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EXECUTIVE SUMMARY 

The primary purpose of this report is to inform with respect to the potential for colloid-facilitated 
plutonium (Pu) transport from the residual waste contained in liquid waste (LW) tanks at the 
Savannah River Site (SRS). The report is limited to evaluating colloidal-Pu transport since Pu is the 
radionuclide most likely to drive long-term radiation dose if the assigned tank inventories at 
closure are impacted by colloidal transport. However, it is anticipated that much of the data 
presented in this report is also applicable to other residual waste contaminants. 

Liquid waste tanks at SRS are emptied, cleaned, and subsequently filled with tank closure grout, 
a cementitious/pozzolanic blend that is intended to help contain any residual waste that remains 
within the LW tanks. The grout serves to limit the ingress of groundwater into the tanks, delay 
subsequent groundwater contact with the residual waste, and, thereby, impede contaminant 
transport to the surrounding environment. Tank closure grout also imparts its aqueous chemistry 
onto the residual waste due to its large mass and proximity and/or upstream position relative to 
the residual tank waste. Grout leachate, because of its alkaline character, tends to reduce 
contaminant mobility. The Performance Assessment (PA) for the LW tanks utilizes a conceptual 
model in which radionuclide contaminants (within the residual waste) dissolve in infiltrating 
water (modeled based on contaminant solubility limits), and can be subsequently transported 
through, or partitioned (adsorbed) to, the vadose and aquifer zone sediments beneath the tanks. 
However, a third option with respect to the fate of contaminants is colloidal transport, which is 
not explicitly modeled in the PA.  

Colloid solids are defined as being 1-1000 nm in size and dispersible by Brownian motion and 
advective flow. Two main colloid-types are defined within this report, namely: 

• Intrinsic Colloids – With respect to Pu, these are nano-sized particulates of Pu compounds 
(e.g., PuO2). 

• Pseudo Colloids – Nano-sized particulates that already exist within the environment (e.g., 
clays, cement, iron oxides, etc.) to which aqueous phase Pu may adsorb. 

The principal concern regarding colloid-facilitated Pu transport is that it has the potential to 
increase the apparent solubility of Pu, and, therefore, its effective release and transport rates, 
since the aqueous medium will contain the dissolved Pu ions (at the Pu solubility limit) plus the 
sub-micron colloid-associated Pu. As such, Pu migrating to the near- and far-field environments 
(refer to footnote1) may be underestimated if only dissolved Pu is accounted for. 

 
1 For the purpose of this report, the near-field region is defined as the vertical footprint below the LW tanks. The far-field 
represents the region that extends horizontally beyond the vertical footprint of the tanks. 
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However, it is important to note that the presence of colloidal-sized materials does not 
necessarily equate to colloid migration since transitional chemical environments will determine 
whether colloids: 

• Agglomerate with other colloids and settle out of solution. 

• Attach (adsorb) to immobile sediments. 

• Dissolve due to dilution and changes in contaminant saturation and pH. 

Thus, the data and interpretation provided in this report serves to inform with respect to sources 
of colloids associated with the LW tanks, and the stability and mobility of the identified colloids 
as they potentially migrate through the SRS vadose zone and underlying aquifer. The following 
key colloid sources have been identified for the LW tanks: 

• Cementitious Colloids – These are derived from the tank closure grout and the structural 
tank concrete. They are likely formed by physical fragmentation or 
dissolution/precipitation of hydration/pozzolanic products, such as calcium silicate 
hydrate (CSH) and calcium aluminosilicate hydrate (CASH). Cementitious colloids are 
anticipated to migrate into the residual waste zone and potentially adsorb Pu. 

• Intrinsic Pu Colloids – Intrinsic Pu colloids may be generated in the residual waste zone 
by precipitation, physical fragmentation of Pu solids or hydrolysis of aqueous Pu, 
subsequent polymerization, and further growth to form nano-particulates. 

• Mineral Pseudo Colloids – Mineral pseudo colloids may be derived from the residual 
waste (e.g., gibbsite, hematite, and calcite), corrosion products of carbon steel tank liners 
(e.g., iron oxides and oxyhydroxides), or from the soil components associated with the 
vadose zone and aquifer lying beneath the LW tanks (e.g., kaolinite and goethite). Soil-
derived colloids are considered most impactful to the colloidal transport of Pu since 
aqueous Pu will readily adsorb to the colloidal-sized kaolinite and goethite materials that 
coat the quartz (sand) grains in SRS sediments. Under favorable chemical conditions, the 
kaolinite and goethite may be released from the immobile quartz grains, dispersed within 
the aqueous medium, and subsequently transported through the SRS sediments. 

As indicated previously, three key mechanisms that prevent colloid stability (dispersion) and 
mobility are colloid-colloid agglomeration, colloid-sediment attachment (adsorption), and colloid 
dissolution.   

Colloid-colloid agglomeration occurs when the net repulsive forces between like-colloids are 
insufficient to prevent colloid particles converging. The net repulsive forces are, in turn, 
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dependent on the surface potential (or charge) on the colloids, with higher surface potentials 
typically resulting in higher electrostatic repulsion (e.g., like-charged colloids with a surface 
potential of ±50 millivolt (mV) are less likely to agglomerate than like-charged colloids with a 
surface potential of ±10 mV). Perhaps the most significant determinant of colloid surface 
potential is pH and, in general, at low pH (i.e., high H+ concentration), oxide mineral surfaces tend 
to be positively charged, while at high pH (i.e., high OH- concentrations), they become negatively 
charged. Thus, highly alkaline solutions may impart large negative surface potentials on colloids, 
which ultimately facilitates colloid dispersion and stability. It is also noteworthy that solution 
ionic strength can affect the distance over which the electro-repulsive forces act, with higher 
ionic strengths resulting in decreased distances and an increase in the propensity for colloid 
agglomeration.  

Regarding colloid-sediment attachment (adsorption), the magnitude of electro-repulsive forces 
is again a key determinant when the sediment and the colloids have like charges. However, in 
some cases the sediments and the colloids will have opposing charges and, thus, electro-
attractive forces may result in colloid-sediment attachment. For example, at pH 5.4 (approximate 
pH of the aquifer beneath the LW tanks), immobile quartz grains will have a negative surface 
potential while goethite (a secondary mineral that coats the sand) colloids will be positively 
charged. Hence electrostatic attraction is anticipated between these sediment constituents. It is 
also noteworthy that the forementioned effect of ionic strength is not applicable when 
considering the interaction between oppositely charged surfaces (i.e., a decrease in ionic 
strength will not facilitate colloid dispersion). 

With respect to this report, colloid dissolution is particularly applicable to cementitious and 
intrinsic Pu colloids. As these colloids potentially migrate from their source locations, pH 
transitions and dilution of the transporting groundwater will occur (particularly in the SRS 
aquifer), and this can have the following effects: 

• Dissolved Pu and cementitious phase constituents will no longer be at their saturation 
limits, which will result in the dissolution of the solid colloid phases within the 
groundwater. 

• pH transitions will result in changes to the solubility limits of solid Pu and cementitious 
phases. 

From the forementioned discussion, it is apparent that solution chemistry has a significant effect 
on colloid stability, and it is important to note that two predominant solution-chemistry variants 
exist for colloids migrating within the sediments below the LW tanks. Firstly, the pore solution of 
the tank closure grout is initially highly alkaline (pH 11.4), and as rainwater infiltrates the 
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degraded tanks and grout, the alkaline, or grout-conditioned, porewater is essentially displaced 
into the vadose zone below the tanks. The vadose zone is undiluted and, thus, the grout-
conditioned porewater is maintained throughout the vadose zone. However, when the alkaline 
porewater reaches the aquifer, it becomes diluted and adopts the slight acidity (pH 5.4) 
associated with the aquifer. Thus, mobile colloids will be subject to a chemical transient in which 
both the pH and ionic strength, of the grout-conditioned porewater within the vadose zone, are 
decreased to the background chemistry of the aquifer. It is also important to mention that the 
pH and ionic strength of the grout-conditioned porewater will change as rainwater continues to 
infiltrate the grout over 100s to 1000s of years. However, PA models have predicted that a pH > 
10 will persist for approximately 3,500 pore volumes (PVs) (equivalent to approximately 10,000 
– 35,000 years) exchanged within the tank closure reducing grout (1 PV is equivalent to the 
volume of the accessible solution-filled porosity in the tank-closure-grout monolith). Table ES-1 
indicates the predicted chemistry applicable to the LW tanks and surrounding environment. 

Table ES-1: Predicted pH and ionic strength of LW tank environment for 0 to 3,500 PVs 
exchanged. 

Location pH Ionic Strength 
(M) 

Tank Closure Grout 
11.4 – 10.0 

(PV: 0 – 3,500) 
0.008 – 0.002 
(PV: 0 – 3,500) Residual Waste Zone 

Vadose Zone 

Aquifer 5.4 <0.001 M 

With knowledge of potential colloid sources, it was subsequently possible to review the literature 
for studies related to the stability and transport of Pu intrinsic and pseudo colloids in the chemical 
environments defined in Table ES-1. To the maximum extent feasible, data was derived from 
studies that utilized SRS-relevant sediments, or sediments that had similar compositions. In 
summary, the following conclusions were made with respect to the Pu transport of cementitious, 
intrinsic, and mineral colloids within the LW tank environment: 

• Cementitious Colloids – The surface potential of cementitious colloids is highly 
dependent on the Ca/Si ratio of the cementitious CSH and CASH phases and will vary 
considerably for phases within the tank closure grout. As such, it is difficult to make 
definitive assertions regarding the stability of cementitious colloids based on 
electrostatic interaction within the chemical environments of the vadose and aquifer 
zones. However, the literature indicates that cementitious colloids are expected to be a 
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near-field issue because once the grout-conditioned porewater migrates into the aquifer, 
dilution will result in dissolution of the cementitious colloids. This assertion is based on 
the well-documented mechanism of concrete decalcification, in which CSH-type 
cementitious phases dissolve when exposed to pure and acidic water sources. Once the 
cementitious phases dissolve, adsorbed Pu will initially dissolve in the aquifer 
groundwater, and subsequently adsorb to the aquifer sediments. Note, that aqueous Pu 
may, of course, adsorb to secondary colloidal minerals, such as goethite and kaolinite, 
but these colloids are not readily dispersed within the stable chemical environment of 
the aquifer; their mere presence within the SRS aquifer is testament to this assertion. 

• Intrinsic Pu Colloids – Though somewhat limited, the literature indicates that intrinsic Pu 
colloids have a high propensity for agglomeration at pH > 5. As such, intrinsic Pu colloid 
suspensions are expected to be chemically unstable within the waste zone, the vadose 
zone, and the aquifer though literature suggests that intrinsic Pu may migrate via 
attachment to, for example, stable mineral colloids. However, this seems unlikely for the 
SRS waste and vadose zones since the highly alkaline pH is expected to impart negative 
surface potentials on the intrinsic Pu colloids and the mineral colloids. Ultimately, if 
intrinsic Pu colloids do migrate to the aquifer, the dilution and pH change associated with 
the transition from the vadose zone to the aquifer should result in intrinsic Pu-colloid 
dissolution. Firstly, due to aquifer dilution, aqueous Pu will be below its saturation limit 
and, thus, intrinsic Pu colloids will dissolve. Secondly, the solubility limit for PuO2 is higher 
at pH 5.4 (aquifer) compared to pH 11.4 (vadose zone). Again, dissolved Pu is anticipated 
to adsorb to stationary aquifer sediments. 

• Mineral Pseudo Colloids – As indicated previously, SRS soils are predominantly 
composed of primary quartz grains and colloidal-sized secondary minerals, such as 
kaolinite and goethite. At pH 11.4 (vadose zone), all the indicated soil constituents should 
have negative surface potentials, and, thus, the colloidal kaolinite and goethite should 
be dispersed. Literature reviewed for this report (and summarized in Section 10) 
confirms this assertion and also indicates that at pH 11.4, the ionic strength of the grout-
conditioned porewater is likely insufficient to destabilize the colloidal suspension. 
However, as the mineral colloids move into the aquifer zone, the surface potential of the 
quartz and kaolinite become less negative while the goethite potential becomes positive. 
As such, the electrostatic repulsion between the quartz and kaolinite will decrease, and 
electrostatic attraction will exist between the goethite and the quartz/kaolinite. 
Ultimately, the transition to the aquifer chemistry will lead to mineral colloid suspension 
destabilization via colloid-colloid agglomeration and colloid-sediment attachment. 
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Table ES-2 (overleaf) provides additional details regarding the conclusions of this report, noting, 
however, that the table refers to concepts that have not been specifically discussed within this 
summary, but are described in detail within the main text of the report.
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Table ES-2: Stability and transport of colloids associated with SRS LW tanks. 

Colloid-Type Source 
Stability and Dispersion at Source 

(Alkaline Grout-Conditioned 
Porewater: pH 11.4 – 10.0) 

Stability and Dispersion in Vadose Zone 
(Alkaline Grout-Conditioned Porewater: 

pH 11.4 – 10.0) 

Stability and Dispersion in Aquifer  
(Slightly Acidic Aquifer Groundwater: pH 5.4) 

Cementitious 
Colloids 

Tank 
Closure 

Grout / LW 
Tank 

Concrete 

• Sign and magnitude of surface 
potentials on the cementitious 
colloids will vary based on Ca/Si 
ratio and solution chemistry. 

• As such, it is assumed that some 
cementitious colloids may be 
dispersed and potentially mobile. 

• Based on the potentially varied sign 
and magnitude of the surface 
potentials on cementitious colloids, it is 
assumed that negatively charged 
colloids may migrate through the 
negatively charged vadose zone 
sediment.  

• The cementitious colloids will no longer be in chemical 
equilibrium with the groundwater solution as the grout-
conditioned porewater is diluted upon entering the aquifer. 

• As such, dissolution of the cementitious colloids is anticipated 
in the aquifer. 

• The dissolution mechanism is similar to that associated with 
the decalcification of concrete. 

Intrinsic Pu 
Colloids 

Residual 
Waste 

• Studies, though limited in number, indicate that Pu intrinsic colloids have a 
high propensity for agglomeration. 

• Estimation of the Hamaker constant and subsequent determination of the 
energy barrier (kT) to agglomeration at varied pH, indicate that agglomeration 
is anticipated at pH > 5.  

• Intrinsic Pu colloids may potentially attach to stable/mobile mineral colloids 
though this seems unlikely at highly alkaline pH. 

• Any Pu intrinsic colloids migrating from the vadose zone to the 
aquifer zone are expected to dissolve as the aquifer 
groundwater dilutes the grout-conditioned porewater and the 
pH tends to that of the aquifer (i.e., pH 5.4). 

• Dilution will result in a non-saturated Pu solution ( enhanced 
dissolution of Pu nanoparticles) and a lower pH ( higher Pu 
solubility limit). 

Mineral 
Colloids 

Residual 
Waste 

• Studies indicate that the high pH 
of the grout-conditioned 
porewater will promote large 
negative surface potentials on 
the mineral colloids (e.g., quartz, 
goethite, and kaolinite), which 
will enhance their dispersion and 
mobility. 

• Since the grout-conditioned porewater 
is present in the vadose zone, negative 
surface potentials are expected for 
mineral colloids and the vadose zone 
sediments. 

• As such, dispersion and transport of 
mineral colloids through the vadose 
zone is assumed. 

• Studies support the assertion that 
dispersion and transport of mineral 
colloids will occur through SRS 
sediments in the grout-conditioned 
porewater. 

• Data indicates that, at the aquifer pH 5.4, quartz and goethite 
should possess negative and positive charges, respectively, and 
thus, goethite colloids are expected to sorb to the quartz. 

• Kaolinite colloids are expected to have a slight negative charge 
at pH 5.4, though studies also confirm their immobilization at 
this pH. 

• It is hypothesized that:  
(1)   The magnitude of the surface potential on the kaolinite 

colloids at pH 5.4 is insufficient to prevent colloid-colloid 
and colloid-sediment attachment. 

(2) Positively charged goethite colloids affix the negatively 
charged kaolinite colloids to the negatively charged quartz 
grains. 

• The heterogeneous surface potential of the aquifer sediments 
(i.e., negative quartz/kaolinite, positive goethite) is expected to 
facilitate effective adsorption of negatively- and positively 
charged colloids. 

Vadose 
Zone 

Aquifer 
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1 INTRODUCTION 

The Performance Assessment (PA) for the Savannah River Site (SRS) liquid waste (LW) tanks 
utilizes a conceptual model in which radionuclide contaminants, contained within the residual 
tank waste, dissolve in infiltrating water (modeled based on contaminant solubility limits), and 
can be subsequently transported through, or partitioned (adsorbed) to, the vadose and aquifer 
zone soils beneath the tanks (SRR-CWDA-2010-00128). However, a third option with respect to 
the fate of aqueous phase contaminants is colloidal transport, which is not explicitly addressed 
in the LW tank modeling. As further discussed in Section 2, colloids are small particles that range 
in size from approximately 1 – 1000 nanometer (nm), and their size and density may, under 
favorable chemical conditions, facilitate dispersion and transport in groundwater via Brownian 
motion and advective flow. Colloidal particles are typically derived from the subsurface 
environment (e.g., clays, Fe, Mn, and Al oxides and oxyhydroxides, and natural organic matter 
(NOM)) and, thus, for example, just as contaminants sorb to sediment mineral surfaces, they may 
also sorb to mineral colloids derived from those sediments. Colloids in which the contaminant 
sorbs to a mineral (or organic) sub-micron particulate are termed pseudo-colloids. In addition, 
contaminant solids may also exist as discrete colloidal nanoparticles termed intrinsic colloids. 
Colloidal contaminants (either pseudo or intrinsic) ultimately increase the apparent solubility of 
the contaminant since the aqueous medium will contain the dissolved contaminant ions (at the 
contaminant solubility limit) plus the submicron solid contaminants that may be dispersed within, 
and transported through, the aqueous medium. Thus, colloid-facilitated contaminant transport 
has the potential to enhance the migration of contaminants from the residual tank waste to the 
surrounding environment. Indeed, the presence of colloids has been postulated as a potential 
cause of unanticipated data associated with plutonium (Pu) leaching in the following two 
separate SRS-related investigations: 

Leaching Studies of Residual Tank Waste – Leaching characteristics were evaluated for actual 
residual waste retrieved from Tanks 12H (SRNL-STI-2018-00484) and 18F (SRNL-STI-2016-00432). 
Despite essentially identical experimental methodologies, the Pu concentrations leached from 
the Tank 18F sample were typically two orders of magnitude greater than those leached from 
Tank 12H samples. It was hypothesized that the disparities in leachate concentrations may have 
been related to the presence of intrinsic Pu colloids in the Tank 18F sample, which consequently 
increased the apparent solubility of Pu in the waste leachate (Denham, 2021). The absence of 
corresponding intrinsic Pu colloids in the Tank 12H samples was explained by the fact that Tank 
12H had been subjected to an oxalic acid cleaning step, causing dissolution of the high-surface-
area intrinsic Pu colloids into the cleaning agent that was subsequently removed from the tank 
(Denham, 2021). Since this acid cleaning step was not conducted for Tank 18F, the intrinsic Pu 
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colloids would still be associated with the Tank 18F residual waste. It should be noted, however, 
that no direct evidence is available to confirm the forementioned hypothesis.  

Plutonium Lysimeter Experiments – The second piece of site-specific data relates to lysimeter 
testing in which Pu sources were located at the vertical mid-section of 50-cm columns containing 
native SRS soils and, subsequently, placed outdoors and subjected to the natural meteorological 
environment (in particular rainfall). As such, the lysimeters simulate the vadose zone beneath 
the LW tanks, and the wetting/drying events that occur within the vadose soils. It is important to 
note, however, that the lysimeters do not account for the cement-conditioned leachate which is 
expected to originate from the tank closure grout and infiltrate into the vadose zone. The impact 
of cement-conditioned leachate on colloidal transport is a primary focal point of this report and 
is further discussed in Sections 5 and 6. Pu sources investigated in SRS lysimeter testing have 
included Pu(III), Pu(IV), Pu(V), and Pu(VI) compounds, but also colloidal PuO2 (SRRA021685-
000009). After various periods of exposure over the course of several years, lysimeters were 
retrieved and the soil columns dissected to determine the spatial distribution of Pu within the 
soil. All the lysimeters indicated similar Pu profiles with the concentration of Pu decreasing by 
several orders of magnitude as the distance from the source increased. In addition, within 10-15 
cm below the source, Pu concentrations were below the detection limit of the measuring 
equipment. However, for the lysimeter containing colloidal PuO2, a Pu “hot-spot” was detected 
close to the base of the soil column (i.e., approximately 25 cm below the source), though the 
concentration was still several orders of magnitude lower than the Pu concentrations in the soil 
immediately adjacent to the source. A proposed hypothesis was the potential migration of 
colloidal Pu through preferential flow paths (macro-pores) in the soil. It is important to iterate, 
however, that the investigators proposed alternate explanations to explain the observation, such 
as the initial physical/chemical state of the colloidal PuO2 impacting the solubility and migration 
of Pu in comparison to alternate Pu sources in other lysimeters. In addition, subsequent to the 
analysis of the lysimeters containing the colloidal PuO2 sources, other non-colloidal lysimeters 
have been dissected, and have also indicated similar Pu “hot-spots” (SRRA021685-000010).  

While the anomalous data from the forementioned tests cannot be unequivocally attributed to 
colloidal Pu, it is nonetheless assumed that pseudo and intrinsic Pu colloids could exist in the LW 
tank environment. It is, however, important to note that colloidal transport is highly reliant on a 
favorable groundwater chemistry that prevents colloid destabilization via agglomeration or 
attachment (adsorption) to native soils. Solution pH and ionic strength are the most impactful 
variables with respect to colloid stability and are further discussed in Section 3. In addition, even 
if the solution chemistry is conducive to colloid stabilization, subsurface sediments may 
ultimately block colloid migration via a variety of filtering mechanisms, which are discussed in 
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Section 4. Thus, the purpose of this report is to document SRS-specific details regarding the 
chemical and, to a lesser extent, physical environment of the LW tanks, and to subsequently 
summarize data, from internal SRS and external investigations, that informs the discussion 
pertaining to the relevance of colloid-facilitated contaminant transport at SRS. In particular, the 
literature review conducted to support this report was directed towards colloid-related 
investigations that were conducted at pH and ionic strengths relevant to SRS LW tank 
environment, and in soils that were either derived from the SRS site or at least analogous to SRS 
soils. In addition, with respect to radioactive contaminants, this report is limited to the colloid-
facilitated transport of Pu since its inventory within tank residuals may be sufficiently high to 
drive long-term radiation dose, should it become significantly mobile. It is acknowledged, 
however, that much of the data may also be applicable to the colloidal transport of other waste 
contaminants.  

The report is separated into the following sections: 

Section 2:  General information on colloids (definition and types). 

Section 3: Factors affecting colloid stability (e.g., pH and ionic strength). 

Section 4:  Colloid transport and retention in saturated and unsaturated soils.  

Section 5:  Colloid sources relevant to the SRS LW tank environment. 

Section 6:  Predicted solution chemistries relevant to the SRS LW tank environment. 

Section 7:  Summary of internal-SRS and external investigations relevant to colloid-
facilitated Pu transport.  

 Note that many of the studies reviewed in Section 7 are related to the 
evaluation of Pu(IV) since this Pu species predominates over a wide range of 
pH and reduction-oxidation (redox) potentials (Eh) that are relevant to the 
SRS environment. Refer to Geckeis et al. (2016) for detailed information 
regarding the speciation and physico-chemical forms of Pu. 

Section 8:  Conclusions regarding the propensity for colloid-facilitated Pu transport at 
SRS. 

Section 9: References. 

Section 10:  Annotated bibliography providing additional details on the methodologies 
and results from the key investigations documented in Section 7. Note that 
references included in the annotated bibliography are highlighted by bold in-
text citations. 
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2 COLLOIDS 

The term colloid generally refers to organic and inorganic particulates that are chemically stable 
and sufficiently small to be dispersed in a liquid via Brownian motion. With respect to size, 
colloids are sub-micron particulates generally ranging 1 to 1000 nm and can consist of single solid 
particles or agglomerates of several smaller particles. Colloids are ubiquitous in subsurface 
environments, and because of their small size, and subsequently large surface area, have the 
potential to readily adsorb groundwater contaminants. Indeed, given the higher specific surface 
area of the colloids, it is conceivable that contaminants may preferentially sorb to colloids in 
comparison to immobile subsurface phases. In addition, colloid transport is not reliant on 
advective flow, and under conditions of slow groundwater flow, colloidal transport is dominated 
by diffusion. As detailed in Section 1, there are two primary types of colloids, pseudo and 
intrinsic, which are further discussed in relation to Pu in Sections 2.1 and 2.2, respectively. 

2.1 Pu Pseudo Colloids 

The term pseudo colloid typically refers to the sorption of a contaminant to a natural colloid, i.e., 
sub-micron inorganic or organic particulates that already exist in the subsurface environment. 
Typical examples of inorganic (or mineral) colloids include clays, iron oxides, carbonates, and 
zeolites, which are secondary minerals associated with host rocks and sediments. For example, 
sandy (quartz) sediments below the SRS LW tanks are coated with colloidal kaolinite clay and 
goethite (iron oxyhydroxide – α-FeOOH) (WSRC-STI-2006-00198; Kaplan et al., 2004), both of 
which are known to sorb plutonium and other actinides (Kersting, 2013). With respect to organic 
colloids, it is well recognized that Pu readily sorbs to humic substances (Kersting, 2013), and 
additionally, that the sorption of organic matter to mineral colloids can enhance their stability 
via steric repulsion whereby long-chain organic molecules adsorb to particle surfaces and 
physically obstruct the particles from reaching separation distances at which van der Waals 
(vdWs) forces predominate. 

In addition to natural organic and inorganic colloids, colloids may also originate from LW tank 
materials including cementitious colloids associated with the tank closure grout and the concrete 
tank shell, and corrosion products from carbon steel liners and other steel components within 
the tanks (e.g., cooling coils). Section 5 provides additional details on the LW tank environment 
and potential sources of colloids. 

2.2 Pu Intrinsic Colloids 

Intrinsic Pu colloids may be formed in one of two ways. The first relates to physical fragmentation 
of Pu materials into sub-micron particulates. Peruski et al. (2020) highlighted a fragmentation 
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process for neptunium oxide (NpO2). The second formation mechanism is associated with metal 
ion hydrolysis of aqueous Pu, subsequent polymerization, and further growth to form nano-
particulates. Hydrolysis is enhanced in super-saturated Pu solutions at high pH, but may also 
occurs in dilute acids (Runde, 2000). It is noteworthy that scanning electron microscopy (SEM) 
and energy dispersive X-ray (EDX) spectroscopy of residual waste from Tank 18F revealed the 
presence of sub-micron Pu particles that were predominantly associated with iron-rich matrices 
(SRNL-STI-2012-00123). The investigators also noted that the Pu observed via SEM did not appear 
to account for all the Pu contained within the sample based on chemical analysis of the residual 
waste sample. As such, this may suggest that the Pu is distributed throughout the sample as sub-
micron particulates too small to observe with SEM and at concentrations too low for detection 
via EDX. 

3  COLLOID STABILITY 

3.1 Colloid-Colloid Interactions 

The stability of colloidal systems is predominantly determined by the net surface forces between 
colloid particles (Deb and Chakma, 2022). Colloids from the same system will carry like-surface 
charges, which result in electrostatic repulsion, and if the surface potential is sufficiently high the 
particles will remain discrete and dispersed. However, Brownian motion and advective water 
flow may impart sufficient kinetic energy for the colloids to approach each other by overcoming 
the electrostatic repulsion. If the colloid-colloid separation is sufficiently small (i.e., < 1 nm), 
attractive vdWs forces may predominate causing the colloids to agglomerate. The balance 
between repulsive and attractive forces is described by Derjaquin-Landau-Verwey-Overbeek 
(DLVO) theory, which considers the potential energy of the colloid system (VT). VT is, in turn, 
predominantly dependent on the sum of attractive (VA) and repulsive (VR) contributions, where: 

VT = VA + VR 

If VA > VR, then colloids will attract. 

The equation for VA is fairly simple and given by: 

𝑉𝑉𝐴𝐴 =  − 𝐴𝐴𝐻𝐻
12𝜋𝜋𝑑𝑑2

 (for planar surfaces) 

where AH is the Hamaker constant and d is surface-separation distance (Deb and Chakma, 2022). 
The magnitude of the Hamaker constant reflects the strength of the vdWs forces, and can be 
experimentally determined by various techniques, including colloid flocculation experiments.  
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The equation for VR is significantly more complex and the reader is referred to Deb and Chakma 
(2022) for detailed information regarding this equation. The magnitude of VR is, however, highly 
dependent on the colloid surface potential and the distance between colloids. At this juncture, it 
is necessary to provide some information on the ionic environment associated with a charged 
colloid and how this relates to colloid stability and dispersion.  

A negatively charged colloid particle will attract positive counterions from the surrounding 
solution to its surface and some of these ions will be firmly attached to the surface; this layer of 
counterions is referred to as the Stern layer (refer to Figure 1). Additional positive ions will be 
attracted by the colloid, but also repelled by both the positive ions in the Stern layer and by other 
positive ions trying to approach the colloid. This results in a diffuse layer of counterions, the 
concentration of which is high near the colloid surface, but gradually decreases with distance 
from the surface. In contrast, the concentration of negatively charged ions, referred to as co-
ions, will gradually increase with distance from the colloid surface. The Stern and diffuse layers 
are collectively termed the electric double layer (EDL), the EDL thickness is referred to as the 
Debye length, and the interface between the Stern and diffuse layers is called the shear surface 
(Figure 1). 

 

Figure 1: Ionic environment surrounding a colloid [modified version of diagram from Zeta-
Meter Inc. (n.d.)].  
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With respect to colloid-colloid interactions, when two colloids approach each other, their EDLs 
begin to interact, which results in electrostatic repulsion (refer to Figure 2). For colloid 
agglomeration to occur, kinetic energy (provided via Brownian motion and advective flow) is 
required to move the colloids close enough such that vdWs attractive forces predominate (i.e., 
the energy trap indicated in Figure 2). However, in some instances the height of the repulsive 
energy barrier (kT = Boltzmann constant * temperature) may preclude agglomeration.    

 

Figure 2: Colloid repulsive-attractive energy diagram [modified version of diagram from Zeta-
Meter Inc. (n.d.)].   

The energy trap depicted in Figure 2 is also referred to as the primary minimum and indicates the 
colloid separation distance at which irreversible colloid agglomeration will occur (for a given 
solution chemistry). A secondary minimum may also occur at further distances away from the 
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colloid surface and is associated with reversible agglomeration since the secondary minimum is 
shallow in comparison to the primary minimum (Figure 3). The depth of the secondary minimum 
is dependent on the ionic strength of the solution with higher ionic strengths increasing the 
depth, and potentially promoting agglomeration. The effect of ionic strength on colloid 
agglomeration is further discussed in Section 3.3.2. 

 

Figure 3: Primary and secondary energy minimum [modified version of diagram from University 
of Geneva, Laboratory of Colloid and Surface Chemistry, 2014].   

In general, the higher the surface charge (or potential) on like-charged colloids, the higher the 
repulsive force between the colloids, and the less likely they are to agglomerate. With respect to 
surface potential, zeta potential (ζ) (determined via electrophoretic mobility measurements) is 
ubiquitously used to define colloid surface potentials in the studies reviewed in Section 7. Figure 
4 indicates, however, that the zeta potential does not actually represent the surface potential of 
the colloid, but rather the potential at the interface between the Stern and diffuse layers (i.e., 
the shear surface). As such, the zeta potential is always lower than the true surface potential. In 
general, it is considered that a zeta potential > +30 mV or < -30 mV is associated with colloid 
dispersibility, whereas a zeta potential from zero to ± 15 mV is associated with colloid 
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agglomeration (Uskoković, 2012). Between these potentials, the colloidal system may become 
agglomerated or dispersed. 

 

Figure 4: Surface and zeta potentials [modified version of diagram from Zeta-Meter Inc. (n.d.)].    

3.2 Colloid-Sediment Interactions 

The theory associated with colloid-colloid interactions is also applicable to interactions between 
like-charged colloid and sediment surfaces. However, colloids and sediments may carry different 
surface charges resulting in electrostatic attraction and attachment of colloids to sediment 
particles.  

3.3 Effect of Solution Chemistry on Colloid Stability 

3.3.1 Effect of pH 

Solution pH has a significant effect on surface charge and, subsequently, colloid stability. In 
general, at low pH (i.e., high H+ concentration), oxide mineral surfaces tend to be positively 
charged, while at high pH (i.e., high OH- concentrations), they become negatively charged. The 
pH-dependency of surface charge can be determined for specific minerals, and from this a 
property known as the point of zero charge (PZC or pHPZC) can be determined. This is the pH at 
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which the surface charge transitions from positive to negative, as indicated in the example plot 
of zeta potential verses pH in Figure 5. In general, the further the pH deviates from pHPZC, the 
higher the positive or negative surface potential should be. Thus, with respect to colloid-colloid 
interactions, a solution pH at or close to the colloid pHPZC would likely be associated with colloid 
agglomeration. Per Uskoković (2012), Figure 5 also indicates tentative regions of colloid stability 
and instability, and for the example relationship indicated, the colloids should be stable 
(dispersed) at pH 2-4 and 7.5-12 (i.e., ζ > +30 mV or < -30 mv), and unstable (agglomerated) from 
pH 5-6.5 (i.e., ζ = 0 to ±15 mV). Reduced stability (and potential agglomeration) is associated with 
pH 4-5 and 6.5-7.5 (i.e., ζ = ±15 mV to ±30 mV). 

 

Figure 5: Zeta potential verses pH and determination of pHPZC [modified version of diagram 
from Malvern Instruments Limited, 2015].   

Table 1 provides pHPZC values that are relevant to the materials discussed in this report. 
Particularly noteworthy are the pHPZC values for the primary and secondary minerals in the SRS 
sandy sediment. Quartz and kaolinite exhibit negative charges above pH 3.0 and 4.8, respectively, 
whereas goethite maintains its positive charge to a least pH 7.8. As such, the goethite/kaolinite-
coated quartz grains are expected to exhibit significant heterogeneity with respect to surface 
charge, which, as will be indicated in Section 7, may play a critical role in colloid retention within 
the SRS soils. In addition, the groundwater pH is expected to significantly impact the adsorption 
of the goethite/kaolinite colloids to the quartz grains. For example, at pH 11 (associated with the 
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pH of the porewater of grout used to fill the LW tanks (refer to Section 6), it would be anticipated 
that all three minerals will be highly negatively charged, and thus, desorption, and subsequent 
dispersion, of the goethite/kaolinite colloids from the quartz grains might be anticipated. In 
contrast, at a pH 5-6 (associated with the pH of the SRS aquifer (refer to Section 6)), the goethite 
colloids should be positively charged, the kaolinite colloids will likely exhibit a small negative 
charge (given the proximity of the groundwater pH to the kaolinite pHPZC), and the quartz grains 
will remain negatively charged. As such, goethite colloids might be attracted to both the kaolinite 
colloids and the quartz grains. With respect to kaolinite, even if the colloid was released from the 
quartz (due to their like negative charges), the magnitude of the kaolinite surface potential will 
likely preclude significant colloid-colloid repulsion and subsequent dispersion.  

Table 1: pHPZC values for materials relevant to the SRS environment. 

Mineral Relevance pHPZC * 

Gibbsite (Al(OH)3) 
Mineral phase present in the 

residual waste 
9.0 

Goethite (α-FeOOH) 
Secondary mineral present in 

SRS sandy soils and a corrosion 
product of carbon steel 

7.8 – 9.0 

Hematite (α-Fe2O3) 
Mineral phase present in the 

residual waste 
6.7 – 8.5 

Kaolinite (Al2Si2O5(OH)4) 
Secondary mineral present in 

SRS sandy soils 
4.6 – 4.7 

Magnetite (Fe3O4) 
Corrosion product of carbon 

steel 
7.0 

Quartz (α-SiO2) 
Primary mineral component of 

SRS sandy soils 
2.0 – 3.0 

Intrinsic Pu Colloids ** 
Potentially present in residual 

waste 
8.6 

* All pHPZC values (except intrinsic Pu colloids) derived from Essington 
(2003), Sparks (2003), and Sposito (2008). 
** pHPZC value for intrinsic Pu colloids from Abdel-Fattah et al. (2013). 

3.3.2 Effect of Ionic Strength 

The ionic strength of a solution is given by the following equation: 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ =  
1
2

 �𝐶𝐶𝑖𝑖𝑍𝑍𝑖𝑖2
𝑛𝑛

1
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where Ci = the ion concentration and Zi = the ion charge. 

Per the Z2 component in the equation, polyvalent ions have an especially significant impact on 
the ionic strength in comparison to monovalent ions. 

It is generally accepted that lowering the ionic strength of a colloidal solution results in greater 
colloid stability, whereas increasing the ionic strength promotes instability and agglomeration 
(Deb and Chakma, 2022). This is due to higher-ionic-content solutions being more effective in 
negating the electrostatic repulsive forces around the colloid, which in turn decreases the 
thickness of the EDL (i.e., the Debye length is proportional to the reciprocal of the ionic strength) 
and allows colloids to move to separation distances at which the attractive vdWs forces 
predominate. The effect of higher ionic strength on the net colloid interaction energy is depicted 
in Figure 6, which indicates how increasing the ionic strength can completely negate electrostatic 
repulsion thereby causing rapid agglomeration. 

 

Figure 6: Effect of ionic strength on the net colloid interaction energy [modified version of 
diagram from University of Geneva, Laboratory of Colloid and Surface Chemistry, 2014].   

In addition, given the dependence of ionic strength on the ion charge, it follows that polyvalent 
ions will be more effective than monovalent ions at screening the repulsive forces around the 
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colloid and, thus, for example a 10 millimolar (mM) solution of Ca2+ would be expected to 
promote colloid instability to a greater extent than a 10 mM solution of Na+.  

One parameter related to the impact of ionic strength on colloid instability is the critical 
coagulation concentration (CCC), which is referred to within the studies reviewed in Section 7. 
The CCC refers to the solute ion concentration at which the maximum rate of agglomeration 
occurs. Increasing the ion concentration above the CCC will have no further impact on the colloid 
agglomeration rate. Figure 7 depicts the impact of ionic strength on the agglomeration of Pu 
intrinsic colloids (Abdel-Fattah et al. 2013). The stability ratio is a dimensionless parameter that 
refers to the ratio of the agglomeration rate above the CCC to agglomeration rates below the 
CCC. Hence, a stability ratio of 100 indicates an agglomeration rate that is 100 times slower than 
the maximum rate associated with the CCC. 

 

Figure 7: Depiction of critical coagulation concentration (CCC) for Pu intrinsic colloids [modified 
version of graph from Abdel-Fattah et al., 2013].    
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Finally, it is important to note that the impacts of ionic strength on colloid-colloid or colloid-
sediment stability are only relevant when the interacting bodies have like charges. For a given 
colloid system, it is assumed that colloids will be like-charged, but with respect to colloid-
sediment interactions, the respective materials may have different charges. Thus, for the latter 
case, electrostatic attractive forces predominate, and decreases in ionic strength will not induce 
colloid dispersion. Indeed, Sen and Khilar (2006) indicate that decreased ionic strength actually 
increases the electrostatic attraction between oppositely charged surfaces. 

3.3.3 Effect of Organic Matter 

The sorption of organic compounds onto colloid particles may induce steric stabilization. 
However, the role of organic materials in colloid stabilization is not specifically addressed in this 
report, in part because the subsurface SRS soils indicate low organic matter concentrations (<0.02 
weight percent (wt. %), WSRC-STI-2006-00196). In addition, several studies (reviewed in Section 
7) utilized actual SRS soils and, thus, it can be inferred that any significant impact of NOM on 
colloid stabilization would have been realized during these investigations. 

3.3.4 Effect of Redox Potential 

In addition to pH, ionic strength, and organic matter content, another environmental variable 
associated with Pu transport from the LW tanks is redox potential (Eh). However, none of the 
literature considered within this report evaluated or reviewed the influence of redox potential 
on colloid stability. As such, the author concludes that this parameter must not be a significant 
determinant of colloid stability, especially in comparison to the effects of pH, ionic strength, and 
the presence of organic matter. It is acknowledged that changes in redox potential will impact Pu 
oxidation state, which in turn may affect the dissolution, precipitation, and adsorption of Pu.  
However, with respect to Pu solubility it is noteworthy that SRR-CWDA-2021-00042 predicts the 
solubility of PuO2 to remain at approximately 1.5E-11 mol/L despite redox transitions from 
reducing to oxidizing. Ultimately, SRR-CWDA-2021-00042 indicates that pH of the environment 
is a more significant determinant regarding PuO2 solubility. For example, as the pH drops from 
8.5 to 4.3 (at Eh = 0.37 V) in the vadose zone, the PuO2 solubility is predicted to increase from 
1.51E-11 to 1.3E-08 mol/L. As such, the potential influence of redox potential on colloidal Pu 
release would appear to be far less significant than pH or ionic strength and organic matter 
content. The author asserts that this statement is supported by the lack of documentation 
(internal SRS or external literature) that demonstrates a significant impact of redox conditions on 
colloid formation, stability, and transport under SRS disposal-relevant field conditions. 
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4 COLLOID RETENTION IN SRS VADOSE AND AQUIFER ZONES  

The majority of the SRS LW tanks are separated from the saturated aquifer by the unsaturated 
vadose zone. According to Sen and Khilar (2006), key characteristics of these two zones are as 
follows: 

• Vadose Zone 
o Presence of oxygen and microbial activity. 
o Variable water saturation and wetting/drying cycles. 
o Variable solution chemistry due to dilution and evaporation. 
o Vertical transport predominates. 

• Aquifer Zone 
o Low oxygen and microbial activity. 
o Negligible dilution and evaporation. 
o Consistent solution chemistry. 
o Vertical and horizontal transport. 

Perhaps the most significant differentiations with respect to colloid stability and transport in the 
vadose and aquifer zones are the solution chemistry and the variable water contents. The 
impacts of solution chemistry (pH and ionic strength) were discussed in Section 3, and the 
anticipated chemistries associated with the SRS vadose and aquifer zones are further considered 
in Section 6. However, assuming that the groundwater solution chemistries in the vadose and 
aquifer zones are conducive to colloid formation, stability, and mobilization, it is subsequently 
necessary to consider potential colloid-retention mechanisms within the soils through which the 
colloids will be transported. Retention mechanisms will vary between the vadose and aquifer 
zones, predominantly due to the differences in soil water contents in each zone. Since colloids 
require a liquid medium for transport, it can be assumed that colloid transport will be reduced in 
non-saturated soils. The following sub-sections highlight potential retention mechanisms in the 
vadose and aquifer zones; the information is derived from review articles by Sen and Khilar 
(2006), Flury and Qiu (2008), Wang et al. (2020), and Deb and Chakma (2022).  

4.1 Colloid Retention Mechanisms in Saturated Soils 

4.1.1 Straining and Size Exclusion 

Straining is essentially a filtering (or size exclusion) mechanism in which the colloids are retained 
within the pore channels of the soils. Obviously, the degree of straining depends on the relative 
sizes of the pores and the colloids, and straining will be enhanced as the diameter of the latter 
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approaches that of the former. Increased soil surface area (smaller grainer size) and surface 
roughness can also enhance straining mechanisms.  

4.1.2 Attachment 

During transport, colloids will undergo multiple collisions with soil grains, and as previously 
discussed in Section 3, the groundwater chemistry and the relative surface potentials of the 
colloid and the soil grain may be conducive to attachment at solid-water interfaces (SWI). Per 
Section 3.1, attached colloids may be held in either the primary or secondary minima, depending 
on the separation distance between the colloid and the soil grain. Colloids held in secondary 
minimum are more easily re-entrained than colloids associated with the primary minimum, and 
colloid release may be facilitated by, for example, a sharp reduction in ionic strength. 

4.1.3 Filter Ripening and Bridging 

Colloids attached to soil grains may serve as extended colloid-attachment sites for bypassing 
colloids; this phenomenon is referred to as filter ripening. As such, the colloid size increases and 
can essentially form a bridge across a pore channel. This phenomenon may result in significant 
reduction of soil permeability. Bridging is especially anticipated when significant colloid 
populations are rapidly released in response to a sharp change in chemistry. 

4.2 Colloid Retention Mechanisms in Unsaturated Soils 

The forementioned retention mechanisms for colloids in saturated soils are also applicable to 
colloids migrating through unsaturated soils, but the non-saturated water conditions and 
wetting/drying cycles (including hysteresis effects) result in additional colloid retention 
mechanisms. Ultimately, during periods of low water infiltration (and hence low water content), 
colloids will be relatively immobile, but during water infiltration and subsequent drainage, colloid 
transport may be enhanced. 

4.2.1 Air-Water Interfaces (AWI) 

Under unsaturated conditions, the air-water interface (AWI) acts as an additional adsorbing-
phase for colloids, and colloid attachment is typically enhanced due to capillary forces associated 
with the AWI. Air-water interfaces do, however, move during infiltration and drainage, and can 
scour colloids from SWIs and potentially re-entrain them into solution. However, during 
subsequent infiltration, suspended colloids may attach to those surfaces that were previously 
scoured by the moving AWI contact lines. 
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4.2.2 Film Straining and Discontinuous Water Films 

Film straining occurs when the hydrodynamic diameter of the colloid attached at the SWI is larger 
than the thickness of the water film covering the solid surface; this will occur between rainfall 
events as the vadose zone begins to dry. In addition, water-film discontinuities may exist, which 
prevent colloid transport. Upon re-wetting of the soil, the water film thickness increases, which 
subsequently reduces film discontinuities and enhances colloid transport. 

4.2.3 Immobile Water Zones 

Immobile (or stagnant) water is soil porewater that is disconnected from the bulk groundwater 
phase at low water contents. When the soil is re-wetted, the immobile water zone reconnects 
with the bulk water flow, potentially facilitating the transport of colloids out of immobile water 
zones. 

4.3 Summary 

This section highlighted the mechanisms by which dispersed colloids may ultimately be retained 
in saturated and unsaturated sediments. However, the capacity of a sediment to retain mobile 
colloids is dependent on many factors which include water saturation, sediment particle size 
distribution, sediment pore size distribution and tortuosity, sediment composition, water 
chemistry, water infiltration and drainage rates, rainfall frequency, etc. To the author’s 
knowledge, no experiments have been conducted to specifically evaluate the impact of the 
forementioned variables on colloidal transport through undisturbed SRS soils. In addition, data 
pertaining to many of the indicated variables is not available for SRS soils and, thus, it is difficult 
to readily compare literature-derived data with the SRS LW tank environment. Nonetheless, the 
reader is referred to several studies in which some of the indicated variables have been evaluated 
with respect to colloid-facilitated transport, namely Shang et al. (2008), Torkzaban et al. (2015), 
and Xie et al. (2012, 2013). These studies are summarized in the annotated bibliography (Section 
10) and indicate reduced colloid mobility for sediments with lower water saturations, and the 
role of sediment filtering mechanisms (in particular bridging) when large colloid populations are 
rapidly released due to transitions in solution chemistry. Ultimately, however, most of the 
retention mechanisms detailed in this section serve to impede the rate of, rather than negate, 
colloid migration, and, thus, this report predominantly focuses on evaluating the impact of 
solution-chemistry variants on colloid transport and retention. 

5 LIQUID WASTE TANK ENVIRONMENT AND COLLOID SOURCES 

Figures 8 and 9 are highly simplified diagrams depicting the general configurations of SRS LW 
tanks and the surrounding environments. Although simplified, these conceptual models do, 
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nonetheless, include the principal components affecting potential colloid-facilitated transport. 
Figure 8 depicts a tank with underlying vadose and aquifer zones, while Figure 9 depicts LW tanks 
that have no vadose zone since the tanks are either partially or fully submerged within the 
saturated aquifer.  

 
Figure 8: Simplified diagram of LW tank and surrounding environment relevant to colloid 

evolution and transport (vadose zone below tanks). 
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Figure 9: Simplified diagram of LW tank and surrounding environment relevant to colloid 

evolution and transport (tank partially submerged in aquifer). 

The following text provides a general description of each indicated element and relevance to 
colloid evolution and transport: 

• Engineered Closure Cap and Back-fill 

An engineered closure cap will ultimately be located above grouted (closed) tanks and is 
designed to minimize the infiltration of surface waters (e.g., precipitation and runoff) into 
the tank environment. Ultimately, however, the closure cap and the tank structures are 
predicted to degrade, and surface water will infiltrate the tank closure grout and 
eventually contact the waste at the base of the tanks. The closure cap is composed of 
multiple soil layers and polymeric membranes, all of which have the potential to be a 
source of “clean” colloids. However, since no significant chemical perturbations (e.g., a 
change in pH or ionic strength of rainwater) are anticipated for the closure cap, it is 
assumed that if any colloids could be mobilized, they would have been transported 
around the tanks long before surface water infiltrated the tank environment. In addition, 
colloids originating in the closure cap would have to migrate through the tank closure 
grout to contact the waste, and it is assumed that the majority of the colloids would be 



Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 36 of 109 

retained within the grout via agglomeration and adsorption, and the filtering mechanisms 
discussed in Section 4. 

With respect to back-fill, after construction, excavated soil will be used as back-fill around 
the tanks. For unsubmerged tanks, the vertical flow of water through the back-fill, and 
the relative location of the back-fill to the waste, suggests that colloids derived from the 
back-fill will not contact the waste. For the submerged tanks, the horizontal transport of 
water through the aquifer may potentially introduce colloids from the back-fill into the 
waste zone. However, it is important to note that the solution chemistry associated with 
the back-fill would not be expected to change, and thus mobile colloids should have been 
transported out of the LW tank environment long before structural degradation of the 
tank enables aquifer water flow to contact the residual waste.   

• Tank Closure Grout 

The interior height of a typical carbon steel liner is approximately 24 ft., which equates to 
the height of tank closure grout deposited into a tank (SRR-CWDA-2010-00128). Tank 
closure grout typically consists of (in descending mass proportions) gravel (aggregate), 
sand, fly ash (FA), blast furnace slag (BFS), and ordinary portland cement (OPC) (the 
formulation for tank closure reducing grout is provided in SRNL-STI-2011-00551). As such, 
colloids would be expected to be derived from the non-reactive sand and aggregate, and 
the hydration/pozzolanic reaction products of the OPC, BFS, and FA (i.e., predominantly 
based on calcium silicate hydrates (CSH) and calcium aluminosilicate hydrates (CASH) 
(SREL-R-21-0001)). Colloid-sized particles of these phases may be produced by 
weathering or by dissolution/precipitation mechanisms. Given the fact that the tank 
closure grout is in intimate contact with the waste, and infiltrating water must pass 
through the grout before contacting the waste, it is reasonable to assume that 
cementitious colloids will be introduced into the waste zone. Partitioning experiments of 
Pu in the presence of grout materials indicates significant Pu partitioning (partitioning 
coefficient (Kd) > 2,000 mL/g) (SRNL-STI-2021-00017) and, thus, sorption to cementitious 
colloids would also be anticipated. As such, the evolution and transport of cementitious 
colloids is considered within this review. Note, that infiltrating water that has passed 
through the grout matrix is expected to have an alkaline pH and be in chemical 
equilibrium with the cementitious phases. The solution chemistry will, however, change 
as rainwater continues to infiltrate the tanks over 100s to 1000s of years. Additional 
details on the grout chemistry and its evolution are provided in Section 6.  
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• Residual Waste 

The majority of residual waste within the cleaned tanks is located on the tank floor. The 
waste is not homogeneously distributed, but rather exists in discrete mounds that may 
be tens of inches thick; for example, in the case of Tank 6F the maximum height for some 
mounds was 20 inches (SRR-CWDA-2012-00071). The residual waste has three potential 
sources of Pu colloids; (1) Pu nanoparticles (i.e., intrinsic colloids) already contained 
within the waste, (2) intrinsic Pu colloids precipitated via hydrolysis reactions (when 
grout-conditioned porewater contacts the waste), and (3) Pu adsorbed to the mineral 
components of the waste (i.e., Pu pseudo colloids). According to SRNL-STI-2012-00123, X-
ray diffractometry (XRD) of residual waste from Tank 18F indicates the presence of several 
mineral phases, the more common of which include gibbsite, hematite, and calcite. Pu 
adsorption to the forementioned minerals (and associated colloids) would be anticipated 
(Runde et al., 2000; Powell et al., 2008) and, thus, Pu transport associated with pseudo 
colloids derived from the residual waste warrants consideration. However, it is also 
important to note that the volume of the residual waste, and therefore the mineral 
colloids it contains, is small in comparison to the potential pseudo colloid sources of the 
tank closure grout and the soils underlying the tanks. Due to the comparative 
insignificance of the source of pseudo colloids within the residual waste, the author was 
unable to identify many articles that specifically considered the transport of the 
forementioned mineral colloids in SRS-relevant environments. However, with knowledge 
of the pHPZC of these materials (refer to Table 1), it is potentially possible to surmise 
information regarding their stability in the transient groundwater chemistry anticipated 
for the SRS LW tank environment. As such, the pseudo-colloid transport of Pu via 
adsorption to minerals contained within the residual waste is considered in Section 7.  

Note that residual waste may also exist on, and within, ancillary structures contained in 
the LW tanks; these structures are ultimately filled and encased in tank closure grout. 
However, the transport of colloidal Pu derived from ancillary structures is not explicitly 
considered in this report since Pu colloids from these structures will be governed by the 
same chemistry applicable to the residual waste located on the tank floor, i.e., Pu colloids 
originating from the ancillary structures will also have to migrate through the tank closure 
grout, and the vadose zone and aquifer soils. As such, it is assumed that the stability and 
mobility of colloidal Pu originating from ancillary tank structures is implicitly covered by 
discussions related to the migration of colloids derived from the residual waste on the 
tank floor. 
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• Carbon Steel Liner 

SRS LW tanks typically contain one or two carbon steel liners, which are generally 0.5 
inches thick (SRR-CWDA-2010-00128). Corrosion of the carbon steel liners will result in 
iron oxyhydroxide and oxide corrosion products (e.g., goethite (α-FeOOH), lepidocrocite 
(γ-FeOOH), hematite (Fe2O3), and magnetite (Fe3O4) (Smart, 2009)) that would be 
expected to readily sorb Pu (SRNL-STI-2012-00040; Begg et al., 2013). Equally, weathered 
colloidal fragments from the corrosion layers would be expected to sorb Pu. However, 
the thickness of the steel liner in comparison to the tank closure grout and subsurface soil 
layers may ultimately limit the overall significance of liner-derived colloids on Pu 
transport. As such, Pu pseudo colloid transport with minerals derived from the corroded 
steel liner is not specifically addressed in this report. However, goethite is a secondary 
mineral component of SRS soils, and, thus, discussion regarding the transport and 
retention of native colloids within the vadose and aquifer zones should be relevant to iron 
oxyhydroxide colloids that might be potentially derived from the corroded carbon steel. 

• Tank Concrete 

The tank shell is constructed from structural concrete and similar to the tank closure 
grout, would be expected to be a source of cementitious colloids. As such, aqueous Pu 
may sorb to the immobile concrete surfaces or to the mobile colloid phases. For the 
purposes of this report, it is assumed that the tank concrete will have a potentially 
additive effect with respect to the transport of cementitious Pu pseudo colloids derived 
from the tank closure grout. As such, the impact of the concrete tank floor on colloid-
facilitated transport is not specifically addressed in this report.   

• Vadose and Aquifer Zones 

Vadose and aquifer zones sit beneath the LW tanks and the vadose zone thickness 
beneath the tanks varies from zero (i.e., LW tank base seated below the water table) to 
approximately 18 ft (SRR-CWDA-2010-00128). The soils within the vadose and aquifer 
zones consist of varying proportions of sand, silt, and clay. Figure 10 (derived from WSRC-
STI-2006-00198) indicates the sand/silt/clay proportions for vadose zone soil samples 
retrieved from SRS E- and Z-Areas, which are also anticipated to be representative of soils 
in F- and H-Tank Farms. Most of the soils typically range from loamy sand to sandy loam 
to sandy clay loam as shown on Figure 10. 
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Figure 10: Sand/silt/clay proportions for SRS E- and Z-Area soils [WSRC-STI-2006-00198].  

The mineralogy of the SRS soils is dominated by quartz (sand) particles with secondary 
mineral phases, such as kaolinite and goethite, coating the quartz grains (WSRC-STI-2006-
00198; Kaplan et al., 2004). Partitioning experiments conducted for Pu(IV) in the presence 
of the SRS-derived soils indicated partitioning coefficients (Kd) of 1000 mL/g (SRNL-STI-
2021-00017), and, thus, SRS soils are credited with adsorbing significant proportions of 
aqueous Pu. However, the kaolinite and goethite components coating the quartz are 
colloidal in size and, thus, mineral colloids with sorbed Pu may ultimately be released 
from the immobile quartz particles under favorable chemical conditions. As such, given 
the assertion that SRS vadose and aquifer sediments effectively partition dissolved Pu and 
limit its transport through the surrounding environment, the majority of the data 
presented in this report is related to the potential mobilization of Pu colloids within these 
subsurface zones since release of colloid-associated Pu could significantly impact 
predicted long-term dose rates.  

Two principal differences exist between the vadose and aquifer zones. Firstly, the vadose 
zone is unsaturated while the vadose zone is saturated. As detailed in Section 4, the lower 
water content in the vadose zone will significantly impact mechanisms for colloid 
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mobilization and retention. Secondly, it is assumed that the groundwater chemistry in the 
vadose zone beneath the tanks will be equivalent to that of the grout-conditioned 
porewater (discussed in Section 6) since groundwater leaving the LW tank is expected to 
travel vertically, and undiluted, through the vadose zone. However, once the vadose 
groundwater reaches the aquifer, it will be diluted by the horizontal flow of water within 
the aquifer and adopt the slightly acidic solution chemistry of the aquifer. Further details 
on the solution chemistries in the vadose and aquifer zones are provided in Section 6.  

It is also important to note that if a vadose zone exists beneath the LW tanks, its depth 
varies from tank to tank and ranges approximately 7 to 18 ft.  (SRR-CWDA-2010-00128). 
However, for several LW tanks the vadose zone is completely absent since the tanks are 
partially or fully submerged within the aquifer zone. As such, contaminants leaching from 
the waste zone in the submerged tanks will immediately enter the saturated aquifer zone.  

In summary, this section has highlighted elements associated with an LW tank, and its 
surrounding environment, that are relevant to the generation and transport of colloids. However, 
it is considered that the most significant contributions to colloid-facilitated Pu transport are as 
follows: 

• Cementitious colloids derived from the tank closure grout, that are introduced into the 
waste zone, may promote formation of cementitious Pu pseudo colloids within the waste 
zone and potential transport into the near-field vadose and aquifer zones and, 
subsequently, to the far-field environment (refer to footnote2). 

• The presence and/or formation of pseudo and intrinsic Pu colloids within the waste zone 
with potential transport into the near-field vadose and aquifer zones, and, subsequently, 
to the far-field environment. 

• Adsorption of aqueous Pu to soils in the vadose and aquifer zones and potential 
mobilization of soil-derived colloids (with adsorbed Pu) and transport into the far-field 
environment. 

As such, data derived from the literature review (Section 7) will be specifically directed at 
informing the forementioned modes of colloid-facilitated contaminant transport. 

 
2 For the purpose of this report, the near-field region is defined as the vertical footprint below the LW tanks. The far-
field represents the region that extends horizontally beyond the vertical footprint of the tanks. 
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6  SOLUTION CHEMISTRY RELEVANT TO WASTE ENVIRONMENT 

As indicated in Section 3, pH and ionic strength are the key determinants of colloid stability and 
transport. As such, it is necessary to define those parameters for the LW tank environments. As 
the tanks degrade over 100s to 1000s of years, it is assumed that tank integrity will eventually be 
compromised and that rainwater (pH ~5, SRR-CWDA-2021-00034) will infiltrate the degraded 
structure, the tank closure grout, and ultimately, the residual tank waste. The PA assumes that 
as a given volume of rainwater initially, and somewhat uniformly, enters the top of the grout, 
alkaline grout porewater is pushed from the base of the grout into the underlying structures and 
soils. The rainwater entering the tank will subsequently equilibrate with the grout, and both the 
pH and ionic strength of the infiltrating rainwater will increase as soluble components of the 
grout (e.g., portlandite (Ca(OH2)) dissolve in the infiltrating water. As more water passes through 
the grout, the soluble grout phases will be dissolved and removed from the system, and 
eventually the pH and ionic strength of the grout porewater will decrease as unreacted rainwater 
predominates (note that the evolution of the grout chemistry is explained in much greater detail 
in SRR-CWDA-2021-00034). PA-modeled predictions for the evolution of the chemistry for the 
grout porewater are indicated in Figure 11 (note that a pore volume (PV) represents the complete 
exchange of the entire grout porewater volume with rainwater infiltrant) (SRR-CWDA-2021-
00034). Figure 11 also indicates a crude relationship between PVs exchanged and years after tank 
closure; this information is solely intended to provide the reader with approximate timescales 
associated with the leaching of contaminants from the LW tanks. In addition, it should be noted 
that the PV-time relationship was derived for the Compliance Case PORFLOW simulation. The PA 
Compliance Case is the modeling case used to assess compliance with performance objectives. 
The Compliance Case is characterized by inputs and assumptions that collectively yield the most 
probable and defensible forecast of facility performance and provide reasonable assurance of 
meeting PA performance objectives (SRR-CWDA-2021-00034). Figure 12 indicates the predicted 
change in Ca2+ concentration with displaced PVs; this relationship is relevant to discussions in 
Section 7. 
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Figure 11: Evolution of grout porewater chemistry (pH and ionic strength) [SRR-CWDA-2021-
00034].  

 

Figure 12: Evolution of grout porewater chemistry (pH and Ca2+ concentration) [SRR-CWDA-
2021-00034].   
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Figure 11 indicates that the pH of the grout porewater prior to breaching of the tank (and 
subsequent rainwater infiltration) is approximately 11.4 and the ionic strength ranges 0.006 to 
0.008 M; as indicated in the previous text, both parameters will decrease as the number of 
rainwater PVs exchanged within the grout increases. Note, however, that even after the 
exchange of 3,500 PVs, the pH is still predicted to be around 10 because the large grout mass has 
significant buffering capacity. It is also noteworthy that the near-term predicted pH and ionic 
strength are relatively consistent with empirical data derived from column and batch 
experiments that utilized crushed tank closure grout in the presence of an SRS artificial 
groundwater (AGW) composition (with a pH of 5.4). SREL-R-21-0001 indicated pH ranges of 11.1 
– 12.8 and ionic strengths of approximately 0.001 to 0.002. Walter and Dinwiddie (2020) 
indicated pH ranges of 11.5 to 11.7 and ionic strengths of approximately 0.02 M (for batch 
experiments in which the liquid/solid components were stirred together to reach chemical 
equilibrium). Though differences are apparent between the modeled and empirical data, 
ultimately the data indicates that the grout porewater pH will be highly alkaline with an ionic 
strength in the approximate range of 0.001 – 0.02 M.  

Since significant dilution is not anticipated in the vadose zone, given the scale of the tanks relative 
to the depth to the water table, the solution chemistry imposed by the grout should be 
maintained in the vadose soils. However, as the grout-conditioned water migrates vertically 
down into the aquifer, dilution is anticipated to the point that infiltrating waters from the vadose 
zone will essentially adopt the solution chemistry of the aquifer. As indicated in SRR-CWDA-2021-
00034, the pH of SRS groundwater is approximately 5.4, and the ionic strength will be 
approximately 0.0004 M (ionic strength calculated from groundwater chemical constituent 
concentrations indicated in SRR-CWDA-2021-00034). Hence, any colloids migrating from the 
vadose zone to the aquifer are anticipated to undergo a significant transition in solution 
chemistry as the pH transitions from alkaline to acidic and the ionic strength is decreased by at 
least an order of magnitude. As mentioned previously, several LW tanks sit within the aquifer 
and, thus, it can be assumed for the purposes of this report, that the chemical transition from 
grout-conditioned water to SRS groundwater occurs within the waste zone. 

Figures 13 and 14 summarize the predicted solution chemistries of the key LW tank zones for 
non-submerged and submerged scenarios, respectively. These values will be used for correlation 
with data derived from the studies reviewed in Section 7. However, it is important to note that 
the current evaluation focuses on pore solution chemistries with pH greater than or equal to 10 
(i.e., 0 – 3,500 PVs) since this condition is expected to persist in tank closure grout and adjoining 
residual waste beyond 10,000 years based on Compliance Case simulations. Figures 13 and 14 
also indicate the Pu saturation (precipitation) for the various zones, noting that within the 
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undiluted grout-conditioned porewaters of the residual waste and vadose zones, aqueous Pu is 
expected to be at, or close to, its solubility limit. However, as the grout-conditioned porewater 
migrates into the aquifer, the aqueous Pu concentration will fall below the solubility limit. This 
results from (1) dilution of the grout-conditioned porewater, and (2) an increased Pu solubility 
limit at the lower pH of the aquifer (Altmaier et al., 2013; Neck et al., 2007). Figure 15 is derived 
from Neck et al. (2007) and demonstrates the effect of pH on Pu colloid solubility under air and 
argon environments.  

 

Figure 13: Evolution of grout porewater chemistry for typical SRS LW tanks with an underlying 
unsaturated vadose zone.  
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Figure 14: Evolution of grout porewater chemistry for LW tanks submerged within the aquifer.  

 

Figure 15: Pu solubility under air or argon environments [Neck et al. (2007)].  
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7 LITERATURE DATA 

Per Section 5, potentially significant mechanisms associated with colloid-facilitated transport of 
Pu are as follows: 

• Cementitious colloids originate in the tank closure grout and are introduced into the 
residual waste zone. Aqueous phase Pu may subsequently sorb to the cementitious 
colloids and be transported into the vadose and aquifer zones.  

• Intrinsic and pseudo Pu colloids are present in the residual waste and migrate into the 
vadose and aquifer zones. 

• Aqueous phase Pu sorbs to mineral colloids in the vadose and aquifer soils, and the 
mineral colloids are subsequently mobilized. 

Thus, the intent of this section is to inform, based on the reviewed literature, the discussion 
regarding the feasibility of each of the indicated colloidal-transport mechanisms. In addition, the 
impending discussion will attempt to address the following four questions:  

1. Are colloids present at relevant concentrations? 

Details regarding colloid populations relevant to the SRS LW tanks are not available and, 
in addition, the reviewed literature appears non-committal on what defines a relevant 
colloid concentration. As such, the answer to this question is somewhat inaccessible, and 
it is therefore assumed, for the purpose of this report, that the colloid sources described 
in Section 5 are all present at concentrations that could potentially impact the release 
and transport of Pu to the far-field environment.  

2. Are the colloids stable within the near-field environment? 

Colloids may be present at relevant concentrations, but they must ultimately be 
dispersible in their physical and chemical environment. The subsequent sections provide 
literature-derived data that pertains to the stability of Pu intrinsic and pseudo colloids in 
the grout-conditioned groundwater of the residual waste and vadose zones. 

3. Can the stable colloids be transported within the near-field environment? 

Assuming colloids are stable in the chemical environment of the vadose zone, are they 
subsequently transported through, or retained within, the vadose zone? Section 4 
compared the colloid retention mechanisms for the unsaturated vadose and saturated 
aquifer zones, and it is evident that colloid transport will be predominantly limited to thin-
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film transport and imbibition/drainage events. However, the author is not aware of any 
studies that specifically compare the transport of SRS-relevant colloids in saturated and 
unsaturated media and, thus, as with Question 1, the answer is somewhat inaccessible. 
The lysimeter studies discussed in Section 1 do simulate vadose zone transport and the 
periodic wetting and drainage/evaporation of unsaturated soils. However, these 
experiments do not account for the grout-conditioned leachate that will infiltrate the 
vadose soils. As such, it is acknowledged that colloid transport will be significantly 
impeded within the unsaturated vadose zone, but, ultimately, colloids may be 
transported via thin-film transport and during the wetting and drainage cycles.  

4. Are the colloids stable within the far-field environment? 

As stable colloids move from the residual waste zone through the vadose zone and into 
the aquifer, the chemical environments through which they are transported will change, 
and these changes may induce colloid agglomeration, attachment to immobile sediment 
surfaces, or colloid dissolution. The subsequent sections provide literature-derived data 
that pertains to the stability of Pu intrinsic and pseudo colloids in the groundwater 
associated with the aquifer zone. 

7.1 Colloids Associated with the Residual Waste Zone 

7.1.1 Cementitious Pseudo Pu Colloids 

As previously discussed in Section 5, cementitious colloids (e.g., CSH, CASH, calcite, etc.) may be 
derived from the tank closure grout and potentially carried to the residual waste zone. It is 
noteworthy, however, that Swanton et al. (2009) suggest that dispersed colloid populations 
derived from cementitious materials are relatively low (1E+12 colloids/liter), though it is 
acknowledged that the measurements may not account for colloids in the 1 – 50 nm range. As 
such, actual cementitious colloid populations may be closer to 1E+15 colloids/liter (Zanker and 
Hennig, 2014).  

Assuming cementitious colloids are present in the residual waste at relevant concentrations, 
information regarding the zeta potentials of the cementitious materials is subsequently required 
to determine colloid stability. This is a not a trivial endeavor since the Ca/Si ratio of CSH phases 
has been shown to significantly impact zeta potential. For example, Fujita et al. (2003) 
determined that for CSH phases with a Ca/Si ratio ranging 1.4 – 1.65, the zeta potentials were 
positive, whereas for Ca/Si ratios of 0.65 to 1.1, the zeta potentials were negative (note that the 
specific pHs associated with these tests were not provided). A similar observation was made by 
Missana et al. (2018). The Ca/Si ratio of the CSH hydration products in tank closure grout is 



Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 48 of 109 

dependent on the Ca/Si ratios of the OPC, BFS, and FA with the Ca/Si ratios highest in OPC and 
lowest in FA. As such, CSH-type phases in the tank closure grout will have a potentially wide range 
of Ca/Si ratios and presumably, therefore, zeta potentials. In addition, the zeta potential for CSH 
of a given Ca/Si ratio is also influenced by the Ca2+ concentration in solution with lower Ca2+ 
concentrations being associated with negative zeta potentials, and higher Ca2+ concentrations 
with positive zeta potentials (Viallis-Terrisse et al., 2001; Labbez et al., 2006; Henocq, 2017). For 
CSH with a Ca/Si ratio of 0.66, when the Ca2+ concentration (added as Ca(OH)2) exceeded 
approximately 3 mM, the zeta-potential transitioned from negative to positive (Labbez et al., 
2006). Similar data was also presented by Viallis-Terrisse et al. (2001) and indicated that the 
critical Ca2+ concentration associated with the PZC (i.e., [Ca2+]PZC) of CSH (Ca/Si = 0.66) was 2 mM. 
As indicated in Figure 13, for the first few hundred PVs, the Ca2+ concentration is approximately 
0.002 M (2 mM) after which it decreases as the number of displaced PVs increases. It could, thus, 
perhaps be concluded that the Ca2+ concentration associated with grout-conditioned porewater 
may initially induce a slightly positive surface potential on CSH phases with low Ca/Si ratios, but 
the surface potential would be insufficient for colloid stabilization. However, ultimately trying to 
form conclusions on cementitious colloid stability based on the surface potentials of CSH and 
other hydration phases may be unproductive since, as forestated, the phases in the tank closure 
grout will exhibit a wide range of Ca/Si ratios, which, the literature suggests, may significantly 
impact the sign and magnitude of surface potentials. As such, for the purposes of this evaluation 
it should be assumed that at least some of the cementitious colloids will be stable. It is also, 
noteworthy, however, that if cementitious colloids with both negative and positive charges exist, 
then these colloids might be expected to readily agglomerate, which may explain the assertion 
by Swanton et al. (2009) that dispersed cementitious colloid concentrations are generally 
considered low.  

As the cementitious colloids move out of the residual waste zone into the vadose zone, colloid 
stability will be determined by the colloid-colloid and colloid-sediment electrostatic interactions. 
Per Section 6, it is assumed that the alkaline grout-conditioned water chemistry and the ionic 
strength (Figure 13) will be maintained in the vadose zone for at least 3500 PVs (approximately 
10,000 – 35,000 years), and, thus, based on the pHPZC values presented in Table 1, the quartz, 
goethite, and kaolinite minerals in the SRS sandy sediment would all be expected to exhibit 
negative surface potentials. Hence, cementitious colloids with positive surface potentials might 
be expected to attach to sediment grains while colloids with negative surface charges would 
remain dispersed. Again, however, the potential myriad of cementitious colloid phases, and their 
varied surface potentials, makes it difficult to provide a meaningful determination regarding the 
fate of cementitious colloids in the SRS vadose zone. Hence, the assumption must be that some 
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of the cementitious colloids are capable of migrating through the vadose zone and into the 
aquifer. 

As indicated in Section 6, as the grout-conditioned porewater passes from the vadose zone into 
the aquifer, it will be diluted to the point where it assumes the chemistry of the aquifer (i.e., pH 
5.4 and ionic strength < 0.001 M). This would be expected to alter the surface charge of the 
cementitious colloids, but perhaps more impactful to the continued existence and transport of 
the cementitious colloids is the fact that they are no longer in chemical equilibrium with the 
alkaline porewater due to dilution with aquifer groundwater. As indicated by Swanton et al. 
(2009), cementitious colloids are expected to dissolve as they migrate from the near-field 
cementitious-derived solution environments (i.e., higher pH and ionic strength) to the natural 
groundwater environments (i.e., lower pH and ionic strength). Swanton et al. (2009), do, 
however, acknowledge that the proposed dissolution has not been demonstrated. Nonetheless, 
this author considers this a highly plausible scenario that is supported by the established 
concrete-degradation process of decalcification. In decalcification, portlandite and CSH phases 
dissolve when concrete is exposed to pure and acidic external water sources, such as rainwater 
(Glasser et al., 2008). Thus, similarly, when the nano-sized, high-surface-area cementitious 
colloids are exposed to the aquifer groundwater, it is reasonable to assume that these materials 
will dissolve, and thereby release the adsorbed Pu. The aqueous Pu would, thereafter, be 
expected to remain in solution or adsorb to the aquifer sediments. 

In summary, it is difficult to interpret the stability and transport of cementitious colloids derived 
from the tank closure grout since the varied Ca/Si ratio of the grout phases will potentially impart 
surface potentials that differ in both sign and magnitude. As such, it is feasible that some 
cementitious colloids will be stable in a given chemical environment, but some will not. However, 
it also considered highly plausible that cementitious colloids will dissolve as the grout-
conditioned porewater (higher pH and ionic strength) is diluted by the aquifer groundwater 
(lower pH and ionic strength). Thus, cementitious-colloid migration may ultimately be limited to 
near-field environments where the grout-conditioned solution chemistry is predicted to be 
maintained throughout the Performance Period (10,000 years). 

7.1.2 Intrinsic Pu Colloids 

Per Section 2, intrinsic Pu colloids may exist as either fragmented nanoparticles or may be 
produced via hydrolysis in Pu-saturated or -near-saturated solutions. The most extensive study 
of Pu intrinsic colloids identified during the literature search was conducted by Abdel-Fattah et 
al. (2013). This study sought to determine the impact of pH and ionic strength on the stability of 
PuO2 intrinsic colloids. The Pu-colloid source was originally maintained at pH 4.2 and particle size 
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analysis (PSA) of the suspension indicated a tri-modal particle size distribution (PSD) with peak 
maxima at approximately 100, 600, and 5000 nm. As such, it can be inferred that colloid 
agglomeration occurred at the indicated pH. Ultimately, the intrinsic Pu colloid suspension had 
to be sonicated and allowed to settle over a period of approximately 24 hours to produce a stable 
colloid suspension for testing (with dispersed particles predominantly ranging in size from 30-40 
nm).  

The investigators conducted pH-dependent zeta-potential measurements for the stable Pu 
intrinsic colloid suspensions and found that the pHPZC was approximately 8.6, as indicated in 
Figure 16.  

 

Figure 16: Zeta potential verses pH for intrinsic PuO2 colloids  
[Modified version of graph from Abdel-Fattah et al., 2013]. 

The zeta-potential measurements provide potential insight into the stability of Pu intrinsic 
colloids at SRS-relevant pHs. At pH 11.4 (associated with the first few hundred PVs per Figure 11), 
the zeta-potential is -40 mV and, hence, colloid stability (dispersion) would be anticipated (i.e., ζ 
> +30 mV or < - 30 mV) (Uskoković et al., 2012)). Thus, given the negative surface potential of the 
Pu intrinsic colloids, and the negative surface potentials of the SRS sandy sediments at pH 11.4, 
it is conceivable that Pu intrinsic colloids would be stable (dispersed) during migration through 
the vadose zone. Indeed, evaluating the impact of ionic strength with respect to Pu intrinsic 
colloid stability, Abdel-Fattah et al. (2013) indicated a CCC (at pH 11.4) of approximately 0.1 M 



Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 51 of 109 

(100 mM), which exceeds the predicted ionic strength of the SRS grout-conditioned groundwater 
by over an order of magnitude (refer to Figure 13) and, thus, this also supports intrinsic colloid 
stability in the grout-conditioned groundwater (at pH 11.4). Similarly, once the colloids reach the 
aquifer zone, the solution pH would rapidly change to 5.4, but Figure 16 indicates ζ > +30 mV at 
this pH, again inferring colloid stability. However, this data seems contrary to the observation of 
significant Pu intrinsic colloid agglomeration in the colloid stock solution, which was held at pH 
4.2 and is associated with ζ = +55 mV (Figure 16).  

Recall from Section 3 that colloid stability is dependent on the interaction of repulsive and 
attractive forces. The zeta-potential measurements provide insight into the repulsive forces, and 
with respect to the attractive vdWs forces, the investigators were able to estimate the Hamaker 
constant (directly proportional to vdWs) for the Pu intrinsic colloids at varied pH and ionic 
strength. The Hamaker constant estimated by Abdel-Fattah et al. (2013) for Pu intrinsic colloids 
was 1.85 x 10-19 J compared to 8.0 x 10-20 J for a smectite clay material that was also used in the 
investigations. Additionally, for example, Blakey and James (2013) estimated the Hamaker 
constant for goethite as 5.5 x 10-20 J. The Hamaker constant can in turn be used to estimate the 
energy barrier (kT) to colloid agglomeration (at varied pH and ionic strength), noting that an 
energy barrier > 15-25 kT is considered sufficient to prevent colloid particles entering the primary 
minimum and agglomerating (Blakey and James, 2013).  

Using the forementioned Hamaker constant, Abdel-Fattah et al. (2013) determined that the 
energy barrier was only > 25 kT below pH 5 for ionic strengths relevant to the SRS LW tanks. As 
such, this finding would suggest that Pu intrinsic colloids should not be stable across the entire 
range of anticipated chemistries for the SRS LW tanks. It is also noteworthy, however, that the 
investigation by Abdel-Fattah et al. (2013) considered column experiments (at pH 8.7) in which 
Pu intrinsic colloids (ζ ~0 mV at pH 8.7) were mixed with smectite clay colloids (ζ -45 mV at pH 
8.7) and passed through a sediment column (sediment derived from a Nevada Test Site well). 
While 30% of the Pu intrinsic colloids did break through the column, the data suggested that the 
Pu was entirely associated with smectite colloid transport. As such, it was concluded that while 
Pu intrinsic colloids were unstable across a wide pH range, the nano-particulate PuO2 could 
potentially be transported via attachment to mineral colloids. However, this mechanism seems 
unlikely in the highly alkaline environment of the SRS residual waste and vadose zones (pH 11.4 
- 10) since the surface potentials on the intrinsic Pu and mineral colloids should be strongly 
negative and most likely repel one another. 

Xie et al. (2012) compared the transport characteristics of Pu intrinsic and pseudo (mineral) 
colloids through a sediment that was predominantly composed of quartz and contained 
secondary clay minerals and, thus, has some similarities to the SRS sandy sediment (note that the 
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mineral colloids used in the experiment were fractionated from the sediment). Pu intrinsic and 
pseudo (i.e., aqueous Pu mixed with sediment-derived colloids) colloid suspensions were 
prepared at pH 8.5 and an ionic strength of 0.0005 M, and subsequently injected into separate 
packed soil columns. The Pu recoveries for the Pu intrinsic and Pu pseudo colloid tests were 
approximately 2% and 19%, respectively. This suggests that under the chemical conditions 
considered, Pu intrinsic colloids are significantly less mobile than their pseudo colloid 
counterparts. Of course, it is important to reiterate that these experiments were conducted at 
pH 8.5, which, according to Abdel-Fattah et al. (2013), is just below the pHPZC for Pu intrinsic 
colloids and, thus, significant agglomeration would be anticipated for the Pu intrinsic colloids. 

Zavarin et al. (2014) conducted batch experiments (at pH 8) to evaluate the potential adsorption 
of Pu intrinsic colloids (3 – 5 nm diameter) to goethite but determined that the PuO2 
nanoparticles had a greater affinity for agglomeration rather than adsorption to goethite. 
Transmission electron microscopy (TEM) indicated effective diameters of several hundred 
nanometers for the agglomerated PuO2 colloids. A study by Powell et al. (2011) also highlighted 
the lack of sorption between Pu nano-colloids and goethite when the pre-formed colloids were 
added to a goethite suspension (at pH 7). However, when a Pu(IV) solution was added to the 
goethite suspension, Pu nano-colloids were precipitated on the goethite surface. It is particularly 
noteworthy that strong binding between Pu nano-colloids and goethite was observed, and this 
was attributed to epitaxial growth of a lattice-distorted Pu4O7 structure on the goethite surface. 
As such, in Pu-saturated environments (e.g., the residual waste and vadose zones) there is the 
potential for Pu nano-colloids to associate with goethite as described by Powell et al. (2011). 
However, as discussed in Section 7.2.2, goethite colloids are ultimately expected to be 
immobilized within the aquifer. 

In summary, the available, but limited, data on Pu intrinsic colloid stability appears to suggest 
that these materials have a propensity to agglomerate, though it is acknowledged that two of the 
three studies reviewed were conducted at pH ~8, which, per Abdel-Fattah et al. (2013), is close 
to the pHPZC for Pu intrinsic colloids, i.e., close to zero surface potential and minimal electro-
repulsion. In addition, pH ~8 only becomes relevant to the SRS LW tank environment after several 
thousand PVs (Figure 11). However, Abdel-Fattah et al. (2013) were also able to calculate the 
Hamaker constant and subsequently utilized this parameter to estimate the energy barrier (kT) 
for Pu intrinsic colloids at varied pH and ionic strengths (recall that energy barrier > 15-25 kT is 
tentatively associated with colloid stability (Blakey and James, 2003)). For the ionic strengths 
relevant to the SRS LW tank environments (i.e., < 0.01 M), a pH < 5 would be required to achieve 
the forementioned energy-barrier condition and subsequent colloid stability. This data would 
appear to suggest Pu-intrinsic-colloid instability (agglomeration) across the entire range of 
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solution chemistries predicted for the SRS LW tank environment (refer to Figure 13), though it 
would perhaps be imprudent to overemphasize estimated data from a single study. In addition, 
it is important to reiterate that Abdel-Fattah et al. (2013) indicated that while intrinsic Pu colloids 
had a high propensity for agglomeration, groundwater transport may be achieved via attachment 
to mineral colloids. However, as previously stated this mechanism seems unlikely for the highly 
alkaline environment of the SRS residual waste and vadose zones. 

It is also important to consider the role of intrinsic colloid transport and retention within SRS-
derived soils, though, to the author’s knowledge, no site studies have specifically considered this 
phenomenon. Considering the pHPZC values provided in Table 1, it appears that retention of 
intrinsic Pu colloids would be most favorable within the aquifer, i.e., pH 5.4. At this pH, the Pu 
intrinsic colloids should possess a positive surface potential, as should the secondary mineral 
goethite. In contrast, the quartz and kaolinite should maintain negative surface potentials at pH 
5.4. The fact that colloidal goethite is still present in the aquifer sediment implies that the solution 
chemistry is not conducive to goethite colloid dispersion, but rather the positively charged 
goethite colloids remain attached to the immobile and negatively charged quartz grains. A similar 
fate could also be implied for the positively charged Pu intrinsic colloids and, thus, it seems 
credible to suggest that, if Pu intrinsic colloids were able to migrate through the vadose zone, 
they would subsequently be adsorbed to the SRS aquifer sediments.  

Ultimately, Zanker and Hennig (2014) suggest that Pu intrinsic colloids are predicted to be a near-
field issue since dilution of the grout-conditioned porewater entering the aquifer will induce Pu 
solid dissolution as the aqueous Pu concentration falls below the Pu solubility limit. In addition, 
it is assumed that Pu intrinsic colloids will readily dissolve in the slightly acidic aquifer 
groundwater (pH 5.4) since the solubility of PuO2 increases when transitioning from alkaline to 
acidic environments (Altmaier et al., 2013). Upon dissolution, it is subsequently anticipated that 
the aqueous Pu will be predominantly adsorbed to the aquifer sediments. Indeed, Zhao et al. 
(2020) conducted a study (at pH 8) in which they separated PuO2 nanoparticles (<14 nm) from a 
montmorillonite clay suspension by a dialysis membrane that would only allow the transport of 
aqueous species. The data indicated that the PuO2 nanoparticles readily dissolved, migrated 
across the membrane, and adsorbed to the clay particles.   

7.1.3 Residual Waste Mineral Colloids 

As indicated in Section 5, minerals contained within the residual waste may ultimately be the 
source of colloids to which aqueous Pu can adsorb.  These include gibbsite and hematite, and it 
is known that both materials adsorb Pu(IV) (Runde et al., 2000; Powell et al., 2011). Thus, 
assuming aqueous Pu adsorbs to these minerals, and the colloids are subsequently dispersed, it 
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is necessary to determine the transport-feasibility of these colloids through the vadose zone and 
into the aquifer.  

Under the alkaline pH of the grout-conditioned porewater (within the vadose zone), both 
hematite and gibbsite should have negative surface potentials based on their pHPZC of 6.7 – 8.5 
and 9.0, respectively (Table 1). Given that the quartz and secondary kaolinite and goethite 
minerals will also be negatively charged, it is conceivable that hematite and gibbsite colloids will 
be stable in the vadose zone. However, as the grout-conditioned groundwater is diluted to pH 
5.4 in the aquifer, the hematite and gibbsite colloids, and goethite within the sediment will 
assume positive surface potentials, while the quartz and kaolinite of the sediment will remain 
negatively charged. As such, attachment of the gibbsite and hematite colloids to the immobile 
quartz grains would be anticipated.  

Emerson et al. (2016) studied the transport of thorium (Th(IV)) (an analog for Pu(IV)) in the 
presence of hematite colloids and fulvic acid. Note that fulvic acid was included in their 
investigation since humic substances are hypothesized to coat mineral colloids and enhance their 
stability via steric repulsion. Column experiments were conducted at pH 5.5 and utilized 
sediments comprised of either pure quartz or actual SRS sandy sediments. For the quartz column, 
breakthrough percentages of Th(IV) and hematite were 60 and 70%, respectively. In contrast, for 
the column containing the SRS sandy sediment, the Th(IV) and hematite breakthrough 
percentages were both < 1%. This study serves to illustrate the retention capacity of the SRS 
sandy sediment at the SRS aquifer pH (5.4), and the investigators hypothesized that the 
kaolinite/goethite coatings on the quartz grains were responsible for the enhanced hematite 
retention. Indeed, Li et al. (2013) suggest that at the aquifer pH of 5.4, the heterogeneous nature 
of the SRS sandy sediment is key to minimizing colloid transport. As indicated earlier in this 
section, at pH 5.4 the quartz and kaolinite grains would be expected to possess negative surface 
potentials while the goethite should exhibit a positive surface potential. It is hypothesized, 
therefore, that the positively charged goethite is attracted to the negatively charged quartz, but, 
in addition, that the goethite serves to affix the negatively charged kaolinite to the quartz grains. 
The result is potentially a heterogeneous immobile sediment with varied surface potential that 
is ultimately capable of adsorbing negatively- and positively-charged colloids.  

7.2 Colloids Associated with SRS Sediments 

As indicated in Section 5, the vadose zone and aquifer sediments relevant to the LW tank 
environments are predominantly composed of quartz grains and secondary kaolinite and 
goethite minerals. The kaolinite and goethite are colloidal in size and coat the stationary quartz 
grains. As such, the potential exists for aqueous Pu to adsorb to the mineral colloids, which may 
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subsequently be released under favorable chemical conditions. However, what constitutes 
“favorable chemical conditions”? As indicated in SRNL-STI-2022-00169, the mere presence of the 
indicated colloids in the SRS sediments attests to the fact these materials are not mobile under 
typical groundwater conditions (i.e., pH 5.4 and ionic strength <0.001 M). However, within the 
vadose zone below the LW tanks, the grout-conditioned porewater chemistry may facilitate 
mineral-colloid dispersion and mobilization, and this is discussed in the subsequent text. 
Ultimately, however, it is assumed that mineral colloids, mobilized within the grout-conditioned 
porewater of the vadose zone, will be immobilized (via agglomeration and adsorption) as they 
enter the aquifer and the grout-conditioned porewater is diluted to the background solution 
chemistry of the aquifer.  

7.2.1 Vadose Zone Transport of Mineral Colloids 

Haliena et al. (2016) evaluated the impact of pH and ionic strength on the mobilization of colloids 
within an SRS sandy sediment. Tests were conducted by passing groundwater simulants through 
a saturated column packed with the SRS sandy sediment. Column testing was initiated with 
groundwater simulant at pH 4 and 0.1 M NaNO3, after which the NaNO3 concentration was 
decreased to 0.001 M (to evaluate decreased ionic strength), and finally the pH was increased to 
11 (to evaluate the impact of grout-conditioned porewater). At pH 4 and 0.1 M NaNO3, the colloid 
concentration in the column effluent was essentially zero and this remained the case when the 
NaNO3 concentration was reduced to 0.001 M. As such, decreasing the ionic strength at pH 4 had 
no impact on colloid mobilization (dispersion). As indicated in Section 3.3.2, ionic strength is only 
impactful with regards to colloid stability when the interacting surfaces carry like charges. At pH 
4, the goethite and kaolinite colloids will possess positive surface potentials (per Table 1), 
whereas the stationary quartz grains will be negatively charged. Thus, the colloids will be 
attracted to the quartz grains negating the impact of decreased ionic strength on colloid 
mobilization. Upon increasing the pH to 11, a rapid spike in effluent-colloid concentration 
occurred followed by an equally rapid decline. At pH 11, the quartz grains and the 
kaolinite/goethite colloids will be negatively charged (per Table 1) and, thus, electrostatic 
repulsion will initiate colloid dispersion. The subsequent rapid decline in colloid release could be 
associated with one of two phenomena. Firstly, depletion of those colloids that could be released 
under the specified solution chemistry or, secondly, plugging of sediment pores by the rapid 
colloid release, thereby preventing further colloid elution. Section 4 detailed potential sediment 
filtering mechanisms, including bridging of sediment pores when large colloid populations are 
suddenly released.  
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Li et al. (2012) evaluated the impact of a cementitious leachate simulant (CLS) on the release of 
mineral colloids from an SRS sandy sediment. A CLS solution was prepared and subsequently 
diluted (per Table 2) to adjust pH and ionic strength. 

Table 2: Influent solution chemistry for grout-conditioned groundwater simulants (Li et al., 
2022). 

CLS Dilution 
Approximate 

pH 
Ionic Strength * 

(M) 

1:1 12.8 0.06 

1:10 12 0.006 

1:100 11 0.0006 

1:1000 10 0.00006 

* Ionic strength calculated from the ion 
concentrations utilized in preparing the CLS 
solutions. 

For all the CLS solutions, except the 1:1000 dilution, colloids were released as the CLS solution 
was pushed through the SRS sandy sediment. As the degree-of-dilution increased, the sharpness 
and magnitude of the colloid release decreased and the colloid-emergence-point in terms of PVs 
transported increased. For example, for the undiluted CLS 1:1 sample, colloid breakthrough 
occurred after 1 PV and the maximum colloid concentration in the effluent was approximately 
10,000 mg/L. In contrast, for the CLS 1:100 sample, colloids emerged after 5.4 PVs and the 
maximum colloid concentration was 2,000 mg/L. XRD of the colloids confirmed that they were 
predominantly comprised of goethite (70 wt.%) and kaolinite (30 wt.%). For all CLS dilutions, the 
zeta potentials of the SRS sandy sediment and the kaolinite colloids in the effluent were negative, 
whereas the goethite colloids were negative for all CLS simulants except the 1:1000 dilution. The 
positive zeta potential for the goethite in the effluent of the CLS 1:1000 test potentially explains 
the lack of colloid release from that column. It is assumed that the goethite was attracted to the 
SRS sandy sediment, but also served to affix the negatively-charged kaolinite colloids to the 
immobile quartz grains, thereby preventing their release. It is also noteworthy that the high ionic 
strength of the CLS 1:1 sample failed to impact colloid stability at pH 12.8. This is presumably due 
to high electrostatic repulsion for colloid-colloid and colloid-sediment interactions at the highly 
alkaline pH.  Ultimately, the findings in this study agree with those derived from Haliena et al. 
(2016), and demonstrate that, as grout-conditioned porewater enters the vadose zone from the 
degraded LW tanks, mineral colloids from the soil will potentially be released due to electrostatic 
repulsion between the goethite/kaolinite colloids and the quartz grains. As the pH is decreased 
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and the electrostatic repulsion reduced, the mineral colloids will remain attached to the 
immobile sediment surfaces.  

7.2.2 Aquifer Transport of Mineral Colloids 

In Section 7.2, it was asserted that once mineral colloids (i.e., goethite and kaolinite), derived 
from the vadose zone and dispersed by the grout-conditioned porewater, enter the slightly acidic 
aquifer environment, they will be immobilized. The previously discussed study by Haliena et al. 
(2016) indicated zero colloid release from columns packed with SRS sandy sediment when the 
influent was maintained at pH 4. This is, however, slightly lower than the pH 5.4 anticipated for 
the aquifer groundwater. WSRC-STI-2008-00196 details colloid dispersion testing on a variety of 
SRS sandy and clayey soils with background pH values ranging 4.2 to 5.9. A critical dispersion pH 
ranging from 5.7 – 6.2 was identified, below which colloid dispersion was unlikely to occur. Also 
noteworthy are long-term lysimeter tests conducted at SRS. Kaplan et al. (2004) detail data from 
an 11-year experiment in which a Pu(NO3)4 source was embedded in a 52-liter lysimeter 
containing native SRS soil that was collected 4 m below the surface and contained 71 wt.% sand, 
10 wt.% silt, and 19 wt.% clay; the background pH of the soil was 6.3. During the 11-year testing 
period, the lysimeter was exposed to 1290 cm of rainfall, yet little Pu was detected in the 
lysimeter effluent and 95% of the Pu that migrated was detected (via post-test soil sectioning 
and analysis) within 1.25 cm of the Pu source (WSRC-TR-2003-00300; Kaplan et al., 2004). In 
addition, though Pu migrated 14 cm below the source, the concentration at this depth was almost 
6 orders of magnitude lower than the Pu concentration adjacent to the source. Though the post-
test soil analysis was not specifically aimed at evaluating colloid-facilitated migration of Pu, the 
authors concluded that colloid transport was not responsible for the observed Pu-depth profile 
within the soil (despite the 19 wt.% clay content of the soil) since colloid transport would be 
expected to have manifested as a “second, deeper (more mobile) Pu concentration peak in the 
Pu depth profile data”. As such, this data reinforces the assertion that at the background pH 
associated with the SRS aquifer, colloid-facilitated transport is not anticipated to play a significant 
role in Pu migration. 

8 CONCLUSIONS 

With respect to contaminant migration from SRS LW tanks, the PA does not explicitly model 
colloid-facilitated transport, which has the potential to augment contaminant migration from the 
residual waste contained within the tanks to the near- and far-field environments. As such, the 
purpose of this report was to examine the literature to determine the propensity of colloidal-Pu 
transport in the SRS LW tank environment. Numerous potential sources of colloids were 
identified and include: 
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• Cementitious colloids from the tank closure grout and the degraded concrete tank. 

• Intrinsic Pu colloids from the residual waste. 

• Mineral colloids from the residual waste and the degraded carbon steel liners. 

• Mineral colloids within the vadose zone and aquifer sediments. 

Ultimately, this report sought to evaluate the stability and mobility of these colloid species based 
on the chemical environments predicted for the SRS LW tanks which include: 

• Alkaline pH (10 – 11.4) associated with the porewater of the tank closure grout. 

• Migration of the grout-conditioned porewater into the vadose zone beneath the tanks. 

• Dilution of the grout-conditioned porewater within the aquifer (i.e., slightly acidic 
groundwater pH 5.4). 

The general conclusion from this evaluation is that all the forementioned colloid species have the 
potential for some degree of dispersion and transport within the grout-conditioned porewaters 
(pH 11.4 - 10) associated with the tank closure grout, the residual waste, and the vadose zone. 
However, as the vadose zone groundwater moves into the aquifer, the associated dilution and 
decrease in pH are anticipated to immobilize the colloids via agglomeration, adsorption to 
immobile sediments, and/or dissolution.  Thus, it is reasonable to predict that the transport of 
colloids is likely to be negligible within the SRS LW tanks environment and have little to no 
influence on compliance point plutonium activity and dose or long-term performance of the 
closure system. Table 3 provides more detailed information regarding the indicated assertions. 
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Table 3: Stability and transport of colloids associated with SRS LW tanks. 

Colloid-Type Source 
Stability and Dispersion at Source 

(Alkaline Grout-Conditioned 
Porewater: pH 11.4 – 10.0) 

Stability in Vadose Zone 
(Alkaline Grout-Conditioned Porewater: pH 

11.4 – 10.0) 

Stability in Aquifer  
(Slightly Acidic Aquifer Groundwater: pH 5.4) 

Cementitious 
Colloids 

Tank Closure 
Grout / LW 

Tank 
Concrete 

• The sign and magnitude of 
surface potentials on the 
cementitious colloids will vary 
based on Ca/Si ratio. 

• As such, it is assumed that some 
cementitious colloids may be 
dispersed. 

• Based on the potentially varied sign and 
magnitude of the surface potentials on 
cementitious colloids, it is assumed that 
negatively charged colloids may migrate 
through the negatively charged vadose 
zone sediment.  

• The cementitious colloids will no longer be in chemical equilibrium 
with the groundwater solution as the grout-conditioned porewater 
is diluted upon entering the aquifer. 

• As such, dissolution of the cementitious colloids is anticipated in 
the aquifer. 

• The dissolution mechanism is similar to that associated with the 
decalcification of concrete. 

Pu Intrinsic 
Colloids 

Residual 
Waste 

• Studies, though limited in number, indicate that Pu intrinsic colloids have a high 
propensity for agglomeration. 

• Estimation of the Hamaker constant and subsequent determination of the energy 
barrier to agglomeration at varied pH, indicate that agglomeration is anticipated at 
pH > 5.  

• Intrinsic Pu colloids may potentially attach to stable/mobile mineral colloids 
though this seems unlikely at highly alkaline pH because of negative potentials. 

• Any Pu intrinsic colloids migrating from the vadose zone to the 
aquifer zone are expected to dissolve as the aquifer groundwater 
dilutes the grout-conditioned porewater and the pH tends to that 
of the aquifer (i.e., pH 5.4). 

• Dilution will result in a non-saturated Pu solution ( enhanced 
dissolution of Pu nanoparticles) and a lower pH ( higher Pu 
solubility limit). 

Mineral 
Colloids 

Residual 
Waste 

• Studies indicate that the high pH 
of the grout-conditioned 
porewater will promote large 
negative surface potentials on 
the mineral colloids, which will 
enhance their dispersion and 
likely transport. 

• Since the grout-conditioned groundwater is 
maintained in the vadose zone, negative 
surface potentials are expected for mineral 
colloids and the vadose zone sediments. 

• As such, dispersion and transport of 
mineral colloids through the vadose zone is 
assumed. 

• Studies support the assertion that 
dispersion and transport of mineral colloids 
will occur through SRS sediments in the 
grout-conditioned porewater. 

• pHPZC data indicates that, at the aquifer pH 5.4, quartz and 
goethite should possess negative and positive charges, 
respectively, and thus, goethite colloids are expected to sorb to 
the quartz. 

• Kaolinite colloids are expected to have a slight negative charge at 
pH 5.4, though studies also confirm their immobilization at this pH. 

• It is hypothesized that:  
(1)   The magnitude of the surface potential on the kaolinite 

colloids at pH 5.4 is insufficient to prevent colloid-colloid and 
colloid-sediment attachment. 

(3) Positively charged goethite colloids affix the negatively 
charged kaolinite colloids to the negatively charged quartz 
grains. 

• The heterogeneous surface potential of the aquifer sediments (i.e., 
negative quartz/kaolinite, positive goethite) is expected to 
facilitate effective adsorption of negatively- and positively charged 
colloids. 

Vadose 
Zone 

Aquifer 
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10 ANNOTATED BIBLIOGRAPHY 
This annotated bibliography summarizes relevant data from original research and review articles that are applicable to colloid-
facilitated contaminant transport in the SRS environment.  

 

Abdel-Fattah, A. I., Zhou, D., Boukhalfa, H., Tarimala, S., Ware, D. S., and Keller, A. A., Dispersion Stability and Electrokinetic Properties of Intrinsic Plutonium 
Colloids: Implications for Subsurface Transport, Environmental Science and Technology, 47, 5626-5634 (2013). 

Article Type • Original research – journal article. 

Topic • Intrinsic Pu colloid stability. 

Objectives • Evaluated: 
o Intrinsic Pu colloid stability with respect to pH and ionic strength and determination of PZC and CCC. 
o Propensity of intrinsic Pu colloids to sorb to mineral (pseudo) colloids. 

Experimental • Pu Colloid Synthesis 
o Suspensions prepared following a modified sol-gel procedure in which polymerization of a nitric acid solution of pure Pu(IV) was 

attained by slowly increasing the pH to 9 using NH4OH. 
o Suspension sonicated, centrifuged, filtered to <0.22 microns, and maintained at pH 4.26. 
o Stable colloid suspension (post-settling of agglomerated colloids) contained colloids with diameters predominantly in the 30-40 nm 

range. 
o Pu(IV) concentration in suspension = 2.6E-03 M. 

• Natural Groundwater Colloids 
o Derived from groundwater from Nevada Test Site well at 131-ft depth below surface. 
o Colloid composition: 95% smectite clay, 4% zeolites, and 1% other minerals. 
o Colloid concentration: 

 Unfiltered groundwater = 2.9E+10 particles/mL. 
 Filtered groundwater (<0.45 microns) = 2.0E+08 particles/mL. 

o Filtered groundwater  
 pH = 8.7. 
 Ionic strength = 5.4 mM.  
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• Electrokinetic and Colloid Dispersion Stability Measurements 
o The time-dependent PSD of intrinsic colloids in suspension was measured within the stock solution at pH 4.2 – provides 

information on intrinsic Pu colloid agglomeration. 
o Zeta-potential of intrinsic and natural colloids measured over pH range 1 – 12. 
o Colloid stability of intrinsic and natural colloids evaluated via colloid agglomeration measurements at pH 8.2 (natural colloids) and 

11.4 (intrinsic colloids) and varied ionic strengths. 
• Column Transport Experiments 

o Column packed with alluvium from 240-m depth of NTS testing well – exact sand/silt/clay proportions not provided. 
o Column flushed with filtered groundwater (pH 8.7) until the colloid concentration in the effluent attained a constant level (~2E+08 

particles/mL). 
o Two separate column injection samples: 

 Unfiltered natural groundwater (smectite colloid concentration = 2.9E+10 particles/mL). 
 Pu intrinsic colloids mixed with filtered groundwater (smectite colloid concentration = 2.0E+08 particles/mL) – final Pu 

concentration of suspension = 1.49E-06 M 
o The natural colloid sample (without Pu) was first injected into the column. 
o Once the effluent colloid concentration fell back to 2.0E+08 particles/mL, the intrinsic Pu colloid sample was injected. 

Results • Time-Dependent Particle Size Distribution (pH 4.2) 
o At time zero, the PSD was characterized by a trimodal distribution with peak maxima at approximately 100, 600, and 5000 nm.  
o Over a settling period of approximately 500 minutes the average particle diameter in solution dropped from 500 to 100 nm. 
o After settling for approximately 24 hours, the particles in suspension had a predominantly unimodal distribution with the peak 

maxima around 30-40 nm. 
o Data indicates that at pH 4.2, intrinsic Pu colloids readily agglomerate. 

• Electrokinetic Measurements 
o Zeta-potential measurements from pH 1-12. 
o Intrinsic Pu Colloids 

 pH 3 ~ +60 mV; pH 5 ~ +40 mV; pH 7 ~ +20 mV; pH 9 ~ 0 mV; pH 11 ~-20 mV; pH 13 ~ -50 mV. 
 PZC = pH 8.6. 

o Natural Smectite Colloids 
 pH 1 ~ -35 mV; pH 5 ~ -40 mV; pH 9 ~-50 mV. 
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 No isoelectric point: zeta potential negative across pH range investigated. 
• Critical Coagulation Concentration 

o CCC = ionic strength above which the rate of colloid agglomeration no longer increases – determined by measuring the 
agglomeration rate of colloids from suspension. 

o Intrinsic Pu colloids: CCC = 100 mM (at pH 11.4; zeta potential -40 mV). 
o Natural smectite colloids: CCC = 800 mM (at pH 8.6; zeta potential -40 mV). 

• Column Experiments (pH 8.7) 
o Breakthrough %: 

 100% of the injected smectite colloids and 30% of the intrinsic Pu colloids (30-40 nm) were transported through the column. 
 However, data suggests that intrinsic colloids were likely associated with the smectite colloids. 

• Hamaker Constant Estimation 
o The Hamaker constant is a coefficient that accounts for, and is directly proportional to, the van der Waals (vdWs) interaction 

between two materials. 
o Estimations indicated Hamaker constants of: 

 1.85E-19 J for intrinsic Pu colloids. 
 8.0E-20 J for smectite colloids. 

o Investigators utilized these estimations to estimate the height of particle energy barriers, which are indicative of colloid stability.  
o The energy barrier to particle agglomeration is determined by the net energy associated with attractive van der Waals forces and 

repulsive electrostatic forces between particles.  
o Energy barriers below 15-25 kT (Boltzmann constant (k) and temperature (T)) generally indicate unstable colloid suspensions. 
o Investigators predicted the energy barriers for intrinsic colloid interactions and determined that intrinsic Pu colloids would only be 

stable below pH 5 and an ionic strength of 80 mM. Note, however, that at pH 4.2, the intrinsic Pu colloid suspension indicated 
significant colloid agglomeration and settling. 

Conclusions • Intrinsic Pu suspension (pH 4.2) indicated tri-modal particle size distribution with peak maxima at 100, 600, and 5000 nm – indicates 
significant agglomeration. After allowing particles to settle for approximately 1400 min (1 day), the suspended particles ranged 30-40 
nm. 

• Isoelectric point of intrinsic Pu colloid was pH 8.6 and at pHs relevant to SRS (11.5 to 10 for 3.500 PVs), the surface potentials are 
relatively low (-20 mV to -40 mV), and thus electrostatic repulsion between particles is expected to be low. 

• In addition, a high estimated Hamaker constant and low estimated energy barrier (kT) to agglomeration suggest that Pu intrinsic 
colloids will only be stable at pH < 5 and ionic strength < 80 mM. 
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• Agglomeration rate experiments indicate a CCC of 100 mM (pH 11.4) (i.e., the ionic strength at which maximum colloid agglomeration 
occurs). 

Relevance to 
SRS Colloid 
Discussion 

• At SRS-relevant pH (11.5 to 10 for 3,500 PVs), intrinsic Pu colloids are likely to be unstable due to low electrostatic repulsion and high 
van vdWs attraction.  

• Estimates of the Hamaker constant and energy barrier (kT) indicate intrinsic Pu colloid instability above pH 5 and an ionic strength of 80 
mM. 
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Deb, D., and Chakma, S., Colloid and Colloid-Facilitated Contaminant Transport in Subsurface Ecosystems, International Journal of Environmental Science and 
Technology, https://doi.org/10.1007/s13762-022-04201-z (2022). 

Article Type • Journal review article. 

Topic • Review of chemical and physical factors impacting colloid stability and transport. 

Key Points • Physical Factors Affecting Colloid Mobilization 
o Sediment pore size and the comparative size and shape of colloids. 
o Smaller sediment grain sizes result in reduced pore size which facilitates slower colloid migration. 
o Smaller sediment grains result in higher sediment surface areas which can enhance colloid attraction. 
o Anion exclusion in negatively charged clays may force negatively charged colloids from smaller and dead-end pores into the 

macropores of the sediment. This phenomenon may facilitate enhanced colloid migration. 

• Chemical Factors Affecting Colloid Mobilization 
o Ionic strength, pH, temperature, and redox potential are the key chemical variables influencing colloid transport. 
o Surface charge of hydrophobic colloids is dependent on the solution pH – lower pH results in positively-charged or less negatively-

charged colloids. 
o PZC is the pH at which colloidal particles have zero charge. 
o PZC for some relevant materials: 

 Clay particles: pH 3-4. 
 Goethite (a-FeOOH): pH 7-8. 

o Clays swell in the presence of water – this can result in the clogging of finer pores and the creation of preferential macro-pore 
pathways for colloid migration. 

o Changes in ionic strength can eliminate the primary or secondary energy minima and enhance the release of particles. 
o If an electrolyte of higher concentration is added to a colloidal solution, then the ion concentration within the EDL will increase, 

and subsequently the EDL thickness will decrease. This reduces or eliminates the potential barrier between two colloidal particles, 
which results in particle agglomeration. 

• Hydrodynamic Factors Affecting Colloid Mobilization 
o Flow velocity and water saturation are the key hydrodynamic variables influencing colloid transport. 
o At faster flow velocities hydrodynamic shear may enhance colloid flow. 
o Under non-saturated soil conditions, the AWI interface acts as an adsorbing phase. 
o At low water saturation, higher soil suction leads to enhanced colloid retention. 

https://doi.org/10.1007/s13762-022-04201-z


Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 71 of 109 

o Water films on grains are thinner which impedes the migration of colloids (if the colloid diameter is greater than the water film 
thickness). For thin water films, colloid retention at the AWI dominates. 

• Factors Affecting the Stability of Colloidal Solutions 
o Colloid size and electrokinetic properties are key governing factors impacting colloidal stability. 
o Electrokinetic properties determine the surface charge of colloids and are influenced by pH, ionic strength, and the presence of 

organic matter. 
o Colloid stability is controlled by the relative surface charge compared to other colloids and the immobile sediment.  
o Attraction and repulsion between particles are determined by van der Waals attractive force and the electrostatic repulsive force. 

• Van der Waals Attraction 
o The potential energy between two molecules or atoms depends on the distance between them and the Hamaker constant, the 

magnitude of which reflects the strength of the vdWs forces. 
o The Hamaker constant can be experimentally determined by various techniques including colloidal flocculation techniques. 

• Electrostatic Repulsion 
o The primary repulsive force influencing the stability of colloids is the EDL force. 
o Though colloidal particles have a net charge, the overall system charge must be zero, and thus, the colloid surface charges must be 

counterbalanced by ions or molecules with opposite charges near the colloid surface. 
o The EDL consists of a fixed layer (or Stern layer) having oppositely charged ions attached to the colloid surfaces and a diffuse layer 

comprising a mixture of charged ions. 
o The shear surface separates the fixed and diffuse layers, and it differentiates the mobile and immobile regions of colloids. 
o The potential at the shear surface of individual colloids is denoted by the zeta potential, which depends on the charge at the shear 

surface, the thickness of the diffuse layer, and the dielectric constant of the liquid medium. 
o Maximum electrical charge exists at the colloid surface, and it decreases in magnitude as it spreads away from the colloid surface 

and over the fixed and diffuse layers. 
o If two colloid particles with similar charges interact, their EDLs begin to interact, and they develop a net repulsive force. 

• Derjaguin-Landau-Verwey-Overbeek Theory 
o DLVO theory is associated with the stability of colloids in solution, and accounts for the combined effect of vdWs and electrostatic 

repulsion. 
o vdWs forces become dominant when the colloid separation distance is small, whereas at larger separation distances electrostatic 

repulsion dominates. 
o For colloids to become stable, the repulsive force must exceed the attractive force. 



Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 72 of 109 

o For colloid destabilization, sufficient kinetic energy is required to overcome the repulsive energy barrier. 
o Hamaker constant, surface potential, and ionic strength are the three main parameters in determining colloid stability. 

 Hamaker Constant 

• A high Hamaker constant results in a decrease of the repulsive energy barrier since the vdWs forces begin to dominate. 
 Surface Potential  

• As the surface potential between two like-particles increases, so the repulsive energy barrier increases. Hence, like-
colloids with high zeta potentials are expected to be stable. 

 Ionic Strength 
• As the electrolyte concentration increases, so the EDL thickness decreases, and the energy barrier shifts to a lower 

separation. 
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Emerson, H. P., Hickok, K. A, and Powell, B. A., Experimental Evidence for Ternary Colloid-Facilitated Transport of Th(IV) with Hematite (α-Fe2O3) Colloids and 
Suwannee River Fulvic Acid, Journal of Environmental Radioactivity, 165, 168-181 (2016). 

Article Type • Original research – journal article. 

Topic • Pseudo (mineral) colloid transport in saturated SRS soils. 

Objectives • Evaluated the transport of Th(IV) in the presence of hematite colloids and humic substances (i.e., fulvic acid). 
o Humic substances are believed to enhance colloid-facilitated Pu transport by coating and mobilizing mineral colloids and increasing 

Pu adsorption to the colloids. 
o Phenomenon expected to be enhanced under acidic conditions in which organic matter can sorb and coat colloid surfaces. 

Experimental • Column Experiments (pH 5.5) 
o Columns packed with either pure quartz or SRS sandy sediment. 
o Saturated column tests at flow rate of 1 mL/min (6.5 min residence time). 
o Column treatments included: 

 Hematite + fulvic acid (FA) + Th(IV) (aq). 
o Columns received the following influent treatments. 

 Pre-conditioning with at least 100 PVs of 0.001 M NaCl at pH 5.5. 
 Addition of at least 1 PV of spiked solutions. 
 Flushing with at least 38 PVs of 0.001 M NaCl. 

Results • Column Experiments 
o For the quartz column, the column breakthrough percentage for Th(IV) and hematite were approximately 60 and 70%, respectively. 
o In comparison, for the SRS sandy sediment, the column the breakthrough percentages of both Th(IV) and hematite were <1. 
o Analysis of the column materials indicates that the majority of the hematite colloids did not reach the middle of the column. 
o SRS sandy sediment composed of quartz with coatings of kaolinite and goethite. Thus, assumed that the hematite systems are 

strongly interacting with the coating materials. 
o Potential hypotheses proposed for the enhanced retention capacity of the sandy sediment included: 

 The clay coating on the SRS sand particles destabilized the hematite colloids. 
 Agglomeration of the hematite colloids with the clay-sized mineral coatings. 
 Physical entrapment of the colloids in the narrower pore channels of the natural sediment.  
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Conclusions • Study indicates that under the saturated, mildly acidic conditions associated with the SRS aquifer zone, SRS sandy sediment exhibits 
significant retention of both aqueous Th (IV) and Th(IV) hematite pseudo-colloids.  

• Enhanced retention occurred for the SRS sandy sediment despite the presence of fulvic acid, which is expected to increase colloid 
mobility in acidic environments  

Relevance to 
SRS Colloid 
Discussion 

• The study was conducted at pH (5.5) using SRS sandy sediment as the column media. 
• Study demonstrates the retention capabilities of SRS sediments, and it is hypothesized that the enhanced retention is associated with 

the presence of the kaolinite and goethite coatings on the quartz grains in the SRS sandy sediment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 75 of 109 

Flury, M., and Qiu, H., Modeling Colloid-Facilitated Contaminant Transport in the Vadose Zone, Vadose Zone Journal, 7, 682-697 (2008). 

Article Type • Journal review article. 

Topic • Factors impacting colloid transport in the unsaturated vadose zone. 

Key Points • General 
o Laboratory experiments indicate that colloid-facilitated contaminant transport is enhanced under saturated flow conditions since 

colloid transport decreases with decreasing water saturation. 
o Colloid transport in the vadose differs from that of the saturated zone with respect to the following aspects: 

 Air-Water Interface 
• Colloid particles may attach to, and be immobilized by, the AWI. 
• Colloid attachment is usually enhanced at AWIs due to capillary forces. 
• AWI can cause colloid immobilization due to: 

o Film staining when the water films on sediment surfaces become thinner than the colloidal diameters. With film 
straining, strong capillary forces pin the colloids to the sediment grains. 

o Pendular ring entrapment. 
• AWIs move during infiltration and drainage and carry attached colloids along with them and moving AWIs can also scour 

colloids from SWI. 
 Non-Uniform Flow 

• Non-uniform flow can promote colloid mobilization and transport in macro-pores. 
 Transient Flow 

• Rainfall and evaporation lead to transient flow which is associated with: 
o Expanding and shrinking water films. 
o Changing and moving AWIs. 
o Changing mobile-immobile water regions. 

 Gradients in Porewater Chemistry 
• Infiltrating rainfall may have a lower ionic strength than the soil porewater, which can potentially mobilize colloids. 
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Fujita, T., Sugiyama, D., Swanton, S. W., and Myatt, B. J., Observation and Characterization of Colloids Derived from Leached Cement Leachates, Journal of 
Contaminant Hydrology, 61, 3-16 (2003).  

Article Type • Original research – journal article. 

Relevance • Cementitious colloid stability. 

Objectives • Evaluated the concentration, size, composition, and zeta potentials of colloids derived from cementitious materials. 

Experimental • Considered OPC, BFS/OPC (9:1 mass ratio), high fly ash/silica fume cement (HFSC), and CSH phases with varied Ca/Si ratios. Note that 
majority of data collected on HFSC. 

• Leaching Experiments  
o Leaching tests conducted on BFS/OPC and HFSC samples. 
o Conducted in synthetic fresh-reducing-high pH groundwater. 

 Na+: 7.2E-03 mol/L; Ca2+: 3.8E-05 mol/L; SO4
2-:1.3E-04 mol/L; HCO3

-+CO3
2-: 6.8E-03 mol/L; SiO2: 1.8E-04 mol/L. 

o Solid-to-liquid (S/L) ratios use: 1:5, 1:50, and 1:100. 
o Leaching times: 2- 8 months. 

• TEM conducted on HFSC colloids (retrieved from leaching tests) to determine colloid: 
o Concentration. 
o Composition. 
o Size distribution. 

• Electrophoretic Mobility 
o Used to derive colloid zeta potentials. 

• Colloid Stability (HFSC only) 
o In-situ measurement of particle size distribution (PSD) over 24 hours. 
o [Ca2+] varied from 1E-03 and 2E-05 mol/L. 
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Results • Leaching Tests and TEM Observations (HFSC only) 
o Colloid Concentrations 

 <6.3E+10 to 1.1E+12 particles/L. 
o Colloid Composition 

 Ca-Al-Si (presumably CASH hydration products). 
o Particle Size 

 10-500 nm. 
• Colloid Stability (HFSC only) 

o [Ca2+] < 2E-04 mol/L: colloid PSD indicated no significant change over 24 hours (mean particle size ~300 nm). 
o [Ca2+] > 5E-04 mol/L: colloid PSD increased with time; after 24 hours mean particle size increased to ~3000 nm. 
o CCC estimated at 5E-4 mol/L Ca2+.  

• Zeta Potentials (S/L = 1/10) 
o OPC: +50 mV (pH ~13). 
o 1:9 BFS/OPC: +50 mV (pH ~12.5). 
o HFSC: -20 mV (pH ~11). 
o Zeta potential data for above samples is likely associated with Ca/Si ratio of colloids: 

 For CSH (Ca/Si = 1.4 to 1.65) = +20 to +30 mV (higher Ca/Si = more positive zeta potential). 
 For CSH (Ca/Si = 0.65 to 1.1) = -10 to -20 mV (lower Ca/Si = more negative zeta potential). 

o Ca/Si of hydration products will be highest for OPC and lowest for HFSC.  

Conclusions • Cementitious colloid concentrations ranged ~1E+10 to 1E+12 particles/L. 
• The majority of colloids are predominantly composed of Ca, Al, and Si, and are likely CSH and CASH hydration phases. 
• Significant colloid agglomeration is evident for [Ca2+] > 5E-04 mol/L (i.e., CCC for HFSC). 
• The zeta potential of the cementitious colloids (pH 11-13) appears to be controlled by the Ca/Si ratio of the hydration products. OPC 

and BFS/OPC (with higher Ca/Si ratios) indicated positive zeta potential while HFSC indicated a negative zeta potential. 

Relevance to 
SRS Colloid 
Discussion 

• SRS TCG contains 18% OPC, 30% BFS, and 52% FA. CSH and CASH from OPC and BFS will have higher Ca/Si ratios, and based on this 
research, should have positive zeta potentials.  

• CSH produced from FA would be expected to have a lower Ca/Si ratio, and therefore, a negative charge. However, FA is the least 
reactive of the three cementitious/pozzolanic components, which limits FA-derived CSH.  
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• Under alkaline environments, SRS sediments are expected to be negatively charged, and thus, one might expect positively charged 
cementitious colloids to be attracted to the immobile sediment phase. 
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Haliena, B., Zheng, H., Melso, N., Kaplan, D. I., and Barnett, M. O., Decreased Salinity and Actinide Mobility: Colloid-Facilitated Transport or pH Change? 
Environmental Science and Technology, 50, 625-632 (2016). 

Article Type • Original research – journal article. 

Topic • Pseudo (mineral) colloid transport in saturated SRS soils. 

Objectives • Evaluated the role of groundwater chemistry (pH and ionic strength) on Th(IV) colloid-facilitated transport in SRS sandy sediment. 

Experimental • SRS Sandy Sediment 
o 97% sand, 2.9% silt, 0.2% clay. 
o pH 5.1. 
o Clay fraction predominantly composed of kaolinite and goethite. 

• Saturated Column Testing 
o NaNO3 used to adjust ionic strength of influent (0.1 to 0.001 mol/L evaluated). 
o HNO3 and NaOH used to adjust influent pH (pH 4 and 11 evaluated). 
o Column tests conducted with and without Th(IV) in the influent solution. 
o Influent solutions injected at 1.8 m/day (residence time = 22 min). 
o Th(IV)-free testing (1 column): 

 Phase 1: Column flushed with background influent (pH 4, [NaNO3] = 0.1 M). 
 Phase 2: Column flushed with low ionic strength influent (pH 4, [NaNO3] = 0.001 M). 
 Phase 3: Column flushed with high pH influent (pH 11, [NaNO3] = 0.001 M). 

o Th(IV) adsorption/desorption testing (2 columns): 
 Phase 1: Column flushed with background influent (pH 4, [NaNO3] = 0.1 M). 
 Phase 2: Th(IV) adsorption step – column flushed with 11 micro-M Th(IV) influent (pH 4, [NaNO3] = 0.1 M). 

• Adsorption step continued until the Th(IV) concentration in the effluent plateaued – indicative of Th(IV) adsorption at 
maximum capacity.  

• It is especially noteworthy that it took the transport of approximately 150 PVs of Th(IV)-spiked solution through the 
column prior to the emergence of Th(IV) in the effluent. This confirms the excellent retardation capacity of the SRS sandy 
sediment. 

 Phase 3 (1st Column): Th(IV) desorption step – column flushed with low ionic strength influent (pH 4, [NaNO3] = 0.001 M). 
 Phase 3 (2nd Column): Th(IV) desorption step – column flushed with low ionic strength influent (pH 4, [NaNO3] = 0.1 M). 
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o Column effluents were analyzed with respect to colloid concentration (turbidity), Th(IV) concentration, pH, and zeta potential. 

Results • Th(IV)-free Column Testing 
o Starting solution: pH = 4 and 0.1 M NaNO3 (~330 PVs); intermediate step: NaNO3 concentration decreased to 0.001 M (~60 PVs); 

final step: NaNO3 concentration maintained at 0.001 M and pH increased to 11 (~8 PVs). 
o At pH 4 and 0.1 M NaNO3, the colloid concentration in the column effluent was essentially zero and this remained the case when 

the NaNO3 concentration was reduced to 0.001 M.  
 This result is contrary to some research which suggests that decreased ionic strength should increase colloid stability. A 

potential explanation relates to the relative surface charges of the quartz grains and the goethite/kaolinite colloidal particles 
coating the quartz. At pH 4, goethite and kaolinite are expected to possess positive surface charges, whereas quartz is 
expected to possess a negative surface charge. Indeed, zeta potential measurements of colloids at pH 4 indicate a zeta 
potential of approximately +10 mV. As such, the positively charged goethite/kaolinite colloids will remain adsorbed to the 
negatively charged quartz particles in the column despite the reduction in NaNO3 concentration, and subsequently, the 
reduction in ionic strength.  

o Upon changing to pH 11, the colloid concentration in the effluent spiked at approximately 325 mg/L. 
 Zeta-potential measurements of colloids released from the SRS sandy sediment indicate that PZC occurs around pH 5. 

Therefore, above pH the surface charge of goethite/kaolinite colloids become more negative, which results in repulsion from 
the negatively charged quartz grains. 

 It is also noteworthy, however, that following a rapid release of colloids, the effluent colloid concentration rapidly returned to 
near-zero despite maintenance of the elevated pH. This suggests that either: 

• Depletion of those colloids that could be released under the specified solution chemistry. 
• A plugging mechanism in which transport of the released colloids is halted within the narrow pore channels of the 

sediment.  
• Th (IV)-sorbed Column Testing (all testing at pH 4) 

o In this experiment Th(IV)-spiked solution (0.1 M NaNO3) was passed through two columns containing the SRS sandy sediment until 
the effluent Th(IV) concentration remained constant. 

o Once a constant Th(IV) effluent concentration was reached (at approximately 800 PVs), the infiltrating solution for one of the 
columns was continued at 0.1 NaNO3 (without the Th(IV) spike) while the other column was changed to 0.001 M NaNO3 (without 
the Th(IV) spike). 
 For column with 0.1 M NaNO3 influent: 

• No significant release of colloids was observed after the transport of approximately 700 PVs through the column (for the 
desorption step). 
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• Th(IV) desorption from the sediment was observed with approximately 80% of the sorbed Th(IV) released over 700 PVs. 
 For column with 0.001 M NaNO3 influent: 

• Upon switching to the lower ionic strength influent solution, a sharp release of colloids was observed which peaked at 
approximately 140 mg/L, but the colloid concentration in the effluents returned to zero after approximately 40 PVs). This 
may be associated with: 
o Depletion of colloids that can be released under these specific solution chemistry conditions, or  
o Colloid retardation in the narrow pore channels of the sediment. 

• A concurrent sharp release of Th(IV) was also observed, which is presumably associated with Th(IV) adsorbed to the 
released colloids. Following the spike (associated with colloid release), release of Th(IV) continued, indicating that Th(IV) 
was being desorbed from the immobile sediment. Approximately, 70% of the Th(IV) was desorbed over 400 PVs, 

• As mentioned previously, it is believed that reduced ionic strength may only result in colloid release when the sediment 
and colloids have similar charges. It is therefore possible that adsorption of the Th(IV) to the sediment and the colloids 
resulted in net positive surface potentials on both phases, and a decrease in ionic strength subsequently enhanced the 
repulsive electrostatic interaction 

• Zeta Potential Measurements 
o Isoelectric point (similar to PZC) of SRS sandy sediment colloids: 

 pH 4.8 (without sorbed Th(IV)). 
 pH 7.3 (with sorbed Th(IV)). 

Conclusions • For SRS sandy sediment without sorbed Th(IV): 
o Decreasing the influent NaNO3 concentration from 0.1 to 0.001 M (at pH 4) did not initiate colloid release from the SRS sandy 

sediment. This is believed to be associated with the fact that ionic strength changes may only be impactful to colloid release when 
colloids and sediment grains have like charges (i.e., negative-negative or positive-positive). Zeta potential measurements indicated 
that at pH 4, the colloids have positive surface potential compared to negative for the quartz grains. 

o Increasing the pH from 4 to 11 resulted in a sharp release of colloids from the SRS sandy sediment. At the higher pH both the 
colloids and the quartz grains possess negative potentials resulting in electrostatic repulsion between the two phases.  

o Colloid release decreased to near-zero despite continued transport of the pH 11 influent through the sediment column. This 
possibly suggests that: 
 Colloids that could be released under the specific solution chemistry have been depleted. 
 Colloid transport is retarded by filtering/straining within the narrow pore channels of the sediment. 

• For sandy SRS sediment with sorbed Th(IV): 
o Adsorption of Th(IV) to colloids and sediment at pH 4 may result in both possessing net positive charges. 
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o Hence, decreasing ionic strength may result in elevated electrostatic repulsion between the colloids and sediment and subsequent 
colloid release. 

• This may explain the sharp colloid release when the NaNO3 concentration in the influent was changed from 0.1 to 0.001 M (at pH 
4). 

Relevance to 
SRS Colloid 
Discussion 

• Saturated column tests with SRS sandy sediment conducted at pH 4, which is slightly lower than the predicted aquifer pH below the 
tanks (i.e., pH 5-6).  

• Data indicates that: 
o SRS sandy sediment colloids (without adsorbed Th(IV)) are not stabilized when decreasing the [NaNO3] from 0.1 to 0.001 M. 

However, for SRS environment [Ca2+] is a more relevant ion for investigating the impacts of ionic strength. 
o SRS sandy sediment colloids are stabilized (mobilized) when the pH is increased from 4 to 11. This is relevant to the grout-

conditioned groundwater, which (per PA models) should have a pH of 10 to 11.5 over the first 3.500 PVs. 
o However, ultimately the colloid release at pH 11 is transient caused by: 

 Rapid and complete release of all colloids that can be mobilized under the specific chemical conditions. 
 Retardation by entrapment of the colloids in the narrow pore channels of the sediment.  

o SRS sandy sediment (with adsorbed Th(IV)) indicated release of colloids (at pH 4) when decreasing the [NaNO3] from 0.1 to 0.001 
M. May be associated with the Th(IV) imparting positive surface potentials on both the quartz grains and the kaolinite/goethite 
colloids. Investigators suggest that ionic strength impacts on colloid mobility are relevant when the sediment and colloids have 
similar surface charges.  
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Kaplan, D. I., Powell, B. A., Demirkanli, D. I., Fjeld, R. A., Molz, F. J., Serkiz, F. J., and Coates, J. T., Influence of Oxidation States on Plutonium Mobility during 
Long-Term Transport through an Unsaturated Subsurface Environment, Environmental Science and Technology, 38, 5053-5058 (2004). 

Article Type • Original research – journal article. 

Topic • SRS lysimeter testing. 

Objective • To determine the influence of Pu oxidation state on vadose transport. 

Experimental • A 52-liter lysimeter containing near-surface SRS sediment and a Pu(IV)(NO3)4 source was left exposed to natural wetting and 
drying cycles for 11 years.  

• Sediment details: 
o Collected 4 meters below the surface. 
o pH = 6.3.  
o Sand/silt/clay wt.% = 71/10/19. 
o Organic matter <0.01 wt.%. 
o Clay mineralogy: kaolinite > goethite > hematite > gibbsite 

• Lysimeter effluents periodically retrieved and analyzed for Pu. 
• After 11 years, depth-discrete samples (1.25 – 2.5 cm segments) were analyzed via alpha spectroscopy. 

Results • Aqueous Pu from solid Pu(IV)(NO3)4 migrated very slowly after 11 years and 1290 cm of rainfall. 
• Pu migrated 14 cm downward through the sediment, but 95% of the migrated Pu was detected within 1.25 cm of the source. 
• Within the first 5 cm below the source, the Pu concentration dropped by 4 orders of magnitude. 
• From 5 – 14 cm, the Pu concentration dropped a further 2 orders of magnitude. 

Conclusion • Aqueous Pu from solid Pu(IV)(NO3)4 migrated very slowly after 11 years and 1290 cm of rainfall. 

Relevance to SRS 
Colloid Discussion 

• This test did not specifically address the colloid-facilitated transport of Pu, but it is noteworthy that, despite the high clay 
content of the soil, and therefore the potentially high concentration of colloids, Pu migration was essentially minimized to a few 
centimeters from the source after 11 years of wetting/drying cycles and the infiltration of 1290 cm of rainfall. 

• The data suggests that at the soil pH of 6.3 (equivalent to pH in aquifer zone), SRS sediment colloids will not be mobilized. 
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Li, D., Chang, H-K., Seaman, J. C, and Kaplan, D. I., Effects of Matrix Heterogeneity and Aqueous Humic Acid on Transport and Deposition of Mineral Colloids 
in Sandy Sediments, Journal of Environmental Chemical Engineering, 1, 875-883 (2013). 

Article Type • Original research – journal article. 

Topic • Pseudo (mineral) colloid transport in saturated SRS soils. 

Objectives • Evaluated the impact of humic acid and heterogeneity of SRS sandy sediment on mineral-colloid transport. 
o Humic acid has been shown to alter the surface potential of mineral colloids, which in turn impacts colloidal transport. 

Experimental • Evaluation considered two sediments and three colloid solutions: 
o Sediments 

 Two sediments evaluated: 
• SRS sandy sediment – washed/sonicated to remove colloids. 
• Ottawa sand – washed/sonicated to remove colloids. 

 Note, not all colloids are anticipated to have been removed via washing, but the intent was to limit the desorption of 
colloids during subsequent testing.  

 SEM indicated that the sandy sediment was largely comprised of quartz grains with coated patches of kaolinite and 
goethite. 

o Colloid Solutions (all prepared at pH 6.4 – 6.8) 
 Three colloid suspensions evaluated: 

• Quartz colloids derived from quartz powder (zeta potential = -30 mV). 
• SRS sandy sediment colloids (SRS colloids) (zeta potential = +21 mV). 

o XRD indicated colloids were 70 wt.% goethite and 30 wt.% kaolinite. 
• SRS colloids with humic acid (termed SRS-HA colloids) (zeta potential = -23 mV). 

• Batch Experiments  
o 15 g sediment + 30 mL colloid stock solution.  
o Utilized SRS AGW with pH ~6. 

• Column Experiments 
o Column flushing sequence: 

 SRS AGW (pH ~6) for 70 PVs. 
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 Colloid suspensions for 13-18 PV. 
 SRS AGW to observe colloid desorption. 

Results • Batch Experiments 
o Washed Ottawa Sand 

 0% of quartz and SRS-HA colloids were adsorbed to the Ottawa sand. 
 10% of SRS colloids (no HA) adsorbed. 
 At pH 6, the Ottawa sand has a slightly negative charge and repels the negatively-charged quartz and SRS-HA colloids. 

In contrast, the SRS colloids are positively charged and are attracted to the Ottawa sand, noting, however, that only 
10% of the SRS colloids were adsorbed (indicating a weak attractive force). 

o Washed SRS Sandy Sediment 
 Approximately 90-95% of each colloid type was adsorbed to the sediment. 
 The result is presumed to be associated with the heterogeneous nature of the SRS sandy sediment particles (at pH 6) 

with positively-charged goethite coated onto negatively-charged quartz particles. Note kaolinite is expected to be 
slightly negatively charged at pH 6. 

• Column Experiments 
o Washed Ottawa Sand 

 SRS colloids completely retained in Ottawa sand – no breakthrough observed. 
 SRS-HA and quartz colloids indicated approximately 70 and 80% breakthrough, respectively. 
 Data explained by relative surface charges of the Ottawa sand (negative) and the SRS-HA and quartz colloids (negative) 

compared to the SRS colloids (no HA) (positive). 
o Washed SRS Sandy Sediment 

 No breakthrough observed for any of the colloid suspensions (i.e., colloids 100% retained in the column). 
 Two potential mechanisms proposed: 

• Although the SRS sandy sediment was washed it was still coated with negatively-charged kaolinite and positively-
charged goethite, which served to attract both positively- and negatively-charged colloids as the moved through 
the column. 

• Colloids may have been retained by straining in the SRS sandy sediment due to its greater PSD and irregular-
shaped particles. 

Conclusions • Study highlights the role of the heterogeneous goethite/kaolinite coating in minimizing the transport of colloids (with and 
without humic acid) through the SRS sandy sediment at pH 6. 
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• At pH 6, the quartz and kaolinite are anticipated to be negatively charged while the goethite is expected to be positively 
charged. As such, the goethite/kaolinite coated quartz grains are capable of adsorbing both positive and negative colloids. 

Relevance to SRS 
Colloid Discussion 

• Based on saturation level (100%) and pH ~6, this study is applicable to colloid transport in the aquifer zone. 
• Batch and column experiments indicate that at pH 6, the SRS sandy sediment has a high affinity for colloid adsorption 

irrespective of the surface charge. This was presumed to be associated with the heterogenous nature of the SRS sandy 
sediment with the negatively-charged quartz particles coated with positively-charged goethite colloids and negatively-charged 
kaolinite colloids. 

• Colloid straining by the SRS sandy sediment was also proposed as a mechanism for the 100% colloid retention. Possibly 
associated with wide PSD and the presence of irregular-shaped particles that result in narrow pore channels. 
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Li, D., Kaplan, D. I., Roberts, K. A., and Seaman, J. C., Mobile Colloid Generation Induced by a Cementitious Plume: Mineral Surface-Charge Controls on 
Mobilization. Environmental Science and Technology, 46, 2755-2763 (2012). 

Article Type • Original research. 

Topic • Pseudo (mineral) colloid transport in saturated SRS soils. 

Objectives • Evaluated the impact of cement-leachate chemistry (in particular pH via the dilution of cement leachate simulant) on the mobilization 
of colloids from a column containing SRS sandy sediment. 

Experimental • Testing utilized: 
o SRS-derived AGW with pH ~6.3. 
o SRS sandy sediment (lower vadose zone) 

 Comprised 97% sand, 2% silt, and 1% clay. 
 Clay-size fraction (<2 mm) (source of mobile colloids) consisted of kaolinite (aluminosilicate hydrate), goethite (iron oxide 

hydroxide), and, to a lesser extent, hydroxy-interlayered vermiculite.  
• Cement-leachate simulant (CLS) produced with Na, K, and Ca concentrations of 1830, 760, and 812 mg/L (ionic strength ~0.06 mol/L); 

initial pH ~12.8. 

• CLS diluted with DI water at ratios of 1:10, 100, and 1000 to evaluate colloidal dispersion under downstream diluted CLS chemistries. 
• Note that as the CLS dilution increases so the ionic strength (IS) and the pH decrease. 

o CLS: IS = 0.06 M; pH ~ 12.8. 
o CLS 1:10: IS = 0.006 M; pH ~ 12. 
o CLS 1:100: IS = 0.0006 M; pH ~ 11. 
o CLS 1:1000: IS = 0.00006 M; pH ~ 10. 

• CLS 1:10 solution also adjusted with HNO3 to achieve pH range of 5.4 – 11.0. 
• SRS sandy sediment packed into columns and tests conducted in two steps: 

o AGW flushed through column at 1 ml/min (= Darcy velocity of 2.85 m/day) for 25 PVs – column residence time ~20 min. 
o CLS injected at flow rate of 0.35 mL/min (Darcy velocity 1 m/day) for up to 25 PV and column residence time of 1 hour. 

• Effluent turbidity (post 30 sec agitation) (for colloid concentration via the use of a goethite correlation curve), pH, electrical 
conductivity, particle size distribution (PSD), and zeta-potential were measured – measurements correlated to PV transported through 
column. 

• Major ions (for undiluted CLS samples) were measured, and air-dried colloids also examined with XRD, SEM, and EDX. 
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Results • Undiluted CLS: 
o Colloid column breakthrough after ~1 PV (effluent pH ~12) – colloid concentration maximum = ~10,000 mg/L; first PV contained 

the AGW used to flush column. 
o After ~2 PV, colloid concentration rapidly decreased to baseline (essentially zero); pH rose to 12.8 for remainder of PVs but no 

additional colloids were released.  
• CLS 1:10: 

o Colloids emerged after 1.4 PV (effluent pH ~9.3); colloid conc. max ~7,000 mg/L. 
o With continued PVs transported, the colloid concentration decreased, but less rapidly than the undiluted CLS; baseline (essentially 

zero) colloid concentration achieved around 10 PV though turbidity still observed out to 24 PV. 
• CLS 1:100: 

o Colloids emerged at 5.4 PV (effluent pH ~7.6) and peaked at 6.4 PV (effluent pH ~8.7); colloid concentration maximum ~2,000 
mg/L. 

o With continued PVs transported, colloid concentration decreased, but more slowly than the 1:10 CLS sample; colloid mobilization 
continued until end of experiment at 23 PV (effluent pH ~10). 

• CLS 1:1000:10 
o No colloids mobilized (16.5 PV). 

• pH adjusted CLS 1:10: 
o Compared pH 12 and 11. 
o Lower pH 11 both reduced and delayed colloid mobilization, though the decrease in colloid mobilization with PVs transported was 

slower at pH 11.  
• Effluent Chemical Composition 

o CLS constituents Na and K broke through at approximately same PV as colloids and subsequently attained/maintained CLS influent 
concentration. 

o Ca in CLS effluent always 0 mg/L – Ca likely retained by clay ion exchange sites. 
o Breakthrough of Al, Si, and Fe (clay constituents) similar to colloid breakthrough. 

• Released Colloids Mineralogy and Particle Size  
o XRD indicates effluent colloids were 70 wt.% goethite and 30 wt.% kaolinite. 
o Goethite and kaolinite colloid particle sizes predominantly 200 – 500 nm. 

• Zeta Potential Measurements 
o For all CLS dilutions, the zeta potentials were negative for the sandy sediment (-15 to -40 mV) and kaolinite colloids (-10 to -50 mV). 
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o Zeta potential for goethite colloids was negative (-10 to -50 mV) except for the CLS 1:1000 dilution (+20 mV). 

Conclusion • Mobilization of goethite and kaolinite colloids primarily due to the relative electrostatic properties of the colloids and the sediments.  
• For all CLS solutions, except the 1:1000 dilution, colloids were released from the column due to the repulsive negative charges on the 

goethite and kaolinite colloids and the sandy sediment.  
• However, for the 1:1000 dilution, the surface charge on the goethite colloids were positive, which resulted in electrostatic attraction 

between the sediment and the goethite. It is assumed that kaolinite colloids were not released at the 1:1000 dilution because the more 
abundant and positively charged goethite phase served to affix the kaolinite to the sandy sediment. 

• At the high pHs used in these experiments, increased ionic strength does not appear to influence colloid stability. For the undiluted CLS, 
the ionic strength was approximately 0.06 M, which is larger than that anticipated for the grout-conditioned groundwater, yet 
significant and rapid release of sediment colloids was still observed. 

• Overall, the data suggests that colloids contained within the SRS sandy sediment will be mobilized upon contact with grout-conditioned 
groundwater, but that the release will be very transient and in the form of a sharp increase in effluent colloid concentrations (over 1 
PV) followed by a steady, but relatively rapid decline over 1 to 20 PVs depending on the pH of the influent. 

• The exact mechanism for the transient release was not specifically addressed but two potential scenarios exist: 
o At the high pH of undiluted CLS, all the colloids that could potentially be released (for the studied chemistry) were mobilized. 
o The rapid release of colloids resulted in clogging of sediment pore channels through which the colloids could be transported. 

Relevance to 
SRS Colloid 
Discussion 

• With respect to the question of colloid transport from the waste zone to the surrounding environment, this study suggests that: 
o Colloid release in the grout-conditioned influent will be transient and occur over 2-20 PVs depending on the influent pH. The exact 

mechanism responsible for the transient release is not known though rapid colloid depletion from the sediment or clogging of the 
sediment pore channels by the colloids are considered potential mechanisms. 

o If the colloids migrate to the aquifer, it is anticipated that the drop in pH caused by dilution of the grout-conditioned groundwater 
will result in destabilization of the colloids. 

o At the high pH of the grout-conditioned groundwater, ionic strength is not anticipated to impact colloid stability. The high pH 
results in negatively charged sediment and colloids, and subsequent electrostatic repulsion between these phases.  
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Shang, J., Flury, M., Chen, G., and Zhuang, J., Impact of Flow Rate, Water Content, and Capillary Forces on In-Situ Colloid Mobilization During Infiltration in 
Unsaturated Sediments, Water Resources Research, 44, W06411 (2008). 

Article Type • Original research – journal article. 

Topic • Pseudo (mineral) colloid transport in unsaturated soils. 

Objectives • Evaluate pseudo colloid transport through Hanford sediments under transient flow conditions at varied water saturation and 
infiltration rates.  

Experimental • Sediments 
o Sediment pH 8.9 in DIW. 
o Sand – 92%, silt – 6%, clay – 2%. 
o Sediment minerals included quartz, feldspar, mica, magnetite, pyroxene, hornblende, kaolinite, illite, and smectite. 
o Colloidal fraction consisted mainly of quartz, kaolinite, illite, and smectite. 

• Column Experiments 
o Five column experiments conducted. 

 Column 1 – sequential flow rates of 0.018, 0.036, 0.072, 0.144, and 0.288 cm/min. 
 Column 2 – sequential flow rates of 0.036, 0.072, 0.144, and 0.288 cm/min. 
 Column 3 – sequential flow rates of 0.072, 0.144, and 0.288 cm/min. 
 Column 4 – sequential flow rates of 0.144 and 0.288 cm/min. 
 Column 5 – single flow rate of 0.288 cm/min. 

o Water saturation ranged 0.21 to 0.32; water saturation increased with infiltration flow rate. 
o DIW (pH 6-7) used as influent. 
o Measurements of interest included effluent pH, colloid concentration (turbidity), and average colloid size. 

Results • In general, stepwise increases in infiltrating flow rate (and concurrent increases in water saturation) resulted in rapid release of colloids 
followed by a less rapid decrease that eventually approached zero release (steep breakthrough with elongated elution tail). 

• The stepwise release of colloids can potentially be explained by the following mechanisms: 
o Increased infiltration flow rates may result in increased hydrodynamic shear though data analysis suggested that shear forces had a 

negligible impact on colloid detachment. 



Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 91 of 109 

o Capillary forces act between colloids at the AWI, and as the water content decreases so the capillary forces increase. Data analysis 
indicated that colloid mobilization was most likely associated with a reduction in capillary force as the water saturation level 
increased.  

o Increased water content will increase the thickness of water films on the sediment grain, which in turn reduces straining (i.e., 
retention of colloids when the colloid diameter exceeds the water-film thickness). 

Conclusion • In unsaturated media, higher flow rates result in increased sediment saturation, which in turn reduces the capillary forces and increases 
the water-film thickness on the sediment grains. Both mechanisms are anticipated to increase the mobility of colloids.  

• The elongated elution tail was not specifically addressed in the study, but potential rationale include plugging of the sediment pore 
channels by the colloids released, or colloids that could be released under a specific low rate and water saturation had been depleted 
from the sediment. 

Relevance to 
SRS Colloid 
Discussion 

• Study utilized Hanford sediments, but these are similar to the SRS sandy sediment in terms of sand, silt, and clay contents. 
• Effluent pH ranged 7.5 – 8.5, which, according to PA predictions, will occur after 5000 PVs. 
• The study highlights mechanisms of colloid retention within unsaturated porous sediments. In particular, low water saturation is 

anticipated to enhance colloid retention due to higher capillary forces acting on colloids at the water-air interface and, additionally, 
because of thinner water films on the sediment grains.  

• During infiltration events, water saturation will increase resulting in lower capillary forces and thicker water films, which in turn results 
in colloid mobilization. 
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Sen, T. K., and Khilar, K. C., Review of Subsurface Colloid and Colloid-Associated Contaminant Transport in Saturated Porous Media, Advances in Colloid and 
Interface Science, 119, 71-96 (2006). 

Article Type • Journal review article. 

Topic • Review of chemical and physical factors impacting colloid stability and transport in saturated soils. 

Key Points • General 
o Colloidal transport mechanisms differ within vadose and saturated zones. 
o Vadose zone may be characterized by: 

 Presence of oxygen, AWI, NOM, and microbial activity. 
 Variable water saturation and wetting/drying cycles. 
 Variable solution chemistry due to dilution and evaporation. 
 Predominantly vertical transport. 

o Saturated zone may be characterized by: 
 Low oxygen and NOM contents. 
 Negligible dilution or evaporation. 
 Consistent solution chemistry. 
 Vertical and horizontal transport. 

o Field investigations indicate that groundwater colloids are predominantly composed of clays, iron oxides, aluminum oxides, silica, 
and NOM. 

o Colloid mobilization requires colloids to be released from the sediment surface and dispersed within the groundwater. 
• Chemically Induced Colloid Release 

o Major factors inducing colloid mobilization are changes in solution pH and ionic strength. 
o pH changes are important because they change the surface potential of the colloids. pH changes may reduce the surface charge 

close to zero (i.e., PZC) or flip the surface charge (if the pH change spans several orders of magnitude). 
o If colloids and sediment grains are oppositely charged, then a decrease in ionic strength has no impact on colloid mobilization 

because a decrease in ionic strength will strengthen the electrostatic attraction between oppositely charged surfaces. 
o Coagulation enhanced by divalent ions in comparison to monovalent ions in solution. 

• Hydrodynamically-Induced Colloid Release 
o Hydrodynamic release increases with: 
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 Groundwater flow velocity. 
 Larger particle sizes (increased drag force). 

o Hydrodynamic forces release particles by: 
 Lift force due to unsteady nature of viscous sub-layer in the turbulent boundary layer. 
 Hydrodynamic force along the surface causing the particle to slide. 
 Torque causing the particle to roll along the surface. 

• Colloid Capture (Plugging/Entrapment) 
o Colloid entrapment occurs via three main mechanisms: 

 Size exclusion. 
 Multiparticle bridging. 
 Surface deposition. 

o Impact of Pore Structure and Colloid Size/Concentration 
 Smaller pore size distribution and pore constriction enhance colloid entrapment. 
 If the colloid size is greater than or equal to the pore size, then plugging will inevitably take place. 
 When the ratio of the particle size to the pore constriction size is between 0.1 and 0.01, then multiparticle blocking may be 

responsible for colloid entrapment. In this case, the concentration of colloids becomes a critical variable with multiparticle 
bridging obviously being more likely for solutions with high colloid concentrations. 
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Swanton, S. W., Alexander, W. R., and Barry, J. A., Review of Behavior of Colloids in the Near Field of a Cementitious Repository. Report commissioned for U.K. 
Nuclear Decommissioning Authority Radioactive Waste Management Directorate (NDA RWMD).  Report No. NR3213/008 NP02222 (2009). 

Article Type • Technical report (commissioned by U.K. Nuclear Decommissioning Authority Radioactive Waste Management Directorate (NDA 
RWMD)). 

Topic • General review of colloidal-facilitated transport associated with a cementitious radioactive waste repository. 

Key Points • Cementitious colloids may be formed by the physical disintegration of the cement matrices in contact with water or by the dissolution 
and reprecipitation of cement phases. 

• Available data suggests that cement-derived colloid populations will be low (max ~1E+12 colloids/L) though it’s acknowledged that 
colloids <50 nm have been difficult to quantify; the 1-50 nm particles could potentially increase the colloid concentration by several 
orders of magnitude (see Zanker, 2014). 

• The high [Ca2+] in the near-field environment is expected to destabilize colloids leading to particle agglomeration.  
• Cementitious colloids are expected to dissolve as they migrate from high pH to low pH, but the process is yet to be demonstrated. 

Note, however, that decalcification is an established degradative process of concrete, and involves the dissolution of portlandite and 
CSH (via the leaching of calcium and hydroxide ions) when hydrated cement systems are exposed to water from the external 
environment. As such, it seems highly conceivable that, for example, CSH colloids (with high surface areas) would be subject to 
dissolution as they move from the grout-conditioned groundwater associated with the waste and vadose zones, and into the aquifer 
zone, in which dilution will occur. 

• Zeta potentials of OPC have been reported as both weakly negative and positive (<+/- 25 mV) – these surface potentials are thought to 
be insufficient for long-term stabilization of cementitious colloids in the near-field environment with elevated ionic strengths and [Ca2+].  

• While the high pH of grout-conditioned groundwater would be expected to induce negative surface potentials on colloids, there is 
evidence of surface charge reversal of mineral colloids at high pH in the presence of calcium ions, and the zeta potentials of mineral 
phases may be positive at high pH. 

• Actinides have been found to strongly sorb to magnetite and hematite, which are potential corrosion products of the carbon steel 
waste tanks. 

• The sorption of organic compounds onto colloidal particles provides an important stabilization mechanism for inorganic colloids due to 
the enhanced repulsive electrostatic interactions and repulsive steric interactions between adsorbed layers on colliding particles. 
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Torkzaban, S., Bradford, S. A., Vanderzalm, J. L., Patterson, B. M., Harris, B., and Prommer, H., Colloid Release and Clogging in Porous Media: Effects of Solution 
Ionic Strength and Flow Velocity, Journal of Contaminant Hydrology, 181, 161-171 (2015). 

Article Type • Original research – journal article. 

Topic • Pseudo (mineral) colloid transport in saturated soils. 

Objectives • Evaluated the impacts of ionic strength and flow rate on mineral colloid release and sediment clogging. 

Experimental • Saturated Column Experiments 
o Sediments 

 Three different sediments studied: 

• Quartz (89%), kaolinite (1.3%), feldspar (10%). 
• Quartz (77%), kaolinite (7.4%), feldspar (15%). 
• Quartz (75%), kaolinite (6.1%), feldspar (17%). 

o Groundwater Influent 
 Filtered through 0.45-micron membrane to remove colloids. 
 pH 7.5; [Na+] = 47 mg/L (0.002 M); [Ca2+] = 9 mg/L (0.0002 M); ionic strength ~ 0.0015. 
 Influent was used to vacuum-saturate the columns. 

o RO Water Influent 
 Filtered through 0.45-micron membrane to remove colloids. 
 pH 5.8; [Na+] < 1 mg/L; [Ca2+] < 1 mg/L (0.0002 M). 
 RO influent was used for column testing. 

o Column testing divided into steps in which: 
 Column saturated with groundwater influent. 
 Column influent transitioned to RO water and flow rate increased stepwise from: 

• 2-100 mL/min (equivalent to porewater velocity of 8-472 m/d depending on sediment sample). 
o The change in sediment permeability was measured during each stepwise flow increase. 

Results • Saturated Column Experiments 
o For all sediments, a reduction in ionic strength led to a sharp release of colloids from the column (over 1-2 PVs) followed by a more 

gradual decrease over 25-30 PVs. Colloid-concentration peaks were: 
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 Low clay:  100 mg/L. 
 Medium clay: 2600 mg/L. 
 High clay: 1800 mg/L. 

o As expected, colloid release was most significant for the higher-clay sediments. 
o For the medium- and high-clay samples, the permeability concurrently decreased by 60-70%, presumably due to hydrodynamic 

bridging at pore constrictions. 
o Colloids were subsequently released during each stepwise flow increase. Permeability also increased, presumably due to freeing of 

the constrained colloids. 

Conclusion • For the quartz-kaolinite-feldspar soils studied, a concurrent decrease in pH (7.5 to 5.8) and ionic strength (0.0015 M to essentially zero) 
resulted in significant colloid release in high-clay samples (6 to 7.5% kaolinite). Colloid release was also observed in low-clay samples 
but to a much lesser extent. 

• After initial colloid release, the effluent colloid concentration tailed off, and a concurrent drop in column permeability was observed. 
These findings appear consistent with a mechanism in which the rapid release of colloids causes plugging of sediment pore channels. 

• Stepwise increases in influent flow rate resulted in further colloid release, and increased permeability. This finding is consistent with 
the colloids clogging the pore channels being dislodged under the higher flow conditions. 

Relevance to 
SRS Colloid 
Discussion 

• Study indicates colloid release when the pH is decreased from pH 7.5 to 5.8 with a concurrent decrease of ionic strength from 0.0015 M 
to essentially zero. 

• At pH 5.8-7.5, quartz, kaolinite and feldspar should all be negatively charged, and thus, changes in ionic strength can potentially impact 
colloid release. Goethite (contained in SRS sediments) would be positively charged at the indicated pHs and, thus, colloid release might 
not be expected upon a similar decrease in pH and ionic strength.  

• Colloid release characterized by a sharp increase and an elongated elution tail, potentially indicative of colloid constraint. This is 
supported by the concurrent drop in column permeability as the mineral colloids were released. 

• Increasing the influent flow rate (without concurrent changes in pH or ionic strength) resulted in further colloid release. Presumed to 
be related to the dislodging of trapped colloids within the sediments. 

• No information on instantaneous flow rates in SRS vadose and aquifer zones, and thus difficult to equate flow rate data to SRS 
environment. 
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Wang, C., Wang, R., Huo, Z., Xie, and Dahlke, H. E., Colloid Transport through Soil and Other Porous Media under Transient Flow Conditions, WIREs Water, 7, 
e1439 (2020). 

Article Type • Journal review article. 

Topic • Review of chemical and physical factors impacting colloid stability and transport in unsaturated soils. 

Key Points • Colloid Retention Mechanisms in Saturated Soils 
o Straining 

 Occurs in soil pores that are defined by the intersection of at least two SWIs (e.g., grain-to-grain contacts). 
 Dependent on relative size of the colloids to the pore channel diameters and the degree of sediment surface roughness. 

o Attachment to the SWI 
 Considered a primary mechanism of colloid retention and can occur when the colloid collides with the sediment grains. 
 Per DLVO theory, attached colloids can be held at the primary or secondary minima depending on the distance to the SWI. 

Colloids held in a secondary minimum may be re-entrained into the bulk solution or overcome the energy barrier and move 
into the primary minimum. 

 Retained colloids at the secondary minimum can be released, for example, by sharply decreasing the ionic strength of the bulk 
solution. 

o Filter Ripening (Clogging or Blocking) 
 Colloids attached at SWIs can serve as extended colloid attachment sites. 
 As a result of filter ripening, the permeability of the soil can be decreased. 

o Size Exclusion 
 Colloids are unable to move into soil pores into which they cannot physically fit.  
 Such colloids tend to be transported at larger flow velocities through macropores. 

• Colloid Retention Mechanisms in Variably Saturated Soils 
o Air-Water Interfaces 

 When water invades the air-filled pore space in unsaturated soil, air bubbles may be formed to which colloids can attach.  
 As the water content of the soil decreases, the air-water interfacial area increases 
 Under experimental conditions transient flow does not detach colloids from the AWI. 

o Air-Water-Solid (AWS) Contact Lines 
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 AWS contact line is the line of contact between a solid-water interface and an air-water interface; also referred to as a triple-
phase contact. 

 During drainage, the AWS contact lines scour the solid surfaces and release colloids into the suspension. 
 During imbibition, suspended colloids in the infiltrating groundwater attach to those surfaces that were previously scoured by 

the AWS contact lines. 
o Film Straining 

 Film straining is caused by either very thin water films on sediment particles or disconnected pendular water rings. 
 Pendular rings are formed by capillarity at the contact between two sediment particles.  

• When the water saturation level reaches a critical threshold, a pendular ring can become disconnected from adjacent 
pendular rings thereby preventing colloid transport.  

• Upon re-wetting of the soil, the pendular rings reconnect thereby potentially re-initiating colloid transport. 
 If the water film thickness is less than the hydrodynamic diameter of the colloid, the colloid particle is film strained by capillary 

forces. 

• When the water film expands during groundwater infiltration, colloid mobilization may be reinitiated. 
o Immobile Water Zones 

 Immobile (or stagnant) water is the porewater that connects the bulk porewater only through very thin water films. 
 When the soil is re-wetted, the immobile water zone reconnects with the bulk water flow, potentially facilitating the transport 

of colloids from the immobile water zone into the bulk porewater. 
o Wetting-Drying Cycles 

 Transient flow induces changes AWS contact lines and AWIs, extension shrinkage of water films, and connection/disconnection 
of pendular rings and immobile water zones. 

o Soil Physical Heterogeneity 
 Water can flow preferentially through macro-pores within the soil matrix. 
 The existence of macropores can result in preferential flow paths for colloid transport. It is noteworthy that the majority of soil 

column experiments are conducted with homogenized soils, which may eliminate the existence of macro-pore networks. 
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WSRC-STI-2006-00196, Rev. 0, Dispersion of Savannah River Site Sediments as a Function of pH: Implications for Colloid-Facilitated Contaminant Transport, 
Savannah River National Laboratory (September 2006). 

Article Type • Original research – SRNL report. 

Topic • Pseudo (mineral) colloid stability associated with SRS soils. 

Objectives • Evaluate the stability of colloids derived from SRS E-Area sediments as a function of pH. 

Experimental • Five sediments included (note pH derived from 1:1 water/soil mixtures): 

Sediment pH Sand 
(wt.%) 

Silt 
(wt.%) 

Clay 
(wt.%) 

Organic Matter 
(wt.%) 

Surface Clayey 5.85 67 25 8 3.4 

Subsurface Clay I 4.55 58 30 12 N/A 

Subsurface Clay II 5.65 71 10 19 <0.01 

Surface Sand 4.70 93 6 1 <0.01 

Grand Canyon 
Subsurface Sand 

4.24 96 0 4 <0.02 

• Colloid dispersion testing conducted using a water-dispersible clay (WDC) batch dispersion test with deionized water at a 1:1 
water/soil mass ratio. 

• Sediment pHs adjusted from 4.5 to 8.5 and subjected to platform shaking.  
• Colloid settling enabled for 3.5 hours after which (according to Stoke’s Law) particles <2 micron should remain in suspension. 

These particles represent the WDCs. 

Results • For all 5 sediments, the WDC concentrations increased with pH. 

Sediment 
Lowest pH Highest pH  

pH WDC 
(wt.%) 

pH WDC 
(wt.%) 

Surface Clayey 4.7 0.2 7.3 3.5 

Subsurface Clay I 4.2 0.1 6.7 15 
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Subsurface Clay II 4.6 10.0 7.3 45 

Surface Sand 5.6 0.1 7.0 0.8 

Grand Canyon 
Subsurface Sand 4.1 0.0 7.0 1.2 

• For all 5 sediments, the WDC concentrations increased with pH; expected since net negative charge of minerals increases 
thereby causing like-particle repulsion. At lower pH, protons are adsorbed resulting in lower net negative charges. 

• Investigator defines the critical dispersion pH as ranging 5.77 – 6.28; below this pH range clay dispersion is unlikely to occur.  
• Investigator also indicates that WDC values are probably higher than would be observed the field since shaking imparts energy 

that would not be anticipated in natural systems.  

Conclusions • At pH<6, clays are not readily dispersed. 

Relevance to SRS 
Colloid Discussion 

• Data indicates that colloids associated with SRS-relevant sediments should not be stable at pH <6. 
• SRS aquifer pH 5-6, and thus, clay colloid mobility not anticipated in aquifer. 
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Xie, J., Wang, X., Lu, J., Zhou, X., Lin, J., Li, M., Xu, Q., Du. J., Liu. Y., and Zhou, G., Colloid-Associated Plutonium Transport in the Vadose Sediments at Lop Nor, 
Journal of Environmental Radioactivity, 116, 76-83 (2013). 

Article Type • Original research – journal article. 

Topic • Pseudo (mineral) colloid transport in unsaturated soils. 

Objectives • Evaluated the transport of Pu pseudo-colloids in non-saturated sediments as a function infiltration intensity (flow rate) and ionic 
strength. 

Experimental • Unsaturated Column Experiments 
o Sediments 

 Retrieved from vadose zone at Lop Nor (China). 
 50% quartz, 15% anorthose, 11% sericite (clay minerals), 6% orthoclase, 5% calcite, 4% dolomite, 4% chlorite (clay minerals), 

2% amphibole, 1% gypsum, 1% pyrite and 1% undetected minerals. 
 PZCs of indicated minerals not provided. 
 At a water to sediment ratio of 1:1, pH = 8.5. 

o Colloid Suspensions 
 Natural colloids derived from the sediment – colloid concentration 100 mg/L. 
 Pu added to natural colloid suspension to produce Pu pseudo colloid suspension – Pu concentration = 2E-09 M. 

o Influent Infiltration Rates 
 Infiltration intensity (Darcy velocity) ranged 0.0201 to 1.46 cm/min. 
 Porewater velocity ranged 0.05 to 3.6 cm/min. 

o Sediment Water Content 
 Ranged 0.242 – 0.406 and was dependent on the flow velocity (higher flow velocity = higher water content) 

• Column Experiment Sequence 
o Columns flushed with water at pH 8.5 and specified ionic strength [Na+]. 
o Columns maintained at desired saturation, and then: 

 Phase 1 

• 1 PV of Pu pseudo-colloid stock solution injected into the column. 
• 4 PVs of pseud-colloids (without Pu). 

 Phase 2 
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• Natural evaporation for 24 hours. 
• 5 PVs of pseud-colloids (without Pu). 

 Phase 3 
• Natural evaporation for 24 hours. 
• Flushed with pseud-colloids (without Pu). 

 Sequence represents two soil wetting/drying cycles. 

Results • Effects of Physical Perturbations ([Na+] = 0.002 M; ionic strength = 0.001 M) 
o As flow velocity increased from 0.0201 to 1.46 cm/min, the Pu concentration in the effluent increased. Breakthrough peaked at 1 

PV and tailed back towards zero after 2 PVs.  
o Note that changes in flow rate also cause concurrent changes in water content; 0.0201 cm/min = 0.24 water content compared to 

1.46 cm/min = 0.41 water content.  
o Important to note that even for the fastest flow rate, only 0.36% of the Pu added to the column was released. 
o After each drying cycle, negligible Pu was released upon rewetting. 

• Effects of Chemical Perturbations (pore water Velocity = 2.31 cm/min) 
o With increased ionic strength, it is anticipated that the EDL thickness between negatively charged sediment and similarly charged 

colloids will decrease promoting colloid agglomeration and adsorption to the immobile sediment. 
o The percentage of Pu released increased from 0.1 % ([Na+] = 0.022) to 0.25% ([Na+] = 0.002). 
o Breakthrough peaked at 1PV, and essentially zero after 2 PVs. 
o After each drying cycle, negligible Pu was released upon rewetting. 

Conclusion • Pu pseudo colloid transport decreased for: 
o Slower infiltration rates and associated lower sediment water content. 
o Higher ionic strength.  

• Pu breakthrough curves were characterized by a sharp release and a sharp tail as the Pu concentration fell back towards zero. 
• In all cases, Pu release from the columns was <1% indicating excellent retention of the Pu-associated colloids. 
• Following the initial colloid release, two drying/wetting cycles did not result in significant additional colloid release.  

Relevance to 
SRS Colloid 
Discussion 

• One of the few studies that considers the wetting/drying cycles of unsaturated soils on Pu pseudo colloid transport. 
• Increased flow velocity (and increased water content/saturation) and decreased ionic strength were shown to increase the Pu 

concentration in the effluent, but ultimately the proportion of Pu released from the column was always <1%. 
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• Following the initial colloid release, two drying/wetting cycles did not result in significant additional colloid release. 
• Other studies (referenced in this annotated bibliography) have investigated the role of flow rate and water content and concluded that 

the water content was more impactful to colloid release than flow rate. 
• Ultimately, it is difficult to utilize this study to inform discussion on SRS colloid transport since the soil compositions are different, and 

the mineral PZCs are not provided.   
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Xie, J., Lu, J., Zhou, X., Wang, X., Li, M., Du, L., and Zhou, G., The Kinetic Stability of Colloid-Associated Plutonium: Settling Characteristics and Species 
Transformation, Chemosphere, 87, 925-931 (2012). 

Article Type • Original research. 

Topic • Intrinsic Pu and pseudo (mineral) colloid transport in unsaturated soils. 

Objectives • Evaluate: 
o Differences in transport characteristics of intrinsic and pseudo Pu colloids under unsaturated flow conditions. 
o Effects of pH, [Na+], and [Ca2+] on the settling characteristics of Pu pseudo colloids. 

Experimental • Sediments 
o Retrieved from vadose zone at Lop Nor (China). 
o 50% quartz, 15% anorthose, 11% sericite (clay minerals), 6% orthoclase, 5% calcite, 4% dolomite, 4% chlorite (clay 

minerals), 2% amphibole, 1% gypsum, 1% pyrite and 1% undetected minerals. 
o PZCs of indicated minerals not provided. 
o At a water to sediment ratio of 1:1, pH = 8.5. 

• Pseudo Colloids  
o Colloids (<1 micron) were fractionated from the vadose sediment; colloid suspension = 100 mg/L. 
o Pu added to colloid suspension to produce Pu pseudo colloid suspension at 1.71E-09 M Pu. 

• Intrinsic Pu Colloids 
o Produced by adding Pu stock solution to DIW and adjusting the pH to 8.5. 
o Intrinsic colloids produced via the hydrolysis of Pu in alkaline solutions. 
o Intrinsic Pu colloid concentration = 1.72E-09 M. 

• Colloid Stability Experiments 
o Determined the time for Pu pseudo colloids to settle at different pH (1.5 – 8.5), [Na+] (0.04 – 0.19 M at pH 8.5), and [Ca2+] 

(0.0006 – 0.002 M at pH 8.5). 
• Column Experiments to Compare Intrinsic and Pseudo Pu Transport 

o Sediments repeatedly washed to remove colloids attached to the sediments. 
o Column experiments conducted at water saturation = 0.38, pH 8.5, [Na+] = 0.001 M. 
o Column testing included: 

 Passing water (pH 8.5, [Na+] = 0.001 M) through the column until the water saturation was consistent. 



Relevance of Colloid-Facilitated Plutonium Transport SRMC-CWDA-2023-00050 
to the Performance Assessments of SRS Liquid Waste Tanks Revision 0 
 May 2023 
 

 
 

Page 105 of 109 

 Adding 1 PV of either intrinsic or pseudo colloid suspension into the column. 
 Adding 6 PVs of flush water (pH 8.5, [Na+] = 0.001 M) through the column. 

Results • Pseudo Colloid Stability Experiments 
o Variable pH (1.58 – 8.53) 

 Pseudo colloid agglomeration occurred rapidly at and below pH 5.75; typically, 80% reduction in suspended colloid 
concentration after 3 hours. 

 At pH 7.15, 80% reduction in suspended colloids occurred in approximately 21 hours. 
 At pH 8.5, 25% reduction in suspended colloids occurred in approximately 21 hours. 

o Variable [Na+] (0.04 – 0.19 M) (pH 8.5) 
 After 21 hours: 

• 0.04 M = 50% reduction in suspended colloids. 
• 0.19 M = 85% reduction in suspended colloids. 

o Variable [Ca2+] (0.0006 – 0.002 M) (pH 8.5) 
 After 21 hours: 

• 0.0006 M = 30% reduction in suspended colloids. 
• 0.002 M = 90% reduction in suspended colloids. 

o Verifies the impact of decreased pH and increased ionic strength on promoting pseudo colloid agglomeration. 
o CCC [Na+] = 0.081 M; CCC [Ca2+] = 0.001M.  
o Indicates that Ca2+ is more effective in promoting pseudo colloid agglomeration (at pH 8.5). 

• Intrinsic versus Pseudo Pu Colloid Transport 
o Effluent recoveries were: 

 Intrinsic Pu colloids: Pu = 2.2%. 
 Pseudo Pu colloids: Pu = 18.7%; pseudo colloids = 18.8%. 

o Indicates greater mobility of Pu pseudo colloids in comparison to intrinsic Pu colloids. 

Conclusion • Under conditions of low pH (5.75), pseudo colloids were rapidly aggregated. 
• Similarly, agglomeration could be enhanced by the addition of [Na+] or [Ca2+]. 

o CCC [Na+] = 0.081 M 
o CCC [Ca2+] = 0.001 M  
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• At pH 8.5, intrinsic Pu colloids indicated significantly less breakthrough (2.2%) in comparison to pseudo colloids (18.7%).  

Relevance to 
SRS Colloid 
Discussion 

• Confirms data from other studies that indicate that for the SRS aquifer pH (~6), colloids will be unstable and aggregate. 
• Per PA modeling, pH 8.5 is anticipated for SRS grout-conditioned groundwater after ~5000 PV. At this point, [Ca2+] in the grout-

conditioned groundwater is predicted to be between 0.001 and 0.002 M. Since CCC [Ca2+] (at pH 8.5) = 0.001 M, it can be inferred that 
colloids should not be stable while these conditions are maintained in the SRS vadose environment. 

• Instability of Pu intrinsic colloids confirmed in column experiments in which intrinsic Pu colloid breakthrough was almost an order of 
magnitude lower than Pu pseudo colloid breakthrough. 

• Ultimately, it is difficult to utilize this study to inform discussion on SRS colloid transport since the soil compositions are different, and 
the mineral PZCs are not provided.   
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Zanker, H., and Hennig, C., Colloid-Borne Forms of Tetravalent Actinides: A Brief Review, Journal of Contaminant Hydrology, 157, 87-105 (2014). 

Article Type • Journal review article. 

Topic • Review of colloid-facilitated actinide migration. 

Key Points • General 
o Intrinsic colloids consist of polymerized complexes of the heavy metal cations formed by condensation of the hydrolyzed metal 

ions with the metal cations linked by anions. 
o Pseudo colloids are formed by the adsorption of radionuclides onto natural colloids within groundwater and soils, such as clays, 

iron oxyhydroxide (goethite), alumina, or humic colloids. 
o Groundwater colloid populations are thought to range 1E+08 to 1E+14 particles/L. 
o Following conditions must be fulfilled for colloid-facilitated transport of radionuclides: 

 Colloids present at non-negligible concentration. 
 Colloids must be mobile in a stable suspension. 
 Radionuclides must remain bound to the colloid. 

• Intrinsic Colloids 
o Intrinsic colloids are predicted to be a near-field issue because it is assumed they will redissolve in the aquifer zone where Pu 

concentrations will be below saturation. However, aqueous Pu may subsequently adhere to mobile mineral colloids rather than the 
immobile sediment. 

• Pseudo Colloids 
o Clay-mineral colloids are a typical example of pseudo colloids, and research suggests that the actinide adsorption to clay particles is 

relatively strong and, additionally, that desorption is kinetically inhibited. 
o Iron oxide particles are another example, and these may be generated by the corrosion of the steel LW tanks. 

• Cementitious Colloids 
o Evidence that cementitious materials release colloids, such as CSH and CaCO3, though suspected that the ionic strength of the pore 

water will make the colloids unstable. 
o Research indicates that cementitious colloids are very unstable in high-ionic-strength pore water, but it is noteworthy that the pore 

water had an ionic strength of 0.3 M (considerably higher than that predicted for SRS cement-conditioned leachate). 
o Research indicates that the colloid concentrations for a mortar material were 1E+12 to 5E+14 particles/L (1 – 1000 nm range) and 

2E+09 to 2E+10 particles/L (50 – 1000 nm range). 
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Zavarin, M., Zhao, P., Dai, Z., and Kersting, A. B., Plutonium Sorption and Precipitation in the Presence of Goethite at 25 and 80°C, Radiochimica Acta, 102[11], 
983-997 (2014). 

Article Type • Original research – journal article. 

Topic • Intrinsic Pu colloid adsorption to goethite. 

Objective • Evaluated the adsorption and precipitation of Pu in the presence of goethite. 

Experimental • Intrinsic Pu Synthesis 
o NaOH added to Pu stock solution to adjust pH to 8.5 to precipitate PuO2(am,hyd) (Pu(IV) hydrous oxide). 
o Pu precipitates in the range 3-5 nm, though 100 nm aggregates also present. 

• Goethite (Iron Oxyhydroxide) 
o Synthesized goethite with particle size >100 nm. 

• Two sets of batch adsorption experiments performed at pH 8 for 103 days: 
o Set 1 – aqueous Pu(IV) + goethite. 
o Set 2 – intrinsic Pu + goethite. 
o Experiments conducted at 3 different Pu concentrations designed to be above, at, and below the predicted Pu 

concentration in equilibrium with Pu(IV) hydrous oxide (i.e., 1E-08 M at pH 8). 
 Aqueous Pu(IV) + goethite – 3.8E-06, 7.8E-07, and 3.8E-09 M Pu. 
 Intrinsic Pu(IV) + goethite – 3.7E-06, 7.3E-07, and 3.1E-08 M Pu. 

• TEM was conducted to investigate the adsorption of Pu to the goethite colloids. 

Results • Aqueous Pu(IV) exhibited a strong affinity for goethite adsorption 
o Kd approximately 3E+06 ml/g. 

• With respect to intrinsic Pu colloids, TEM suggests: 
o Weaker interaction of Pu intrinsic colloids to goethite in comparison to aqueous Pu. 
o Agglomeration of intrinsic Pu colloids to >100 nm. 

Conclusion • At pH 8, intrinsic Pu colloids exhibit weaker adsorption affinity to goethite than aqueous Pu and also indicate signs of 
agglomeration. 

Relevance to SRS  • At pH 8, intrinsic Pu colloids exhibit weaker adsorption affinity to goethite than aqueous Pu and also indicate signs of 
agglomeration.  
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Zhao, P., Zavarin, M., Dai, Z., and Kersting, A. B., Stability of Plutonium Oxide Nanoparticles in the Presence of Montmorillonite and Implications for Colloid-
Facilitated Transport, Applied Geochemistry, 122, 104725 (2020). 

Article Type • Original research – journal article. 

Topic • Intrinsic Pu dissolution and adsorption to montmorillonite. 

Objective • Evaluated the stability of “alkaline” PuO2 nanoparticle stability in the presence of montmorillonite clay. 

Experimental • Pu Colloid Synthesis 
o Alkaline PuO2 nanoparticles prepared by adding NaOH to Pu(IV) stock solution. 
o Solution centrifuged to separate particles <14 nm. 
o For stability experiments suspension maintained at pH 8. 

• Montmorillonite Clay 
o Suspension centrifuged to segregate particles ranging 50 to 2000 nm. 

• Dialysis Membrane Experiments (pH 8) 
o Montmorillonite and Pu nanoparticle solutions separated by a dialysis membrane (over periods of 100-200 days) – 

determine propensity of Pu nanoparticles to dissolve, diffuse through the membrane, and adsorb to montmorillonite 
colloids. 

o Testing performed at Pu concentrations below, near, and above the solubility of PuO2(am,hyd) (Pu hydrous oxide) (i.e., 
approximately 1E-11, 1E-09, and 1E-07 M). 

Results • Dialysis Membrane Experiments 
o Significant dissolution of PuO2 nanoparticles observed.  

 1E-11 M Pu – 45% PuO2 migrated across the dialysis membrane. 
 1E-09 M Pu – 40% PuO2 migrated across the dialysis membrane. 
 1E-07 M Pu – 13% PuO2 migrated across the dialysis membrane. 

o Log Kd for migrated Pu in presence of montmorillonite ~ 10,000 mL/g.  

Conclusion • Data suggests that Pu montmorillonite pseudo colloids may be more stable than PuO2 nanoparticles.  

Relevance to SRS 
Colloid Discussion 

• Indicates that at pH 8 and low Pu concentrations, PuO2 nanoparticles are likely to dissolve and adsorb to montmorillonite 
colloids.  
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