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ABSTRACT 

This report describes the status of experiments conducted in fiscal years (FY) 2017 and 2018 by 
the Center for Nuclear Waste Regulatory Analyses (CNWRA®) to evaluate the early release of 
technetium (Tc) from fresh simulated saltstone waste forms, as well as impacts of residence 
time, using flow-through leach experiments.  Saltstone is a chemically reducing, grout-based 
waste form used by the U.S. Department of Energy (DOE) to dispose of low-activity salt 
solutions generated during high-level radioactive waste tank closure activities at the 
Savannah River Site (SRS).  A key safety function of saltstone is maintaining an initially 
low-flow, chemically reducing environment that will attenuate the release of redox-sensitive 
radioelements, such as Tc.  Saltstone also provides a physical barrier due to its 
characteristically low initial saturated hydraulic conductivity (Ksat), which initially limits both water 
and oxygen ingress.  The experiments described in this report, which were conducted to support 
the U.S. Nuclear Regulatory Commission’s monitoring role during waste tank closure, provide 
independent information about the anticipated performance of saltstone as a waste form. 

The dynamic leach experiments undertaken by CNWRA during FYs 2017 and 2018 were 
conducted with a Hassler-type coreholder permeameter system that allowed an accelerated 
flow rate of simulated SRS groundwater (sSRS) through intact cylinders of simulated saltstone 
prepared with added Tc-99.  The first experiment documented in this report (Specimen 2, 
Subsample B) was aborted when the permeability was determined to be too low to carry out a 
leach experiment in a timely fashion.  The bulk of this report describes the experiment 
conducted using Specimen 3, Subsample A, in which the Grade 100 ground granulated 
blast-furnace slag component was further ground using a mortar and pestle to determine if it 
would be more reactive as a result of its increased, freshened surface area.  This specimen was 
cured and aged for 372 days in a temperature-controlled, low-oxygen, high-humidity 
environment.  Upon experiment completion, 15.8 pore volumes (PV) of sSRS permeant had 
been passed through the specimen.  After a few PV, the apparent Ksat calculated from flow rate 
and injection pressure data pairs reached a steady-state value of approximately 8.8 × 10−11 cm/s 
[2.1 × 10−9 in/min], which is lower than previously reported data for simulated saltstone.  
Tc-99 concentrations in leachate peaked early during the experiment at 1.2 × 10−6 M and then 
declined to 2.6 × 10−8 M after 15.8 PV.  Tc-99 concentrations after elution of 15.8 PV were 
broadly consistent with a solution concentration controlled by the solubility of reduced Tc solids, 
but the data indicate diffusional or kinetic influences resulting in a residence time effect.  
The range of Tc-99 concentrations is similar to the range reported for column tests sponsored 
by DOE, but the temporal pattern of Tc-99 release differs. 

Like Tc-99, key salt solution constituents, such as sodium, had higher leachate concentrations 
than were observed in the Specimen 2, Subsample A test.  Also like Tc-99, these leachate 
constituents experienced a spike in concentrations as a result of an inadvertent, 
high-temperature-induced perturbation of Specimen 3, Subsample A during the leach 
experiment.  Subsequent leachate chemistry has characteristics suggesting possible enhanced 
reaction with cementitious components after the perturbation.  This report also documents a 
leach experiment conducted using simulated saltstone Specimen 5, which was prepared with 
Grade 120 blast-furnace slag.  This specimen was highly impermeable, such that less than half 
a PV of leachate was sampled before the experiment was aborted due to permeant leakage 
from the coreholder, upstream of the specimen.  Ksat values calculated from this experiment 
were lower than for any previous specimens, but the values are uncertain due to flow 
irregularities.  Leachate Tc-99 concentrations were similar to what was observed early during 
the Specimen 3, Subsample A experiment. 
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1 INTRODUCTION 

The Center for Nuclear Waste Regulatory Analyses (CNWRA®) is providing technical assistance 
to the U.S. Nuclear Regulatory Commission (NRC) related to its statutory responsibilities 
under the Ronald W. Reagan National Defense Authorization Act of Fiscal Year 2005.  
Technical assistance encompasses a range of support activities, including independent 
analyses that can be used by NRC staff during monitoring of U.S. Department of Energy (DOE) 
salt waste disposal activities at the Savannah River Site (SRS) in South Carolina.  This status 
report provides an update about independent, confirmatory work conducted by CNWRA 
during fiscal years (FYs) 2017 and 2018 for the NRC project titled “Technical Assistance for the 
Review of the U.S. Department of Energy’s Non-High-Level Waste Determinations.”  
The objective of NRC’s simulated saltstone leaching experimental program is to evaluate the 
early release of technetium (Tc) from a waste form called saltstone that is used by DOE to 
dispose of salt waste.  Specifically, the program focuses on how release of Tc-99 is affected by 
chemically reducing simulated saltstone during dynamic flow-through leach experiments.  
This report is a follow-up to Dinwiddie and Pickett (2017), titled “Saltstone Leaching 
Experiments Status Report,” which documented work through October 2016 and that provides 
additional details not repeated herein.  During FY 2017, CNWRA conducted several activities, 
including (i) refinement of experimental protocols, (ii) two simulated saltstone leach 
experiments, (iii) preparation and curing of two new Tc-99-bearing simulated saltstone 
specimens, and (iv) continued controlled aging of simulated saltstone specimens that had been 
prepared during FYs 2015 and 2016.  One of the two aforementioned FY 2017 leach 
experiments was concluded in early FY 2018, and a leach experiment was conducted using a 
third specimen in FY 2018.  A condensed description of experimental results obtained through 
early 2018 was published as a conference proceedings paper (Pickett et al., 2018).
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2 ORGANIZATION OF REPORT 

Details of preparation and environmentally controlled curing and aging of simulated saltstone 
specimens are described in Section 3 of this report.  Details and results of dynamic 
(i.e., flow-through) leaching experiments conducted with simulated saltstone cylinders in a 
Hassler-type coreholder permeameter system are described in Section 4.  A summary and 
conclusions based upon the results of this experimental work are presented in Section 5. 
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3 SIMULATED SALTSTONE SPECIMEN PREPARATION 

3.1 Chemical Formulation of Simulated Saltstone 

Using vendor information for cementitious materials acquired by U.S. Department (DOE) 
contractor Argos (Jackson, South Carolina) for batching saltstone, Center for Nuclear Waste 
Regulatory Analyses (CNWRA®) obtained Portland cement (Type I/II, ASTM C150 by 
Holcim US, Inc. of Birmingham, Alabama), ground granulated blast-furnace slag (GGBFS)  
(Grade 100, ASTM C989 also by Holcim, and Grade 120, ASTM C989 by Lehigh Cement 
Company, LLC of Fort Lauderdale, Florida), and fly ash (Class F, ASTM C618 by SEFA Group, 
Inc. of Lexington, South Carolina) for these experiments.  Each simulated saltstone specimen 
was prepared using a premix consisting of 45 percent GGBFS, 45 percent fly ash, and 
10 percent Portland cement by dry mass (Table 3-1). 

Salt solutions were prepared during both Fiscal Years (FYs) 2015 and 2017 to achieve 
water-to-premix (w:p) ratios of 0.6, where w:p does not include water molecules in certain salts 
(see Appendix A).  The chemical formulation of the salt waste solution simulant (Table 3-2) was 
made to mimic the decontaminated waste resulting from DOE’s Actinide Removal 
Process/Modular Caustic Side Solvent Extraction Unit (ARP/MCU) process  
(SREL Document R-14-0006).  For each solution batch, each salt was measured and mixed 
with double-deionized water until dissolved in a 1-L [1.06-qt] volumetric flask. 

During FY 2015, technetium (Tc) Tc-99 as ammonium pertechnetate (i.e., NH4TcO4 in H2O, as 
purchased from Eckert & Ziegler Isotope Products, Valencia, California) was added to the 
1 L [1.06 qt] of salt solution.  As reported by Lenhard and Hooper (2015), the total Tc-99 activity 
in 1 L [1.06 qt] of salt solution was 5.365 MBq [145 µCi], yielding a Tc-99 concentration of 
4,405 Bq/g [0.119 µCi/g] salt solution.  This solution batch was used to produce three  
Tc-99-bearing simulated saltstone specimens [i.e., Specimens 1, 2, and 3 (Table 3-3)]. 

During FY 2017, Tc-99 as ammonium pertechnetate (also from Eckert & Ziegler Isotope 
Products) was added to approximately 700 mL [0.74 qt] of the salt solution.  The total Tc-99 
activity in this salt solution was 3.770 MBq [101.9 µCi], yielding a Tc-99 concentration of 
4,228 Bq/g [0.114 µCi/g] salt solution.  To date, this solution batch has been used to produce 
two Tc-99-bearing, simulated saltstone specimens [i.e., Specimens 4 and 5 (Table 3-3)]. 

3.2 Preparation of Simulated Saltstone Specimens 

Specimen 1 was prepared during FY 2015 (Lenhard and Hooper, 2015), Specimens 2 and 3 
during FY 2016 (Dinwiddie and Pickett, 2017), and Specimens 4 and 5 during FY 2017 
(Table 3-3).  The first three specimens were each prepared using Grade 100 GGBFS 
(cf. ASTM C989), but Specimen 3 was prepared after its slag component had been ground 
further using mortar and pestle to determine if grinding would increase its reactivity (Table 3-3).  
The first three specimens were each developed using the FY 2015 salt solution batch 
(Section 3.1, Table 3-2).  Specimens 4 and 5 were developed from a single grout batch using a 
premix with Grade 120 GGBFS and the FY 2017 Tc-99-bearing salt solution (Section 3.1, 
Table 3-2).  Premix (Table 3-1) was mixed with 220.5 g [7.78 oz] of Tc-99-bearing salt solution 
(Table 3-2); the Tc-99 concentrations in the resulting wet simulated saltstone mixtures were all 
close to 2,000 Bq/g [1.5 μCi/oz].  The mixture of premix and salt solution was blended for a total 
time of 12 minutes in a countertop Globe® SP08 kitchen mixer; following the first 6 minutes of 
mixing, the wall of the bowl was scraped before initiating the final mixing period.  
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Table 3-1.   Simulated Saltstone Premix Formula 

Simulated 
Saltstone 

Premix 
Formula* 

Cementitious Materials 
Portland Cement 

Type I/II 
GGBFS 

Grade 100 or 120 
Fly Ash 
Class F 

Total 
Mass 

grams† 
25.0 112.5 112.5 250.0 

*After Seaman et al. (SREL Document R-14-0006) 
†To convert grams (g) to ounces (oz), multiply by 0.03527 

 

Table 3-2.   Tc-99-Spiked Simulated Salt Waste Formula per 1 L [1.06 qt] of 
Stock Solution 

Salt 
Solution 
Formula* 

Total Water Mass, Salt Mass, and Tc-99 Radioactivity  
{per Liter [1.06 qt] of Tc-99-Spiked Salt Solution} 

Total 
Water NaOH NaNO3 NaNO2 Na2CO3 Na2SO4 Al(NO3)3∙ 

9H2O 
Na3PO4∙ 
12H2O Tc-99 

grams† MBq 
822.47 127.52 268.52 25.39 18.66 8.38 20.25 4.56 5.365‡ 

*After Seaman et al. (SREL Document R-14-0006), except for Tc-99 content.  To fill experimental molds, 250 g 
[8.82 oz] of premix (see Table 1) is blended with 220.5 g [7.78 oz] of simulated salt waste solution, with added 
Tc-99, to produce a batch of saltstone grout 
†To convert grams (g) to ounces (oz) multiply by 0.03527 
‡Quantity for the solution used for Specimens 1, 2, and 3.  For the solution batch used for Specimens 4 and 5, 
3.770 MBq of Tc-99 was mixed with approximately 700 mL of salt solution to obtain a similar Tc-99 
concentration. 

 

Table 3-3.   Simulated Saltstone Tc-99 Leach Testing Experimental Variable Matrix 
Specimen GGBFS 

Grade 
Preparation 

Date 
Date Test Length 

(cm) 
Curing Time 

(days) Began Ended 
1* 

100 
9/3/2015 Untested 1,267+ 

2A† 2/22/2016 6/20/2016 7/27/2016 4.85 119 
2B† 10/5/2016 10/13/2016 4.91 226 

   3A†‡ 100/ground 4/12/2016 4/20/2017 11/21/2017 2.65 373 
3B*†‡ Untested 1045+ 
  4*‡ 120 8/30/2017 Untested 540+ 
5 8/30/2017 11/29/2017 2/19/2018 5.25 91 

*Specimen 1, 4 and the bottom ¾ of Specimen 3 (i.e., 3B), continue to age in their environmental chambers at this writing; they 
each underwent an unplanned, uncontrolled high-temperature excursion and will likely be disposed of without leach testing 
†Subsamples A and B are upper and lower portions, respectively, of the indicated specimen 

‡Due to temperature-controller malfunctions, Specimens 3 and 4 both underwent unplanned, rapid drops in temperature from 
40 °C [104 °F] to ambient laboratory temperature, which may have made them more susceptible to thermal cracking 

 

Near-cylindrical, simulated saltstone specimens were prepared by pouring the resulting 
grout into 3.8-cm [1.5-in] inner diameter molded silicone tubes that had been glued to 
Petri dishes to form the base of a mold (e.g., Figure 3-1).  The Petri dishes served to contain 
any Tc-99-containing solution that might leak. 
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Figure 3-1.   Silicone and Glass Petri Dish Molds, Adhered With Loctite® Go2® Gel, 
Used to Cast Simulated Saltstone Specimens 4 and 5 

 
Specimens 1 through 3 were formed in 10-cm [4-in]-tall molds; their Petri dish bases were made 
of polystyrene and were hot-glued to the silicone tube molds.  Specimens 4 and 5 were 
approximately half the length and volume of Specimens 1 through 3, and their Petri dish bases 
were made of glass to prevent deformation that affected the mold base of Specimen 2 
(cf. Dinwiddie and Pickett, 2017).  No such mold base deformation was observed for 
Specimen 3, and Specimen 1 has not yet been examined.  The glass dishes for Specimens 4 
and 5 were glued to half-length silicone tube molds using Loctite® Go2® gel adhesive  
(Figure 3-1). 

3.3 Curing and Aging Environment 

Grout preparation steps described in Section 3.2 were carried out in air in the laboratory, but the 
grout-filled molds were transferred within 1 hour to controlled-environment chambers for curing 
and aging.  As described by Dinwiddie and Pickett (2017), simulated saltstone specimen aging 
was carried out in glass cells in an environmental chamber system designed to (i) provide an 
inert gas, low-oxygen environment; (ii) monitor the oxygen content in the gas phase at the parts 
per million (ppm) level; (iii) maintain 100 percent relative humidity; and (iv) control temperatures 
nominally between 25‒65 °C [77–149 °F] according to a preplanned thermal schedule.  
Ultra-high-purity nitrogen gas (<1 part per billion oxygen) from Airgas® (San Antonio, Texas) 
was used to purge oxygen from the environmental chambers.  Nitrogen gas was bubbled 
through a reservoir of deoxygenated, distilled water at the bottom of each chamber, creating a 
100 percent relative humidity environment.  Each simulated saltstone specimen was elevated 
above its reservoir so that curing and aging would not occur under water-saturated conditions.  
A diagram of an environmental chamber system and oxygen levels measured inside each cell 
are shown in Figure 3-2.  A grout mold inside a glass cell is shown in Figure 3-3(A).  
During curing and aging, oxygen concentrations in the gas phase inside the chambers generally 
were maintained at levels below 1 ppm (Figure 3-2).  Rare oxygen concentrations of greater 
than 1 ppm are generally associated with the opening of a closed chamber to replenish distilled  
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Figure 3-2.   Environmental Chamber System Used to Age Simulated Saltstone 
Specimens (Top) and Daily Measured Oxygen Levels in Each Chamber 
(Bottom) 

 

 
 

Figure 3-3.   (A) Grout Mold (as in Figure 3-1) Perched Above Water Reservoir Inside 
Glass Cell; Dissolved Oxygen Meter in Foreground; (B) Environmental 
Chamber Systems; Glass Cells as in (A) are Housed Inside Heaters 
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water that had evaporated, with the swapping of one O2 meter and sensor pair for another due 
to calibration schedules, or with sensitive nitrogen gas flow valves that worked themselves 
closed to the extent that the chamber was not being sufficiently deoxygenated by ultra-high-
purity nitrogen gas sparging.  Smaller fluctuations may be due to swapping of nitrogen cylinders, 
filling of bubbling reservoirs, or other maintenance tasks. 

Details of temperature control, temperature and oxygen monitoring, and gas flow control in the 
chambers were described by Dinwiddie and Pickett (2017).  Thermal control was designed to 
match temperature profiles that mimic those of real saltstone placed into vaults in the field 
(Figure 3-4).  During FY 2016, three environmental chamber systems [Figure 3-3(B)] were 
operated to cure and age simulated saltstone Specimen 1, all or part of Specimen 2, and 
Specimen 3.  During FYs 2017 and 2018, up to four environmental chamber systems were 
operated to cure and age Specimen 1, the bottom half of Specimen 2 (until August 30, 2017), 
all or the bottom part of Specimen 3, and newly developed Specimens 4 and 5. 

By mid-December 2018, Specimen 1 had completed 40 months of aging; it continues to age in 
its controlled environmental chamber at approximately 25 °C [77 °F].  Specimen 2 was prepared 
on February 22, 2016, and after 119 days of aging subject to the planned temperature profile 
(Figure 3-4), it was sectioned into top and bottom halves (Subsamples A and B) using a 
backsaw and miter box (Figure 3-5) on June 20, 2016.  The top half (Subsample A) was 
used during the first leaching experiment described in Dinwiddie and Pickett (2017).  
CNWRA generally has been using all portions of cured simulated saltstone specimens in leach 
experiments conducted to date, including upper portions that may contain bleed-water–induced 
heterogeneities.  The bottom half of Specimen 2 (Subsample B) was removed from its chamber 
on October 5, 2016, after 226 days of aging, to be used in an 8-day-long leach experiment 
described briefly in Dinwiddie and Pickett (2017) and more extensively herein, in Section 4.2.  
Subsample B was returned to its chamber on October 14, 2016, until August 30, 2017, when it 
was removed to a 1-L, high-density polyethylene (or HDPE) Nalgene screw-top, storage bottle 
(Nalge Nunc International Corp., Rochester, New York); the bottle is half-filled with 
water-saturated glass beads upon which the specimen rests in a headspace consisting of an 
ambient lab atmosphere. 

Specimen 3 was prepared on April 12, 2016.  After 373 days of aging subject to the temperature 
profile shown in Figure 3-4, including a brief, unplanned temperature excursion on Day 70, the 
top quarter {27.3 mm [1.07 in]} length of this cylinder (Subsample A) was sawed off for use in 
the main leaching experiment (i.e., from April 20, 2017, until November 21, 2017) that is 
described in this report (Section 4.3).  The remaining three-quarters of Specimen 3 has 
continued to age for 32+ months at approximately 25 °C [77 °F] inside its 
environmental chamber. 

The simulated saltstone grout batch for Specimens 4 and 5 was prepared on August 30, 2017.  
The grout was then poured into newly prepared molds (Section 3.2), and the specimens were 
placed into their respective environmental chambers to cure for a minimum of 90 days subject to 
the planned temperature profile; Specimen 4 underwent an excursion from the plan (Figure 3-4). 
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Figure 3-4.   Planned and Actual Temperature Profiles for Specimens 2 through 5;  
Loss of Temperature Control Caused Deviations From Plan for 
Specimens 3 and 4 

 
Figure 3-5.   Miter Box and Backsaw Used to Slice Specimens 2 and 3 
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4 SIMULATED SALTSTONE LEACH EXPERIMENTS 

4.1 Equipment 

Leach experiments were conducted using a low-dead-volume, benchtop permeability system, 
Model BPS-805Z (Figure 4-1) from Coretest Systems, Inc. (Morgan Hill, California).  
This system, described in more detail in Dinwiddie and Pickett (2017), was used to simulate the 
ingress of Savannah River Site (SRS) groundwater into a Saltstone Disposal Unit by advecting 
permeant at elevated injection pressures through a simulated saltstone cylinder where it reacts 
with cementitious materials.  The primary elements of the permeameter system are a 
Teledyne Isco 500HP syringe pump, Teledyne Isco D-Series pump controller, and the 
Hassler-type hydrostatic coreholder.  Fluid is transmitted directly to and from the specimen on 
its upstream and downstream faces and the coreholder is filled with stainless steel 
spacers (Figure 4-2) to minimize dead volume.  Polytetrafluoroethylene tubing with an inner 
diameter of 0.079 cm [1/32 in] is used to pass leachate through the downstream end to a 
sample bottle, which is periodically replaced.  Bypass flow external to the simulated saltstone 
cylinder is prevented by applying and maintaining a high radial confining pressure (relative to 
the magnitude of the injection pressure) around the cylinder with a compressible Buna-N 
Hassler sleeve (Figure 4-3) to form a tight seal.  A hydrostatic load assembly (seen at the right 
end of the coreholder in Figure 4-1) also applies an upstream-oriented axial load (equal to the 
radial confining load) onto the downstream end of the simulated saltstone cylinder. 

4.2 Leach Testing of Specimen 2, Subsample B 

This section expands on a preliminary description of this leach experiment in Dinwiddie and 
Pickett (2017).  After having been separated from Subsample A on June 20, 2016, the lower 
half of Specimen 2 was temporarily placed above water-saturated glass beads inside a capped 
high-density polyethylene (HDPE) bottle containing an ambient lab atmosphere in the 
headspace, but on June 23, 2016, it was returned to its environmental chamber to be carefully 
maintained in a low-oxygen environment.  On October 5, 2016, it was removed from its chamber 
to be used in a second leach experiment.  The base of Specimen 2 had been coated with hot 
glue during the curing process due to its use in securing the Petri dish tray to the blue tube mold 
(Dinwiddie and Pickett, 2017; their Figure 1).  Therefore, the affected bottom portion of 
Specimen 2 was sectioned off with the backsaw (Figure 3-5) and what remained is referred to 
as Subsample B (Table 3-3).  The initial mass of Subsample B was 91.18 g [3.216 oz], which 
probably included distilled water clinging to its surface.  Its mean length and radius 
were 4.91 and 1.89 cm [1.93 and 0.74 in], respectively, as measured with calipers.  
Assuming circular faces, the cross-sectional area of Subsample B was 11.2 cm2 [1.74 in2].  
Assuming Subsample B approximates a right circular cylinder, its bulk volume was ~55.1 cm3 
[~3.36 in3]; assuming 60 percent total porosity, its pore volume (PV) would be ~33.1 cm3 
[~2.02 in3]. 

A thin, 2.5-cm [1-in] diameter Myers latex membrane (Scarborough, Maine) was pulled onto the 
Subsample B cylinder to minimize contamination of the coreholder; the simulated saltstone 
cylinder was then loaded into the coreholder, as shown in Figure 4-4.  Both ends of Subsample 
B had been sawn, and the upper end was placed facing upstream because its surface was 
normal to the axis of the cylinder, whereas the lower end was sliced slightly subnormal to its 
axis.  Based upon CNWRA’s discussions with Coretest, Inc.—the permeameter vendor—and 
upon the judgment of the NRC/CNWRA saltstone team that significant deformation of 
Specimen 2, Subsample A (Table 3-3) had not been observed after being subjected to 
6,895 kPa [1,000 psi] confining pressure, it was decided that the second leach experiment also  
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Figure 4-1.   Benchtop Permeability System (Model BPS-805Z) by Coretest 
Systems, Inc.  Each End of the Coreholder is Open in this Photograph 

 

 

 
Figure 4-2.   Stainless Steel (A) End Pieces, (B) Spacers, and (C) Screw Caps Used to 

Transmit Fluid to and From the Cylinder and to Axially Secure It Inside 
the Coreholder 
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Figure 4-3.   Buna-N Compressible Confining Sleeve Inside Coreholder Prevents 

Bypass Flow When Oil-Driven Radial Confining Pressure is Maintained 
 

 
Figure 4-4.   Insertion of a Simulated Saltstone Cylinder Into Coreholder 

 

would be conducted with a confining pressure ~3,450 kPa [~500 psi] greater than the injection 
pressure to minimize bypass flow.  A confining pressure of ~8,300 kPa [~1,200 psi] and injection 
pressure of 4,826 kPa [700 psi] were used.  Small decreases in confining pressure with time 
were actively managed during the experiment by manually increasing this pressure to maintain 
it to the extent practicable at the target value of ~8,300 kPa [~1,200 psi].  Simulated Savannah 
River Site (sSRS) groundwater prepared on March 15, 2016 (Dinwiddie and Pickett, 2017; their 
Table 4) was used as the permeant. 
 

4.2.1 Hydraulic Behavior 

Confining pressure was applied to the Specimen 2, Subsample B cylinder prior to initiating the 
experiment on October 5, 2016.  At the start of the experiment, a constant injection pressure of 
4,826 kPa [700 psi] was applied and maintained until October 7, 2016, when the pump was 
turned off after 48+ hours.  The leach experiment was aborted early because of unexpectedly 
low flow rates observed throughout the brief test (Figure 4-5).  After turning the pump off, the 
confining oil bleed valve was opened to relieve confining pressure on the cylinder, and the  
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Figure 4-5.   Temporal Evolution of Flow Rate and Apparent Ksat During Each 
Saltstone Specimen 2 (Subsamples A and B) Leach Experiment Up to 
Sixth Day 

 

coreholder was opened.  The downstream end piece was examined for any blockage, but none 
was observed; drops of leachate were observed on the face of the downstream end piece, 
which had been in contact with the cylinder.  The cylinder was removed and its sawn faces 
were alternately rinsed with deionized water and brushed with a toothbrush to remove any 
fines that might have been clogging them.  Specimen 2, Subsample B was then reinstalled 
inside the coreholder and a second leach experiment using it commenced for 6 days until 
October 13, 2016 (Figure 4-5), when the system was again shutdown due to the occurrence of 
backflow (i.e., the permeant flow direction occasionally reversed).  Subsample B was removed 
from the coreholder and placed in a beaker under air and above water.  Both end plugs that had 
been in contact with the upstream and downstream faces of Subsample B had droplets of 
permeate/leachate on them, and leachate was observed in the effluent tubing, although none 
had entered the sample bottle throughout the two experiments.  Whereas flow rates of 0.51 to 
0.25 mL/hr were observed within the first 6 days of leach testing Specimen 2, Subsample A, 
lower flow rates of 0.33 to less than 0.1 mL/hr were observed to occur within Specimen 2, 
Subsample B (Figure 4-5). 

A steady-state form of Darcy’s law was used to estimate apparent Ksat:  

=   ∆
 

where Q is the volumetric discharge rate of sSRS water leaving the pump reservoir that flows 
into the upstream end of the cylinder, Ksat is the apparent saturated hydraulic conductivity of the 
simulated saltstone, A is the cross-sectional area of the cylinder, ΔH is the pressure head 
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difference between the upstream and downstream faces of the cylinder (where the downstream 
face is exposed to atmospheric pressure [i.e., ΔH = Hin –H0], and L is the length of the cylinder.  
A comparison between flow rate and apparent Ksat results obtained from the Specimen 2, 
Subsample A (Dinwiddie and Pickett, 2017) and Subsample B leach experiments up through the 
first 2 to 6 days of each is provided in Figure 4-5.  Data associated with observations of 
backflow are shown using open symbols, and the absolute value of apparent Ksat and flow rate 
are plotted because of the occasional flow reversals.  Subsample B appeared to be more than 
2 orders of magnitude less permeable than Subsample A. 

Given that the material components of the top and bottom halves of Specimen 2 are nominally 
the same, the lower flow rates and lack of leachate collection from Subsample B were 
unexpected.  One hypothesis for why Subsamples A and B of Specimen 2 had significantly 
different Ksat  values was that additional curing time and mineral precipitation may have been 
responsible for the significant difference in apparent Ksat between Subsamples A and B of 
Specimen 2.  Leach testing of the two subsamples occurred several months apart.  Specimen 2 
was prepared in February 2016.  Leach testing of Subsample A began in June 2016, while 
Subsample B continued to cure in its environmental chamber until testing began in 
October 2016 (Table 3-3).  Additional curing time for Subsample B beyond that undergone by 
Subsample A (i.e., 8 months versus 4 months) may have resulted in Subsample B exhibiting a 
lower Ksat.  Simulated saltstone requires prolonged curing times compared to other cementitious 
materials due to its high salt content (Snyder and Stutzman, 2013; SRR-CWDA-2014-00118).  
In addition to requiring a longer curing time, salt-containing cementitious materials 
(e.g., saltstone and similar cast stone tested at the DOE Hanford Site) have been shown to 
readily react with carbon dioxide.  Pabalan et al. (2012) observed that calcium carbonate formed 
on a simulated saltstone surface during atmospheric exposure, and DOE researchers observed 
precipitation of calcium carbonate and ettringite on cast stone (Asmussen et al., 2016).  
Although not discussed in the report by Pabalan et al. (2012), the formation of calcium 
carbonate on the surface of the saltstone simulant occurred on a timescale of minutes 
(G. Alexander, personal communication).  As discussed earlier in this section, Subsample B 
was stored for 3 days above water-saturated glass beads inside a capped HDPE bottle before 
being placed back inside a carefully controlled environmental chamber.  Although the bottle 
was sealed, no effort was made to control oxygen levels in its headspace.  Accordingly, relative 
to Subsample A, Subsample B may have experienced additional mineral (e.g., calcium 
carbonate) precipitation within surficial pores while outside of the environmental chamber, which 
may have reduced its Ksat.  DOE is planning additional research studies to investigate the 
potential for mineral precipitation to diminish the Ksat of saltstone (SRR-CWDA-2016-00119). 

Other plausible hypotheses are that Subsample B was not fully saturated when leach testing 
began, or that when leachate flowed out of the angled downstream face of the specimen, it had 
to fill a significant volumetric gap between the cylinder and the end piece that carried fluid to the 
sample collection bottle, causing a time delay in the arrival of leachate that had exited the 
specimen.  Test 2 of Subsample B resulted in a less erratic apparent Ksat curve than did Test 1 
(Figure 4-5), which may provide support for the hypothesis that the cylinder was in the process 
of saturating as pumping continued.  Another plausible hypothesis is that more compression of 
the Subsample B cylinder occurred relative to Subsample A, due to the additional 1,380 kPa 
[200 psi] of applied confining pressure; subsequent deformation may have reduced the 
pore space of Subsample B and its Ksat. 

A rejected hypothesis for why Subsamples A and B of Specimen 2 had significantly different Ksat 
was that gravitational settling of solids, due to bleed-water segregation during curing, may have 
caused the lower zone of the specimen to be denser and less permeable than the upper zone.  
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For example, Cozzi and Pickenheim (SRNL-STI-2012-00546; SRNL-STI-2012-00576) 
conducted a study of eight variations on simulated saltstone and noticed an increase in density 
from top to bottom of some specimens that were cured in an environment containing excess 
water, due to the phenomena of bleed-water segregation and settling.  Likewise, seven of the 
eight specimens studied by Cozzi and Pickenheim exhibited density-related depth 
dependencies of hydraulic conductivity, with higher densities being correlated to lower 
hydraulic conductivities.  However, Specimen 2, Subsample A (Table 3-3) had an estimated 
density of 1.69 g/cc and Subsample B (Table 3-3) had a similar, slightly lower, estimated density 
of 1.66 g/cc.  Despite uncertainty in the density calculations due to the imperfectly 
pseudo-cylindrical shapes of the subsamples, a bulk density gradient did not appear to be the 
source of the Ksat differences.  Another considered, but rejected, hypothesis for the decreased 
Ksat of Subsample B relative to that of Subsample A was clogging of its surficial pore spaces on 
both cylinder faces (Subsample A had one natural face and one sawn face, whereas 
Subsample B had two sawn faces).  The use of a toothbrush between the first and second leach 
experiments conducted with Specimen B to remove fines that may have initially clogged its 
end-faces did not have a significant impact on the calculated apparent Ksat values (i.e., Ksat 
neither markedly increased nor decreased after brushing to remove fines). 

4.3 Leach Testing of Specimen 3, Subsample A 

The pump and permeameter system were modified during FY 2017 with foam pipe insulation 
(Figure 4-6) to minimize the impact of diurnal temperature fluctuations inside the laboratory that 
affect thermal expansion and contraction of the confining oil.  Diurnal changes in confining oil 
volume had previously caused uncontrolled changes in the confining pressure applied to 
Specimen 2 subsamples during prior leaching experiments.  This modification took place a 
couple of days before the Specimen 3, Subsample A (Table 3-3) leach experiment began.  

On April 20, 2017, Specimen 3 was removed from its environmental chamber and 
approximately the top quarter was sectioned while still inside the silicone tube mold (as in 
Figure 4-1) to produce Subsample A.  The bottom three-quarters of the specimen was placed 
back into its environmental chamber, 1 hour later.  The resulting hand-sawed surface was 
relatively flat.  Subsample A was separated from the silicone mold using a small metal spatula 
and was then pushed through until it was free of the mold.  The subsample was immediately 
rinsed with deionized water to facilitate removal of loose debris; the rinsate was collected for 
Tc-99 analysis.  Blue silicone from the mold did not remain bonded to this simulated saltstone, 
in contrast to observations made of Specimen 2 (cf. Dinwiddie and Pickett, 2017).  CNWRA did 
not sand the upstream and downstream ends of the saltstone cylinders in preparation 
for leaching. 

The initial and final mass and dimensions of Specimen 3, Subsample A are reported in  
Table 4-1.  The subsample was not perfectly cylindrical when removed from the mold.  
Dimensions were measured by either a ruler or a digital caliper.  The ruler scale appears to 
have been biased, providing smaller than actual values, when compared to the digital caliper 
readings (Table 4-1).  Dimensional data for the cylinder suggest that the saltstone did not 
undergo irreversible compression during the leach experiment.  Using the final caliper data, and 
assuming circular faces, the cross-sectional area of Subsample A was 11.0 cm2 [1.7 in2].  
Assuming Subsample A approximates a right circular cylinder, and using the final caliper data, 
its bulk volume was ~29.5 cm3 [~1.8 in3].  If total porosity were 60 percent of the bulk volume, as 
suggested by DOE (SRR-CWDA-2016-00053), the PV of Subsample A would have been 
17.7 cm3 [1.08 in3].  As discussed in Section 4.3.3, mass loss during post-test drying is 
consistent with a nearly identical PV of 17.8 cm3 [1.09 in3]. 
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Figure 4-6.   Pump Reservoir and Coreholder Enveloped in Black Foam Pipe Insulation 
 

Table 4-1.   Wet and Dry Masses, Initial and Final Dimensions of Specimen 3,  
Subsample A 

Date Wet Mass 
(g) 

Dry Mass 
(g) 

Length 
(mm) 

Radius 
(mm) 

Area 
(cm2) 

Volume 
(cm3) 

4/20/2017 51.72  26.5* 18.6* 10.8* 28.7* 
 27.3† 18.9† 11.2† 30.5† 

11/21/2017 48.64  26.5* 18.6* 10.9* 28.9* 
12/11/2017  30.80 26.8‡ 18.7‡ 11.0‡ 29.5‡ 

*Measured with a ruler apparently biased to small values 
†Measured with calipers needing calibration (reserve data, only) 
‡Measured with properly calibrated calipers (data used to calculate Ksat and PV) 

 

Therefore, derived data presented herein were calculated using the final caliper-measured 
dimensions (Table 4-1), except that the mass-loss data were used to derive the PV because 
no porosity assumption is required.  A thin, 2.5-cm [1-in] diameter Myers latex membrane 
was pulled onto the Subsample A cylinder to minimize contamination of the coreholder.  
The cylinder was placed inside the coreholder (as in Figure 4-4) with the top of Specimen 3 
facing upstream and the sawed end facing downstream. 

A new batch of sSRS groundwater, prepared on March 27, 2017, served as the permeant for 
Specimen 3, Subsample A.  Solution chemical analyses were provided by the Chemistry and 
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Chemical Engineering Division at Southwest Research Institute® using standard ion 
chromatography and inductively coupled plasma-optical emission spectrometry methods for 
anions and metals, respectively.  As shown in Table 4-2, the measured concentrations of the 
2017 sSRS permeant were within 6 percent of the target values.  On the day that the leach 
experiment began, the injection pump system was flushed with this new sSRS water. 

As with the second leach experiment (Section 4.2), it was decided that this third experiment 
would be conducted with a confining pressure ~3,450 kPa [~500 psi] greater than the injection 
pressure to minimize the potential for bypass flow.  A confining pressure of ~8,270 kPa 
[~1,200 psi] and a constant injection pressure of 4,826 kPa [700 psi] were selected for use 
during the first 14 days of the experiment.  Small decreases in confining pressure were actively 
managed by occasionally increasing this pressure manually to maintain it near the target value 
to the extent practicable.  When the Specimen 3, Subsample A leach experiment began, the 
volume of sSRS water remaining in the pump reservoir rapidly declined 16 mL [0.55 fl oz] over a 
30-second period from 507.7 to 491.5 mL [17.2 to 16.6 fl oz] as the volume of the pump system 
and upstream tubing filled.  The latter volume was taken as the initial reservoir volume at time 
t = 0.  When the first fluid sample was collected at t = 5 hours and 42 minutes, approximately 
1.77 mL [0.06 fl oz] of permeant had been pumped out of the reservoir, yet only 1.45 g [0.05 oz] 
of effluent had entered the sample bottle.  Based on the tube inner diameter and length, it was 
estimated that the volume of the effluent tubing was 0.29 mL [9.8 × 10–3 fl oz].  Assuming an 
effluent density of 1 g/mL [1.04 oz/fl oz], an estimated 1.74 mL [0.059 fl oz] of effluent had left 
the specimen and was in the tubing and sample bottle.  Therefore, most of the difference 
between the permeant volume (mL) pumped out of the reservoir and the collected effluent mass 
(g) was non-weighed effluent in the outlet tubing that had not yet entered sample bottles.  
The nearly 1:1 relationship between the cumulative effluent mass and cumulative pump 
discharge was tracked throughout the experiment (Figure 4-7).  Approximately 14 days 
(and 1.8 PV) after the experiment began, flow from the pump reservoir into the cylinder had 
equilibrated to a rate of approximately 0.07 mL/hr [0.06 fl oz/day], at which point the pump flow 
mode was switched from constant injection pressure of 4,830 kPa [700 psi] and variable flow 
rate to a constant flow rate of 0.07 mL/hr [0.06 fl oz/day] with variable injection pressure to 
eliminate any residence time effects that would be associated with a variable flow-rate system. 

Three residence time tests were conducted during this experiment, beginning with a subtle test 
undertaken on Day 57 (at 5.8 PV), when the pump flow rate was reduced 14 percent to 
0.06 mL/hr [0.05 fl oz/day] (i.e., the lower limit for a constant flow rate maintainable by pump 
electronics).  The second residence time test began on Day 71 (at 6.9 PV), when the pump was 
turned off for a period of 10.7 days; 10.6 days would have been the time required to pass 1 PV 
through the specimen at a rate of 0.07 mL/hr [0.06 fl oz/day].  The third and final residence time 
test began after 136 days of flow (and 12.3 PV) through the cylinder had occurred, when the 
pump was turned off for a period of 25 days; 24.7 days would have been the time required to 
pass 2 PV at a rate of 0.06 mL/hr [0.05 fl oz/day].  A summary of the residence time tests and 
hydraulic behavior of the simulated saltstone is provided in Section 4.3.1, and leachate 
characteristics for each test are discussed in Section 4.3.2. 

4.3.1 Summary of Residence Time Tests and Hydraulic Behavior 

The three residence time tests conducted during the Specimen 3, Subsample A leach 
experiment are summarized in Table 4-3; the hydraulic response of Specimen 3, Subsample A 
to the applied transient perturbations and the mean apparent Ksat of the subsample as a function 
of testing phase are summarized in Table 4-4. 
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Table 4-2.   Simulated Savannah River Site (sSRS) Groundwater 
Concentrations (mg/L) 

Constituent Target Concentration Measured Concentration 
Na+ 0.97 0.916 
K+ 0.49 0.465 

Ca2+ 2.50 2.54 
Mg2+ 0.41 0.397 
Cl− 7.00 7.05 

SO42− 0.63 0.637 
 

Figure 4-7.   Cumulative Effluent Mass (g) Versus Cumulative Pump Discharge (mL) 
Yielded Nearly 1:1 Relationship During Specimen 3, Subsample A Leach 
Experiment; Large Dark Symbols Represent Each Unit Pore Volume 

 
Table 4-3.   Summary of Specimen 3, Subsample A Residence Time Tests 

Test No. Day Begun 
Pore Volume 
When Begun Notes 

1 56 5.7 Flow rate reduced 14% (0.070.06 mL/hr) 
2 71 6.9 Pump turned off for 10.7 days (~1 PV) 
3 136 12.0 Pump turned off for 25 days (~2 PV) 

Note:  1 mL/hr = 0.81 fl oz/day 
 

Table 4-4. Mean Equilibrated Apparent Ksat of Specimen 3, Subsample A 
Days Pore Volumes Mean Apparent Ksat (cm/s) Notes 

16–56 2.0–5.7 8.4 × 10−11 Initial Equilibrated Phase 
56–71 5.8–6.9 7.7 × 10−11 Residence Time Test No. 1 
71–81 6.9–7.7 6.3 × 10−11 Residence Time Test No. 2A* 

83–136 7.9–12.0 8.9 × 10−11 Residence Time Test No. 2B† 
136–179 12.0–15.4 8.9 × 10−11 Residence Time Test No. 3 

    8.8 × 10−11 Pseudoequilibrated Mean 
*Mean pseudoequilibrated value before HVAC anomaly 
†Mean pseudoequilibrated value after HVAC anomaly 

Cumulative Effluent Mass (g) = 1.0039*Cumulative Pump Discharge (mL) - 0.002
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The Specimen 3, Subsample A leach experiment began on April 20, 2017.  During the 
experiment, apparent Ksat, flow rate, and injection pressure were monitored as functions of flow 
time and PVs passed from the pump reservoir into the system (Figure 4-8).  When the 
experiment began, the pump was set to apply a constant injection pressure of 4,830 kPa 
[700 psi] (Figure 4-8A).  The pump mode was switched from constant injection pressure on 
May 3, 2017 (Day 13/1.8 PV), to constant flow rate {0.07 mL/hr [0.06 fl oz/day] (Figure 4-8B)}, 
at which point injection pressure generally decreased for a day and a half before reversing trend 
(Figure 4-8A).  Approximately two days after the pump mode switch, apparent Ksat became 
relatively stable (Figure 4-8) at ~8.4 × 10−11 cm/s [2.0 × 10−9 in/min] (i.e., Days 16 to 56/2.0 to 
5.7 PV; Table 4-4).  The first residence time test began on June 15, 2017, Day 56 (5.7 PV).  
The constant flow rate was lowered 14 percent from 0.07 to 0.06 mL/hr [0.06 to 0.05 fl oz/day] 
(Table 4-3; Figure 4-8B), which initiated a new transient equilibration period.  Injection pressures 
dropped abruptly to slow the flow rate, and calculated apparent Ksat dropped, because the 
abrupt lowering of injection pressure and headloss across the length of the cylinder could not 
counteract the slow, transient decrease in flow rate and progressive development of a new, 
uniform head gradient throughout the subsample. 

Apparent Ksat dropped from 8.1 to 6.9 × 10−11 cm/s [1.9 to 1.6 × 10−9 in/min] and then slowly 
recovered to a new pseudo-steady-state mean value of 7.7 × 10−11 cm/s [1.8 × 10−9 in/min] 
(between Day 56 and 71/5.8 and 6.9 PV; Table 4-4).  On June 28, 2017, Day 68 (6.7 PV), the 
pressure difference between confining and injection pressures slipped to only 896 kPa [130 psi] 
(Figure 4-8A), perhaps due to a persistent oil leak at the burst disk that temporarily worsened, or 
an abnormally cool morning low temperature.  However, this small pressure differential resulted 
in pore decompression only sufficient to increase the apparent Ksat from 7.6 to 8.0 × 10−11 cm/s 
[from 1.8 to 1.9 × 10−9 in/min].  This insignificant increase in apparent Ksat suggests that it is 
unnecessary to maintain a 3,450 kPa [500 psi] pressure difference to prevent bypass flow.  
Bypass flow has only been observed to occur with a much smaller pressure difference and had 
a significant effect on flow.  Other potential indicators of bypass flow, such as increased dilution 
of effluent Tc-99 by sSRS permeant, were not observed for this subsample experiment. 

On June 30, 2017, Day 71 (6.9 PV), the second residence time test began.  During this test, 
the pump was turned off for a 10.7-day hiatus, a period of time approximating that required to 
advect 1 PV of permeant through the cylinder at a rate of 0.07 mL/hr [0.06 fl oz/day] to allow 
additional time for Tc-99 to diffuse from mineral solids to pore water.  Note that days elapsed 
during the pumping hiatus were not included in Figure 4-8B.  When the pump was restarted on 
July 11, 2017 (still Day 71 on Figure 4-8B), a new transient equilibration period began.  At the 
beginning of a new leach test that follows a flow stoppage, when a constant flow rate is 
specified and injection pressure is variable, the injection pressure naturally increases to achieve 
the specified constant flow rate through the cylinder (i.e., between PV 6.9 and 7.7; Figure 4-8B).  
The nonequilibrium phase is characterized by a temporally varying pressure gradient inside the 
cylinder, which begins at a highly nonuniform state with upstream equipotentials clustered 
closely together, and then the gradient transitions to an end state where the equipotentials have 
spread out with uniform spacing toward the downstream end of the cylinder.  The injection 
pressure quickly attains a relatively high value, and then transitions to lower values as the 
pressure gradient becomes more uniform along the axis of the cylinder.  Confining pressures 
were increased intentionally, manually, after injection pressures naturally increased due to the 
prescribed flow rate, in an effort to prevent bypass flow (Figure 4-8B).  This second residence  
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Figure 4-8.   Evolution of Apparent Ksat, Flow Rate, and Injection/Confining Pressures 
During the Specimen 3, Subsample A Leach Experiment as Functions of 
(A) Pore Volume and (B) Flow Time.  Three Residence Time Tests are 
Marked With Red Lines; onset of an HVAC-System Perturbation is Marked 
With a Blue Line 

 

time test is discussed in detail in Appendix B, with emphasis on an approximately 2-day-long 
laboratory heat-ventilation, and air conditioning (HVAC)-system anomaly that began on  
July 21, 2017, Day 81 (7.7 PV), and the permeameter-system response to the temperature 
perturbations.  On September 14, 2017, Day 136 (12.0 PV), the last of three residence time 
tests began.  During this third test, the pump was turned off for a 25-day hiatus so that 
diffusion-dominated processes would occur for a period of time approximating that required to 
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advect 2 PV of permeant through the cylinder at a rate of 0.06 mL/hr [0.05 fl oz/day] to allow 
additional time for Tc-99 to diffuse from mineral solids to pore water.  Again, days elapsed 
during the pumping hiatus were not included in Figure 4-8B.  When the pump was restarted 
25 days later, on October 9, 2017 (still Day 136), a new transient equilibration period began.  
Apparent Ksat dropped over a period of 1.3 days (as in the preceding residence time test) to a 
local low.  The injection pressure was simultaneously rising from a low of 3,900 kPa [566 psi] to 
a high of 4,337 kPa [629 psi], and then a trending upward diurnal cycle became apparent on 
October 16, 2017, Day 143 (at 12.5 PV).  The targeted confining pressure of 8,270 kPa 
[1,200 psi] was generally higher than necessary during and after this restart period.  
Apparent Ksat trended upward and injection pressure decayed downward—each with 
superimposed diurnal variation—over the next ~36 days (until November 21, 2017/Day 179/ 
15.4 PV).  Mean Ksat was 8.9 × 10−11 cm/s [2.1 × 10−9 in/min] during this equilibration period until 
the end of the leach experiment. 

A graphical comparison of the flow rate and apparent Ksat results from the Specimens 2 and 3, 
Subsamples A leach experiments is shown in Figure 4-9.  The apparent Ksat of Specimen 3, 
Subsample A was significantly less than that of Specimen 2, Subsample A.  Specimen 3, 
Subsample A experienced an initial high-flow period in the same manner as Specimen 2, 
Subsample A, but the initial apparent Ksat was only 1.1 × 10−9 cm/s [2.6 × 10−8 in/min].  
A pseudo-steady-state value of approximately 8.3 × 10−11 cm/s [2.0 × 10−9 in/min] was not 
reached until more than 2 PV had eluted.  This apparent Ksat is approximately an order of 
magnitude less than that of Specimen 2, Subsample A, which could be related to the two 
physical differences between these specimens, namely:  (i) the longer aging period for 
Specimen 3, Subsample A (372 versus 119 days) and (ii) the additional grinding that the 
Specimen 3 Grade 100 blast-furnace slag cement was subjected to prior to grout mixing 
(Table 3-3) to create more fresh surface area may have yielded a more reactive slag that 
accelerated the curing time of the slag component and further reduced the Ksat of Specimen 3 
relative to Specimen 2, Subsample A.  The lower half of Specimen 2 (Section 4.2), which aged 
for 226 days, had a much lower apparent Ksat than the top half of Specimen 2 and top quarter of 
Specimen 3.  Because Specimen 3, Subsample A aged longer than the other subsamples but 
did not have the lowest apparent Ksat, aging time alone cannot explain the differences.  In other 
words, aging time could explain differences between pairs of specimens, but not between all 
three of these subsamples of simulated saltstone.  Another factor, perhaps in addition to aging 
time, apparently affected the flow behavior of the Grade 100 simulated saltstone specimens, 
and this factor may be the relative reactivity of the slag component due to additional grinding or 
the lack of additional grinding imposed on the slag cement. 

4.3.2 Leachate Characteristics 

Chemical and radiochemical methods applied to leachates are discussed in detail in Dinwiddie 
and Pickett (2017).  During the Specimen 3, Subsample A leach experiment, Tc-99 was initially 
released at a concentration of approximately 9 × 10−7 M and then rose within the first PV to a 
peak of 1.2 × 10−6 M (Figure 4-10).  These values are similar to the highest Tc-99 
concentrations reported from the DOE-sponsored dynamic leaching tests of actual and 
simulated saltstone (SREL Document R-16-0003; SREL Document R-17-0005; Simner et al., 
2018).  As was the case for Specimen 2, Subsample A [see Dinwiddie and Pickett (2017) for 
details], Tc-99 leachate concentration reached an early peak before decreasing. 
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Figure 4-9.   Comparison of Flow Rates and Apparent Ksat values from Specimen 2, 

Subsample A and Specimen 3, Subsample A Simulated Saltstone 
Leach Experiments 

 

 
Figure 4-10.   Tc-99 Concentration and Apparent Ksat as Functions of Pore Volumes of 

Leachate Collected From Specimen 3, Subsample A Over 7-Month Period 
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At a given PV, the Tc-99 leachate concentration was higher during the Specimen 3, 
Subsample A experiment than it had been during the Specimen 2, Subsample A experiment 
(Figure 4-11).  The earlyTc-99 peak for Specimen 3, Subsample A (1.2 × 10−6 M) was six times 
higher than for Specimen 2, Subsample A, but the concentrations after 6 PV were less than 
twice the Specimen 2, Subsample A concentrations.  By the end of the experiment, 
approximately 2.7 percent of the Specimen 3A Tc-99 inventory had been released.  The final, 
and lowest, Tc-99 concentrations were approximately 3 × 10−8 M. 

During the first residence time test, when the flow rate was decreased from 0.07 to 0.06 mL/hr 
[0.06 to 0.05 fl oz/day] after 5.8 PV, Figure 4-10 suggests a temporary flattening of the Tc-99 
concentration trend, followed by a continued decline.  This pattern is effectively an upward shift 
in the overall trend of decreasing Tc-99.  If true, this upward shift can be explained by an 
increase in residence time as a result of slower flow through the cylinder.  After the second 
residence time test (i.e., the first no-flow 1-PV-equivalent hiatus), at approximately 7.1 PV after 
advective flow resumed, a Tc-99 leachate concentration spike was observed with concentration 
increasing by a factor of 3.4 (Figure 4-10).  After the third residence time test, at approximately 
12.3 PV after advective flow resumed, the Tc-99 concentration spike was 4 times greater than 
before the third test.  Tc-99 leachate concentration decreased after the latter two tests toward 
the long-term trend. 

Increases in Tc-99 leachate concentration after periods of no flow (i.e., static pore water) 
suggest that Tc-99 leachate concentration is affected by residence time in the simulated 
saltstone, which was also observed by Pabalan et al. (2009) and suggested by Seaman et al. 
(SREL Document R-16-0003).  Those authors suggested that if Tc-99 release were limited by 
diffusional or kinetic effects, release would be enhanced by the greater diffusional exchange 
from isolated regions of the simulated saltstone that would result from longer pore-water 
residence times.  This effect could also explain the overall observation of lower Tc-99 leachate 
concentrations during the Specimen 2, Subsample A experiment than during the Specimen 3, 
Subsample A experiment (Figure 4-11).  Permeant flow rates during the Specimen 2, 
Subsample A experiment were always significantly higher than during the Specimen 3, 
Subsample A experiment (Figure 4-9).  Once pseudo-steady-state flow behavior was achieved, 
flow rates through Specimen 3, Subsample A were first set to 0.07 and later reduced to 
0.06 mL/hr [0.06 or 0.05 fl oz/day].  Given a PV of 17.8 mL [0.602 fl oz] for Specimen 3, 
Subsample A, the mean residence time of pore water in the cylinder was 270 hr.  Flow rates 
through Specimen 2, Subsample A were always greater than 0.27 mL/hr [0.22 fl oz/day] 
(i.e., always greater than approximately 4 times the Specimen 3, Subsample A flow rates).  
With a PV of 31 mL [1.05 fl oz] for Specimen 2, Subsample A, residence times were always 
less than 115 hr.  Pore-water residence time was therefore always more than twice as long in 
Specimen 3, Subsample A than in Specimen 2, Subsample A.  Flow rates were also higher for 
Specimen 2, Subsample A during the early non-steady-state period (Figure 4-9). 

These indications of a diffusional or kinetic release effect suggest that, although Tc solubility 
may limit Tc-99 release, it does not control the observed behavior.  The overall decline in Tc-99 
leachate concentrations observed in both leach experiments may stem from the more 
accessible pore regions being depleted early during the experiments.  Notably, there was no 
apparent chemical effect on Tc-99 release due to the additional blast-furnace slag grinding 
during development of Specimen 3, Subsample A.  Slag grinding was expected to inhibit 
Tc-99 release because of the increased reactive surface area of this chemically reducing 
saltstone component.  Rather, it is possible that the grinding made the slag more reactive with 
respect to simulated saltstone curing, thereby making the saltstone less permeable 
(Section 4.3.1). 
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Figure 4-11.   Comparison of Tc-99 Concentration Trends for Effluents From Leaching 
Specimen 2, Subsample A (SS2A) and Specimen 3, Subsample A (SS3A) 

 

An air-conditioning system malfunction occurred during the second residence time test of the 
Specimen 3, Subsample A leach experiment at approximately 8.0 PV when ambient laboratory 
temperatures unexpectedly rose to at least 28.3 °C [82.9 °F].  This anomaly is discussed in 
detail in Appendix B and was previously summarized hydraulically in Section 4.3.1.  
The additional heat in the laboratory caused the confining oil to expand, which significantly 
increased confining pressure on the cylinder and compressed its pore space more than was 
typical.  This unplanned excursion to higher confining pressure {i.e., as high as 13,400 kPa 
[1,950 psi]} appeared to be responsible for the coinciding temporary decrease in the apparent 
Ksat, presumably by compressing the pore-space within the simulated saltstone.  When the 
excess confining pressure was initially released, calculated Ksat increased and Tc-99 leachate 
concentration temporarily spiked to a value nearly 4 times higher than the concentration in the 
previous leachate sample (Figure 4-10 and Table 4-5).  One hypothesis is that the transient 
spike in confining pressure and resulting compression and later decompression may have 
induced Tc-99 release from otherwise inactive pores.  After the ambient temperature and 
confining pressure anomaly occurred, Tc-99 leachate concentration declined rapidly at first and 
then more slowly until it converged onto the long-term trend. 

Small amounts of translucent, colorless, presumably simulated saltstone particulates were 
observed in the effluent tubing and in some leachate samples during and after these 
high-pressure perturbations.  Cycles of compression and decompression may have resulted in 
physical, irreversible deformation of portions of the cylinder; alternately, such cycles may have 
resulted in relatively rapid fluid flow events that released solids to the effluent.  Centrifugation 
tests were run on eight effluent samples—five collected when particulates were visible in the 
sample or effluent tubing and three from immediately before and after those samples—in which 
a subsample was centrifuged at 10,000 rpm for 10 minutes.  Comparison with corresponding 
noncentrifuged solutions (Table 4-5) showed that centrifugation decreased the Tc-99  
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Table 4-5.   Centrifugation Test on Tc-99 in Specimen 3, Subsample A Leachate During 
HVAC Anomaly 

Sample PV Tc-99 (mol/L) 
Noncentrifuged 

Tc-99 (mol/L) 
Centrifuged 

% Tc-99 
Removed 

from 
Leachate by 
Centrifuging 

Notes 

SS3A-68 7.82 1.25 × 10−7 1.25 × 10−7 <1 No solids observed; collected prior to 
high-confining pressure excursion 

SS3A-70 7.87 1.20 × 10−7 1.18 × 10−7 1.6 No solids observed; collected prior to 
high-confining pressure excursion 

SS3A-71 7.91 1.21 × 10−7 1.16 × 10−7 4.3 Solids observed; collected at start of 
high-confining pressure excursion 

SS3A-72 7.97 4.99 × 10−7 4.48 × 10−7 10.3 Solids observed; collected during 
high-confining pressure excursion 

SS3A-73 8.05 3.43 × 10−7 3.17 × 10−7 7.6 Solids observed; collected during 
high-confining pressure excursion 

SS3A-75 8.17 2.68 × 10−7 2.60 × 10−7 3.0 Solids in effluent tubing; collected after 
high-confining pressure excursion 

SS3A-76 8.27 2.23 × 10−7 2.17 × 10−7 2.7 Solids in effluent tubing; collected after 
high-confining pressure excursion 

SS3A-77 8.40 1.89 × 10−7 1.91 × 10−7 −1.1 No solids observed; collected after 
high-confining pressure excursion 

 

concentrations in three of these samples by only 4, 10, and 8 percent.  Concentrations in the 
other five centrifuged–noncentrifuged subsample pairs were identical within the 3 percent 
counting error.  Therefore, it was concluded that small fractions of leached Tc-99 were 
associated with the particulate matter that was released during the anomaly.  Chemical data 
from leachates in the Specimen 3, Subsample A experiment are shown in Table 4-6 and 
Figure 4-12).  In addition, leachate data from Specimen 2, Subsample A leachates, originally 
reported in Dinwiddie and Pickett (2017) but now with corrected nitrate values, are shown in 
Table 4-7 and Figure 4-12.  Note that during the Specimen 2, Subsample A leachate analyses, 
the nitrate matrix spike recovery did not meet specified criteria.  Therefore, nitrate values for 
Specimen 2, Subsample A solutions (Table 4-5) are subject to considerable uncertainty.  
For example, the excursions to low nitrate at 1.7 and 2.6 PV, which are not matched in 
magnitude by any other constituents, cannot be verified. 

Compared with Specimen 2, Subsample A leachates, Specimen 3, Subsample A leachates 
have significantly higher concentrations of initial salt solution constituents, such as sodium, 
nitrate, nitrite, and sulfate, at equivalent PVs.  Concentrations of salt solution constituents in 
Specimen 3, Subsample A leachates were initially approximately 5 times greater than those in 
Specimen 2, Subsample A leachates, but the ratio decreased to approximately 2.7 by 6 PV 
(Figure 4-13).  Higher ion concentrations in Specimen 3, Subsample A leachate may, like the 
higher Tc-99 leachate concentrations, be related to the longer permeant residence times in 
Specimen 3, Subsample A.  Silicon, which is not an important salt solution constituent, but is a 
major component of saltstone solids, also has higher concentrations in Specimen 3, 
Subsample A leachates.  The one exception to this relationship is calcium (also not a salt 
solution constituent), which has concentrations up to an order of magnitude higher in 
Specimen 2, Subsample A leachates.  As a result, the Ca:Si molar ratio is also much lower in 
Specimen 3, Subsample A leachates (Figure 4-13).  How the calcium and silicon behaviors may 
reflect differing aging times or slag grinding may be better assessed after the simulated 
saltstone solids are characterized. 
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Table 4-6.   Chemical Data for Leachate From Specimen 3, Subsample A 
 SS3A-01 SS3A-06 SS3A-08 SS3A-9 SS3A-14 SS3A-15 SS3A-19 SS3A-23 SS3A-24 SS3A-25 SS3A-27 
PV 0.05 0.32 0.57 0.74 1.29 1.52 2.07 2.67 2.91 3.09 3.45 
Tc (M) 8.67 × 10−7 1.17 × 10−6 9.90 × 10−7 8.04 × 10−7 4.96 × 10−7 4.10 × 10−7 3.06 × 10−7 2.37 × 10−7 2.10 × 10−7 1.99 × 10−7 1.70 × 10−7 
pH 11.77 12.03 12.06 12.1 11.94 11.76 11.91 11.72 11.05 11.74 11.72 
CO32- — — — — — 980 — — — — — 
Cl− — — 12.9 — 11.8 — 11.2 — 10.4 — 10.1 
NO3− — — 30,600 — 28,200 22,900 22,500 — 18,200 — 15,400 
NO2− — — 1,750 — 1,510 1,320 1,270 — 1,020 — 867 
SO42− — — 1,460 — 1,310 1,200 1,110 — 898 — 768 
Al — — 4.94 — 5.54 9.35 6.14 — 7.06 — 5.24 
Ca — — 4.61 — 5.02 5.07 4.83 — 3.90 — 3.41 
K — — 774 — 700 626 611 — 494 — 414 
Si — — 117 — 100 93.1 97.8 — 98.1 — 91.0 
Na — — 12,700 — 11,200 9,930 9,710 — 7,960 — 6,750 
S — — 780 — 724 632 638 — 508 — 430 
 SS3A-34 SS3A-37 SS3A-38 SS3A-39 SS3A-40 SS3A-44 SS3A-47 SS3A-48 SS3A-60 SS3A-72 SS3A-76 
PV 4.54 5.12 5.26 5.43 5.60 6.10 6.67 6.96 7.46 7.97 8.27 
Tc (M) 1.27 × 10−7 1.10 × 10−7 1.06 × 10−7 1.02 × 10−7 9.99 × 10−8 9.30 × 10−8 8.12 × 10−8 7.74 × 10−8 1.37 × 10−7 4.48 × 10−7 2.17 × 10−7 
pH 11.91 10.69 10.97 11.17 11.93 11.80 12.19 11.64 11.43 9.94 12.07 
CO32- — 960 — — — — 272 — — 2,140 — 
Cl− 9.77 8.85 — 9.43 — 9.72 5.77 — — — — 
NO3− 11,900 10,100 — 10,000 — 9,120 7,880 — — 16,000 — 
NO2− 667 519 — 532 — 499 404 — — 673 — 
SO42− 595 536 — 491 — 454 402 — — 1,310 — 
Al 6.78 7.07 — 7.57 — 6.83 6.98 — — — — 
Ca 2.88 3.13 — 2.69 — 2.62 2.88 — — — — 
K 327 287 — 264 — 251 214 — — 448 — 
Si 89.5 89.7 — 87.0 — 82.9 85.3 — — 109 — 
Na 5,460 4,740 — 4,500 — 4,340 3,750 — — 7,900 — 
S 336 281 — 273 — 254 216 — — 706 — 
PV = Pore volumes; based on a value of 17.8 mL [0.602 fl oz] and expressed as the midpoint of the collected leachate sample. 
All anion and metal values are in mg/L (approximately equal to parts per million). 
Br−, F−, PO43−, and Fe are <1 mg/L, Mg is <0.5 mg/L, and Mn is <0.05 mg/L. 
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Table 4-6.   Chemical Data for Leachate From Specimen 3, Subsample A (continued) 
 SS3A-78 SS3A-82 SS3A-90 SS3A-97 SS3A-102 SS3A-105 SS3A-109 SS3A-118 SS3A-131 SS3A-136 SS3A-139 
PV 8.63 9.27 10.07 10.84 11.46 11.88 12.30 12.71 13.36 13.76 14.29 
Tc (M) 1.44 × 10−7 9.38 × 10−8 6.98 × 10−8 5.65 × 10−8 5.05 × 10−8 4.78 × 10−8 4.37 × 10−8 9.03 × 10−8 4.57 × 10−8 3.64 × 10−8 3.22 × 10−8 
pH 12.25 12.35 12.22 12.45 12.40 12.15 12.29 12.38 12.43 12.37 12.43 
CO32- 690 640 940 453 505 — — — — — 202 
Cl− 5.96 6.85 — 6.38 6.1 — — — — — 6.06 
NO3− 9,340 5,450 2,860 1,580 1,030 — — — — — 172 
NO2− 463 224 100 49 26 — — — — — — 
SO42− 601 364 255 190 162 — — — — — 87.6 
Al 9.02 9.49 10.8 11.2 11.8 — — — — — 9.9 
Ca 2.16 1.59 1.71 1.41 1.18 — — — — — 0.714 
K 237 153 102 73.1 62.1 — — — — — 38.4 
Si 115 122 131 129 129 — — — — — 117 
Na 4,590 3,140 2,230 1,690 1,440 — — — — — 912 
S 316 192 127 118 99 — — — — — 53.5 
 SS3A-143 SS3A-147          
PV 14.94 15.59          
Tc (M) 2.92 × 10−8 2.71 × 10−8          
pH 12.29 12.32          
CO32- — 421          
Cl− — —          
NO3− — 97.0          
NO2− — —          
SO42− — 74.4          
Al — 10.7          
Ca — —          
K — 32.8          
Si — 111          
Na — 767          
S — 43.6          



 

4-19 

 
Figure 4-12.   Comparison of Chemical Data From the Specimen 2, Subsample A and Specimen 3, Subsample A Simulated 

Saltstone Leach Experiments; on the Specimen 3, Subsample A Pore Volume Axis, Blue Arrows Indicate the 
Three Residence Time Tests and the Red Arrow Indicates the Onset of the HVAC Anomaly.  See the Section 4.3.2 
Text for Cautions Regarding pH Data for Both Tests and Nitrate Data for Specimen 2, Subsample A. 
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Table 4-7.   Updated Chemical Data for Leachate From Specimen 2, Subsample A 
 SS2-01 SS2-02 SS2-06 SS2-17 SS2-24 SS2-26 SS2-28 SS2-30 SS2-32 SS2-34 SS2-37 SS2-39 SS2-43 
P.V. 0.07 0.27 0.68 1.68 2.62 2.88 3.16 3.42 3.69 4.14 4.64 4.90 5.35 
Tc (M) 7.91 × 10−8 1.36 × 10−7 1.95 × 10−7 1.27 × 10−7 9.13 × 10−8 9.62 × 10−8 8.72 × 10−8 7.77 × 10−8 8.25 × 10−8 7.22 × 10−8 6.68 × 10−8 6.42 × 10−8 6.03 × 10−8 
pH 11.0 11.1 11.45 11.7 11.58 11.56 11.4 11.8 11.4 11.49 11.5 11.4 11.4 
Cl− — 6.32 7.44 9.95 10.3 — — — — 8.50 — 9.02 — 
NO3− — 6,109 5,179 2,700 3,209 — — — — 3,860 — 3,630 — 
NO2− — 381 321 235 221 — — — — 223 — 211 — 
SO42− — 266 244 196 200 — — — — 203 — 197 — 
Al — 3.7 4.2 5.31 5.71 — — — — 5.77 — 5.60 — 
Ca — 54.2 29.0 17.5 16.6 — — — — 16.0 — 14.3 — 
K — 122 110 91.2 88.4 — — — — 87.1 — 82.6 — 
Si — 55.8 56.1 58.4 55.1 — — — — 52.9 — 51.4 — 
Na — 2,670 2,400 1,950 1,880 — — — — 1,890 — 1,770 — 
S — 144 131 108 110 — — — — 112 — 107 — 

 SS2-44 SS2-47 SS2-49 SS2-53 SS2-55 SS2-56 SS2-59 SS2-61 SS2-66 SS2-68 SS2-71 SS2-73 
P.V. 5.60 6.04 6.25 6.69 6.95 7.20 7.65 7.88 8.52 8.80 9.20 9.42 
Tc (M) 6.03 × 10−8 5.43 × 10−8 5.27 × 10−8 5.12 × 10−8 4.77 × 10−8 4.33 × 10−8 4.44 × 10−8 4.14 × 10−8 4.12 × 10−8 4.25 × 10−8 3.91 × 10−8 3.76 × 10−8 
pH 11.67 11.5 11.5 11.5 11.63 11.5 11.4 11.65 11.62 11.63 11.54 11.57 
Cl− 6.52 — — — 8.17 — — 7.15 — 7.88 — 7.53 
NO3− 3,240 — — — 3,108 — — 2,572 — 2,647 — 2,457 
NO2− 196 — — — 173 — — 143 — 143 — 133 
SO42− 173 — — — 165 — — 141 — 146 — 137 
Al 6.05 — — — 6.07 — — 6.69 — 6.48 — 6.39 
Ca 11.9 — — — 10.6 — — 9.11 — 9.42 — 9.01 
K 74.0 — — — 71.2 — — 62.6 — 62.8 — 60.2 
Si 52.6 — — — 51.6 — — 51.0 — 49.9 — 49.8 
Na 1,620 — — — 1,530 — — 1,380 — 1,380 — 1,310 
S 93.8 — — — 88.2 — — 78.4 — 79.6 — 76.1 
Supersedes data in Table 5 of Dinwiddie and Pickett (2017). 
P.V. = Pore volumes; based on a specimen value of 31.0 mL [1.05 fl oz] and expressed as the midpoint of the collected leachate sample. 
All anion and metal values are in mg/L (approximately equal to parts per million). 
Br−, F−, PO43−, and Fe are <1 mg/L, Mg is <0.5 mg/L, and Mn is <0.05 mg/L. 
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Figure 4-13.   Comparison of Ionic Concentrations for Effluents From the Specimen 2, 
Subsample A and Specimen 3, Subsample A Simulated Saltstone Leach 
Experiments (SS2A = Specimen 2, Subsample A; SS3A = Specimen 3, 
Subsample A; PV = Cumulative Pore Volumes) 

 

Specimen 3, Subsample A values for pH ranged from 11.1 to 12.5, which overlaps with the 
Specimen 2, Subsample A leachate pH range of 11.0 to 11.8, but surpasses the upper end of 
that range (Figure 4-12).  It is noted that pH measurements are subject to uncertainties 
because (i) sample sizes available for pH electrode measurements are small {typically 0.5 mL 
[0.017 fl oz]} and (ii) leachate samples often sit in collection bottles for days or weeks prior to 
measurement.  Therefore, the validity of the abrupt pH decreases observed to occur at 2.9 and 
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5.1 PVs for Specimen 3, Subsample A in Figure 4-12 cannot be verified—particularly because 
there were no other chemical outliers for these particular solution samples. 

During the two Specimen 3, Subsample A no-flow residence time tests (PVs 6.9 and 12.3), 
leachate sampling was too frequent to produce solution samples that were sufficiently large 
enough to enable both Tc-99 and chemical analyses.  Therefore, it is not possible to observe 
chemical changes associated with those tests.  For key salt solution constituents, the sample at 
6.1 PV appears to show an upward inflection with respect to the previous trend (Figures 4-12 
and 4-13), consistent with the inflection observed in Tc-99 when the flow rate was decreased at 
5.8 PV.  The most notable feature of the Specimen 3, Subsample A chemical trend is the peak 
in constituent concentrations—except calcium and silicon—coinciding with the HVAC anomaly.  
This peak, like the previously discussed Tc-99 spike, may reflect release from previously less 
accessible pore spaces due to physical disruption of the simulated saltstone.  This hypothesis is 
consistent with the increased leachate concentrations of soluble constituents of the starting salt 
solution (i.e., sodium, nitrate, nitrite, and sulfate).  Although carbonate concentrations are not 
plotted in Figures 4-12 and 4-13 due to uncertainties regarding post-test modification by 
reaction with air, the “peak” sample at 7.97 PV also has the highest reported carbonate content 
(Table 4-6).  Calcium is not a salt solution constituent, but is present in saltstone pore water; the 
coincident calcium peak (Figures 4-12 and 4-13) likely also reflects physical disruption of 
the specimen. 

One observation that is inconsistent with this hypothesis is the markedly lower pH in the “peak” 
solution sample (SS3A-72 in Table 4-6 and Figure 4-12).  A pH of 9.9 is not consistent with the 
highly alkaline starting salt solution, and pH had risen back to a higher value when the next 
measurement was made 0.3 PV later.  This pH was measured both by meter (9.94) and test 
strip (10), corroborating its anomalous character.  This low pH is unlikely to reflect the influence 
of the sSRS permeant, which is a dilute water with low concentrations of the measured 
constituents.  One possible explanation is that the PV 7.97 solution experienced an unusual 
degree of interaction with air during the compression/decompression cycles resulting from the 
high-temperature excursion induced by the HVAC failure (recall the presence of bubbles in the 
effluent line during this period). 

After the HVAC anomaly, salt solution constituents smoothly decreased during the remainder of 
the Specimen 3, Subsample A leach test (Figures 4-12 and 4-13), consistent with the behavior 
of Tc-99 (Figure 4-10).  In fact, the overall behaviors of sodium (the major salt solution cation) 
and Tc-99 are similar, both throughout each test and comparing the two tests (Figure 4-14).  
(As noted previously, solution sampling for chemical analyses did not resolve the no-flow tests 
from the Specimen 3, Subsample A test.)  The difference between the sodium and Tc-99 
release histories for both specimen tests is that, on a fractional basis, the Tc-99 concentration 
decreased more rapidly than sodium during the first 6 to 7 PV (Figure 4-14).  Thereafter, in the 
Specimen 3, Subsample A test (disregarding the residence time test and HVAC anomaly 
perturbations), the sodium and Tc-99 overall trends were nearly logarithmically parallel, 
suggesting similar behavior. 

The effluent concentration of a solute in these tests is equivalent to the volume-based release 
rate.  The early contrasting behavior of Tc-99 and sodium in Figure 4-14 suggests that the 
Tc-99 release rate is decreasing more rapidly, on a fractional basis, than the sodium release 
rate.  Thereafter, their release rates decline at similar relative rates.  It is apparent that, in 
comparison to salt solution major constituents, Tc-99 is preferentially released during the first 
6 to 7 PV of permeant flow.  By scaling the axes in Figure 4-14 such that initial concentrations 
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Figure 4-14.   Comparison of Leachate Tc-99 with Representative Anion (Nitrate) and Cation (Sodium) Constituents From the 

Specimen 2, Subsample A and Specimen 3, Subsample A Simulated Saltstone Leach Experiments.  For the Latter, 
Sampling for Ion Concentration Could not Resolve Residence Time Test Effects at PV 7.2 and 12.4.  Note Different 
Logarithmic Vertical Axes for Tc-99 and for the Major Ions, but Each Represents the Same Orders of Magnitude. 
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plot in close proximity, and then observing the curve differences after these early pore volumes, 
it can be seen that this effect is quantitatively much less than one order of magnitude. 

After the HVAC anomaly, major anions nitrate and nitrite dropped more precipitously than 
sodium and Tc-99 (Figures 4-12, 4-13, and 4-14).  The higher pH values observed during the 
latter portion of the test (Figure 4-12) suggest that increased hydroxide could be balancing the 
decreasing nitrate and nitrite.  Planned chemical modeling will help better evaluate these 
observations.  A hypothesis to explain the elevated pH (Figure 4-12) and silicon (Figure 4-13) 
after the HVAC anomaly is not yet developed, but it is qualitatively evident that the episode 
induced physical disruption of the specimen, which affected leaching behavior.  It is possible 
that the main effect on effluent pH prior to the disruption was dilution of the starting pore water 
with sSRS permeant, whereas the somewhat elevated pH after the disruption could reflect a 
higher level of reaction with saltstone solids. 

4.3.3 Effective Porosity Determination 

The effective porosity of Specimen 3, Subsample A was determined by measuring the liquid 
mass lost from the leached simulated saltstone during a transition between saturated and 
oven-dried conditions.  When the pump was turned off at the conclusion of this leach 
experiment on November 21, 2017, the cylinder was removed immediately from the coreholder.  
It was then weighed on a laboratory scale, its diameter and length were measured at six equally 
spaced locations according to the endcap imprints on each face of the simulated saltstone, and 
it was placed inside a drying oven at 65 °C [149 °F] to evaporate its pore liquid until its dry mass 
could be measured.  The mean length and radius of Subsample A at the conclusion of the leach 
experiment were measured as 2.65 and 1.86 cm [1.04 and 0.73 in], respectively, using a simple 
ruler (Table 4-1).  These ruler-measured dimensions were unchanged after the cylinder was 
subject to confining pressures as high as 13,400 kPa [1,950 psi], and visually the simulated 
saltstone did not appear to have suffered irreversible deformation from having been 
compressed in the coreholder (beyond the previously noted solid particulates that had been 
observed in leachate as a result of the high-confining pressure anomaly). 

The mass of Specimen 3, Subsample A on November 21, 2017, prior to oven-drying, was 
48.64 g [1.72 oz].  This contrasts with a 6.35 percent larger value of 51.72 g [1.82 oz] recorded 
just prior to the leach experiment on April 20, 2017 (Table 4-1), after the simulated saltstone had 
been removed from the 100 percent relative humidity environmental chamber.  This mass 
difference could be, in part, attributed to use of a more accurate scale for the latter 
measurement.  Data obtained from the scale used prior to the leach experiment were 
characterized by unstable readings attributable to effects of the laboratory ventilation system.  
The scale used after the experiment features a glass enclosure that eliminates 
ventilation-related instabilities.  However, the apparent mass loss could also be related to 
leaching of dissolved solids and cylinder deformation that released solids into leachate.  
Solids had been observed inside the upstream end of the effluent tube on the day the system 
was disassembled.  One of the two end plugs retained simulated saltstone debris on its face.  
Based on the chemical data (Table 4-6) leachate total dissolved solids were below 
approximately 50,000 ppm, with most samples below 15,000 ppm.  Given a cumulative leachate 
volume of 281.9 mL [9.532 fl oz] and assuming 15,000 ppm dissolved solids and a solution 
density of 1.02 g/mL [1.06 oz/fl oz], a calculation implies that no more than approximately 4 g 
[0.14 oz] of material could have been leached from the specimen.  Therefore, leached dissolved 
solids could account for the 3.08 g [0.109 oz] apparent mass loss. 
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Specimen 3, Subsample A was probably fully saturated when first placed in the coreholder at 
the start of the leach experiment.  Ten days in a 65 °C [149 °F] oven were needed for 
evaporation of all connected pore water.  The final oven-dried mass was 30.80 g [1.09 oz] 
(Table 4-1); water mass lost was therefore 48.64 g – 30.80 g = 17.84 g [0.63 oz].  Chemical 
compositions of the latest, most dilute leachate samples (Table 4-6) imply that, for the latter 
parts of the leach experiment, the volume of pore solution (in cm3) equals the mass of 
evaporated water (in g) to better than 0.5 percent.  Therefore, within the uncertainties of this 
estimate, it can be concluded that the 17.84 g [0.63 oz] of water lost to evaporation represents a 
PV of the cylinder of 17.8 cm3 [1.09 in3]. 

The diameter and length of Specimen 3, Subsample A were re-measured on 
December 11, 2017 (Table 4-1), after having been oven-dried, using calibrated calipers at the 
same six locations where these dimensions had been previously measured with a ruler.  
The ruler used for these measurements is thought to be biased toward underestimating 
dimensions, based on digital caliper readings of the same specimen in April 2017 (Table 4-1).  
The cylinder volume calculated from the final caliper-measured lengths and radii (Table 4-1), 
29.5 cm3 [1.8 in3], was deemed the best estimate for this parameter.  Given the estimated 
volume of the cylinder, the estimated effective porosity of Specimen 3, Subsample A is 17.8 cm3 
÷ 29.5 cm3 = 0.60.  This calculated porosity is consistent with what was assumed based on 
DOE’s suggestion that saltstone has an effective porosity of approximately 60 percent 
(SRR-CWDA-2016-00053). 

4.4 Specimen 5 Leach Experiment 

On November 29, 2017, Specimen 5 was removed from its environmental chamber to be used 
in the first leaching experiment involving simulated saltstone made with Grade 120 slag 
(Table 3-3).  Standing water was observed inside the mold above the specimen.  The specimen, 
which had cured for 90 days, was removed with a metal spatula from the petri dish and mold 
and was rinsed.  The rinsate {36.8 g [1.30 oz]} was saved for chemical analysis.  
Chipped simulated saltstone was observed along the edge of the specimen, as well as some 
rough edges.  The initial mass of Specimen 5 was 98.43 g [3.47 oz], which probably included a 
small mass of distilled water clinging to its surface.  Its mean length and radius were 
5.25 and 1.87 cm [2.07 and 0.74 in], respectively, as measured with calibrated calipers.  
Assuming circular faces, the cross-sectional area of Specimen 5 was 10.97 cm2 [1.70 in2].  
Assuming Specimen 5 approximates a right circular cylinder, its bulk volume was ~57.61 cm3 
[~3.52 in3]; assuming 60 percent total porosity, its pore volume (PV) would be ~34.57 cm3 
[~2.11 in3]. 

A thin Myers latex membrane was pulled onto Specimen 5 and the specimen was then loaded 
into the coreholder.  The top surface of Specimen 5 was rougher than its molded base; 
therefore, the top surface was placed facing upstream.  sSRS groundwater that had been 
prepared on March 27, 2017, was used as the permeant (Table 4-2). 

4.4.1 Hydraulic Behavior 

Specimen 5, which was prepared with the finer grained, Grade 120 blast furnace slag cement, 
was highly impermeable.  In fact, Specimen 5 was the least permeable saltstone simulant 
specimen tested to date.  Three tests were conducted consecutively in an effort to attain 
steady-state flow conditions through the cylinder, and none were completely successful.  
The best estimate for the apparent Ksat of this specimen is 3.3 × 10−11 cm/s [7.8 × 10−10 in/min]—
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a value that became stable on the 8th day of Test 3 (Figure 4-15).  The details associated with 
each test are summarized next. 

Confining pressure was applied to Specimen 5 prior to initiating the leach experiment.  
To minimize bypass flow, the Specimen 5 leach experiment was to be conducted with a 
targeted confining pressure of ~8,300 kPa [~1,200 psi], given an assumption that an injection 
pressure of 4,800 kPa [700 psi] could be attained.  The pump reservoir volume before the 
experiment began was 507.72 mL [17.17 fl oz].  At the beginning of the experiment, a constant 
injection pressure of 4,800 kPa [700 psi] was applied with the pump and maintained for 15 sec 
to fill the upstream portion of the system with sSRS permeant; then, the pump was briefly turned 
off.  The pump was changed to a constant flow mode with a rate of 0.07 mL/hr [0.06 fl oz/day] 
and restarted.  At this time, the pump reservoir volume of remaining sSRS permeant was 
488.04 mL [16.5 fl oz].  Small decreases in confining pressure with time were actively managed 
for the first 19 hours by manually increasing this pressure to maintain it to the extent practicable 
at the target value of ~8,300 kPa [~1,200 psi].  However, when the injection pressure increased 
to values greater than 4,610 kPa [669 psi], the confining pressure was increased beyond 
~8,300 kPa [~1,200 psi] to compensate for the otherwise decreasing pressure differential 
between confining and injection pressures.  There is a feedback loop, with higher confining 
pressures further compressing simulated saltstone pore space, necessitating higher injection 
pressures to attain the specified flow rate.  This action, taken near the close of business hours, 
may have been premature {i.e., the pressure differential was still greater than 3,450 kPa 
[500 psi]}, but it was taken in anticipation of cool overnight laboratory temperatures that could 
naturally reduce the confining pressure on the specimen, potentially enabling bypass flow to 
occur while the system was unmonitored.  No leachate entered the first sample bottle until 
December 2, 2017, when solution sample SS5-01 was collected (Table 4-8).  This first attempt 
to establish steady-state flow through Specimen 5 (i.e., Test 1) was terminated that same day 
(after a run time of 71 hours, 17 minutes) because injection pressure continued increasing, and 
the rate of injection pressure increase was also increasing.  Over this period, injection pressure 
had increased to 14,000 kPa [2031 psi] and confining pressure was increased to 15,000 kPa 
[2175 psi].  The pump reservoir volume of sSRS permeant remaining at the time the pump was 
shut off was 483.04 mL [16.3 fl oz].  Apparent Ksat did not stabilize during this first experiment 
(Figure 4-15). 

While the permeameter system sat idle for several days, leachate continued to flow out of 
Specimen 5 into the tubing and sample bottle SS5-02.  This leachate sample was collected on 
December 8 (Table 4-8).  The pump mode was switched to a constant injection pressure of 
4,830 kPa [700 psi] and pumping of sSRS permeant into Specimen 5 resumed with variable 
flow rate in a new attempt to establish steady-state flow through the simulated saltstone 
(i.e., Test 2).  While the confining pressure on the specimen was set at 8,270 kPa [1200 psi] 
before pumping resumed, the initial act of forcing permeant into the upstream face of the 
specimen caused a very brief fluctuation of the confining pressure to 10,300 kPa [1500 psi], 
after which it quickly fell to the intended pressure.  Simultaneously, backflow of sSRS permeant 
occurred, sending the volume of fluid remaining in the pump from 483.4 to 485.6 mL [16.3 to 
16.4 fl oz].  Additionally, backflow was observed to occur occasionally, when laboratory 
temperatures warmed during the heat of the day and caused confining oil to expand and 
confining pressures to increase above the target.  Leachate sample SS5-03 was collected on 
December 25 (Table 4-8).  To combat backflow issues, lower confining pressures were 
targeted.  Confining pressures as low as 5,690 kPa [825 psi] were tolerated, although such 
occurrences in response to low overnight temperatures were rare.  The solution for Darcy’s law 
used in this project makes the basic assumption of unidirectional forward flow, from upstream to 
downstream along the axis of the saltstone specimen.   
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Figure 4-15.  Temporal Evolution of Apparent Ksat During First and Third Tests of the 
Saltstone Specimen 5 Leach Experiment; Applied Flow Rates Were 
0.07 and 0.06 mL/hr in Tests 1 and 3. 

 
Table 4-8.   Summary of Simulated Saltstone Specimen 5 Leachate Samples 
Sample ID Collection Date Pore Volume* Leachate Mass 

(g) Experiment Notes 
SS5-01 12/02/2017 0.009 0.3106 Test 1 
SS5-02 12/08/2017 0.028 0.6503 Pumping Hiatus 
SS5-03 12/25/2017 0.064 1.2587 

Test 2  SS5-04 01/12/2018 0.087 0.8008 
SS5-05 01/31/2018 0.101 0.4615 
SS5-06 02/09/2018 0.187 2.9743 

Test 3 SS5-07 02/11/2018 0.251 2.2377 
SS5-08 02/13/2018 0.305 1.8650 
SS5-09 02/19/2018 0.456 5.2384 

*Based on the mass of leachate collected, an assumed solution density of 1 g/cm3, and a pore volume of  
34.57 cm3. 

 
Given that diurnal temperature cycles caused occasional compression of pore space sufficient 
to send flow backward through the system, using Darcy’s Law to estimate the apparent Ksat for 
this test is unreliable, and no such data are shown in Figure 4-15 for Test 2.  Continuously 
operating data loggers and numerical modeling of dynamic system response to confining 
pressure perturbations would be needed to better estimate the apparent Ksat from constant 
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injection pressure/variable flow rate experiments on low permeability specimens, such as 
Specimen 5. 

Nevertheless, Test 2 had the longest duration of all three attempts to attain steady-state flow 
through Specimen 5.  Samples SS5-04 and SS5-05 were collected on January 12 and 31, 2018, 
respectively (Table 4-8).  Brown particulates were present in the leachate drop that was hanging 
from the end of the effluent tubing during collection of SS5-05.  Brown particulates were also 
within the bottle.  Some of the particulate matter remained on the tubing after it had been 
touched to the wall of the bottle to encourage its release; presumably, this solid material later 
entered sample bottle SS5-06 during Test 3.  After collection of sample bottle SS5-05, the pump 
was turned off.  The sSRS permeant volume remaining in the pump reservoir was 482.8 mL 
[16.3 fl oz] at the end Test 2. 

During the second attempt to establish steady-state flow through Specimen 5 (i.e., Test 2), the 
net volume of sSRS water that exited the pump reservoir and entered the permeameter system 
was 2.83 mL [0.0957 fl oz], but only 2.5210 g [0.0889 oz] of permeant was collected over the 
same time period.  This information suggests that permeant may have been in the process of 
saturating the specimen during the test.  Due to backflow, volumetric flow rate into and through 
the permeameter system during this test was as uncertain as the simulated saltstone 
permeability, but mean mass flow rate of leachate out of the system is estimated by dividing the 
overall mass of captured leachate {24.2 g [0.85 oz]} by the total pump time [1,297 hr].  
This estimate does not, however, account for the mass of leachate that exited the permeameter 
but remained in effluent tubing.  Given these cautions, the mean mass flow rate of leachate into 
sample collection bottles during this test was 0.019 g/hr [0.016 oz/day].  Likewise, a few variable 
volumetric flow rates out of the pump reservoir and into the permeameter during potentially 
nonbackflowing time periods were calculated to occur within the range of 0.002 to 0.008 mL/hr 
[1.6 to 6.5 × 10−3 fl oz/day], due to the low Ksat of Specimen 5. 

On January 31, 2018, the third and final attempt to collect a reliable data set for calculating the 
Ksat of Specimen 5 began (i.e., Test 3).  The pump mode was set to constant flow at the lowest 
possible rate of 0.06 mL/hr [0.05 fl oz/day], with variable injection pressure.  An initial confining 
pressure of 6,550 kPa [950 psi] was targeted.  When this test began, injection pressure was 
4,830 kPa [700 psi]; it gradually rose during the transition to steady-state flow, and the targeted 
confining pressure had to be raised, as well, to prevent bypass flow.  By February 3, it became 
difficult to manually maintain a confining pressure that was demonstrably greater than the 
naturally increasing injection pressure, particularly during unmonitored overnight hours.  
Given the uncertainty inherent in reading the low-resolution confining pressure gauge, it is 
possible that the injection pressure and confining pressure remained essentially equal while 
they continued to increase for the duration of Test 3.  It became clear by February 13 that 
actively managing the confining pressure would be impossible, because the two pressures were 
going to rapidly return to near-equivalency every time confining pressure was manually or 
diurnally perturbed.  Whether the constant flow rate into the permeameter system transitioned at 
some point from entering into the specimen to entering an annular gap around the specimen is 
an issue requiring geochemical analysis of the collected leachate. 

Sample bottle SS5-06 contained only a few drops of leachate on February 3, 2018; 
by February 5, only a fraction of a milliliter had collected in the bottle, and brown particulates 
were observed in solution, but no longer in the effluent tubing.  It was estimated that less than 
1 mL [less than 3.4 × 10−2 fl oz] of leachate had collected by February 7; however, only a day 
later, a greater accumulation of leachate was observed and apparent Ksat began to stabilize at a 
value of 3.3 × 10−11 cm/s [7.8 × 10−10 in/min] (Figure 4-15).  The solution in the sample bottle 
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was yellow, and still contained brown particulates.  Sample bottle SS5-06 was collected on 
February 9 (Table 4-8).  Perhaps as a result of bypass flow, leachate was accumulating in the 
sample bottle at a higher rate over the next 2 days and sample SS5-07 was collected on 
February 11 (Table 4-8); the collected solution was again yellow.  After leachate sample SS5-09 
was collected on February 19 (Table 4-8), it was observed that permeant was pooling inside the 
permeameter behind the upstream end plug, inside the spacers.  Permeant was apparently 
flowing backward around the upstream end plug because the pressure differential between 
confining and injection pressures was insufficient to prevent liquid from exiting the system 
through an annular gap around Specimen 5.  The final injection and confining pressures 
recorded before the pump was turned off that day were 23,400 and 23,400 kPa [3,400 and 
3,390 psi].  The two pressures had simultaneously risen together, almost equally matched as 
steady-state flow was becoming established within (or around) the cylinder.  Whether the 
apparent Ksat indicated by the third experiment {i.e., 3.3 × 10−11 cm/s [7.8 × 10−10 in/min] 
(Figure 4-15)} is a reliable value for the simulated saltstone, or is indicative of the permeability of 
an annular gap around the saltstone specimen, is open to interpretation; if it represented the 
annular gap permeability, it was an impermeable gap. 

After removal of Specimen 5 from the permeameter, a circumferential crack was observed to 
nearly encircle the cylinder, orthogonal to the axis of the simulated saltstone cylinder 
(Figure 4-16).  Photographs were taken of the specimen, and a sketch was drawn to illustrate 
the spatial relationships between the crack position and the edges of the cylinder.  The 
crack was located 17 to 20 mm [0.67 to 0.79 in] from the base of Specimen 5, which that 
same day was measured to be 51.7 mm [2.0 in] long.  The specimen decreased in diameter 
(i.e., “appeared to neck”) at a position ~10 mm [0.39 in] from its base.  Figure 4-16 suggests the 
presence of more than one neck, or smaller-diameter portion of the cylinder.  Even or uniform 
compression along the length of the cylinder is necessary to prevent circumferential cracking at 
point loading sites.  In the photograph, the crack appears to have formed where the diameter of 
the plug remained larger, in the midst of two necks occurring on either side.  The localized 
necking, or irreversible compression, suggests that uniform compression was not attained at 
these high confining pressures.  In pipes, circumferential cracking commonly develops in the 
middle third of the pipe; likewise, this crack formed in the middle third of the cylinder.  
Seven days before Specimen 5 was removed from the permeameter, NRC staff had noted in a 
phone call that NRC’s Saltstone Team thought the high injection and confining pressures were 
probably damaging the specimen, and they were correct. 

4.4.2 Leachate Characteristics 

Tc-99 concentrations were measured on leachate samples SS5-01 through SS5-05, which 
collectively represent only the first 0.1 PV collected from this test (Table 4-8). The Tc-99 
concentrations in the first 4 samples fall in a narrow range from 1.3 × 10−6 to 1.6 × 10−6 M, while 
SS5-05 is slightly lower at 8.2 × 10−7 M.  These concentrations are similar to those in leachates 
from early in the Specimen 3, Subsample A test—which was also a low apparent Ksat specimen 
(Figure 4-10 and Table 4-6).  [Note that dark particles observed in the SS5-05 collection bottle 
were avoided when a subsample was taken for liquid scintillation analysis (LSA).]  

There is some uncertainty in the Tc-99 concentrations.  After mixing with the LSA cocktail, 
samples SS5-02 through SS5-05 were milky in appearance and did not clarify prior to the LSA 
measurement.  Nevertheless, internal standardization during the LSA measurements suggested 
that any quench effects were less than 15 percent of the reported concentration.  It is possible 
that the dark particulates observed in SS5-05 were indicative of precipitation from evaporation 
at the end of the effluent tubing and in the bottle.  The SS5-05 sample collection bottle had sat  
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Figure 4-16.   Simulated Saltstone Specimen 5 After Leaching Experiment 

 

at the downstream end of the effluent tubing for 19 days, during which time effluent flow was 
very slow.  If evaporation had been a factor, the original Tc-99 concentration could have been 
lower, but the consistency of the measurements suggests they are indicative of the leachate 
Tc-99 content. 

Chemistry data were not obtained from the Specimen 5 leachates and Tc-99 concentrations 
were not measured on the final four collected leachate samples. 
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4.4.3 Tc-99 in Rinsate 

As noted in Section 4.4, pre-test rinsate from Specimen 5 was collected.  Because a 
considerable mass of particulates was observed to be rinsed off the specimen, both centrifuged 
and noncentrifuged rinsate samples were measured.  A 5-mL [0.17 fl oz] rinsate sample was 
centrifuged at 10,000 RPM for 10 minutes in a Fisher Scientific Marathon 21K centrifuge.  
The Tc-99 concentration in this centrifuged sample, measured by LSA, was 4.74 × 10−9 M, 
compared with 8.85 × 10−9 M in a noncentrifuged sample taken after vigorous mixing of the 
rinsate container.  These results imply that 46 percent of the Tc-99 in the rinsate is associated 
with solids. 

Extrapolating the noncentrifuged results to the total rinsate mass, the Specimen 5 rinsate 
contained 21.5 Bq (581 pCi) of Tc-99.  This quantity represents approximately 0.01 percent of 
the Tc-99 in Specimen 5. 
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5 SUMMARY 

Dynamic leach testing of technetium (Tc) Tc-99-spiked simulated saltstone was conducted at 
the bench scale to independently evaluate the effect of permeant residence time on the early 
release of Tc-99 from saltstone disposed at the Savannah River Site (SRS). 

The Specimen 3, Subsample A experiment was conducted over a period of 180 days, during 
which more than 15.8 PVs of simulated Savannah River Site (sSRS) groundwater permeated 
through the simulated saltstone.  The initial Tc-99 release behavior was marked by a relatively 
rapid increase from an initial leachate concentration of 8.67 × 10−7 M to a maximum 
concentration of 1.2 × 10−6 M during the first 0.5 PV.  After this initial peak, the longer-term 
concentrations declined to approximately 2.6 × 10−8 M before the experiment was terminated.  
This range of Tc-99 values is consistent with solubility-limiting Tc-99 release in a reducing 
environment, although there are clearly other effects on the evolving leachate concentrations.  
The range is also similar to that obtained by a U.S. Department of Energy (DOE) 
DOE-sponsored dynamic leach study (SREL Document R-16-0003; SREL  
Document R-17-0005; Simner et al., 2018), although the release evolution patterns differ. 

The Specimen 3, Subsample A leach experiment results—and their contrasts with Specimen 2, 
Subsample A results—have provided information about the physical and chemical behaviors of 
the material that affect early Tc-99 release.  The overall range of Tc-99 concentrations 
(2.6 × 10−8 M to 1.2 × 10−6 M) observed in the effluent is broadly similar to values observed in 
DOE-sponsored studies, and are consistent with Tc solubility limits under reducing conditions.  
However, several lines of evidence suggest that Tc-99 release may be subject to diffusional or 
kinetic influences, resulting in effects of the residence time of the sSRS permeant in the 
simulated saltstone.  These include: 

• Increased Tc-99 concentrations observed in Specimen 3, Subsample A leachate after 
the injection pump had been turned off (to increase the pore-water residence time) and 
back on 

• Higher Tc-99 concentrations in the Specimen 3, Subsample A leachate as compared to 
the Specimen 2, Subsample A leachate, in conjunction with the longer permeant 
residence times in the former experiment 

• The overall pattern of declining Tc-99 during both experiments, suggestive of the gradual 
depletion of Tc-99 from more accessible portions of the simulated saltstone 

• An initially lower Tc-99 concentration observed during both experiments when permeant 
flow rates into the simulated saltstone were highest, prior to the early 
concentration peak. 

While Ksat values calculated for the Specimen 2, Subsample A leach experiment (mean value 
1.2 × 10−9 cm/s [2.8 × 10−8 in/min]) were consistent with DOE saltstone data (see Dinwiddie and 
Pickett, 2017), values calculated for the Specimen 3, Subsample A experiment were 
considerably lower (mean value 8.8 × 10−11 cm/s [2.1 × 10−9 in/min]; Table 4-4).  The relatively 
low Specimen 3, Subsample A Ksat may be related to aging time, the freshly ground Grade 100 
slag component used in its mix (Table 3-3), or both. 

During the Specimen 3, Subsample A leach experiment, compression and decompression of 
the simulated saltstone had a significant impact on hydraulic and Tc-99 release behavior, 
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whether manually induced, naturally occurring in response to diurnal temperature cycles, or as a 
result of unplanned, uncontrolled confining-pressure excursions associated with the laboratory 
heat, ventilation, and heating (HVAC) system anomaly.  Confining pressure oil-system leaks 
that caused pressure drops and necessitated adjustments appear to have had relatively minor 
effects on Tc-99 release concentrations.  Nevertheless, the complex system behavior presented 
challenges to straightforward chemical interpretations of the Tc-99 release sequence.  
The lessons learned regarding simulated saltstone behavior and coreholder–permeameter 
system performance will inform future experiments. 

Specimen 5 was found to be highly impermeable, similar to Specimen 2, Subsample B.  
This behavior may reflect the use of Grade 120 ground granulated blast furnace slag cement in 
Specimen 5 (Table 3-3; Grade 120 slag has a smaller grain size than Grade 100 slag), but may 
also have resulted from the short, 90-day curing period prior to initiating the leach experiment.  
The relative immaturity of this simulated saltstone may have made it more susceptible to 
compression of its pore space, which may have resulted in a relatively low apparent Ksat.  
Leachate Tc-99 concentrations in the Specimen 5 experiment were similar to those from the 
low-permeability Specimen 3, Subsample A experiment.  Pre-test rinsing of Specimen 5 
released only approximately 0.01 percent of the specimen’s Tc-99. 

Additional work will be undertaken throughout FY 2019, consistent with the outcomes of 
ongoing discussions with U.S. Nuclear Regulatory Commission (NRC) staff.  Specimen 5 will 
undergo a second leach experiment subsequent to additional aging (Table 3-3); prior to initiating 
this experiment, the specimen may be shortened to eliminate the observed crack (Figure 4-16).  
It is recommended that mineralogical and radioanalytical testing of Specimen 4 be conducted 
next, because it was subjected to a 2-hr-long, unplanned, high-temperature excursion 
(Table 3-3).  Specimens 1 and 3, Subsample B, which were also affected by related 
high-temperature excursions, may be analyzed for mineralogical content, but will not be leach 
tested (Table 3-3).  In addition, post-test mineralogical and radioanalytical characterization of 
Specimen 3, Subsample A, and Specimen 5 (after its second leach test) are recommended. 

Preparation of new specimens will proceed in consultation with the NRC staff.  These new 
specimens will include (i) two that contain Tc-spiked and unspiked sections in series, to 
study potential re-reduction of released Tc, and (ii) a third specimen that is prepared with 
Grade 120 GGBFS.
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APPENDIX A—SALTSTONE FORMULA CALCULATIONS 

DOE indicated that there is approximately 0.68 g1 water per gram of salt solution mixed with dry 
premix in simulated saltstone (Seaman et al., 2014, SREL Doc:  R-14-0006, p. 2).  To confirm 
this, the volume of non-water components of 1 L2 of saltstone simulant solution is determined 
first, and finally, the volume of water that is added to make 1 L of saltstone simulant solution is 
calculated. 

What follows is the calculation of the volume of non-water components placed in 1 L solution, so 
that the amount of water in 1 L solution can be determined.  The component masses3 are given 
for 1 L of saltstone simulant solution. 

For 50 wt% NaOH 
 (127.52 g L−1)/2 = 63.76 g L−1 @ 2.13 g cm−3 = 29.93 cm3 L−1 

For NaNO3  

 268.52 g L−1 @ 2.257 g cm−3 = 118.97 cm3 L−1  

For NaNO2  

 25.39 g L−1 @ 2.168 g cm−3 = 11.71 cm3 L−1  

For NaCO3  

 18.66 g L−1 @ 2.54 g cm−3 = 7.35 cm3 L−1  

For NaSO4  

 8.38 g L−1 @ 2.664 g cm−3 = 3.15 cm3 L−1  

For Al(NO3)3∙9H2O   where Al(NO3)3 = 178 g mol−1 @ 0.054 mol L−1 = 9.61 g L−1  

 9.61 g L−1 @ 1.72 g cm−3 = 5.59 cm3 L−1  

For Na3PO4∙12H2O    where Na3PO4∙= 112g mol−1 @ 0.012 mol L−1 = 1.34 g L−1  

 1.34 g L−1 @1.62 g cm−3 = 0.83 cm3 L−1  

The sum of all non-water volumes is 177.53 cm3 L−1.  Given that 1 L = 1,000 cm3, then, 
1,000 cm3 – 177.53 cm3 = 822.47 cm3 of water in 1 L saltstone simulant solution.  Assuming 
density of water = 1 g cm−3; then 822.47 g water are in 1 L of saltstone simulant solution. 

                                                 
1 To convert grams (g) to ounces (oz), multiply by 0.03527 

2 To convert liters (L) to fluid ounces (fl oz), multiply by 33.814 

3 Mass densities for the various compounds were obtained from internet searches 
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The mass of non-water components per 1 L saltstone simulant solution is:  63.76 g L−1 + 
268.52 g L−1 + 25.39 g L−1 + 18.66 g L−1 + 8.38 g L−1 + 9.61 g L−1 + 1.34 g L−1 = 395.66 g L−1 

The combined mass of water and non-water components in 1 L saltstone simulant solution: 

822.47 g L−1 (water) + 395.66 g L−1 (non-water) = 1,218.13 g L−1 (total) 

Divide the grams of water in solution by total grams of saltstone simulant solution: 

(822.47 g L−1)/(1,218.13 g L−1) = 0.68 g water g−1 saltstone simulant solution 

(Note:  This confirms DOE’s reported value of 0.68 g water g−1 saltstone simulant solution) 

To obtain a water:premix (w:p) ratio of 0.6 (reported by DOE), then 

0.6 g water 1 g−1 premix ÷ 0.68 g water 1 g−1 solution = 0.882 g solution 1 g−1 premix 

Which means that 882 g water is combined with 1000 g of premix (i.e., fly ash + blast furnace 
slag cement + Portland cement), or proportionally that 220.5 g water is combined with 250 g 
premix to yield a w:p ratio of 0.6. 



 

 

APPENDIX B 

RESIDENCE TIME TEST NO. 2 AND RESPONSES TO 
HVAC ANOMALIES



 

B–1 

APPENDIX B RESIDENCE TIME TEST NO. 2 AND RESPONSES TO 
HVAC ANOMALIES 

This Appendix provides detailed discussion of the second residence time test conducted with 
Specimen 3, Subsample A.  During this test, uncontrolled thermal perturbations occurred over a 
two-day period, brought about by a laboratory heating, ventilation and air-conditioning (HVAC) 
system malfunction.  High laboratory temperatures caused confining oil to expand, and 
dramatically increased confining pressure on the simulated saltstone cylinder.  This discussion 
of the system response to thermal perturbations expands on the brief information provided in 
Section 4.3.1. 

On Day 71 (6.9 PV) of the Specimen 3, Subsample A leach experiment, the second residence 
time test began (Figure 13; Tables 6 and 7).  The pump was turned off for a 10.7-day flow 
hiatus—a period of time approximating that required to advect 1 PV of permeant through the 
cylinder at a rate of 0.07 mL/hr [0.06 fl oz/day]—to allow additional time for Tc-99 to diffuse from 
mineral solids to pore water.  Immediately before the pump was turned off, the apparent Ksat 
was 7.5 × 10−11 cm/s [1.8 × 10−9 in/min] (Figure 13).  When the pump was restarted, a new 
transient equilibration period began.  Apparent Ksat was 8.0 × 10−11 cm/s [1.9 × 10−9 in/min] upon 
restart, dropped over a period of 1.3 days while the injection pressure was simultaneously 
rising, and then remained essentially constant at 6.2 × 10−11 cm/s [1.5 × 10−9 in/min] until a 
trending upward diurnal cycle became apparent on Day 73 (7.1 PV) (Figure 13).  Apparent Ksat 
slowly trended upward (and injection pressure decayed downward with diurnal fluctuations) over 
the next ~8 days (until Day 81 or 7.7 PV); mean Ksat was 6.3 × 10−11 cm/s [1.5 × 10−9 in/min] 
during this period (Figure 13).  This portion of the leaching experiment is referred to as 
Residence Time Test No. 2A (Table 4-4). 

The second residence time test was interrupted on Day 81 by perturbations of the confining 
pressure caused by a heating, ventilation, and air conditioning (HVAC) system anomaly—the air 
conditioning transformer began tripping and laboratory temperatures rose uncontrollably.  
An immediate fix could not be implemented because the abnormal condition was recognized 
over a weekend, when the necessary repair work could not be performed. 

One day before the HVAC anomaly, on July 20, 2017 (Day 80; 7.6 PV), an abnormally low 
apparent Ksat of 6.00 × 10−11 cm/s [1.4 × 10−9 in/min] occurred when confining pressure climbed 
to 10,200 kPa [1,480 psi] and injection pressure rose to 6,630 kPa [962 psi] during the heat of 
the day at 5:11 pm.  Some confining oil was deliberately released from the system, bringing the 
confining and injection pressures down to 8,600 and 6,520 kPa [1,250 and 946 psi], 
respectively, by 6:31 pm. 

Overnight, the laboratory cooled and confining pressure dropped markedly to 6,760 kPa 
[980 psi] by 10:28 am on July 21, 2017 (Day 81).  The confining pressure was manually raised 
to 8,600 kPa [1,250 psi].  That morning, the initial pressure difference observed between 
confining and injection pressures slipped to only 938 kPa [136 psi], which resulted in pore 
decompression sufficient to increase the apparent Ksat value from 6.00 to 6.84 × 10−11 cm/s 
[from 1.4 to 1.6 × 10−9 in/min].  This loss of confining pressure was similar to the prior excursion 
on Day 69 (see Section 4.3.2).  At 4:05 pm on Day 81, the confining pressure had risen only to 
8,960 kPa [1,300 psi].  However, by 9:20 pm, confining pressure had soared to 13,400 kPa 
[1,950 psi] and the injection pressure was 8,340 kPa [1,209 psi].  The laboratory room 
temperature was 27.9 °C [82.2 °F], in contrast with a normal temperature of 22.5 °C [72.5 °F] 
observed in a nearby laboratory.  By 10:18 pm, the room temperature was 28.2 °C [82.8 °F], 
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the confining pressure had been reduced to 12,400 kPa [1,800 psi] by periodically opening the 
confining isolate valve, and injection pressure was 8,450 kPa [1,226 psi]. 

Early in the afternoon of July 22, 2017 (Day 82), the confining pressure had dropped to 
10,000 kPa [1,450 psi], injection pressure had dropped to 6,470 kPa [938 psi], and room 
temperature had decreased to 26.8 °C [80.2 °F].  Facility operations staff restarted the 
air-conditioning system, but they were unable to address the issue that had tripped the 
transformer.  The confining pressure on the cylinder was again manually lowered, and by 
3:18 pm it was 7,900 kPa [1,150 psi] with 5,760 kPa [835 psi] injection pressure.  During this 
early to mid-afternoon period, particulate matter was noticed in the leachate in the effluent 
tubing.  Compression and decompression may have resulted in physical damage to the 
specimen that released solids into the leachate.  Apparent Ksat monotonically increased during 
the day from an observed low of 6.16 × 10−11 cm/s [1.5 × 10−9 in/min] to a high of 
9.12 × 10−11 cm/s [2.2 × 10−9 in/min], while injection pressure decreased to a low of 4,360 kPa 
[633 psi].  After 3:18 pm, the confining pressure was manually raised over several steps to 
8,950 kPa [1,300 psi].  Laboratory room temperature declined to 22.0 °C [71.6 °F] by 9:02 pm. 

On July 23, 2017 (Day 83, 7.9 PV), at 12:00 noon, the laboratory temperature had decreased to 
21.4 °C [70.5 °F].  This relative cooling resulted in the confining pressure dropping to 6,900 kPa 
[1,000 psi]; injection pressure was 4,350 kPa [631 psi].  The confining pressure was manually 
increased to 8,600 kPa [1,250 psi] in an effort to prevent bypass flow.  Again, particulate matter 
was observed in the effluent tubing.  The apparent Ksat was 9.15 × 10−11 cm/s [2.2 × 10−9 in/min], 
similar to the value observed the previous night.  More than 5 hours later, the laboratory room 
temperature was again higher than normal {24.8 °C [76.6 °F]}.  Facility operations staff restarted 
the air conditioning.  Because of the high laboratory temperature, the confining oil had 
expanded and was exerting an elevated confining pressure of 11,400 kPa [1,650 psi] on the 
cylinder, compressing it more than usual.  Injection pressure had increased to 5,370 kPa 
[779 psi] and apparent Ksat had decreased to 7.41 × 10−11 cm/s [1.8 × 10−9 in/min] at 5:40 pm.  
Although the air conditioning system had been restarted and room temperature declined to 
23.5 °C [74.3 °F] by 6:02 pm, there was a lag in the response of the confining pressure, which 
further increased to 11,700 kPa [1,700 psi].  This condition yielded the lowest apparent Ksat of 
the day, at 7.19 × 10−11 cm/s [1.7 × 10−9 in/min].  From this point forward, the confining pressure 
decreased with laboratory air temperature, which resulted in a steady decline of the injection 
pressure to a low of 5,010 kPa [727 psi] and a steady increase of the apparent Ksat to a local 
high of 7.95 × 10−11 cm/s [1.9 × 10−9 in/min] by 9:59 pm.  The final laboratory air temperature 
observed that night was 21.9 °C [71.4 °F].  CNWRA staff raised the confining pressure on the 
cylinder from 8,950 to 9,300 kPa [1,300 to 1,350 psi].  By this point, laboratory temperatures 
had returned to normal diurnal cycling, and the data record was dominated by diurnal signatures 
in response to laboratory temperature fluctuations for the duration of Residence Time Test 2 
(i.e., 2B in Table 4-4).  As the permeameter system recovered from the HVAC perturbation, 
overall variability in the data records declined over 52 days and apparent Ksat trended upward, 
registering a high value of 9.81 × 10−11 cm/s [2.3 × 10−9 in/min] on Day 136 (12.0 PV). 


