
ENCLOSURE 3 
 
Response Tracking Number:  00268-00-00  RAI: 3.2.2.1.3.4-2-003 

RAI Volume 3, Chapter 2.2.1.3.4, Second Set, Number 3: Identify the 
processes or features that limit colloid-facilitated transport in the EBS. 
Specifically, provide information on temporal variations in the stability and mass 
concentrations of colloids in the EBS and the corresponding aqueous chemical 
characteristics (pH and ionic strength) governing colloid stability for each colloid 
type in each domain.  Summarize the information, explain how important 
modeled chemical conditions are to predictions of time-dependent colloid-
associated release, and discuss confidence levels in predictions of colloid mass 
through time, given uncertainties in predictions of chemical conditions. 

Basis:  DOE did not demonstrate how often colloids would be unstable or stable 
in the EBS and which colloids would tend to be more stable and, hence, would be 
more important in dose calculations. This information is important to clarify the 
factors that influence the degree to which colloid–facilitated transport affects 
radionuclide release from the EBS.  This information is needed to verify 
compliance with 10 CFR 63.21(c)(9) and (11-15) and 63.114(b) and (g).  

1. RESPONSE 

The features, events, and processes (FEPs) that limit colloid-facilitated transport in the EBS are 
provided in Section 1.1.  Section 1.2 provides justification for the modeling cases investigated. 
Sections 1.3 and 1.4 provide the temporal variations in the stability and mass concentrations of 
colloids in the Engineered Barrier System (EBS) and the corresponding aqueous chemical 
characteristics (pH and ionic strength) governing colloid stability for each colloid type in each 
EBS domain for the two modeling cases.  

1.1 FEPS THAT LIMIT COLLOID-FACILITATED TRANSPORT 

Because colloid-facilitated radionuclide transport is one aspect of radionuclide transport in 
general, the physical features of the EBS that limit colloid-facilitated transport are the same as 
those identified in SAR Table 2.1-1 as contributing to the EBS barrier function of preventing or 
substantially reducing the rate of release of radionuclides from the EBS to the Lower Natural 
Barrier. 

The process FEPs related to colloid-facilitated transport in the waste form and waste package 
internals feature of the EBS barrier include the following: 

• 2.1.09.19.0A – Sorption of Colloids in EBS (excluded)  
• 2.1.09.19.0B – Advection of Colloids in EBS (included)  
• 2.1.09.20.0A – Filtration of Colloids in EBS (excluded) 
• 2.1.09.23.0A – Stability of Colloids in EBS (included) 
• 2.1.09.24.0A – Diffusion of Colloids in EBS (included). 
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As noted in SAR Table 2.1-3 and in Appendix A-2 of Postclosure Nuclear Safety Design Bases 
(SNL 2008a), the FEPs related to colloid-facilitated transport from the EBS have been 
determined to be not important to the capability of the EBS barrier because the release of 
colloidally transported radionuclides is less significant than that associated with the transport of 
dissolved radionuclides.  This is demonstrated by SAR Figure 2.1-20, which shows that the mean 
activity release from the EBS is dominated by 99Tc, which does not undergo colloid-facilitated 
transport. 

While the transport characteristics of colloids in the EBS have been determined not to be 
significant to the capability of the EBS barrier, there are processes within the features of the EBS 
that limit colloid-facilitated transport.  The FEPs that limit colloid-facilitated transport may be 
broadly characterized as those that either (a) control the transport mechanism (i.e., diffusion 
versus advection through the features of the EBS), or (b) control the stability of the colloids, 
which limits the concentration of stable colloids that can sorb radionuclides and be transported 
from the EBS.   

The FEPs that control the transport mechanism from the waste form domain to the corrosion 
products domain to the invert domain include the following: 

• 2.1.09.08.0A – Diffusion of Dissolved Radionuclides in EBS 
• 2.1.09.08.0B – Advection of Dissolved Radionuclides in EBS 
• 2.1.08.07.0A – Unsaturated Flow in the EBS 
• 2.1.03.10.0A – Advection of Liquids and Solids through Cracks in the Waste Package. 

As noted in SAR Section 2.4.2.2.3.2.2, the release of colloidally transported radionuclides is 
significantly reduced if the release mechanism is diffusion dominated. 

As noted in SAR Section 2.4.2.3.2.1.7, the stability of a colloidal suspension is controlled by 
electrostatic and chemical processes at colloid surfaces and by the attractive and repulsive forces 
between colloids. Higher ionic strength and higher temperature cause colloidal suspensions to 
become unstable and the colloids to coagulate. Another factor in colloid stability is pH. Colloids 
become unstable and flocculate near a pH value (zero point of charge) that is characteristic for a 
particular colloid mineralogy because of reduced repulsive forces between the colloids. These 
competing forces and processes are abstracted as an ionic strength threshold (that is dependent 
on pH), above which the colloid suspensions are unstable. The included FEPs related to the 
stability of the colloids in the waste form and corrosion products domains of the waste form and 
waste package internals feature of the EBS barrier include the following : 

• 2.1.02.09.0A – Chemical Effects of Void Space in Waste Package 
• 2.1.09.01.0B – Chemical Characteristics of Water in Waste Package 
• 2.1.09.02.0A – Chemical Interaction with Corrosion Products. 

The above transport- and chemical-related FEPs, although also related to other processes that 
control releases of dissolved radionuclides from the EBS, also affect the stability and mobility of 
colloids and thus limit the colloid-facilitated transport from the EBS.  
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1.2 CHOICE OF MODELING CASES TO INVESTIGATE 

SAR Figure 2.4-18 shows the relative contributions of the modeling cases to the total mean 
annual dose to the reasonably maximally exposed individual (RMEI).  The volcanic eruption 
modeling case dominates the dose for approximately the first 280 years.  For the rest of the 
1,000,000-year simulation, the seismic ground motion and igneous intrusion modeling cases 
dominate the dose.  Therefore, the seismic ground motion and igneous intrusion modeling cases 
were chosen to provide additional information in response to this RAI.  To explain the 
underlying physical behavior of these cases, the aleatory uncertainty was removed and single 
aleatory cases were investigated.  For the igneous intrusion modeling case, a multirealization 
(300) epistemic sample was run with the igneous event fixed at 250 years to observe the longest 
response.  For the seismic ground motion modeling case, the same multirealization (300) 
epistemic sample was run with a specific aleatory event sequence.  The aleatory sample 
presented in the single realization analysis (4641) for the total system performance assessment 
(TSPA) (SNL 2008b, p. 7-60[a]) was chosen because it is similar in behavior to the mean annual 
dose curve.  To avoid averaging pH and ionic strength over all five percolation subregions, a 
single percolation subregion, number 3, was chosen for investigation because it is the subregion 
with the greatest number of waste packages.   

1.3 IGNEOUS INTRUSION MODELING CASE  

In the igneous intrusion modeling case with the intrusion event fixed at 250 years, the repository 
is above boiling at the event time.  By 1,000 years, the waste package temperatures in all 300 
epistemic samples, in percolation subregion 3, fall below 100°C, and water returns to the 
repository.  After the event, the waste packages are assumed to provide no protection from water 
flow through the repository. 

Figure 1 provides colloid stability information for all colloid types in all EBS domains for the 
percolation subregion 3 drip environments, for the igneous intrusion modeling case with 
intrusion time fixed at 250 years.  In the igneous intrusion modeling case, there is no distinction 
between drip and no-drip environments, so Figure 1 is applicable to the no-drip environment as 
well. Figure 1 provides the fraction of the realizations with breached waste packages that have 
stable colloid suspensions for the five colloid types (“CSNF” for commercial spent nuclear fuel 
(SNF) waste form colloids, “FeOx” for iron oxyhydroxide colloids, “Smec” for groundwater and 
glass waste form smectite colloids, and “U” for uranium minerals colloids) and all EBS locations 
(“CDSP1a” for the codisposal high-level waste glass domain, “CDSP1b” for the codisposal 
DOE-owned SNF domain, “CSNF1” for the commercial SNF waste form domain, “CDSP2” and 
“CSNF2” for the corrosion products domains, and “CDSPI” and “CSNFI” for the invert 
domains).  For colloid stability, there are four colloid types because groundwater and glass waste 
for colloids are both smectite, while for colloid concentration there are five separate colloid 
types. 

In Figure 1, there are many lines overlapping at fractions of 1 or 0, indicating the many colloid 
type-location combinations with stable and unstable colloids, respectively. In Figure 1(a), which 
shows the codisposal domains, the smectite and uranium minerals colloids are stable from 1,000 
years through the 1,000,000-year postclosure period, which is shown in their fractions of 
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realizations with stable colloids falling on 1.0, the upper axis of the plot.  About 85% of 
realizations show stable suspensions of FeOx colloids in the corrosion products and invert 
domains from 1,000 years through 1,000,000 years.  Because the chemical conditions remain 
nearly constant from 1,000 years through 1,000,000 years in this modeling case, the colloid 
stabilities and concentrations are also constant from 1,000 years to 1,000,000 years, and all 
further references to this modeling case imply the time period of 1,000 years to 1,000,000 years.  
In addition, the chemical conditions and colloid stability are identical between the invert and the 
corrosion products domains because, for advective flow cases such as the igneous intrusion 
modeling case, the corrosion products domain chemistry is used in the invert domain (SNL 2007, 
Table 6.15-1).   In Figure 1(b), which shows the commercial SNF domains, the smectite and 
uranium minerals colloids are also stable, with fractions at 1.  About 68% of the realizations 
show stable suspensions of FeOx colloids in the corrosion products and invert domains.  About 
37% of the realizations show stable commercial SNF waste form colloids within the commercial 
SNF waste form domain, but no commercial SNF waste form colloids are stable in the 
commercial SNF corrosion products and invert domains.  Therefore, the commercial SNF 
corrosion products and invert combinations show fractions of realizations with stable colloids of 
0, at the lower axis on the plot.   

The ionic strengths within the waste form, corrosion products, and invert domains are shown in 
Figures 2 and 3.  The distributions of ionic strength are slightly higher for the commercial SNF 
packages than for the codisposal waste packages due to the dissolution of the nickel molybdate 
corrosion products.  The pH values within the EBS domains are shown in Figures 4 and 5.  The 
mean pH values of the corrosion products domains increase several tenths of a pH unit from 
1,000 to 1,000,000 years, but individual realizations show slight increases and/or decreases in pH 
with time.   

Figure 6 shows stability fields for the four colloid stability types.  The plotted points show the 
pH and ionic strengths of the waters within the codisposal and commercial SNF waste form, 
corrosion products, and invert domains in the percolation subregion 3 and drip environment at 
1,000,000 years after an igneous intrusion at 250 years.  When the water pH–ionic strength point 
lies below a colloid threshold line (within the stability field), that type of colloid suspension is 
stable.  Panels (a) and (b) in Figure 6 show the waste form domain waters for codisposal and 
commercial SNF packages at 1,000,000 years, and panel (c) shows the corrosion products and 
invert domain waters.  The pH values range from about 5.5 to 8.8 in the waste form waters, 
which results in some realizations dipping below the colloid stability thresholds and into the 
stability fields of all four colloid types.  In the corrosion products and invert domains, the pH 
values range from about 7 to 8.4, which results in all the realizations falling within the smectite 
and uranium minerals colloid stability ranges, no realizations falling within the commercial SNF 
colloid stability range (CSNF_CSNF2 on Figure 1), and 68% (commercial SNF) and 85% 
(codisposal) of the realizations falling within the FeOx stability range.  The slightly higher ionic 
strengths in the commercial SNF waste packages than the codisposal waste packages from 
Figure 3 can be seen in Figure 6(c), which is reflected in the fraction of realizations that fall 
within the FeOx stability range in Figure 1.   
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The resulting mean colloid concentrations in the EBS domains for percolation subregion 3 for 
the five colloid concentration types are shown in Figure 7.  The colloid concentrations are 
determined by their sampled distributions when the colloids are stable and by a low value when 
the colloids are unstable.  The mean colloid groundwater and uranium minerals concentrations in 
all the EBS domains are about 5.8 mg/L, which is very close to the mean of the sampled 
distributions for colloid concentrations for these colloids when they are stable, 5.9 mg/L. The 
TSPA parameter names for these distributions are “Conc_Col_Gw_Sampled_a” and 
“Conc_Col_U_Sampled_a.”  The colloid TSPA parameters are listed in Tables 6.3.7-62 to 
6.3.7-66 of Total System Performance Assessment Model /Analysis for the License Application 
(SNL 2008b).  The similarity in mean colloid concentrations with the sampled distributions is the 
expected outcome based on the fraction of realizations with breached waste packages that have 
stable colloid suspensions for both these colloids. The mean FeOx colloid concentrations in the 
corrosion products and invert domains are about 1 mg/L, which are lower than the mean of the 
sampled distributions for FeOx colloids of 1.5 mg/L when stainless steel is corroding and the 
colloids are stable (Conc_Col_FeOx_SS_Sampled_a) because some realizations have unstable 
FeOx colloids.  The mean concentrations of glass waste form colloids in all the EBS domains are 
about 0.33 mg/L.  While groundwater and glass waste form colloids are both smectite, their 
stable colloid concentrations are calculated differently, as reflected by the means of their 
distributions shown in Figure 7.  The groundwater colloid concentrations are sampled from a 
single distribution (Conc_Col_Gw_Sampled_a), but the glass waste form colloid concentrations 
are the sampled plutonium concentration (CPu_Col_Wf_Embed_Sampled_a) divided by the 
sampled colloid scaling factor (mass plutonium per mass colloid, CPu_Per_WF_Embed_Col_a).  
As shown in Figure 1(b), the commercial SNF waste form colloids are unstable within the 
corrosion products domain, so the mean colloid concentrations are near 10−7 mg/L in Figure 7.   

The full distributions of colloid concentrations of selected colloid types within selected locations 
are shown in Figures 8 through 14. There are sixteen colloid type-domain combinations shown in 
Figure 7, but many of these have nearly identical colloid concentration distributions.  For 
example, only one groundwater colloid concentration plot (Figure 11) is shown because the 
groundwater colloids are stable in all EBS locations after the event in the igneous intrusion 
modeling case, and the distribution of concentrations is determined by the sampled groundwater 
colloid concentration (Conc_Col_Gw_Sampled_a).  The uranium minerals colloid concentration 
plot (Figure 14) is nearly identical to the groundwater concentration plot because the uranium 
minerals colloids are also stable after the event, and the sampled uranium minerals concentration 
distribution (Conc_Col_U_Sampled_a) is the same as the groundwater distribution.  The colloid 
concentration range for these two colloid types is quite wide, with the 5th and 95th percentiles 
differing by a factor of about 13,000.   

Figures 8 and 9 show the two waste form colloid concentrations. The glass waste form  
colloids are modeled as smectite and are stable after the event for the igneous intrusion modeling 
case. The glass waste form colloid concentration distribution is determined by two sampled 
parameters (CPu_Col_Wf_Embed_Sampled_a and CPu_Per_WF_Embed_Col_a).  The resulting 
distribution of colloid concentrations in Figure 8 is relatively narrow, with the 5th and 95th 
percentiles differing by about a factor of 30.  In contrast to the glass waste form colloids that are 
stable, the commercial SNF waste form colloids are only stable in about 37% of the realizations 
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(Figure 1(b)). The remaining 63% have unstable colloid suspensions and the colloid 
concentrations remain near 10−7 mg/L.  The distribution of the colloid concentration for the 37% 
of realizations that are stable is determined by the two parameters CPu_Col_CSNF_Sampled_a 
and CPu_Per_CSNF_Embed_Col_a, which result in a broader distribution of colloid 
concentrations in Figure 9(a) than in Figure 9(b).  The vertical lines in Figure 10 show when 
realizations cross the threshold line into or out of the FeOx stability field due to the slight 
changes in pH noted in Figures 4 and 5.  Figure 13 shows the colloid concentrations of the 
commercial SNF waste form colloids which are not stable in the corrosion products domain. 

1.4 SEISMIC GROUND MOTION MODELING CASE  

In the seismic ground motion modeling case, the seismic damage is primarily due to stress 
corrosion cracks in the waste package; advective flux through the package only occurs after 
200,000 years in some realizations due to general corrosion of waste package patches.   

The resulting ionic strengths and pH values of the waste form, corrosion products, and invert 
domains are shown in Figures 17 through 22.  The ionic strengths within the waste package start 
out high but decrease as the relative humidity increases and flow starts.  The drop in ionic 
strength seen between 250,000 and 400,000 years corresponds to the complete filling of the drift 
with rubble and the imposition of the high thermal conductivity relative humidity time histories, 
which causes a jump in the relative humidity.  This occurs at different times for the different 
epistemic samples even though all samples experience the same sequence of seismic events as 
specified in aleatory vector 4641.  The drops in ionic strength for individual realizations below 
the main group of ionic strengths at late times in Figures 17 through 19 are due to advection 
through general corrosion patch failures of the waste packages.  The ionic strengths within the 
commercial SNF packages are higher than in the codisposal waste packages.  In the invert 
(Figure 19), the ionic strength is determined by the near-field chemistry model until there is a 
corrosion patch failure of the package and flow through the package.  When the patch failure 
occurs, the ionic strength in the invert is set equal to that in the waste package corrosion 
products, which often causes an initial rise in ionic strength followed by a fall in ionic strength. 

After the waste packages breach (starting at 24,500 years for CDSP and 74,500 for CSNF), and 
after the in-package chemistry and competitive sorption models come to steady state, the pH 
values rise to a wide range between 5 and 10 for the high-level radioactive waste glass, a 
moderate range between 5 and 8.5 for the DOE-owned SNF and commercial SNF waste form 
domains, and to a narrower range between 7 and 8.5 for the corrosion products domains.  The 
means shown in Figures 17 through 22 are the means of the realizations with breached waste 
packages. In the invert, the modeled chemistry is quite different from that in the package.  The 
ionic strengths are relatively steady, ranging mainly from 0.007 to 0.03 mol/kg, except for the 
realizations with corrosion patch breaches.  The pH is also relatively steady, ranging from 7.4 to 
9, except for the realizations with corrosion patch breaches. 

These chemistry conditions cause the colloid stabilities seen in Figure 15.  After waste package 
breach, the fractions of realizations with stable colloid suspensions for uranium minerals colloids 
and smectite colloids of the codisposal waste packages rise to 1.0 sooner than the commercial 
SNF packages, in keeping with the lower ionic strengths of codisposal waste packages.  The 
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effects of high ionic strengths at early times within the waste form and corrosion products 
domains are reflected by the low fraction of realizations with breached waste packages that have 
stable colloid suspensions of all types at early times, as shown in Figure 15.  When the ionic 
strength falls below the smectite ionic strength threshold (about 0.4 mol/kg as shown in 
Figure 27) and the uranium minerals ionic strength threshold (below about 0.2 mol/kg), the 
suspensions become stable.  Only a few realizations have ionic strengths that drop into the FeOx 
colloid stability field.  Epistemic sample 7 is one such realization and is highlighted in 
Figure 18(b).  Examination of the commercial SNF subregion 3 drip environment of epistemic 
sample 7 shows that the first waste package corrosion patch opens at 552,000 years when the 
ionic strength in the corrosion products cell is around 0.4 M and flux through the package starts 
at 1.9 × 10−7 m3/yr (see Figure 23).  Between 636,000 and 764,000 years, the ionic strength is 
around 0.1 M and the flux increases from 3 × 10−6 to 10−4 m3/yr as additional patches open.  At 
768,000 years, the flux increases above 10−4 m3/yr and the ionic strength in the corrosion product 
cell drops to 0.002 M.  This corresponds to the threshold for switching from vapor-influx to 
liquid-influx chemistry, which is 0.1 L/yr or 10−4 m3/yr.  When the flux is less than 0.1 liter/yr, 
the ionic strength depends on relative humidity.  When the flux is greater than 0.1 L/yr, the ionic 
strength is a function of the time since average waste package failure and the flux (SNL 2008b, 
p. 6.3.7-13).  Figure 24 shows the mean flux, ionic strength, and relative humidity for the 
commercial SNF and codisposal corrosion products domains in percolation subregion 3, drip 
environment.  Comparison of Figures 24 and 15 shows that the uranium minerals and smectite 
colloids become stable during the time the relative humidity rises toward 100% and before the 
flux becomes significant.   

Figure 16 shows the fraction of seismic ground motion realizations with breached waste 
packages that have stable colloid suspensions in the percolation subregion 3, no-drip 
environment.  The stabilities in the no-drip environment (Figure 16) are similar to the drip 
environment (Figure 15), except that there is only one realization with stable FeOx or 
commercial SNF suspensions in the no-drip environment.  Figures 25 and 26 show the ionic 
strengths in the corrosion products domain of the commercial SNF waste packages in the drip 
and no-drip environments, respectively.  These plots are identical except for 40 realizations that 
show drops below 0.03 mol/kg in the drip case.  The drop in ionic strength is due to general 
corrosion failure of a patch of the waste package.  In the drip environment, this results in flow of 
water through the package, but in the no-drip environment there is no water to flow through the 
opening.  These figures indicate that the FeOx colloids are only stable within the corrosion 
products domain when there is water flow through the package.   

Figures 27 through 30 show the colloid stability fields and the pH values and ionic strengths of 
the waters for the seismic ground motion modeling case.  Unlike the igneous intrusion at 
250 years modeling case, which has nearly constant ionic strength after 1,000 years, the ionic 
strengths and pH values of the seismic case change with time.  Accordingly, two times were 
chosen: 300,000 years, when diffusion dominates, and 1,000,000 years, when there is advection 
in some realizations.  At 300,000 years, the waste form domain waters pH–ionic strength points 
cluster in two bands depending on the rubble fill status of the drift (Figure 27).  The higher band 
(ionic strengths from 0.07 to 0.2 mol/kg) falls mainly within the uranium minerals stability field, 
and the lower band (ionic strengths from 0.02 to 0.05) dips slightly into the commercial SNF and 
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FeOx stability fields.  This is consistent with Figure 15, which shows transition from unstable 
suspensions of smectite and uranium minerals colloids to stable suspensions between 25,000 and 
400,000 years.  At 1,000,000 years (Figure 28), the ionic strength of waste form waters has 
dropped significantly and a higher number of realizations fall within the commercial SNF and 
FeOx stability fields.  In the corrosion products domains, the pH values range between 7 and 8.5.  
At 300,000 years, the commercial SNF cluster of points are at higher ionic strength than the 
codisposal cluster of points. The commercial SNF cluster falls mainly within the smectite 
stability region, and the codisposal cluster falls mainly within the uranium minerals stability 
region as well (Figure 29(a)).  At 1,000,000 years (Figure 29(b)), advection has started in some 
waste packages because of general corrosion patch failure, and the waters have decreased in 
ionic strength.  This allows between 10% and 20% of the realizations to dip into the FeOx colloid 
suspension stability field.  However, no realizations fall within the commercial SNF stability 
field, as reflected in Figure 15.  In the invert, the chemistry is relatively stable over the 
1,000,000-year simulation, so only the 1,000,000-year plot is shown (Figure 30).  Like the 
corrosion products waters after advection through the waste package starts, the invert waters dip 
into the FeOx stability field but not into the commercial SNF colloids stability field.  

The mean colloid concentrations in the EBS domains for percolation subregion 3 for the five 
colloid types are shown in Figure 31.  Before there is groundwater flux through the waste 
package, the groundwater colloid concentrations within the waste package are set to 0 mg/L.  
Once flow has started, the colloid concentration is the minimum value if the colloid suspensions 
are unstable and a sampled value if they are stable. The other colloid concentrations do not have 
this initial value of zero before flow starts, but because initial ionic strengths are high, the other 
colloids have minimum value concentrations when the waste package breaches.  These initial 
values are reflected in the low early time mean colloid concentrations.  As the ionic strength 
decreases, the number of realizations with stable colloid suspensions increases as shown in 
Figures 15 and 31.   

In the waste form domain, the uranium minerals colloids have the highest mean colloid 
concentrations, followed by the groundwater and glass waste form colloids.  Only 10% of the 
realizations have stable commercial SNF colloids at 1,000,000 years, which is reflected in the 
relatively low mean colloid concentrations.  The mean concentration for the glass waste form 
colloids in the two codisposal waste form domains overlap, as do the mean concentrations of the 
groundwater colloids in the codisposal waste form domains. 

In the corrosion products domain, the colloid concentrations for uranium minerals and 
groundwater colloids are unchanged from the waste form domains, but the commercial SNF 
colloid concentration has dropped below 10−7 mg/L because these colloids are unstable in the 
corrosion products domain.  The mean colloid concentration of FeOx colloids within the 
codisposal corrosion products cells rises before that of the commercial SNF corrosion products, 
which is consistent with the relative ionic strengths. 

In the invert, the groundwater colloids are stable over all times.  Transport of colloids into the 
invert is slow relative to transport from the waste form to the corrosion products, which is 
reflected by the low and slowly rising mean waste form colloid concentration in the invert 
compared to that in the corrosion products. 
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The full distributions of colloid concentrations of selected colloid types within selected locations 
are shown in Figures 32 to 50.  Figures 32 to 37 show the colloid concentrations within the waste 
form domains, Figures 38 to 44 show the concentrations in the corrosion products domain, and 
Figures 45 to 50 show the concentrations in the invert.  The groundwater concentrations in the 
corrosion products are nearly identical to those in the waste form (Figures 32 and 33), as seen in 
the comparison between Figures 32 and 40.  Likewise, the codisposal glass waste form colloid 
concentrations in the two waste form domains are nearly identical to those in the corrosion 
products domain, and the groundwater concentrations in the invert under the codisposal packages 
are nearly identical to that under the commercial SNF packages. 

The vertical lines in Figure 38 show when realizations cross the threshold line into or out of the 
FeOx stability region.  The gray horizontal lines in Figure 40 show that the groundwater colloid 
concentrations are steady once groundwater flow has started through the waste package.  The 
higher ionic strengths within the commercial SNF packages, as compared to the codisposal waste 
packages, is reflected in the later times for colloid concentrations to climb above the minimum 
value in Figures 45 and 46 (for FeOx colloids), and in Figures 34 and 35 and Figures 48 and 49 
(for uranium minerals colloids).  In Figures 32 to 50, the uncertainty in the colloid concentrations 
changes with time as the in-package ionic strength decreases and colloids become more stable.  
For most colloids, this means starting with a minimum concentration with little uncertainty, 
which changes to a wide range of colloid concentrations reflecting the uncertainty in chemistry 
and the concentration of colloids when they are stable.  Only the groundwater colloids in the 
invert are stable throughout the postclosure period (Figure 47). 

1.5 SUMMARY 

Colloid-facilitated transport in the EBS is limited by the colloid stability and the low diffusion 
rate of colloids compared to dissolved species.   

The temporal variations in stability for the five colloid types—commercial SNF, FeOx, smectite 
(glass waste form and groundwater), and uranium minerals colloids—in each EBS location 
within the codisposal and commercial SNF waste packages are provided for the two most 
important cases with respect to total mean annual dose:  the igneous intrusion and seismic 
ground motion modeling cases.  The corresponding aqueous chemical characteristics and mean 
mass concentrations of colloids within the waste form and corrosion products domains are 
shown.  The full distributions of selected mass concentrations of colloids are also shown. 

The stability fields for each colloid type are shown.  The suspensions of smectite colloids, which 
represent groundwater and glass waste form colloids, are stable except at the high ionic strengths 
that occur within the waste package in the seismic ground motion modeling case before the 
relative humidity rises and before the advective flux begins.  Uranium minerals colloids have 
nearly as large a stability field as smectite colloids.  In addition to ionic strength, FeOx and 
commercial SNF colloids are quite sensitive to pH.  FeOx colloid suspensions are unstable at pH 
values around 9, and commercial SNF colloids are unstable at pH values between about 7 and 9.  
This results in the commercial SNF colloids being stable only within the waste form domain.  
FeOx colloids are mainly stable in the igneous intrusion modeling case, and are only rarely stable 
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after advection through the waste package starts in the dripping environment of the seismic 
ground motion modeling case. 

The modeled chemical conditions determine the colloid stability and thus the range in colloid 
concentrations.  The amount of advection and diffusion of colloids depends on the colloid 
concentrations.  The ionic strength–pH threshold lines indicate that all colloids are unstable at 
ionic strengths above 0.4 mol/kg—conditions that only occur when there is no water flow 
through the package.  The uranium minerals colloids are unstable with ionic strengths above 
0.2 mol/kg.   

The uncertainty in the colloid concentrations is varied.  For colloids that are stable, such as the 
codisposal glass waste form, groundwater, and uranium minerals colloids in the igneous 
intrusion modeling case, the uncertainty is determined by the uncertainty in the sampled colloid 
concentration.  For codisposal glass waste form colloids, this range is narrow, with the 5th and 
95th percentiles about a factor of 30 different.  For groundwater and uranium minerals colloids 
this range is much broader, with the 5th and 95th percentiles differing by a factor of about 
13,000.  For colloids for which stability is relatively more sensitive to chemical conditions than 
others, the spread in colloid concentrations increases to include the lower bound. The 
commercial SNF waste form and FeOx colloids are examples of this. For colloids that are always 
unstable, their colloid concentrations are low and they play no significant role in radionuclide 
transport.  In the seismic ground motion modeling case, the uncertainty in the colloid 
concentrations changes with time as the in-package ionic strength decreases and colloid 
suspensions are more likely to be stable.  For most colloids, this means starting with a minimum 
concentration with little uncertainty, which changes to a wide range of colloid concentrations 
reflecting the uncertainty in chemistry and the concentration of colloids when they are stable.  
Only the groundwater colloids in the invert are stable throughout the postclosure period. 

In the igneous intrusion modeling case, smectite and uranium minerals colloids are stable from 
shortly after the intrusion through 1,000,000 years in all EBS locations.  FeOx colloids are 
mainly stable within the corrosion products domain and invert, and commercial SNF (ZrO2) 
colloids are only stable within the waste form domain.   

In the seismic ground motion modeling case, the smectite and uranium minerals colloids start out 
unstable, but become stable in the various EBS locations as the relative humidity rises, especially 
as the drift fills with rubble.  The number of realizations with stable FeOx colloids within the 
corrosion products domain rises with time as advection starts through the waste package, with a 
maximum of 20% of the realizations with stable FeOx at 1,000,000 years.  The commercial SNF 
waste form colloids are only stable in a maximum of 10% of the realizations within the waste 
form domain.  In the other EBS domains, commercial SNF waste form colloid suspensions are 
not stable.   

 Page 10 of 47 



ENCLOSURE 3 
 
Response Tracking Number:  00268-00-00  RAI: 3.2.2.1.3.4-2-003 

 

NOTE: The smectite and uranium minerals colloids are stable (fraction equals 1.0) in all EBS locations.  The 
commercial SNF waste form colloids are unstable (fraction equals 0.0) in corrosion products and invert 
domains. 

Figure 1. Fraction of Realizations with Breached (a) Codisposal Waste Packages and (b) Commercial 
SNF Waste Packages that have Stable Colloid Suspensions, in Percolation Subregion 3, Drip 
Environment, for a 300 Epistemic Vector for the Igneous Intrusion Modeling Case for 
1,000,000 Years with Intrusion at 250 Years 
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Figure 2. Ionic Strength in (a) the HLW Domain of Codisposal Waste Packages, (b) the DOE-owned 
SNF Domain of Codisposal Waste Packages, and (c) the Waste Form Domain of Commercial 
SNF Packages, in Percolation Subregion 3, Drip Environment, for a 300 Epistemic Vector 
1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 250 Years 
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Figure 3. Ionic Strength in the Corrosion Products and Invert Domains of (a) Codisposal Waste 
Packages and (b) Commercial SNF Waste Packages, in Percolation Subregion 3, Drip 
Environment, for a 300 Epistemic Vector 1,000,000-Year Igneous Intrusion Modeling Case 
with Intrusion at 250 Years 
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Figure 4. pH in (a) the HLW Domain of Codisposal Waste Packages, (b) the SNF Domain of Codisposal 
Waste Packages, and (c) the Waste Form Domain of Commercial SNF Waste Packages, in 
Percolation Subregion 3, Drip Environment, for a 300 Epistemic Vector 1,000,000-Year 
Igneous Intrusion Modeling Case with Intrusion at 250 Years 
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Figure 5. pH in the Corrosion Products and Invert Domains of (a) Codisposal Waste Packages and (b) 
Commercial SNF Waste Packages, in Percolation Subregion 3, Drip Environment, for a 300 
Epistemic Vector 1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 250 Years 
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Figure 6. pH and Ionic Strength Thresholds for the Four Colloid Types and the pH and Ionic Strengths 
of the Waters within (a) the Codisposal Waste Form Domains, (b) the Commercial SNF Waste 
Form Domain, and (c) the Codisposal and Commercial SNF Corrosion Products and Invert 
Domains, in the Percolation Subregion 3 and Drip Environment at 1,000,000 Years for the 
Igneous Intrusion Modeling Case at 250 Years 
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NOTE: Orange lines are on top of blue lines. 

Figure 7. Mean Colloid Concentration in (a) the Waste Form Domains and (b) the Corrosion Products 
and Invert Domains, in Percolation Subregion 3, Drip Environment, for a 300 Epistemic Vector 
1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 250 Years 
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Figure 8. Colloid Concentration for Codisposal Glass Waste Form in the Waste Form Domain in 
Percolation Subregion 3, Drip Environment, for a 300 Epistemic Vector 1,000,000-Year 
Igneous Intrusion Modeling Case with Intrusion at 250 Years 

 

Figure 9. Colloid Concentration for Commercial SNF Waste Form in the Waste Form Domain in 
Percolation Subregion 3, Drip Environment, for a 300 Epistemic Vector 1,000,000-Year 
Igneous Intrusion Modeling Case with Intrusion at 250 Years 
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Figure 10. FeOx Colloid Concentration in the Corrosion Products and Invert Domains of Codisposal 
Waste Packages in Percolation Subregion 3, Drip Environment, for a 300 Epistemic Vector 
1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 250 Years 

 

Figure 11. Groundwater Colloid Concentration in the Corrosion Products and Invert Domains of 
Codisposal Waste Packages in Percolation Subregion 3, Drip Environment, for a 300 
Epistemic Vector 1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 250 
Years 
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Figure 12. Glass Waste Form Colloid Concentration in the Corrosion Products and Invert Domains of 
Codisposal Waste Packages in Percolation Subregion 3, Drip Environment, for a 300 
Epistemic Vector 1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 
250 Years 

 

Figure 13. Commercial SNF Waste Form Colloid Concentration in the Corrosion Products and Invert 
Domains in Percolation Subregion 3, Drip Environment, for a 300 Epistemic Vector 
1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 250 Years 
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Figure 14. Uranium Minerals Colloid Concentration in the Corrosion Products and Invert Domains of 
Codisposal Waste Packages in Percolation Subregion 3, Drip Environment, for a 300 
Epistemic Vector 1,000,000-Year Igneous Intrusion Modeling Case with Intrusion at 
250 Years 
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Figure 15. Fraction of Realizations with Breached (a) Codisposal Waste Packages and (b) Commercial 
SNF Waste Packages That Have Stable Colloid Suspensions, In Percolation Subregion 3, 
Drip Environment, for a 300 Epistemic Vector for the Seismic Ground Motion Modeling Case 
for 1,000,000 Years with Aleatory Vector 4641 

 Page 22 of 47 



ENCLOSURE 3 
 
Response Tracking Number:  00268-00-00  RAI: 3.2.2.1.3.4-2-003 

 

Figure 16. Fraction of Realizations with (a) Breached Codisposal Waste Packages and (b) Breached 
Commercial SNF Waste Packages That Have Stable Colloid Suspensions, in Percolation 
Subregion 3, No-Drip Environment, for a 300 Epistemic Vector 1,000,000-Year Seismic 
Ground Motion Modeling Case with Aleatory Vector 4641 
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Figure 17. Ionic Strength in (a) the HLW Domain of Codisposal Waste Packages, (b) the DOE-owned 
SNF Domain of Codisposal Waste Packages, and (c) the Waste Form Domain of Commercial 
SNF Waste Packages, in Percolation Subregion 3, Drip Environment, for a 300 Epistemic 
Vector 1,000,000-Year Seismic Ground Motion Modeling Case with Aleatory Vector 4641 
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