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ABSTRACT 

Colloid-facilitated radionuclide transport may affect radionuclide release and subsequent 
transport at the potential Yucca Mountain repository site if the geochemical and hydrogeological 
conditions sustain stable colloidal suspensions at sufficient mass concentrations during the 
postclosure period.  In the absence of mobile colloids in the repository environment, kinetically 
reversibly sorbing radionuclides (e.g., plutonium and americium) could attach to stationary 
corrosion products, and hence their releases and transport could be delayed and their peak 
release rates could decrease.  However, radionuclides irreversibly and reversibly attached to 
mobile colloids could be transported faster than the average groundwater velocity in fractured 
flow domains and hence could result in earlier releases to the accessible environment. 

This status report summarizes our current understanding of the U.S. Department of Energy 
abstraction implemented in the Total System Performance Assessment–License Application 
model for the colloid-facilitated radionuclide transport in the in-package environment and 
the engineered barrier system.  The status report specifically focuses on (i) type, mass 
concentrations, and stability of colloidal suspension; (ii) underlying assumptions of the 
abstraction and the relevant features, events, and processes; and (iii) importance of irreversible 
and reversible colloid types to radionuclide transport. 
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1 INTRODUCTION 

Colloid-facilitated radionuclide transport may affect radionuclide releases and subsequent 
transport at the potential Yucca Mountain repository site during the postclosure period if the 
colloidal suspensions, at sufficient mass concentrations, remain stable and migrate in fast flow 
paths.  Colloid-associated radionuclides may have shorter residence times than dissolved 
radionuclides in a flow domain, and hence colloid-facilitated radionuclides may result in higher 
concentrations in an accessible environment than dissolved radionuclides.  Irreversibly sorbing 
radionuclides (plutonium and americium) could migrate faster than their dissolved counterparts 
if they attach onto mobile colloids; otherwise, they may alternatively sorb kinetically onto 
stationary surfaces, and hence their releases and transport could be delayed.  Thus, the 
presence of reversible and irreversible colloids in the flow domain may both increase 
radionuclide releases and facilitate their subsequent transport. 

At the potential Yucca Mountain repository site, wasteform colloids [defense high-level waste 
glass (DHLWG)1 and spent nuclear fuels (SNF)2], steel corrosion product colloids, and 
groundwater colloids are expected to exist.  Radionuclides could be irreversibly embedded in 
certain types of colloids or could reversibly or irreversibly sorb onto some other types of colloids.  
The fate and transport of radionuclides irreversibly embedded in or sorbed onto colloids are 
determined by the fate and transport of the suspended colloids on which they are carried.  
Irreversibly sorbed or embedded colloids could be physically filtered, or the chemical conditions 
could make the suspension unstable in the engineered or natural barrier systems.  As a result, 
radionuclides associated with these colloids may not be transported.  On the other hand, 
reversibly sorbed radionuclides could potentially go back into solution (when the solution is 
below the solubility limit) even if the suspended colloids they sorb onto are filtered or become 
unstable.  Both irreversible and reversible colloids could potentially enhance the radionuclide 
transport at the Yucca Mountain site, depending on the geochemical conditions and flow rate. 

1.1 Colloid Transport Abstraction  

The main purpose of the U.S. Department of Energy (DOE) Colloid Abstraction (Sandia National 
Laboratory, 2007a) model is to estimate the stability and mass concentration of colloid 
suspensions and mass concentrations of radionuclides associated with the colloids in the 
in-package and engineered barrier system (EBS)3 components during the postclosure period.  
The stability and mass concentration of suspensions are based on in-package and in-drift fluid 
chemistry and in-package dissolved radionuclide concentrations.  The abstraction addresses 
the reversible and irreversible association of radionuclides with mobile colloidal particles and 
immobile corrosion products, and colloid-facilitated and dissolved radionuclide transport in the 
in-package environment and EBS.  In the abstraction, from the modeling standpoint, irreversible 
sorption of radionuclides onto and irreversible embedding of radionuclides into mobile colloids 
are numerically treated the same. 

____________ 

1Defense high-level waste glass is referenced frequently throughout this report; consequently, the acronym DHLWG 
will be used.   

2Spent nuclear fuels is referenced frequently throughout this report; consequently, the acronym SNF will be used.   

3Engineered barrier system is referenced frequently throughout this report; consequently, the acronym EBS will 
be used. 
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Specific parameters developed by process-level simulations and experimental analyses for 
use in the abstraction for the Total System Performance Assessment–License Application 
(TSPA–LA)4 model include 

• Ionic strength and pH of in-package and in-drift (invert) fluids 
 
• Empirical probability distributions for colloid masses produced by degradation of 

wasteforms and corrosion of EBS components 
 
• Radionuclide mass concentrations generated from wasteform degradation 
 
• Sorption distribution coefficients for radionuclides that sorb on mineral phases and colloids 
 
• Rate of irreversible attachment of only plutonium and americium onto corrosion 

product colloids 
 
• Range of specific surface areas and surface site densities for smectite clay, uranophane, 

and iron oxyhydroxide 

Feeds for in-package ionic strength and pH are from Sandia National Laboratory (2007b), feeds 
for in-drift ionic strength and pH are from Sandia National Laboratory (2007c), and feeds for 
dissolved radionuclide concentrations are from Sandia National Laboratory (2007d).  The other 
input parameters for the abstraction are discussed in the subsequent sections. 

In the DOE abstraction, colloid transport is unimpeded in the invert.  However, based on the 
ionic strength and pH of the seepage water in the invert, the model redistributes the reversibly 
sorbed radionuclides and dissolved radionuclides based on the sorption distribution coefficients 
of radionuclides and the total mass of colloids present in the system.  The irreversibly sorbed 
radionuclides are not redistributed in the invert.  Hence, major output quantities from the 
wasteform and EBS colloid abstraction to the unsaturated zone include 

• DHLWG, SNF, and corrosion product colloid concentrations and groundwater colloid 
masses 

  
• Irreversibly and reversibly sorbed radionuclide masses on the mobile colloids and 

immobile corrosion products 

1.2 Features, Events, and Processes  

Features, events, and processes are related to the formation of wasteform, corrosion products, 
and groundwater colloids and their suspension stability in the EBS.  The following features, 
events, and processes are included in the DOE abstraction 

• Chemical interaction with corrosion products 
 
• Formation of pseudocolloids (groundwater or seepage) in the EBS 
 
 
 
4Total System Performance Assessment–License Application is referenced frequently throughout this report; 
consequently, the acronym TSPA–LA will be used. 
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• Formation of corrosion product colloids in the EBS 
 
• Stability of colloid suspensions in the EBS 
 
• Formation of wasteform colloids by co-precipitation in the EBS 

The following features, events, and processes are excluded in the DOE abstraction. 

• Formation of true (intrinsic) colloids in the EBS (DOE noted that they are usually not stable 
and dissolve into the aqueous solution as they migrate or sorb onto groundwater or iron 
oxyhydroxide colloids). 

 
• Formation of microbial colloids in the EBS (DOE noted that humic substances are not 

sufficiently abundant in the Yucca Mountain environment). 
 
• Filtration of colloids in the EBS (DOE considered neglecting physical filtering to 

be bounding).  
 
• Transport of particles larger than colloids in the EBS.  {The size of colloids typically ranges 

from 1 nm to 1 μm [3.9 × 10−8 to 3.9 × 10−5 in].  In the abstraction, the size of colloids is 
confined to 50 to 300 nm [19.7 × 10−7 to 118.1 × 10−7 in] and is sampled from a uniform 
distribution.  DOE noted that larger particles, if they form, are assumed to settle by gravity 
within a small distance, and hence their transport by moving water would be insignificant}. 

 
• Colloid sorption at the air–water interface.  (There is no specific data relevant to the 

Yucca Mountain site.  DOE considered neglecting this process to be conservative, 
because colloid-facilitated radionuclide releases would be lower if colloid sorption at the 
air–water interface was included in the TSPA–LA model.) 

 
• Gravitational settling of colloids in the EBS (DOE considered neglecting this process to 

be bounding). 

1.3 Major Assumptions in the DOE Abstraction 

• The sorption distribution coefficients, Kd, for thorium and protactinium were assumed to be 
the same as those of americium for all colloid types because of limited relevant data.  
DOE noted that this assumption was bounding within the range of pH of interest at the 
Yucca Mountain site. 

• Wasteform colloidal suspensions produced at 90 °C [194 °F] would be stable at 25 °C 
[77 °F].  Particles would have higher chances for collisions (that may lead to flocculation) 
at high temperatures than at low temperatures, which would make colloidal suspension 
less stable.  Thus, colloid suspensions stable at high temperatures would likely be also 
stable at low temperatures. 

• Wasteform colloid particles were assigned a specific diameter for application of 
Derjaguin-Landau-Verwey-Overbeek theory in the model, which requires a single particle 
size in calculations.  Based on Sandia National Laboratory (2007e), the particle size 
ranged from 30 to 300 nm [10 × 10−7 to 100 × 10−7 in] and is sampled from a uniform 
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distribution.  The sampled particle size is used to calculate the diffusion coefficient of 
a particle. 

• Plutonium and americium were considered to be associated irreversibly (embedded) or 
reversibly with DHLWG colloids. 

• Irreversible colloids from SNF were described as ZrO2 particles.  Irreversible association of 
plutonium and americium with ZrO2 was based on experimental findings.  DOE noted that 
the choice of ZrO2 was based on the availability of surface charge data that could be put 
into an effective model. 

• DOE assumed that colloid meta-autunite (a layered uranyl phosphate) was a reasonable 
analog for a uranophane colloid.  The assumption that reversible uranophane colloidal 
suspension could be related to meta-autunite colloid behavior was supported by 
experimental observations and analysis of various uranium phases. 

• Colloids derived from the corrosion of waste-package materials could be represented as 
hematite for stability calculations.  This assumption was supported by experimental 
observations and analyses of corroded stainless steels. 

• Colloid sorption at the air–water interface was not considered in the abstraction.  DOE 
noted that this assumption was conservative.  Moreover, DOE noted that modeling of 
the air–water attachment process without specific, relevant repository data would 
be speculative. 

1.4 Risk Insights and Potential Effects on Repository Performance  

Mobile irreversible colloids could enhance radionuclide transport if they are generated at 
sufficient mass concentrations and remain stable in the waste package, EBS, and unsaturated 
zone environments.  Stable colloidal suspensions could experience less retardation and travel 
faster than the average water velocity or inert tracers.  This could lead to faster transport of 
radionuclides as they sorb onto mobile colloids that migrate preferentially in high flow paths 
(size exclusion effects) as compared to dissolved radionuclides.  Fast flow paths could result in 
early arrival of radionuclides to accessible environments at high concentrations.  Moreover, 
kinetically reversibly sorbing radionuclides could sorb onto stationary corrosion products if 
geochemical and hydrological conditions do not sustain stable colloidal suspensions in the flow 
domain.  This could lead to delays in releases and subsequent transport of highly sorbing 
radionuclides.  The removal amount and rate will be limited by available sites on the surface of 
stationary corrosion products for kinetic sorption. 

DOE staff predicted that smectite colloids of DHLWG were highly stable under in-package 
chemistry conditions and in groundwater from the Yucca Mountain environment (Sandia 
National Laboratory, 2007a).  The DOE staff also considered that Commercial Spent Nuclear 
Fuel (CSNF)5 plutonium colloids may persist for a million years if CSNF is present and 
undergoes degradation and the solution conditions are suitable for stable colloidal suspensions.   

 

5Commercial Spent Nuclear Fuel is referenced frequently throughout this report; consequently, the acronym CSNF 
will be used. 
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DOE further noted that the effect of uranophane colloids on radionuclide transport would be 
unimportant, because the sorption distribution coefficient (Kd) for plutonium and americium 
(thorium and protactinium) onto uranophane colloids is much smaller than onto smectite and 
iron oxyhydroxide colloids.  DOE considered that uranophane colloids are also less important 
for neptunium, tin, radium, and cesium transport (Sandia National Laboratory, 2007a).  
However, irreversible association of plutonium and americium with ZrO2 could be potentially 
significant.  Similarly, irreversible attachment of plutonium and americium onto iron 
oxyhydroxide colloids may facilitate their transport. 

Briefly, among all colloid types, DOE considered uranophane colloids to be the least significant 
for radionuclide transport and repository performance.  The most significant colloidal 
suspensions are largely determined by their mass concentrations, stability, and the availability 
of radionuclides under transient geochemical conditions. 

DOE used the product of the radionuclide sorption distribution coefficient and the mass 
concentration of a colloid type to determine the level of risk significance of reversibly attached 
radionuclides (this product is represented by parameter Kc in Section 2.5.4).  If the distribution of 
Kc for a particular radionuclide–colloid pair has a significant probability (i.e., above about 
10 percent of the cumulative probability) for Kc values greater than 0.1, DOE considered that 
particular colloid type will facilitate the transport of a particular radionuclide.  Using this criterion, 
DOE estimated that smectite colloids, for example, could have a significant role in tin transport 
in the EBS (Sandia National Laboratory, 2007a). 

2 ABSTRACTION 

2.1 Colloid Sources 

In the DOE abstraction, the following natural and man-made components and processes were 
considered sources for radionuclide-associated colloids. 

• Degradation of the wasteforms including DHLWG, CSNF, and Defense Spent Nuclear 
Fuel (DSNF)6  

• Corrosion products from the steel components of the repository 

• Natural groundwater colloids near Yucca Mountain 

Immersion corrosion test results were used to obtain the range and/or empirical distributions for 
the colloid mass concentrations derived from DHLWG, CSNF, and DSNF (Section 2.4), which 
were used as an input to the abstraction.  DOE conducted model validation for DHLWG and 
CSNF colloids (Sandia National Laboratory, 2007a,e). 

 

 
6Defense Spent Nuclear Fuel is referenced frequently throughout this report; consequently, the acronym DSNF will 
be used. 
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In the DOE abstraction, the colloid source term is defined as the total mass of radionuclides 
associated with colloids that mobilize at the surface of wasteform, transport within the waste 
package to the waste package wall, leave the waste package through holes in the waste 
package wall, and enter the drift. 

2.2 Representative Colloids 

In the DOE abstraction, four primary particles were chosen to represent the major colloid types 
that may contribute to colloid-facilitated radionuclide transport in the waste package and 
in-drift environment: 

• Smectite clay colloids—Derived from degradation of DHLWG and smectite-type clay 
formed from silicate tuff rock.  The representative colloid in the abstraction is 
montmorillonite smectite.  The choice of montmorillonite was based on its high specific 
surface area relative to other smectite phases, which makes it a dominant 
radionuclide-bearing colloid under groundwater conditions. 

• Iron oxyhydroxide colloids—Derived from corrosion of EBS steel components 
(carbon-steel and stainless-steel weathering products).  DOE used hematite as the 
representative colloid in the abstraction (Sandia National Laboratory, 2007a,e). 

• Zirconium oxide colloids—Form on the surface of corroded CSNF.  Because of limited 
available data, ZrO2 was chosen to be the representative model colloid. 

• Uranophane colloids—Form from SNF.  Meta-autunite was used as a substitute 
for uranophane. 

These colloid types were selected based on the evaluation of likely long-term alteration of the 
wasteforms and waste-package materials and the secondary phases most capable of forming 
viable colloids.  However, DOE acknowledged that specific physical data on these particles are 
lacking.  In the DOE abstraction, these colloids are different in their (i) mass concentrations, 
(ii) ionic strength and pH-dependent stability criteria, (iii) available sorption sites on their 
surfaces for reversible and irreversible sorptions, and (iv) sorption affinity of radionuclides 
onto their available sorption sites (quantified by the sorption distribution coefficients).  A 
multiple-layer sorption process is not considered in the TSPA–LA model. Organic colloids are 
considered unimportant at the Yucca Mountain site, because humic substances are not 
abundant in the Yucca Mountain environment. 

A schematic representation of the irreversible and reversible association of radionuclides with 
mobile colloids and stationary corrosion products in the in-package environment and EBS is 
shown in Figure 2-1.  Radionuclides associated with each colloid type and stationary corrosion 
product are listed in Table 2-1. 



 

 
 

 

Figure 2-1.  A Schematic Representation of Radionuclides Reversibly or Irreversibly Associated (or Sorbed Onto) Different Colloid 
Types and Stationary Corrosion Products.  Radionuclides Associated With Colloid Types Are Listed in Table 2-1. 
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Table 2-1.  Radionuclides Reversibly or Irreversibly Associated With (or Sorbed Onto) 
Different Colloid Types and Stationary Corrosion Products   

Domain 
Irreversible 
Association

Reversible 
Sorption 

Kinetic 
Sorption 

Kinetic 
Desorption 

smectite 
(DHLWG)* 

plutonium 
americium 

plutonium 
americium 

thorium 
protactinium 

cesium 

  

ZrO2 
plutonium 
americium 

   

uranophane 

 plutonium 
americium 

thorium 
protactinium 

cesium  
neptunium 

radium 
tin 

  

iron 
oxyhydroxide 

 uranium 
thorium 

neptunium 

plutonium 
americium 

 

Mobile 
Colloid 

smectite 
(groundwater) 

 uranium 
neptunium 

tin 
radium 

  

Immobile Corrosion 
Products 

 uranium 
thorium 

neptunium 

plutonium 
americium 

plutonium 
americium 

*Note:  DHLWG–Defense High-Level Waste Glass 
 
 
2.3 Stability of Colloids 

Theoretical calculations and laboratory data were used to determine the stability of modeled 
colloidal suspensions (Sandia National Laboratory, 2007a).  Ionic strength, pH, colloid–colloid 
interactions, and colloid concentrations of water entering the waste package from the 
surrounding drift are used in the stability calculations.  The stability ratio, W, of 10 is used (as 
long as there are no significant changes in pH and ionic strength) above which colloidal 
suspension remains stable.  DOE considered this stability ratio, based on the 
Derjaguin-Landau-Verwey-Overbeek theory, to be reasonable due to expected low ionic 
strength and dilute colloid concentrations at the potential repository site (Sandia National 
Laboratory, 2007a). 

In the DOE abstraction, the stability ratio was defined in terms of the relative strength of the total 
potential energy, TW  (associated with the sum of the repulsive electrostatic forces and 
attractive van der Waals potentials), between two particles in comparison to the potential energy 
between two particles due to attractive van der Waals potentials only, vdWW .  Hence, the 
stability ratio is mathematically expressed as vdWT WWW = . 
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DOE considered the implementation of the Derjaguin-Landau-Verwey-Overbeek theory to be 
bounding (Sandia National Laboratory, 2007a), because it does not address physical filtration 
and thin-film straining of colloids (immobilization of colloid particles whose sizes are larger than 
film thickness on fracture walls).  Neglecting these processes would lead to less removal of 
colloids from flow zones.  The representative colloid size, effective surface potential, Hamaker 
constant (used to determine the interaction strength between two particles in the van der Waals 
potentials), and the interaction (surface) depth (the depth at which the electrostatic double layer 
extends from the surface into the bulk solution) on particle surfaces in the van der Waals 
potentials are the direct inputs to the TSPA–LA colloidal suspension stability calculations.  The 
additional required inputs to the stability model are the ionic strength and pH of the in-package 
fluid resulting from reaction with the waste and the ionic strength and pH of the seepage water 
entering the drift. 
 
In Derjaguin-Landau-Verwey-Overbeek theory, surface potential varies with the fluid ionic 
strength and pH.  At a given pH, the surface potential can be computed as a function of fluid 
ionic strength.  At the threshold W = 10, there must a single ionic strength value at a fixed pH; 
the corresponding ionic strength is the ionic strength threshold (IST).7 

For stability calculations for the representative colloids in suspension, best-fit curves for the 
surface potential and pH at different fluid ionic strengths were constructed (SP-pH curve) by 
using experimental data (Sandia National Laboratory, 2007a).  Then, for W = 10, a surface 
potential is computed from the Derjaguin-Landau-Verwey-Overbeek theory.  Subsequently, for a 
given pH and surface potential, the corresponding ionic strength is read from the SP-pH curve.  
Hence, the calculated ionic strength is the IST corresponding to W = 10.  The recursive 
execution of this calculation for different pH values is used to construct the IST versus pH curve 
(IST-pH curve).  The best fit to the IST-pH curve provides an empirical relation between the IST 
and pH to be used in the TSPA–LA model. 

In the implementation phase, the ionic strength of the in-package fluid (or in-drift seepage fluid 
represented by properties of invert fluid) is compared with the IST value on the IST-pH curve 
corresponding to in-package (or in-drift) pH.  If the in-drift (or in-package) fluid ionic strength 
exceeds the IST, then the corresponding colloidal suspensions are unstable.  Otherwise, they 
are stable for that particular geochemical condition.  The stability condition determines the mass 
concentration of colloidal suspensions at that timestep, as discussed in Section 2.7.  

In summary, DOE uses the empirical IST-pH curve to determine whether the colloidal 
suspensions are stable in the in-package environment and EBS.  If the colloidal suspensions 
are stable, the empirical colloid mass distribution functions are sampled to calculate the colloid 
mass concentrations; otherwise, the colloid mass concentrations are set to their minimum 
values.  Additional DOE observations on the stability of colloidal suspensions follow (Sandia 
National Laboratory, 2007a): 

• Smectite clay colloids (derived from DHLWG)—The pH versus ionic strength stability 
diagram is constructed for pH in the range of 1.5–9.  DOE assumed that for pH <1–1.5, 
there would not be any clay particles.  Moreover, the IST would likely not change for 
pH >9.  Smectite colloids are predicted to be very stable under in-package chemistry 
conditions. 

 

7Ionic strength threshold is referenced frequently throughout this report; consequently, the acronym IST will be used. 
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• Iron oxyhydroxide colloids—Depending on colloid and water composition, iron 
oxyhydroxide colloids tend to be unstable for pH values in the range of 5–8.5.  The stability 
of the iron oxyhydroxide colloids outside this pH range is determined by fluid ionic 
strength.  For corrosion-generated colloids, hydrous ferric oxide or goethite is used for 
sorption calculations.  Hematite is used as a modeled colloid for stability calculations. 

• Zirconium oxide colloids—Between pH 7 and 9.3, ZrO2 colloids are unstable irrespective 
of the ionic strength. 

• Uranophane colloids—These colloids are expected to be stable under a wide range of pHs 
similar to the case of smectite colloids. 

DOE used different stability criteria in the waste package and in-drift environments.  Therefore, 
the concentration of radionuclides reversibly sorbed onto colloids exiting the waste package is 
recalculated based on the stability criteria reflecting the chemical condition in the drift (invert).  
DOE noted that the change in the chemical condition may affect the stable mass concentration 
of colloids and hence the sorbed mass concentration of radionuclides reversibly sorbed 
onto colloids. 

2.4 Mass Concentration of Colloids  

The mass concentrations of DHLWG (smectite) and ZrO2 are obtained from plutonium–colloid 
mass concentrations.  The stability criteria developed for these colloids are used to determine 
the mass concentration of plutonium colloids.  For the rest of the colloid types, the range and 
discretized empirical distribution functions (fitted to experimental data) are used to determine 
the available colloid-mass concentrations in each timestep in the TSPA–LA model (Sandia 
National Laboratory, 2007a).  If the colloidal suspensions are stable, then the colloid-mass 
concentration at a particular timestep is sampled from the discretized empirical distributions to 
account for uncertainties.  If the colloidal suspensions are unstable, the mass concentration of 
colloids is set to either a lower bound of the empirical distribution or to a prespecified minimum 
colloid concentration value. 

2.4.1 Smectite (DHLWG) Colloids 

In the abstraction, the mass concentration of DHLWG colloids is determined from irreversibly 
embedded plutonium–colloid mass concentrations in a stepwise process.  The empirical uniform 
distribution was constructed for the plutonium–colloid mass concentration based on findings from 
the degradation of glass experiments.  The colloidal plutonium concentration and particle 
concentrations (including all colloid types) were measured from high-surface area to volume-glass 
corrosion experiments (CRWMS M&O, 2001), and an empirical triangular distribution was 
proposed to relate the colloidal plutonium concentration to the colloid particle mass concentration.  
The lower bound, mode, and upper bound of the triangular distribution were set to 5 × 10−9 mol/L, 
2 × 10−8 mol/L, and 2.5 × 10−8 mol/L. 

In the first step of the abstraction, the stability condition is checked.  In the second step, if the 
DHLWG colloids are stable, plutonium–colloid mass concentration is sampled from a uniform 
distribution in the range of 1 × 10−11 to 1 × 10−8 mol/L.  Otherwise, colloidal plutonium 
concentration is set to the lower bound of the uniform distribution.  Then the colloid mass 
concentration is computed by dividing the colloidal plutonium concentrations, sampled from the 
uniform distribution, by the scaling factor (the ratio of the colloidal plutonium concentration to the 
colloid particle concentration) sampled from the empirical triangular distribution. 
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2.4.2 Iron Oxyhydroxide Colloids  

The range and the empirical distribution for the iron oxyhydroxide colloids derived from 
degradation of carbon steel rely on findings from flow experiments with carbon-steel miniature 
waste packages (Zarrabi, et al., 2003).  The minimum and maximum iron oxyhydroxide colloid 
concentrations were 6.3 × 10−9 mol/L and 1.9 × 10−4 mol/L (for hematite).  An empirical 
distribution was fitted to the experimental data between these minimum and maximum 
concentration limits.  If the colloids are stable (based on the fluid ionic strength and pH), then 
the mass concentration of iron oxyhydroxide colloids is sampled from an empirical distribution 
as previously discussed; otherwise, it is set to 6.3 × 10−12 mol/L. 

DOE noted that there were not sufficient data from stainless steel tests to reliably analyze 
colloid-mass concentrations.  However, DOE constructed a distribution function for iron 
oxyhydroxide colloids derived from stainless steel based on its assessment of 
expected corrosion (Sandia National Laboratory, 2007a).  DOE acknowledged that as stainless 
steel is less susceptible to corrosion than carbon steel, the overall colloid mass distribution 
would be expected to be less than carbon steel. 

2.4.3 Zirconium Oxide Colloids  

The range and the empirical distribution constructed for the ZrO2 colloids rely on experimental 
data from immersion tests (Wilson, 1990).  Similar to smectite (DHLWG) colloids, ZrO2 colloid 
mass concentration is related to the colloidal plutonium mass concentration.  In the abstraction, 
colloidal plutonium mass concentration is sampled from an empirical distribution (fitted to 
experimental data) in the range of 1 × 10−10 to 5 × 10−6 mol/L plutonium.  If the colloids are 
unstable, the minimum value is set to 1 × 10−13 mol/L.  The mass concentration of ZrO2 colloids 
is computed by scaling the colloidal plutonium mass concentration sampled from the 
experimental data by a sampled cumulative distribution. 

2.4.4 Uranophane Colloids 

Because the uranophane colloids exhibited a stability profile similar to smectite clays, DOE 
assumed a similar population distribution is assumed for these two colloid types.  The colloid 
mass range was obtained from unsaturated drip tests.  Uranophane–colloid concentration 
varied from 1.7 × 10−9 to 3.4 × 10−4 mol/L.  The minimum uranophane–colloid concentration 
was set to 1.7 × 10−12 mol/L for modeling purposes.  Uranophane colloidal mass is determined 
by sampling the distribution when colloids are stable; otherwise, the minimum value of 
1.7 × 10−12 mol/L is assumed when this colloid type is unstable. 

2.4.5 Smectite (Groundwater) Colloids  

The range and the empirical distribution DOE constructed for the groundwater colloids rely on 
combined experimental data from the Yucca Mountain site and Idaho National Laboratory.  An 
empirical cumulative distribution is fitted to the colloid concentration data to capture the 
uncertainty in groundwater colloid concentrations for the TSPA–LA model analyses.  The lower 
and upper bounds for the colloid concentration are set to 1.8 × 10−9 mol/L and 3.6 × 10−4 mol/L.  
If the colloids are unstable, the colloid concentration is set to 1.8 × 10−12 mol/L; otherwise, it is 
sampled from the empirical distribution for the groundwater colloid concentration. 
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2.5 Sorption/Desorption of Radionuclides Onto Colloids 

Both irreversible and reversible attachment of radionuclides onto mobile colloidal particles and 
immobile collector surfaces are considered in the TSPA–LA model abstraction. 

2.5.1 Irreversible Sorption 

Three types of irreversible association of radionuclides with colloidal particles are considered in 
the abstraction. 

• Irreversibly embedded/associated plutonium and americium in/with DHLWG wasteform 
colloids (smectite) 

• Irreversibly embedded plutonium and americium in SNF-derived colloids (ZrO2) 

• Irreversible attachment of plutonium and americium onto iron oxyhydroxide colloids 

Irreversible association of mass concentrations of plutonium and americium with DHLWG 
colloids and ZrO2 colloids is described in Sections 2.7.1 and 2.7.3.  In the TSPA–LA model, 
once the mass concentration of irreversibly associated plutonium is calculated, irreversibly 
sorbed americium is computed based on the mass concentration ratio of americium to 
plutonium in the inventory (Sandia National Laboratory, 2007a). 

Irreversible attachment of plutonium and americium onto iron oxyhydroxide colloids is computed 
in the TSPA–LA model as a function of the specific surface area and mass concentration of iron 
oxyhydroxide colloids, dissolved concentrations of plutonium and americium, sampled target 
flux-out ratio, and other parameters (e.g., internally computed flow and diffusion rates).   

The target flux-out ratio is the ratio of the total mass of radionuclides exiting the system that is 
reversibly or irreversibly associated with mobile colloids to the total mass of radionuclides 
exiting the system both in the dissolved phase and associated with colloids.  The flux-out ratio 
is sampled from a uniform distribution in the range of 90–99 percent.  The flux-out ratio of 
95 percent is based on field observations at the Benham site (Kersting, et al., 1999) in which 
95 percent of radionuclides that can potentially sorb onto colloids are transported by colloidal 
particles.  The range of 90–99 percent is defined to account for uncertainties.  Hence, the 
abstraction assumes that the large fraction of radionuclides leaving the system will be carried by 
colloids and only a small fraction of radionuclides will leave the system in the dissolved phase.  
This ratio (along with the aforementioned parameters) is subsequently used to determine the 
forward rate constant (for kinetically reversible sorption process) for irreversible attachment of 
plutonium and americium onto iron oxyhydroxide colloids.  Hence, once the sorption distribution 
coefficients determine the mass concentration of reversibly sorbed radionuclides (by multiplying 
the aqueous phase concentration of radionuclides by their equilibrium sorption distribution 
coefficient), the forward rate coefficients obtained from the target flux-out ratio determine the 
radionuclides that are irreversibly sorbed onto mobile colloids. 

Based on experimental data, the specific-area-based forward rate constant for plutonium 
irreversibly sorbed onto iron-oxide colloids is sampled in the TSPA–LA model from a log-uniform 
distribution in the range of 0.002–0.05 m3m−2 yr−1 [0.079–1.97 in3in−2yr−1].  According to Sandia 
National Laboratory (2007a, Table 6-24, p. 6-116), the same distribution is also assumed for 
americium irreversibly associated with iron-oxide colloids. 
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2.5.2 Reversible Sorption 

The DOE abstraction simulates the reversible attachments of radionuclides onto corrosion 
product colloids and groundwater colloids (Sandia National Laboratory, 2007a).  A list of 
radionuclides that DOE assumes to reversibly sorb onto particular mobile colloids and stationary 
corrosion products follows. 

• Reversible attachment of plutonium, americium, neptunium, thorium, proactinium, 
radium, cesium, and tin onto uranophane colloids derived from SNF 

 
• Reversible attachment of plutonium, americium, thorium, protactinium, and cesium to 

smectite colloids formed by degradation of DHLWG 
 

• Reversible sorption of uranium, neptunium, radium, and tin onto groundwater 
(smectite) colloids 

 
• Reversible attachment of thorium, neptunium, and uranium on iron oxyhydroxide colloids 

and stationary corrosion products 

In the DOE abstraction, highly sorbing radionuclides are, in general, plutonium, americium, 
protactinium, radium, thorium, cesium, and tin.  The medium sorbing elements are neptunium, 
selenium, strontium, and uranium, and they are evaluated for their importance for 
colloid-facilitated transport.  Uranium was chosen because it is the dominant element within the 
waste, and its daughters are important for long-term performance.  Neptunium was chosen 
because it is a major dose contributor in the earlier versions of the TSPA model.  Strontium was 
not chosen due to its very short half life.  Selenium was not chosen, because it exhibits low 
sorption in the absence of organics.  Hence, the complete list of elements DOE considered in 
the EBS colloid-facilitated transport abstraction includes plutonium, americium, protactinium, 
radium, thorium, cesium, tin, uranium, and neptunium (Sandia National Laboratory, 2007a). 

2.5.3 Reversible Competitive Sorption (Sorption Capacity Model)  

In the TSPA–LA model, a simplified sorption capacity model based on time-variant radionuclide 
concentrations and their sampled Kd values was implemented to model competitive reversible 
sorption of radionuclides onto available mobile sorption sites (on colloid surfaces).  The 
available sorption sites are linearly partitioned among the radionuclides based on their 
maximum allowable Kd (computed by using the radionuclide mass concentrations from the 
previous timestep) and their sampled Kd values (the maximum Kd varies with the temporal 
changes in radionuclide concentrations).  At a given timestep, the Kd value is set to the 
minimum of the sampled Kd and the maximum allowable Kd.  In calculating Kd, the maximum 
number of available sites for reversible sorption is described as a function of the available 
reversible sorption sites.  The pH dependence of the sorption process is not addressed in 
the model. 

A Langmuir isotherm relationship is used to calculate the percentage of coverage on the colloid 
surface as a function of the dissolved radionuclide concentration and an adsorption constant. 
The reversible sorption capacity of colloids is computed by the product of experimentally 
determined (and/or recommended) total available surface area and the density of the reversible 
sorptive sites on colloid surfaces.  The surface area and site density of smectite colloids are set 
to 10–100 m2/g and 2 sites/nm2.  Similarly, the surface area and site density of uranophane 
colloids are set to 30 m2/g and 2 sites/nm2. 
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In the DOE abstraction, the reversibly sorbed radionuclide mass associated with mobile colloids 
is computed by the product of the dissolved radionuclide concentration, the sorption distribution 
coefficient for that radionuclide, and the colloid mass concentration. 

2.5.4 Sorption Distribution Coefficients Kd and Kc 

In the TSPA–LA model, equilibrium sorption distribution coefficients are used to partition 
radionuclides between solid (stationary and mobile) and dissolved phases.  Because the 
specific surface area of a colloidal phase could be larger than that of its common mineral phase, 
the sorption distribution coefficients, Kd, were adjusted accordingly in the TSPA–LA model 
(Sandia National Laboratory, 2007a). 

The ratio of radionuclide mass concentration reversibly sorbed onto colloids to the dissolved 
radionuclide mass concentration is Kc.  This parameter is equivalent to the product of the 
distribution coefficient, Kd, of the radionuclide and the colloid-particle concentration (Kd is 
defined as a function bulk density of the solid phase, whereas Kc is defined in terms of 
concentration of colloids).  Hence, DOE uses Kc to estimate the significance of the 
colloid-facilitated transport of a particular radionuclide in a particular time period, given that 
mass concentration of a particular colloid type may change based on changes in 
chemical conditions. 

Uranophane Colloids 

The range of Kd for plutonium, americium, neptunium, thorium, protactinium, radium, cesium, 
and tin onto uranophane colloids was obtained from literature data (Sandia National Laboratory, 
2007a).  Within the upper and lower bounds, all Kds are assumed to be log-uniformly distributed.  
The highest Kds are those for plutonium, americium, thorium, and protactinium.  DOE noted that 
no experimental data were available to independently confirm these parameter values.  
Because of the relatively low Kd values for sorption of radionuclides onto uranophane colloids, 
DOE considered uranophane colloids to be relatively unimportant as a transport mechanism. 

Iron-Oxide (Corrosion Product) Colloids 

The range of Kd for neptunium, thorium, and uranium onto iron-oxide and smectite colloids was 
determined based on experimental data from various literature sources.  All Kds are assumed 
to be log-uniformly distributed.  As discussed in Section 2.5.2, reversible attachment of 
only thorium, neptunium, and uranium on iron oxyhydroxide colloids is considered in the   
TSPA–LA model. 

The sorption of radionuclides onto hydrous ferric oxide and goethite is handled by a competitive 
sorption model that evaluates the competition between actinides (uranium, neptunium, 
plutonium, americium, and thorium) and nickel for a limited number of sites.  DOE noted that 
although nickel is not transported in the TSPA–LA model abstraction, it is a major potential 
sorbing ion from the steel alloys and its competition for sorption sites is considered in estimating 
the sorption of radionuclides.  The competitive sorption model contains both reversible sorption 
for uranium, neptunium, and thorium onto hydrous ferric oxide and goethite, as well as kinetic 
sorption–desorption for plutonium and americium, where slow desorption kinetics are applied to 
the stationary corrosion products. 
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2.6 Sorption/Desorption of Radionuclides Onto Immobile 
Corrosion Products 

Colloid capture on solid surfaces is not described in the TSPA–LA model.  Equilibrium sorption 
of uranium, thorium, and neptunium onto stationary corrosion products (iron oxyhydroxide) is 
included.  Kinetic reversible sorption of plutonium and americium onto (with slow desorption 
from) stationary corrosion products (Figure 2-1) is formulated as a first-order reaction process 
and is a function of the specific surface area of the stationary corrosion products, the forward (or 
backward) reaction rate coefficient, and the aqueous (or sorbed) concentration of radionuclides.  
Kinetic sorption of plutonium and americium onto stationary corrosion products and mobile 
colloidal particles is simulated using the same forward rate constant.  Unlike for colloidal 
particles, kinetic desorption of plutonium and americium from stationary corrosion products is 
considered in the TSPA–LA model (Table 2-1).  Kinetic sorption and slow desorption of 
plutonium and americium is used for stationary corrosion products in the waste package for zero 
advective flux conditions or where colloids are unstable. 

2.7 Radionuclide Mass Concentrations Associated With 
Irreversible Colloids 

2.7.1 Smectite Colloids Associated With DHLWG  

Only plutonium and americium are considered to be irreversibly sorbed onto DHLWG colloids 
(Sandia National Laboratory, 2007a,e).  If DHLWG colloids are stable, then a colloidal plutonium 
concentration is sampled from a uniform distribution in the range of 1 × 10−11 to 1 × 10−8 mol/L 
(the cumulative distribution function is empirically generated from glass degradation 
experiments).  Otherwise, irreversibly sorbed colloidal plutonium mass concentration is set to 
the lower bound of the uniform distribution.  Concentration of irreversibly sorbed americium is 
computed based on the fraction of americium compared to plutonium in the inventory. 

2.7.2 Iron Oxyhydroxide Colloids 

Only plutonium and americium are considered to be irreversibly sorbed onto iron oxyhydroxide 
colloids.  The mass of plutonium and americium irreversibly sorbed onto mobile iron 
oxyhydroxide colloids is computed using the irreversible, kinetically determined, competitive 
sorption model (Section 2.5.1).  The irreversible attachment rate is limited by the available 
surface area of iron oxyhydroxide colloids.  

2.7.3 Zirconium Oxide Colloids  

Only plutonium and americium are considered to be irreversibly sorbed onto CSNF colloids 
(Sandia National Laboratory, 2007a,e).  Plutonium–colloid mass concentration is obtained by 
sampling a fitted cumulative distribution function to experimental data for ZrO2 obtained from 
immersion tests.  If the ZrO2 colloids are stable, plutonium colloid mass concentration is 
sampled from the experimental data; otherwise, it is set to the lower bound.  Concentration of 
irreversibly sorbed americium is computed based on the fraction of americium compared to 
plutonium in the inventory. 
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2.8 Radionuclide Mass Concentrations Associated With 
Reversible Colloids 

2.8.1 Smectite (DHLWG) Colloids 

The mass concentration of plutonium, americium, thorium, protactinium, cesium, neptunium, 
uranium, tin, and radium reversibly sorbed on smectite colloids derived from DHLWG is given by 
the product of the mass concentration of DHLWG colloids, the concentration of radionuclides in 
the solution, and the surface-area-based distribution coefficient.  The mass concentration of 
DHLWG colloids is obtained from sampled, irreversible plutonium–colloid mass concentrations 
(Section 2.4.1.). 

2.8.2 Iron Oxyhydroxide Colloids 

DOE uses a competitive sorption model (Section 2.5.3) to calculate the reversible sorption of 
thorium, neptunium, and uranium with iron-oxyhydroxide colloids.  In the TSPA–LA model, 
mass concentrations of reversibly attached colloids are computed as the product of the 
mass concentration of mobile iron-oxyhydroxide colloids, the surface-area-based sorption 
distribution coefficient (mechanistically determined by the model), and the dissolved 
radionuclide concentration. 

2.8.3 Uranophane Colloids  

If the uranophane colloids are unstable, then the mass concentration of uranophane colloids is 
set to the minimum value (1 × 10−6 mg/L); otherwise, it is sampled from an empirical distribution.  
The mass concentration of plutonium, americium, neptunium, thorium, protactinium, radium, 
cesium, and tin reversibly sorbed on uranophane colloids derived from CSNF and DSNF 
is computed as the product of the mass concentration of uranophane colloids, the concentration 
of radionuclides in the solution, and the surface-area-based distribution coefficient 
of radionuclides. 

2.8.4 Smectite (Groundwater) Colloids 

The concentration of uranium, neptunium, radium, and tin reversibly attached on groundwater 
(smectite) colloids is computed by the product of the mass concentration of the groundwater 
colloids, the surface-area-based sorption distribution coefficient, and the dissolved 
concentration of radionuclides. 

2.9 Alternative Models 

Three alternative conceptual models were analyzed but not used in the DOE abstraction 
(Sandia National Laboratory, 2007a).   

2.9.1 Two-Site Kinetic Model 

The two-site kinetic model involves both fast and slow sorption rates.  DOE excluded this 
alternative model because there were no long-term experimental data (beyond 150 days) to 
reliably estimate the slow sorption rate. 
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2.9.2 Rate of Colloid Generation Model 

Radionuclide and colloid releases from DHLWG were considered to be a two-step process 
involving (i) alteration of the glass wasteform and precipitation of colloids and (ii) spallation of 
colloid-sized fragments from the alteration products.  The rate of radionuclide production from 
DHLWG was expressed as a power function of altered glass mass and a scaling factor.  Once 
the released mass of radionuclides is determined, the mass is distributed between clay layers 
on altered DHLWG surfaces, mobile colloids, immobile secondary phases, and the dissolved 
phase.  DOE excluded this model because there is a significant uncertainty in extending 
laboratory findings on the occurrence of spallation (Sandia National Laboratory, 2007a,e). 

2.9.3 Mechanisms of Colloid Generation 

This alternative model considers the flow-rate dependence of the entrainment and mobilization 
of wasteform colloids.  DOE excluded it because of insufficient support in the scientific literature 
to indicate mobile colloid generation at the unsaturated flow rates anticipated in the repository 
waste-package environment. 

2.10 Uncertainties 

DOE noted that uncertainties in the TSPA–LA model parameters result largely from temporal 
and spatial scaling and extrapolation of the physical and chemical conditions of data acquisition 
(Sandia National Laboratory, 2007a,e).  Sources of uncertainty involve (i) extrapolating 
experimental data obtained over a short time period (days to years) to the compliance period; 
(ii) assuming a continuous supply of colloids; (iii) having difficulty extrapolating and upscaling  
experimental conditions [e.g., wasteform surface area, flow rate and flow mode (batch versus 
flow through), heterogeneities in colloid sizes and shapes] to the repository scale analyses; and 
(iv) experiencing uncertainties in the stability ratio, Hamaker constant, surface potential of 
colloids in the EBS, and the presence of oxidizing versus nonoxidizing conditions. 

As for the uncertainties associated with the sorption processes, DOE noted that the limited 
accuracy of the linear sorption isotherm in predicting solute concentrations sorbed onto solids 
and in the dissolved phase is an important factor.  Moreover, DOE noted that the TSPA–LA 
model does not include high redox potentials and explicit pH dependency of Kd.  For strongly 
sorbing radionuclides, such as plutonium and americium, the performance assessment model is 
uncertain, because site-specific sorption isotherms that describe the relative concentrations of 
aqueous and sorbed phase radionuclides were not available (Sandia National Laboratory, 
2007a,e). 

In the TSPA–LA model abstraction, uncertainties are addressed by providing ranges, probability 
distributions, and bounding assumptions as appropriate for each given parameter or process. 

3 SUMMARY 

Colloid-associated radionuclides could migrate faster than the dissolved phase radionuclides 
because the stable colloidal suspensions could migrate faster than the average flow velocity 
and carry higher concentrations of radionuclides especially in high velocity zones (colloids avoid 
low velocity zones due to the size exclusion effects).  The relatively lower residence time of 
radionuclides sorbed onto colloids in flow zones could result in higher radionuclide release rates 
from the potential repository.  Also, kinetically strongly sorbing radionuclides (e.g., plutonium 
and americium) could move by attaching themselves onto (or being embedded into) mobile 



 

18 
 

colloids; otherwise, they could strongly sorb onto stationary surfaces delaying their releases 
from the potential repository and subsequent transport. 

Current understanding of the DOE abstraction for colloid-facilitated radionuclide transport in the 
waste-package environment and the EBS is schematically displayed in Figure 2-1.  
Radionuclides associated with particular colloid types and stationary corrosion products are 
listed in Table 2-1.  The importance of colloid-facilitated radionuclide transport in the 
waste-package environment and EBS is largely determined by the mass concentration and 
stability of different types of colloidal suspensions, their capacity for radionuclide uptake, and 
the mass concentration of radionuclides. Plutonium and americium irreversibly sorbed onto iron 
oxyhydroxide colloids and irreversibly associated with ZrO2 and DHLWG colloids would likely be 
important because the irreversible colloids are not subject to trapping at the air–water interface 
and filtering in the waste packages and EBS.  Moreover, because smectite colloids (DHLWG 
and groundwater colloids) are expected to be stable in the Yucca Mountain environment, the 
reversible attachment of radionuclides onto smectite colloids could also be important.    

DOE has noted that colloid-facilitated radionuclide transport is the least important for 
uranophane colloids in the in-package and in-drift environment for all radionuclides considered 
in the abstraction (Sandia National Laboratory, 2007a).  This is based on the relatively low Kd 
values for radionuclides that reversibly sorb onto uranophane colloids.  Hence, if other colloid 
types are present in the system in sufficient mass concentrations and remain stable, 
radionuclides will preferentially sorb onto other colloid types instead.    

4 REFERENCES 

CRWMS M&O.  “Colloid-Associated Radionuclide Concentration Limits.”                               
ANL–EBS–MD–000020.  Rev. 00 ICN 01.  ACC:  MOL.20010216.0003.  Las Vegas, Nevada:  
CRWMS M&O.  2001. 

Kersting, A.B., D.W. Eford, D.L. Finnegan, D.J. Rokop, D.K. Smith, and J.L. Thompson.  
“Migration of Plutonium in Groundwater at the Nevada Test Site.”  Nature.  Vol. 397, No. 6714.  
pp. 56–59.  1999. 

Sandia National Laboratories.  “Waste Form and In-Drift Colloids-Associated Radionuclide 
Concentrations:  Abstraction and Summary.”  MDL–EBS–PA–000004.  Rev. 03.  
Las Vegas, Nevada:  Sandia National Laboratories.  2007a. 

_____.  “In-Package Chemistry Abstraction.”  ANL–EBS–MD–000037.  Rev. 04.  
Las Vegas, Nevada:  Sandia National Laboratories.  2007b. 

_____.  “Engineered Barrier System:  Physical and Chemical Environment.” 
ANL–EBS–MD–000033.  Rev. 06.  Las Vegas, Nevada:  Sandia National Laboratories.  
2007c. 

_____.  “Dissolved Concentration Limits of Elements with Radioactive Isotopes.”   
ANL–WIS–MD–000010.  Rev. 06.  Las Vegas, Nevada:  Sandia National Laboratories. 
2007d. 

_____.  “EBS Radionuclide Transport Abstraction.”  ANL–WIS–PA–000001.  Rev. 03.  
Las Vegas, Nevada:  Sandia National Laboratories.  2007e. 



 

19 
 

Wilson, C.N.  “Results From NNWSI Series 3 Spent Fuel Dissolution Tests.”  PNNL–7170.  
ACC:  NNA.199200329.0142.  Richland, Washington:  Pacific Northwest National Laboratory.  
1990. 

Zarrabi, K., S. McMillon, S. Elkonz, and J. Cizdziel.  “Corrosion and Mass Transport Processes 
in Carbon Steel Miniature Waste Packages.”  TR–03–003.  Rev. 0.  Task 34.  
ACC:  MOL:  20040202.0079.  Las Vegas, Nevada:  University of Nevada, Las Vegas.  2003. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 450
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for compliance with 10CFR1, Appendix A.  Created PDF documents can be opened with Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


