids were retained in the wick. For this reason, wicks can be used for 
colloid sampling only under certain conditions. 

In fractured rock formations, EPA suggests (Puls & Barcelona, 1996) that in 
conjunction with low-flow purging packers are used to isolate the sampling zone. It is 
also imperative to identify the flow paths of the water-producing fractures (Puls & 
Barcelona, 1996). If sampling is performed in an underground rock cavern that is 
beneath the groundwater table, no pumping is needed to collect the water samples. The 
water should be collected from boreholes isolated with packers and a tap, installed to 
control the flow rate.  

A passive method for groundwater sampling is described in Weisbrod et al., 1996. They 
used a multilayer sampler (MLS). It is based on the use of a dialysis cell with large 
pore-size membranes that are in dynamic equilibrium with the mobile colloid and liquid 
phases in the aquifer (Weisbrod et al., 1996).  

The sampler is composed of a sequence of criss-crossed dialysis cells separated by seals 
that fit the well screen. The colloids percolate through the filter membrane that covers 
the dialysis cell. The transport is driven mainly by diffusion and possibly by advection. 

The cell is immersed into the groundwater for weeks so that equilibrium is achieved. 
After the MLS is retrieved, the dialysis cell is sealed with a Teflon liner and a PVC cap 
to maintain the original groundwater conditions. The cells are placed in glass bottles 
and transported to a laboratory for analysis. The samples are filtered off-line. 
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The use of dialysis cells requires knowledge of the equilibration time of the cells with 
the colloid suspension of the outside groundwater solution. The reversibility of the 
percolation process must also be tested. 

 
Figure 8. Schematic representation of the multilayer sampler inside a well PVC screen 
(Freedman, Ronen & Long, 1996). 

 

4.3. Colloid isolation techniques 

4.3.1. Ordinary filtration 

In ordinary filtration, the collected water samples are filtered under atmospheric 
conditions with, e.g., four membrane filters of different sizes. Since the sampling is 
performed under atmospheric conditions, changes in the water chemistry may cause 
artefact material (Laaksoharju et al., 1993).  

4.3.2. Inert filtration  

(Described in more detail in Laaksoharju et al., 1993). 

In this method, each filter is used separately instead of being coupled in series. The 
same volume of water is led through each filter and N2 gas is used to minimise the 
atmospheric contamination. 

Inert filtration is a relatively simple and reliable method for collecting conservative 
colloid samples. The vacuum pump used for the filtration may effect changes in the 
partial pressures and hence increase the risk of calcite precipitation. It is recommended 
that nitrogen and CO2 gas should be used to press the water through the filter and to 
simulate the in-situ partial pressure (Laaksoharju et al., 1993). 
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4.3.3. Ultrafiltration 

In ultrafiltration, colloidal material is separated by filtration through a membrane. The 
used membranes may have a nominal pore size smaller than 15 nm (e.g. Laaksoharju et 
al., 1993) Concentration polarisation problems can be avoided by tangential flow or 
crossflow techniques (described later). The ultrafiltration process is quite slow 
compared with other filtration methods, so it is advisable to perform the filtration under 
inert conditions to avoid artefact formation by, e.g., air contamination (Laaksoharju et 
al., 1993). In the TVO/SKB co-operation project experiment, the ultrafiltration 
procedure with various steps took about two days (Laaksoharju et al., 1993). The 
ultrafiltration process may be speeded up using centrifugation (Vuorinen & Hirvonen, 
2005).  

In tangential flow and crossflow, the fluid stream sweeps the filter membrane surface 
tangentially. The stream flushes and keeps the particles in dispersion, thus preventing 
concentration polarisation. The membrane can be flat or it can also be a so-called 
hollow fibre. The flow rates for the different filters are manufacture-specific. For a 100-
nm pore diameter the flow rates are 800-1100 ml/min and for 1 nm the flow rates are 
15-30 ml/min (Marley et al., 1991). 

4.3.4. Humic samples 

Humic substances can be collected on a weak anion exchange resin, called 
dietylaminoethyl-cellulose (DEAE-cellulose). Pre-treatment of the groundwater is not 
needed in this method. The humic substances are desorbed from the resin with 0.1 M 
NaOH and neutralised with HCl. A more detailed description of the method can be read 
in Petterson et al, 1990 and Petterson, 1992.  

The humic colloids can also be separated by flow field fractionation (FFF), size 
exclusion chromatography (SEC) (Bouby et al, 2002 and Manninen & Nordlund, 2005). 
A more detailed description of the humic and fulvic colloid isolation is given in 
Manninen & Nordlund, 2005. 



20 

 

5   ANALYSED PARAMETERS AND ANALYSING TECHNIQUES OF 
COLLOIDS 

5.1. Size distribution 

Size distribution derived solely from filtration data must often be viewed as semi- 
quantitative (SKB artefacts). The Laser Light Scattering (LLS) and Laser-Induced 
Breakdown Detection (LIBD) systems are used to measure the colloid particle size 
distribution. Single particle analysis has been used to provide the size distribution of 
colloids in granitic groundwater systems (Degueldre et al, 1996/I). A brief description 
of these methods is given below. 

5.1.1. Laser Light Scattering 

Laser Light Scattering systems are able to detect particle sizes in the range of 50 nm to 
1000 nm (Kung, 2000). The system operates on the principle that the light scattered by a 
liquid-borne particle resident in a laser beam is directly proportional to the particle size. 
The method is non-destructive, and commercial portable systems are available. A High-
Sensitivity Liquid In Situ Particle Spectrometer has been used, for example, in Los 
Alamos National Laboratory, New Mexico, USA, to determine groundwater colloid size 
distributions (for more detail, see Kung, 2000). Small colloids may be optically masked 
by larger colloids. The small particles may be unmasked by removing the larger particle 
using filtration or centrifugation (Zänker et al., 2000).  

 
Figure 9. Particle size distribution in an acid rock drainage (ARD) sample from 
Freiberg (colloid concentration: about 1g/L) according to PCS. (a) Raw sample. (b) 5-
µm filtrate. (c). 400-nm filtrate. (d) 50-nm filtrate. Filtration through sufficiently small 
filter pores results in the unmasking of the ultrafine colloid particles.  
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5.1.2. LIBD 

Aquatic colloids of dilute concentrations are often not detectable with the conventional 
light scattering systems (Fillela et al. 1997; Wimmer et al. 1992; Bundscuh et al. 2002; 
Deguldre et al. 1996). The LIBD method is based on the generation of a dielectric 
breakdown in the focus region of a pulsed laser beam (Bundschuh et al., 2001; Kitamori 
et al., 1989; Scherbaum et al., 1996; Bundschuh et al., 2001, Hauser et al., 2000; 
Radziemski & Cremers, 1989; Fujimori et al. 1992). The breakdown of solid particles in 
a liquid or gas medium can be generated selectively, because the threshold energy 
required to initiate the breakdown of solids is lower for liquids or gas (Scherbaum et al., 
1996). The method measures the average colloid size and particle concentration of the 
focus volume. The laser pulses can have constant energy, thus allowing faster 
measurements. The constant energy method can only measure dilute colloid solutions. If 
colloid concentrations are high an alternative method must be used.  One method is the 
S-curve interpretation (Hauser et al., 2002). 

Each particle size has breakdown threshold energy of its own; the average colloid size 
can therefore be also determined by calibrating the laser threshold energy (Hauser et al. 
2002). The threshold energy can be derived by detecting the breakdown probability as a 
function of the laser pulse energy (Hauser et al., 2002). 

5.1.3. Single particle analysis using SEM 

The single particle analysis is based on the Pareto power law (see eq. 1). The size 
distribution is produced for each filter membrane, with operational sizes ranging from 
40 nm to 100 nm. Each observed particle is divided into size groups and counted.  The 
distribution parameters are calculated on the basis of the filtered volume V (ml), the 
number of the counted particles (for a given size range) per class (dN·dØ-1) reported for 
the average size ranges (e.g. 60, 100, 140 … nm), magnification of the electron 
microscope and the active surface of the filter s (cm2). The full formula is thus:  
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∑ corresponding to the sum of the various micrographs examined. The method 
assumes that each micrograph is representative of its colloid loading (Degueldre et al, 
1996/I).  

To avoid calcite precipitation during sample transportation, groundwater samples can be 
diluted with ultra-pure water.  The original colloid concentration is hence obtained by 
the following equation: 
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where [coll] is the colloid concentration in the groundwater, [coll]sample is the colloid 
concentration in the sample and [coll]bl is the colloid concentration in the ultra-pure 
water. Both Pbl and Pgw are the portion of each blank and groundwater fluid volumes 
(Pedersen et .al., 1996). 

The method can separate particles as small as 40 or even 20 nm. The resolution and the 
smallest size are limited by the sample preparation (10 to 20 nm gold coating), the 
microscope and the counting unit (Degueldre et al., 1996/I). 

5.2. Elemental and morphological analysis 

The elemental analysis of colloid particles can be performed from larger single particles 
(>500 nm) or from aggregates of smaller particles or from a filter cake with an energy 
dispersive X-Ray spectroscope, EDS (e.g. Degueldre et al. 1996/I), which is a non-
destructive analysis method. The EDS can be mounted to an SEM. The elemental 
analysis can thus be carried out simultaneously with the morphological analysis. The 
XRD analysis is used to determine the mineralogy of the colloids. Difficulties may arise 
if small amounts of material are analysed (e.g. Laaksoharju et el, 1993). Elemental 
concentrations of isolated colloids can be analysed after sample decomposition by 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) or Inductively Coupled 
Plasma Atomic Emission Spectrometry (ICP-AES). The ICP-MS is also applicable to 
the isotopic analysis. 
 
SEM EDS 
 
In scanning electron microscopy (SEM), an electron beam is scanned across the surface of a sample. 
When the electrons strike the sample, a variety of signals are generated, and it is the detection of specific 
signals that produces an image of the elemental composition of the sample. The three signals that provide 
the greatest amount of information in SEM are the secondary electrons, backscattered electrons, and X-
rays.  
 
Secondary electrons are emitted from the atoms occupying the top surface, thus producing a readily 
interpretable image of the surface. The contrast of the image is determined by the sample morphology. A 
high-resolution image can be obtained thanks to the small diameter of the primary electron beam. 
 
Backscattered electrons are primary beam electrons, which are 'reflected' from atoms in the solid. The 
contrast of the image produced is determined by the atomic number of the elements in the sample. The 
image will therefore show the distribution of the different chemical phases in the sample. Since these 
electrons are emitted from a depth in the sample, the resolution of the image is not as good as for 
secondary electrons.  
 
Interaction of the primary beam with atoms in the sample causes shell transitions, which result in the 
emission of X-ray beams. The emitted X-rays have an energy characteristic of the parent element. 
Detection and measurement of the energy permits elemental analysis (Energy Dispersive X-ray 
Spectroscopy or EDS). EDS can provide a rapid qualitative or, with adequate standards, quantitative 
analysis of the elemental composition with a sampling depth of 1-2 microns. X-rays may also be used to 
form maps or line profiles, showing the elemental distribution on the sample surface. 
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AFM/SPM 
 
Scanning Probe Microscopy (AFM/SPM) provide topographic information down to the Angstrom level.  
Additional properties of the sample, such as thermal and electrical conductivity, magnetic and electric field 
strength, and sample compliance can simultaneously be obtained using a specialty probe.  Many 
applications require little or no sample preparation. 
 
The Atomic Force Microscope uses a physical probe raster scanning across the sample using piezoelectric 
ceramics. A feedback loop is used to maintain a constant interaction between the probe and the sample. 
The position of the probe and the feedback signal are electronically recorded to produce a three 
dimensional map of the surface or other information depending on the specialty probe used.  
 
Data Output is either a three dimensional image of the surface or a line profile with height measurements. 
The surface roughness parameters of Ra or RMS are also available with either of the above outputs.  
 
Other types of feature analysis include Partial Grain Size Analysis, Bearing Ratio, Fractal Dimension, 
Power Spectrum, and Fast Fourier Transform.  
 
www.photometrics.net/AFM.html 
 
Energy Dispersive XRF (EDXRF) 
 
X-rays irradiate the samples from a tube. Counting the pulses at the different energy levels identifies the 
elements and their concentration. A multichannel analyser is usually used for displaying and providing the 
data. Here each channel counts the number of photons with a certain energy level simultaneously. 
 
An energy dispersive X-ray fluorescence (EDXRF) spectrometer makes use of the fact that the pulse 
height of the detector signal is proportional to the X-ray photon energy, which correlates with the 
wavelength. The optical path is therefore simple; no crystals or goniometers are needed and the 
fluorescence photons from the sample hit the detector directly.  
 
XRD 
 
X-ray diffraction is a non-destructive technique that reveals detailed information about the chemical 
composition and crystallographic structure of natural and manufactured materials. A crystal lattice is a 
regular three-dimensional distribution (cubic, rhombic, etc.) of atoms in space. These are arranged so as 
to form series of parallel planes separated from one another by distance d, which varies according to the 
nature of the material. For any crystal, planes exist in a number of different orientations - each with the 
specific d spacing of its own.  
 
When a monochromatic X-ray beam with wavelength lambda is projected onto a crystalline material at an 
angle theta, diffraction occurs only when the distance travelled by the rays reflected from successive 
planes differs by a complete number n of wavelengths. 
 
By varying the angle theta, the Bragg's Law conditions are satisfied by different d spacing in polycrystalline 
materials. Plotting the angular positions and intensities of the resultant diffracted peaks of radiation 
produces a pattern that is characteristic of the sample. Where a mixture of different phases is present, the 
resultant diffractogram is formed by addition of the individual patterns.  
 
Based on the principle of X-ray diffraction, a wealth of structural, physical and chemical information about 
the material investigated can be obtained. A host of application techniques for various material classes is 
available, each revealing its own specific details of the sample studied. 
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Wavelength Dispersive XRF (WDXRF) 
 
X-ray spectrometry methods are founded on Moseley's relationship, showing that the reciprocal of the 
wavelength of characteristic radiation for any given spectral line of a series (i.e. K, L, M etc.) is directly 
related to the square of the atomic number. These wavelengths are well documented. By measuring the 
wavelengths of characteristic X-radiation one can infer the atom from which it originates.  
 
In WDXRF spectrometry, the polychromatic beam emerging from a sample surface is dispersed into its 
monochromatic constituents by the use of an analyzing crystal according to Bragg's law. The wavelength 
for any measured line is computed from a knowledge of the crystal parameters and diffraction angle. A 
selection of crystals is necessary in order to cover the wavelength range of interest.  
 
In a simultaneous WDXRF spectrometer one or more detectors are placed at the certain angle for an 
element and so it is possible to measure different elements simultaneously.  
 
In a sequential WDXRF spectrometer the crystal is turned and the spectrum is measured sequentially 
scanning the wavelengths by changing the 2θ angle. In both cases the elements and their concentration 
are identified by the spectral intensities. 
 
 http://www.panalytical.com/ 
 
ICP-MS, ICP-AES 
 
ICP-MS (Inductively Coupled Plasma Mass Spectrometry) is a type of mass spectrometry that is highly 
sensitive and capable of simultaneous analysis of a range of metals at below the parts per a billion level. It 
is based on coupling together an inductively coupled plasma as an ion source with a mass spectrometer 
as a method of detecting the ions. 
 
ICP (Inductively Coupled Plasma) - is a high temperature plasma (ionised argon) sustained with a 
radiofrequency electric current, which acts to produce ions. 
 
MS (Mass Spectrometry) the ions from the plasma are extracted through a series of cones into a mass 
spectrometer, usually a quadrupole.  The ions are separated on the basis of their mass-to-charge ratio and 
a detector receives an ion signal proportional to the concentration. 
 
The concentration of a sample can be determined through calibration with elemental standards. ICP-MS 
also lends itself to quantitative determinations through isotope dilution, a single point method based on an 
isotopically enriched standard. 
 
Other mass analyzers coupled to ICP systems include double focusing magnetic-electric sector systems 
with both single and multiple collector, as well as time of flight systems (both with axial and orthogonal 
accelerators). 
 
ICP-AES (Atomic Emission Spectrometer) uses the ICP to produce excited atoms which emit radiation at a 
wavelength characteristic of a particular element. The intensity of this radiation is indicative of the 
concentration of the element within the sample. This technique is also often referred to as ICP-OES 
(Inductively Coupled Plasma Optical Emission Spectrometry). 
 
http://en.wikipedia.org/wiki/ICP-MS 
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5.3. Colloid stability (batch turbidity method) 

The method is relatively simple to apply. A series of clay or colloid dispersions are 
inserted into vials. Each vial has a different electrolyte concentration. The turbidity is 
measured after a predetermined time period, and the critical coagulation concentration 
(CCC) is measured at the time when the turbidity of the suspension decreases 
considerably. The CCC value determined by this method depends on the initial colloid 
concentration, the time allowed for coagulation, and the criteria used to determine when 
the coagulation has occurred (Keren et al., 1988). 

The initial colloid concentration used in batch turbidity studies varies from 100 to 1000 
mg/L (Czigány, 2004 and references therein). In subsurface systems, the colloid 
concentrations are usually below 10 mg/L (Czigány, 2004). The settling time used by 
different authors also varies from 3 hours to 7 days and even 15 months (Czigány, 
2004). The coagulation criteria used in the literature range from turbidity decreases of 
95% to 50% and to visual inspection of the turbidity. 

Another method to determine the CCC is based on the dynamics of aggregate formation 
in suspension (Czigány, 2004). Since the aggregate size is usually measured by the light 
scattering, low colloid concentrations are employed for the method (Czigány, 2004). In 
this method, the colloid suspension is adjusted to the desired electrolyte concentration 
and immediately analysed with the light scattering. The light scattering technique rests 
on the assumption that colloids are spherical and monodisperse.  

Stability ratio W is defined as the ratio of the fast to slow aggregation rates (Holthoff et 
al., 1996); 
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where ka,fast is the aggregation rate in the fast aggregation regime and ka is the 
aggregation rate of the slow aggregation regime. 

Note: The fast aggregation rate (i.e. favourable) condition may be fulfilled at a high 
electrolyte concentration, whereby the deposition rate becomes independent of the 
electrolyte concentration. 

The slow aggregation rate is the aggregation rate of the observed conditions. 

It is convenient to use the inverse of the stability ratio, as W-1 is equivalent to the 
collision efficiency in colloid deposition (Grolimund et al., 2000). W-1 can be calculated 
by the following equation (Holthoff et al., 1996; Beherens et al., 2000):  
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where ηfast and η are the initial particle number concentrations in the fast and slow 
aggregation regimes and Rh is the hydrodynamic radius measured by the light scattering 
(Czigány, 2004). 
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The CCC is obtained when the fast and slow aggregation rates are equal, i.e. when the 
stability ratio is W ≈ 1 (Heimenz & Rajagopalan, 1997). Grolimund et al. (2001) 
proposed an empirical equation to determine the CCC from the stability ratio data 
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where Cs is the molar electrolyte concentration and β is the slope dln(1/W)/dln(Cs) for 
slow aggregation. 

5.4. Colloid transport 

Colloid transport has been studied in various porous and fractured media, mainly in 
column experiments (Weisbrod et al., 2003). Experiments in natural systems have also 
been conducted. The transport rate of the colloids is controlled by the pore-water 
velocity and the attachment/detachment from the matrix surfaces. The 
attachment/detachment kinetics is commonly modelled as first-order processes, using 
the filtration theory (Elimelech et al., 1995). Colloidal sorption in gas-liquid-solid 
interfaces has been recently recognised as an important process controlling the transport 
rate and extent (e.g. Wan et al., 1994 in Weisbrod et al. 2003; Lead et al., 2005).  

In column experiments, a known concentration of colloids is injected into the column. 
The transportation of the colloids is evaluated by analysing the effluent breakthrough 
curves (Weisbrod et al., 2003). The colloid concentrations are analysed with the light 
scattering technique. The advantage of the method is that it is fairly simple to apply. 
The internal processes occur within a “black box”, where direct observation is not 
possible (Weisbrod et el., 2003).   

Weisbrod et al. (2003) have tested a light transmission technique to evaluate colloidal 
transport and dynamics in porous media. The method uses a 2-D light transmission flow 
cell with translucent porous media and fluorescent colloids. Transmitted light at a 
controlled wavelength is used to induce a measurable fluorescence. The fluorescence is 
subsequently separated from the overall light output and corrected for spatial and 
temporal distribution microspheres (Weisbrod et al., 2003). The emitted light detected 
by the CCD camera is proportional to the concentration of microspheres in a saturated 
system. In an unsaturated system, it is a combination of the microsphere concentration 
and air bubbles trapped in the system (Weisbrod et al, 2003). The described 
experimental system is limited to translucent porous media and fluorescent colloids ( 
Weisbrod et al., 2003). 

The principle of studying colloid transport is the same as in common tracer studies. A 
known concentration of labelled colloids is injected into the groundwater system via 
screened wells or boreholes. The groundwater is analysed downstream from one or 
several wells or boreholes. The transport of the colloids is evaluated by the analysed 
colloid concentrations downstream of the injection point. 
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Figure 10. A schematic representation of a tracer study (Laaksoharju et al., 2002). 

 

Colloid attachment/detachment from minerals can be studied with a contact test unit 
(Degueldre et al., 1996/II). Two crystals of the mineral studied as a collector are 
attached to a holder in a closed cylindrical box. The two parallel mineral faces studied 
for the colloid partitioning are separated at a controlled distance. A meniscus of 
colloidal solution is carefully injected between these two faces. Aliquots of the solution 
are taken laterally using a microlitre pipette at predetermined time intervals. The 
colloids in the solution are labelled with, e.g., 241Am and the colloid concentrations can 
then be determined by measuring the activity of the solution (Degueldre et al., 1996/II) 

Mineral sample

Colloid solution

Colloid attaced to mineral 
surface

 
Figure 11. A contact test unit (modified after Degueldre et al., 1996/II). 
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6   DISCUSSION 

6.1. Sampling techniques 

A variety of sampling techniques are applied to sample groundwater colloids. While 
planning a sampling programme the objective of the investigation has to be determined. 
The chosen sampling method may greatly affect the results owing to, e.g., artefact 
formation. Several authors recommend that low pumping rates should be used for 
groundwater colloid sampling. This procedure is useful for samples extracted from 
shallow depths, where transport distances are quite short and the objective of the 
sampling is to determine the mobile elements in the groundwater. If the objective is to 
characterise the groundwater colloids and when the sampling is performed from greater 
depths, the transport distances increase and oxygen diffusion through pipelines and 
hoses may initiate artefact formation. The differences between in-situ and on-site 
conditions also tend to increase. So in deep groundwater sampling a higher pumping 
rate may be more beneficial than a low pumping rate. The artefact formation must be 
carefully studied, however, before taking a decision on the pumping rate to be used. The 
factors that control the colloid stability should always be measured during sampling. It 
is also recommended that the possibility of precipitating phases should be evaluated. 

If the objective of the sampling is to determine the total concentration of mobile 
elements in groundwater, it is not necessary to preserve the colloids for, e.g., a 
morphological analysis. Instead, it is necessary to obtain a water sample that represents 
the mobile phase of the colloids. In such sampling, the water samples should not be 
filtered and the pumping rate should be adjusted, so that the stress applied to the aquifer 
is minimal (Backhus et al., 1993, Puls & Barcelona, 1996). An alternative way is to use 
the passive colloid sampling described in Chapter 4.2.1. The total number of mobile 
elements may then be analysed from an unfiltered sample. If precipitation occurs while 
sampling, the precipitates may be resolved at a laboratory. 

The concept of a representative groundwater sample is problematic, because the nature 
and abundance of colloids can be influenced by seasonal or storm-related variations in 
flow and chemistry, especially in unconfined aquifers or in fast-flow karst systems 
(McCarthy & McKay, 2004). In groundwater environments occurring in deep bedrock, 
seasonal variations tend to be smaller. If the groundwater samples are collected from an 
underground rock cavern, studies should be conducted on how much the groundwater 
chemistry changes from the cavern wall outwards in the bedrock. In general, blasting 
disturbs a one-metre zone of the bedrock and, depending on the stressfield and the 
cavern dimensions; a one-metre to several-metre zone of the surrounding rock is 
disturbed by the stressfield in the bedrock. The blasting and rock mechanical 
movements may reopen fractures, create new fractures and therefore alter the flow 
conditions in the vicinity of the cavern. The groundwater flow is also directed towards 
the cavern. The blasting may also introduce foreign elements to the groundwater, e.g. 
nitrogen and new colloids.  

Drilling and well construction may also disturb the groundwater system. Drilling debris 
may occur as colloids and the sand occasionally used in well construction may also 
contain colloids. It is therefore recommended that groundwater samples should not be 
taken directly after the well construction. 
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6.2. Colloid isolation 

Groundwater colloids are usually extracted by filtration. Artefact formation is a general 
concern in filtering. In ordinary filtrations, one major problem is the concentration 
polarisation. This means that larger particles create a filter cake on the filter membrane, 
which retains the smaller particles. Concentration polarisation problems can be 
significantly reduced by crossflow or tangential-flow filtering techniques. In these 
techniques, however, the samples water chemistry might change due to the techniques 
concentrating nature. The used filter should always be cleaned before use, because 
filters may contain colloid-size particles.  

6.3. Analysing techniques 

6.3.1. Size distribution 

The size distribution of colloids is usually determined by light scattering techniques. 
The light scattering techniques can generally detect particles from 100 nm to 1000 nm. 
Some high-resolution techniques are also available. These instruments can detect 
particles as small as 50 nm (Kung, 2002). The minimum concentration detectable by the 
light scattering systems increases with the decreasing particle size (Zänker et al., 2000). 
The presence of a few larger particles may optically mask the smaller particles. The 
particles can be unmasked by removing the larger particles (Zänker et al., 2000). The 
advantages of the light scattering techniques are that they may be applied online, and 
several commercially available instruments already exist. 

For dilute solutions containing small particles (< 100nm), the laser-induced breakdown 
detection (LIBD) may be used. The method allows online measurements and it has a 
several orders of magnitude higher sensitivity particularly for colloids with a size less 
than 100 nm (Hauser, 2002). An LIBD instrument has been developed by the INE 
(Instutut für Nukleare Entsorgung) team in Germany. 

The size distribution may also be obtained by calculating the power law parameters 
(Degueldre et al., 1996/I) by analysing particle sizes from the filter membranes, e.g. 
from SEM micrograms. The method cannot be applied online and it requires sample 
preparation. The advantage is that particle morphologies may be studied from the 
micrograph. 

6.3.2. Elemental analysis 

The colloid composition can be determined by, e.g. EDS or XRF from single particles 
or from filter cakes. A bulk composition of the colloid phase can be obtained by 
dissolving the colloids (unfiltered water sample) and analysing the element 
concentrations of a filtered sample. The concentration of the colloid phase elements is 
obtained by subtracting the total concentration (solution + solid) from the filtered 
concentration (solution). 
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6.3.3. Colloid stability 

The CCC determined with the batch turbidity method depends on the CCC criteria used 
(Czigány, 2004). The light scattering method does not depend on specific experimental 
conditions and is therefore preferred to determine the CCC values (Czigány, 2004). 

6.3.4. Colloid transport 

At laboratories, transport studies are mainly performed as column experiments. A light 
transmission technique has been applied to study the colloid transport dynamics in 
porous media by Weisbrod et al. (2003). However, this method is limited to translucent 
porous media and fluorescent colloids (Weisbrod et al., 2003). 

Colloid transport studies in natural systems are conducted as tracer studies, in which 
labelled colloids are injected into the system and breakthrough curves are analysed from 
the sampling wells. The internal processes are difficult to study. The 
attachment/detachment kinetics is commonly modelled as first-order processes using the 
filtration theory (Elimelech et al., 1995).  
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7   CONCLUSIONS 

Natural colloids in the water environment are complex mixtures of materials defined 
operationally, usually by size. Other common factors are rather difficult to find. 
Colloids are a mixture of organic, inorganic and biological materials, a mixture of 
different functionalities, phases, shapes, densities and hardness’s. The stability of 
colloids is very sensitive to changes in the groundwater chemistry. This is why special 
care must be taken when designing sampling programmes. 

Studying colloids as such does not give much information. Making a decision and 
concentrating on a certain part or sub-group or property of the colloid form material will 
obviously be better, because all of these have, at least to some degree, special 
requirements for the sampling, sample handling and analysis (including instrumental 
measurement techniques).  

The following question should be answered before carrying out a sampling programme: 
What is the objective of the sampling?  For example, is the interest in A) colloid-
associated contaminants or in B) colloid characterisation? These two different 
objectives require different sampling programmes. If option A is of interest, the colloid 
phase itself is not interesting but the mobile contaminant load in the groundwater. This 
leads to questions of the sample purging rates and filtering, whereas it is not essential, 
for example, to obtain the size distribution. In option B, the sampling should be 
performed in such a manner that artefact formation is minimised. The preservation of 
the colloids is a key question.  

Recommendations for a basic research campaign of colloids. 

Colloids may enhance the migration of radionuclides in groundwater. Because of this it 
is advisable to characterise the natural groundwater colloids in the vicinity of the future 
repository and predict the effects of possible changes in the groundwater chemistry, due 
to e.g. grouting to the colloidal phase. 

Isolation of the colloid phase by inert ultrafiltration and avoiding changes in water 
chemistry and filter clogging will give an opportunity to analyse the elemental 
differences between colloidal and dissolved water phases. The isolated colloid particles 
can be further analysed by energy dispersive x-ray technique. Light scattering 
techniques are most potential for size distribution studies of colloids especially when 
applied on-line.  Well controlled laboratory scale experiments are reasonable for 
stability and transport studies. 

Development of a reliable sampling and ultrafiltration method is necessary to be able to 
collect a representative sample of the colloid phase. One method that can be tested is in-
situ filtration. By filtering the sample in-situ, is the artefact formation due to oxygen 
diffusion or degassing minimised. A comparison sample should be collected from an in-
line filtration device. In this method the sample is filtered on site, directly in sample 
purging line. The filtration should be done with pressure instead of vacuum to avoid 
degassing caused by the vacuum. After a reliable sampling and filtration method is 
developed, further characterisation of the colloid phase can be done in different 
environments. The parameters obtained by the characterisation can be further applied to 
modelling studies of the colloidal phase. 
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