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EXECUTIVE SUMMARY 

 

Two batches of saltstone were produced utilizing Savannah River Remediation LLC (SRR) 

prescribed grout formulations. One was spiked with stable iodine-127 (
127

I) and rhenium (Re) to serve 

as non-radioactive analogs for iodine-129 (
129

I) and technetium-99 (
99

Tc) (hereafter referred to as the 

I/Re spiked monoliths), and the second batch was spiked with 
99

Tc for comparison. The relative 

concentrations of I, Re and 
99

Tc in the saltwaste simulants were consistent with the average 

concentrations of 
129

I and 
99

Tc in the Tank 50 feed waste at the Saltstone Disposal Facility (SDF). Both 

batches were poured into standard plastic curing molds and subjected to varying curing durations under 

controlled temperature and humidity conditions chosen to mimic curing conditions within Saltstone 

Disposal Unit (SDU) Cell 2B. After curing for specific durations, select monoliths were evaluated for 

contaminant mass transfer rates, and saturated hydraulic conductivity (SHC). The I/Re monoliths were 

cured for durations ranging from 1 to 12 months, while the 
99

Tc spiked monoliths were cured for 3 to 6 

months before testing. 

 

Contaminant mass transfer rates for the I/Re and the 
99

Tc spiked monoliths were evaluated 

using EPA Method 1315, Mass Transfer Rates of Constituents in Monolithic or Compacted Granular 

Materials Using a Semi-Dynamic Tank Leaching Procedure (USEPA, 2013). For comparison, nitrate 

(NO3
-
) leaching was also evaluated for the 

99
Tc spiked saltstone as a poorly retained saltwaste 

constituent. Given the importance of redox conditions in controlling the mobility of the studied 

contaminants, the EPA mass transfer test was conducted using an artificial groundwater (AGW) 

simulant as the leachate in equilibrium with three different test atmospheres: (1) ambient laboratory 

atmosphere (oxic), (2) Ultra High Purity (UHP) N2 (99.999% N2) purged atmosphere (anoxic), and (3) 

98% N2/2% H2 atmosphere (anoxic reducing). The saturated hydraulic conductivity (Ksat) was also 

measured for select I/Re spiked monoliths according to ASTM D5084, Standard Test Methods for 

Measurement of Hydraulic Conductivity of Saturated Porous Materials Using a Flexible Wall 

Permeameter.  

 

Much of the data for the I/Re spiked saltstone was documented in two earlier reports, Seaman 

et al. (2014) and Seaman and Chang (2014). For the I/Re spiked monoliths, similar leaching patterns 

were observed for both elements regardless of curing duration, with very little difference observed for 

a given test analogue, i.e., I or Re, in the three atmospheric test environments. The rate (µg cm
-2

 s
-1

) of 

leaching for both I and Re from the grout monoliths decreased over the course of the leaching test, 

with the cumulative release history generally conforming to a diffusion controlled mechanism for the 

purposes of data interpretation and comparison. It is important to note that the “diffusional” release of 

retained contaminants from cementitious waste reflects a combination of both chemical and physical 

transport processes, such as dissolution or desorption in response to changes in pore solution 

composition combined with advective and diffusional transport. 

 

Initially it appeared that a much higher percentage of I was extracted during the test when 

compared to 
99

Tc or even Re. However, additional characterization of the cured grout and raw feed 

materials indicated that significant I was present in the dry feed materials, especially the fly ash (≈ 0.88 
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± 0.08 mg kg
-1

). When accounting for total I present in the saltstone plus the treatment spike, the 

cumulative percent of I released was quite similar to that observed for Re, ≈ 6% - 9%. The effective 

diffusivity values for I ranged from 2.2 x 10
-8

 to 3.4 x 10
-8

 cm
2
 s

-1
, with a similar range of effective 

diffusivities (2.7 x 10
-8

 cm
2
 s

-1 
to 3.5 x 10

-8
 cm

2
 s

-1
) observed for Re as well. The average leachability 

indices (LIs) based on the effective diffusivity estimates for I and Re ranged from 7.6 to 7.8 and 7.5 to 

7.7, respectively.  For Re, the lack of response to extraction atmosphere may reflect the difficulty in 

chemically reducing the perrhenate species (ReO4
-
) when compared to pertechnetate, with similar 

amounts of Re(VII) available for release regardless of the atmospheric conditions. These values are 

similar to effective diffusivity estimates for I and other poorly retained (i.e., NO3
-
, NO2

-
, Na

+
, etc.) 

contaminants in Hanford Cast Stone formulations.    

 

The leaching rate for 
99

Tc generally decreased over the course of testing in a manner similar to that 

of I and Re, with no clear response to the test atmosphere. However, the relative amount of 
99

Tc 

extracted was much less than observed for Re, I (i.e., <0.75% compared to 6-9%), and even NO3
-
, 

suggesting that the saltstone was better at immobilizing Tc(VII) than Re(VII) regardless of the test 

atmosphere, possibly due to the differences in redox potential between the two elements. The effective 

diffusivities for 
99

Tc were about two orders of magnitude lower than the values observed for I and Re, 

ranging from 2.0 x 10
-10

 to 3.7 x 10
-10

 cm
2
 s

-1
, with the LIs ranging from 9.7 to 10.0, consistent with 

values previously reported for 
99

Tc leaching from low-activity waste Hanford Cast Stone formulations 

(LI = 9.7-11.2).   

 

In general the most surprising result was lack of leaching response to the test extraction atmosphere 

for both Re and 
99

Tc. While the leaching behavior of Re is similar to that of other poorly retained 

saltstone constituents, the slower release of 
99

Tc supports enhanced retention associated with chemical 

reduction. This suggests that maintaining a high degree of saturation during curing and subsequent 

leaching serves as a barrier to contaminant oxidation in the case of 
99

Tc, even when exposed to an 

oxygenated atmosphere.  

Results from EPA Method 1315 were also compared to a novel Dynamic Leaching Method 

(DLM) in which the flexible-wall permeameter was used to achieve saturated leaching under an 

elevated hydraulic gradient in an effort to evaluate the persistence of reductive capacity and subsequent 

changes in contaminant partitioning within the intact saltstone monolith. In the current study, two 

three-inch diameter 
99

Tc spiked saltstone monoliths were tested in comparison to earlier tests using 

two-inch diameter I/Re spiked saltstone monoliths (Seaman and Chang, 2014). The larger diameter 

samples were tested in an effort to increase the rate of leaching and pore solution turnover at 

reasonable pressure gradients. Tests using the larger diameter monoliths were largely unsuccessful due 

to cracks that developed under moderate pressure gradients, leading to bypass flow. Subsequent testing 

using two-inch 
99

Tc spiked saltstone monoliths were successful with 
99

Tc leaching rates that were 

much lower than previous results observed for Re under similar leaching conditions, further supporting 

the conclusion that 
99

Tc is immobilized to a greater degree.    
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1.0 INTRODUCTION 

Reactivity and saturated hydraulic conductivity (SHC) are important factors controlling the rate 

of weathering and stability of cementitious materials used for the long-term disposal of low-level 

radioactive wastes. At the Savannah River Site (SRS) chemically reducing materials, such as blast 

furnace slag (BFS), are added to saltstone grout formulations mixed with low-level saltwaste materials 

in order to enhance the attenuation of redox sensitive contaminants, e.g., technetium (
99

Tc). The 

persistence of chemically reducing conditions within the grout is an important factor driving long-term 

risk potential in the performance assessment (PA) for the Saltstone Disposal Facility (SDF). The 

reductive capacity of saltstone materials is a function of the grout formulation (i.e., the type and 

amount of reductive components like BFS), curing conditions, and the degree to which subsequent 

exposure to dissolved O2 is restricted, an obvious function of the material’s SHC.   

 

Several studies have demonstrated both the difficulty in reducing pertechnetate (TcO4
-
; i.e., 

Tc(VII)), the oxidized form of Tc, and the rapid oxidation of reduced Tc (i.e., Tc(IV)) when exposed to 

even moderate levels of O2 (Cantrell and Williams, 2013; Kaplan et al., 2011; Kaplan et al., 2008; 

Almond et al., 2012; Lukens et al., 2005). Rhenium (Re), in the form of perrhenate (Re(VII), has been 

widely used as a nonradioactive chemical analog for 
99

Tc in numerous studies (e.g., Kabai et al., 2013; 

McCloy et al., 2012; Pierce et al., 2014; Shu et al., 2015), with similar responses observed in plant 

uptake experiments (Tagami and Uchida, 2004). Although the two chemical species [i.e., Re(VII) and 

Tc(VII)] may display similar chemical properties under oxidizing conditions (Icenhower et al., 2010; 

Dickson et al., 2015), batch studies have shown perrhenate (ReO4
-
) to be more resistant to chemical 

reduction by Sn(II) than pertechnetate (TcO4
-
). In addition, Tc(VII) reduction was observed to occur 

during nitrate (NO3
-
) reduction in soil microcosm experiments while no Re(VII) reduction occurred, 

with the applied ReO4
-
 remaining in solution (Maset et al., 2006). These results suggest that Re(VII) is 

not a  suitable analogue for evaluating Tc(VII) behavior under reducing conditions (Lukens et al., 

2007; Dickson et al., 2015).   

To illustrate the general complexity of the saltstone system, several important redox potentials 

are provided in Table 1. By convention, standard redox potential reactions are written as reduction 

reactions. The more positive a given redox potential, the more likely it will be reduced. In aqueous 

systems O2 and H2 constrain the limits in terms of achievable levels of oxidation and reduction, 

respectively. Dissolved sulfides are generally thought to control the redox environment of pore water 

in slag rich cements (Atkins and Glasser, 1992).  
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Table 1. Standard redox potential for several important reactions at 25 °C and 1 atm (Stumm 

and Morgan, 1995). 

Reaction        𝐸°, 𝑉𝑜𝑙𝑡 

1. 𝑅𝑒𝑂4(𝑎𝑞)
− + 4𝐻+ + 3𝑒− ↔ 𝑅𝑒𝑂2(𝑠) + 2𝐻2𝑂(𝑙)  -0.55 

2. 𝑇𝑐𝑂4(𝑎𝑞)
− + 4𝐻+ + 3𝑒− ↔ 𝑇𝑐𝑂2(𝑠) + 2𝐻2𝑂(𝑙)  -0.361 

3. 𝐹𝑒2+ + 2𝑒− ↔  𝐹𝑒(𝑆)      -0.44 

4. 𝐶𝑟𝑂4
2− + 4𝐻2𝑂 + 3𝑒− ↔ 𝐶𝑟(𝑂𝐻)3 + 5𝑂𝐻−  -0.13 

5. 2𝐻+ + 2𝑒− ↔ 𝐻2       0.00 

6. 𝐹𝑒3+ + 𝑒− ↔ 𝐹𝑒2+      +0.77 

7. 𝐹𝑒(𝑂𝐻)3 + 3𝐻+ + 𝑒− ↔ 𝐹𝑒2+ + 3𝐻2𝑂   +0.98 

8. 𝑂2(𝑔) + 4𝐻+ + 4𝑒− ↔ 2𝐻2𝑂     +1.23 

 

Many of the previous experiments associated with the ability of saltstone to reduce and 

immobilize Tc have been conducted using ground saltstone materials as sorbents, a practice that is 

likely to alter sorbent properties in an unpredictable manner. In addition, a controlled H2 atmosphere 

has been used as a means of restricting O2 exposure for studies evaluating contaminant partitioning 

despite the fact H2 may serve as a general chemical reductant and may alter the redox speciation of the 

target contaminants (i.e., Tc, Cr, Pu, etc.) and other important chemical elements (i.e., Fe, Mn, etc.) in 

the presence and even absence of the test sorbent, i.e., soil, saltstone, etc. 

 

The United States Environmental Protection Agency (USEPA; EPA for short) Method 

1315, Mass Transfer Rates of Constituents in Monolithic or Compacted Granular Materials Using 

a Semi-Dynamic Tank Leaching Procedure (USEPA 2013), has been recently adopted as a 

standard method for evaluating the potential leaching of contaminants found in cementitious 

materials (Garrabrants et al., 2014; Kosson et al., 2014; Serne et al., 2015). EPA Method 1315 is 

similar to American National Standards Institute, Inc./American Nuclear Society Method 16.1 

(ANSI/ANS16.1), Measurement of the Leachability of Solidified Low-Level Radioactive Wastes by 

a Short-Term Test Procedure (ANS 2003), with the leaching intervals modified to accommodate a 

more complex interpretation of contaminant release mechanisms. However, both methods are seen 

as vast improvements over previous tests using size-reduced materials that focus on equilibrium 

partitioning rather than the rate of contaminant release under physically realistic conditions. The 

leaching potential of contaminants from solid waste, including various cementitious materials, has 

previously been evaluated using the batch extraction method defined in EPA Method 1311, 

Toxicity Characteristic Leaching Procedure (TCLP) (USEPA 1992). The TCLP method was 

designed to represent the leaching conditions present in a municipal waste landfill scenario. 

However, contaminant mass transport in monolithic materials is controlled by diffusion through the 

tortuous pore network combined with the aqueous phase partitioning reactions at the solid/solution 

interface (i.e., adsorption/desorption, precipitation/dissolution, etc.).   

 

As noted, the physical structure of the saltstone material combined with maintaining a high 

degree of saturation serves as a barrier against exposure to O2. Grinding saltstone for sorption tests, 
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and even removal from high humidity environments, may facilitate contaminant oxidation and the 

consumption of saltstone’s inherent reductive capacity. The objective of the current study was to 

evaluate the physical and chemical properties of saltstone monoliths, produced utilizing Savannah 

River Remediation LLC (SRR) prescribed grout formulations, spiked with either non-radioactive 

contaminant analogs (i.e., Re and 
127

I) or 
99

Tc and subjected to a range of curing durations under 

controlled temperature and humidity conditions chosen to mimic curing conditions within a Saltstone 

Disposal Unit (SDU). At predetermined curing intervals, saltstone samples were evaluated in terms of 

contaminant leaching rate and SHC using accepted standard protocols. In addition, a novel dynamic 

leaching method (DLM) was used to study the persistence of reductive capacity and long-term 

contaminant leaching behavior of intact saltstone. Elevated pressures were used to force leachate 

through the interior of saltstone monoliths in an effort to mimic the eventual ingress of water into 

saltstone and subsequent pore volume exchange and to evaluate the influence of dissolved gasses, 

including O2, on saltstone reductive capacity and its impact on the dynamic leaching behavior of 

radioactive and non-radioactive contaminants. A major goal of the current study was to develop and 

refine the laboratory protocols necessary for evaluating contaminant release from saltstone monolithic 

samples that were cored from SDU 2A in April and May of 2015, having been emplaced as fresh grout 

in August 2013 (see SRNL-L3100-2015-00108 Rev. 0). 

 

2.0 MATERIALS AND METHODS 

 

2.1 Saltstone Formulation 

Two batches of saltstone were produced utilizing SRR prescribed grout formulations. One was 

spiked with stable iodine-127 (
127

I) and rhenium (Re) to serve as non-radioactive analogs for iodine-

129 (
129

I) and technetium-99 (
99

Tc) (hereafter referred to as the I/Re spiked monoliths), and the second 

batch was spiked with 
99

Tc for comparison. Both batches of saltstone were created using a saltwaste 

simulant recipe specified by SRR (Table 2) and then subjected to a temperature/humidity curing profile 

that mimicked the environmental conditions in an SDU (Figure 1). The relative concentrations of I, Re 

and 
99

Tc in the saltwaste simulants were consistent with the average concentrations of 
129

I and 
99

Tc in 

the Tank 50 feed waste at the SDF. The grout materials consisted of (1) Class F fly ash (The SEFA 

Group, Inc. Lexington, SC 29073), (2) Grade 100/120 blast furnace slag (Holcim US, Inc. 

Birmingham, AL 35221), and (3) Type II Portland cement (Holcim US, Inc. Birmingham, AL 35221). 

 

All of the chemicals in Table 2, except for the NaOH solution, were combined with ≈ 0.5 L of 

deionized water (DIW) in multiple 1-L volumetric polycarbonate flasks depending on the total mass of 

saltstone being created. The NaOH was then added as a 50% solution. The contaminant spike solution 

was added to the saltwaste flasks just before making up the solution to its final volume (1.2 x 10
-2

 

mMol L
-1

 
99

Tc; ≈ 2.23 mg L
-1

 Re; ≈ 0.1 mg L
-1

 
127

I). Spike concentrations are consistent with the 

average levels of 
99

Tc and 
129

I found in Tank 50 saltwaste (Bannochie, 2012).  The following day, the 

required masses of the three powdered grout materials were weighed in three separate containers. The 

three dry powdered materials were then mixed together in a single bucket. After thorough 

homogenization of the combined dry powders, the saltwaste simulant solution was slowly added to the 

dry materials while mixing at 250 rpm for 20 minutes.  
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The saltwaste solution was added at a water to dry materials ratio of 0.6. After mixing, the I/Re 

and 
99

Tc spiked slurries were poured into several 2” ID x 4” L plastic concrete molds and sealed with a 

plastic lids for curing (Test Mark Industries, Inc.). Two additional 
99

Tc spiked saltstone monoliths 

were created using 3” ID x 6” L curing molds for dynamic leaching tests. The plastic concrete molds 

were then placed in a humidity-controlled curing oven (Model 6105, Caron Products & Services, Inc.) 

and heated according to the curing profile from SDU Cell 2B (Figure 1).  

 

Sections of the 
99

Tc spiked saltstone monoliths were shipped to Dr. W. Lukens at the Lawrence 

Berkley National Laboratory for synchrotron analysis to determine the solid-phase chemical speciation 

of 
99

Tc within the saltstone. Unfortunately the level of 
99

Tc was found to be too low for x-ray 

absorption spectroscopy. 

 

Table 2. Composition of ARP/MCU saltwaste simulant. 

Material Molarity 

(moles/L) 

Mass for 1L 

(g/L)  

Sodium Hydroxide,  

50 wt% NaOH 

1.594 127.52 

Sodium Nitrate, 

NaNO3 

3.159 268.52 

Sodium Nitrite, 

NaNO2 

0.368 25.39 

Sodium Carbonate, 

Na2CO3 

0.176 18.66 

Sodium Sulfate, 

Na2SO4 

0.059 8.38 

Aluminum Nitrate, 

Al(NO3)3.9H2O 

0.054 20.25 

Sodium Phosphate, 

Na3PO4.12H2O 

0.012 4.56 
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Figure 1.  Curing profile for Saltstone Disposal Unit (SDU) Cell 2B (10.5 ft height).

0 50 100 150 200 250 300 350

30

40

50

60

70

 Time (Days)

 T
em

p
er

a
tu

re
 (

o
C

)

 
 

Table 3. Curing intervals for I/Re and 
99

Tc spiked saltstone batches. Results from the shaded 

treatments were discussed previously in Seaman et al. (2014).  

99
Tc

99
Tc

Time SHC*

Leach 

Testing**

Leach 

Testing**

Dynamic 

Leaching

1 30 Days x x

2 90 Days x x x x

3 6 Months x x x x

4 9 Months x x

5 12 Months x x

*Saturated Hydraulic conductivity (ASTMD5084)

**EPA 1315

I/Re

 
 

 

2.2 Contaminant Mass Transfer: EPA Method 1315: Mass Transfer Rates for 

Monolithic Samples (USEPA, 2013) 

EPA Method 1315 was used to evaluate contaminant leaching from I/Re and 
99

Tc spiked 

saltstone monoliths after various curing durations.  EPA 1315 is similar to ANSI/ANS16.1 (2003) with 

modified leaching intervals that potentially allow for a more-complicated interpretation of processes 

controlling contaminant release over the course of leaching. As discussed previously, EPA 1315 and 

ANSI/ANS16.1 are believed to be more relevant than batch extraction methods for testing monolithic 

materials as they more-realistically mimic the physical nature of the intact cementitious material. In the 

current application of EPA 1315, spiked saltstone sample cores were tested according to the one-

dimensional geometry for estimating contaminant release under diffusion controlled release conditions.  

 

At predetermined curing intervals (Table 3), I/Re and 
99

Tc spiked saltstone monoliths were 

removed from the curing oven and sectioned to various lengths depending on the specific test for 

which the saltstone sample would be used. For EPA Method 1315, the spiked monoliths were 
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sectioned approximately 5 cm (2 inches) above the base and retained within the original 2” ID curing 

mold to provide a single, fresh, cross-sectional core face for leaching. The monoliths were sectioned 

immediately before the start of the leaching test.  

 

The terminology adopted by Serne et al. (2015) will be used to refer to the EPA leaching tests, 

with leachant referring to the starting solution used to interact with the saltstone in the current study, 

and leachate to refer to the resulting solution after contact with saltstone.   An artificial groundwater 

(AGW; see Table 4) surrogate based on routine sampling of non-impacted water table wells on the 

SRS was used as the leachant (Strom and Kaback, 1992). The mass transfer tests were conducted at 

room temperature (i.e., 22 ± 2 °C) under three different test atmospheres: (1) ambient laboratory 

atmosphere (oxic), (2) Ultra High Purity (UHP; 99.999% N2) N2 purge atmosphere (anoxic), and (3) 

98% N2/2% H2 atmosphere (anoxic reducing). The oxic and anoxic test environments are shown in 

Figure 2, with the reducing environment tests conducted inside the Coy Chamber. The AGW leachant 

solution was equilibrated with the appropriate atmospheric treatment before testing. Further, the 

volume of eluent used in each leaching interval conformed to the liquid-to-surface area ratio (L/A) of 9 

± 1 mL cm
-2

 dictated by EPA Method 1315.  With an exposed surface area of 20.3 cm
2
, the eluent 

volume was ≈ 180 mL. The test eluent was replaced with fresh solution according to the schedule 

provided in Table 5. 

 

Table 4. Composition of the artificial groundwater (AGW) simulant. 

Constituent/Parameter AGW
a
 

pH 5.0 

 (mg L
-1

) 

Na 1.39 

K 0.21 

Ca 1.00 

Mg 0.66 

Cl 5.51 

SO4 0.73 
a
Artificial Groundwater: non-impacted groundwater derived from natural infiltration (Strom and 

Kaback, 1992) 
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Figure 2.  Environmental chamber used for housing the ambient laboratory atmosphere (oxic) 

and Ultra High Purity (UHP) N2 purge atmosphere (anoxic) treatments for the EPA 1315 

leaching test. 

 

 
 

Table 5. Schedule for fresh leachate renewals for EPA 1315. 

Interval Label
Interval Duration 

(h)

Interval Duration 

(d)

Cumulative 

Leaching Time (d)

T01    2.0 ± 0.25 0.08

T02 23.0 ± 0.5 1

T03 23.0 ± 0.5 2

T04 5.0 ± 0.1 7

T05 7.0 ± 0.1 14

T06 14.0 ± 0.1 28

T07 14.0 ± 0.1 42

T08 7.0 ± 0.1 49

T09 14.0 ± 0.1 63  
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The choice of an appropriate leachant solution can have a significant impact of test results. In 

similar studies Serne et al. (2015) found that contaminant leaching in the presence of a vadose zone 

pore-water simulant (VZP) derived for Hanford was lower when compared to DIW, which they 

attributed to precipitates they observed forming at the Cast Stone surface. The precipitate was later 

identified predominantly as aragonite (a polymorph of calcium carbonate), with some brucite 

(Mg(OH)2), and possibly calcite (CaCO3) that hindered contaminant diffusion. No such precipitate was 

observed using an SRS groundwater surrogate in the current study (i.e., AGW), which has a much 

lower overall ionic strength as well as lower Ca and Mg levels than the Hanford VZP. 

 

The concentration of Re and I in the EPA leachates was determined by inductively coupled 

plasma mass spectrometry (ICP-MS) in accordance with the quality assurance (QA) and quality 

control (QC) protocols of EPA Method 6020A, Inductively Coupled Plasma-Mass Spectrometry 

(USEPA, 2007). Samples for Re analysis were acidified (2% HNO3) for preservation prior to analysis. 

Samples and standards for iodine analysis were prepared in a 1% tetramethylammonium hydroxide 

(TMAH), 0.01% Triton X solution for ICP-MS analysis (Zheng et al., 2012). Technetium-99 (
99

Tc) 

present in EPA leachates was analyzed by liquid scintillation counting (LSC) according to ASTM 

D7283-13, Standard Test Method for Alpha and Beta Activity in Water by Liquid Scintillation, using a 

Beckman/Coulter LS6500 (ASTM, 2013). The 
99

Tc concentrations were also verified by ICP-MS 

analysis (Lehto and Hou, 2011). Results for 
99

Tc analysis by ICP-MS and LSC were in general 

agreement, although the current discussion is limited to the scintillation based 
99

Tc data. Nitrate 

leaching for the 
99

Tc spiked gouts was monitored using chromotropic acid test method, APHA Method-

4500-Nitrogen, Standard Methods for the Examination of Water and Wastewater (APHA, 1997).  

 

The final concentrations of Re and 
99

Tc in the two batches of cured saltstone were determined 

by microwave digestion using a mixture of HNO3 (8 mL), HCl (2 mL) and HF (4 mL) according to 

ASTM D5513-99, Standard Practice for Microwave Digestion of Industrial Furnace Feedstreams and 

Waste for Trace Element Analysis. Before extraction, samples from multiple spiked monoliths from a 

given batch were ground using a mortar and pestle and composited. After digestion, the grout extracts 

were then analyzed for Re and 
99

Tc using the methods noted above. The microwave digestion method 

was deemed inappropriate for I analysis due to the potential for iodine to volatilize under acidic 

conditions. Instead, the I/Re spiked saltstone and the dry feed materials, i.e., cement, fly ash and BFS, 

were extracted using a method recommended by Perkin Elmer for food materials (Perkin Elmer). A 

one gram sample of the grout and dry feed materials underwent extraction in 10 mL of 2.5 % TMAH at 

90 °C for three hours. After extraction, I was analyzed by ICP-MS using the protocol noted above.   

 

Data Analysis 

The effective diffusivity, De (cm/s
2
), of I, Re, NO3

-
 and 

99
Tc for the one-dimensional mass 

transfer was calculated using the simplified approach outlined in ANSI/ANS-16.1 (ANSI/ANS, 2003):  

 

𝐷𝑒 = 𝜋 [
𝑎𝑛

𝐴0
⁄

∆𝑡𝑛
] [

𝑉

𝑆
]

2

𝑇      [1] 
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where an is the quantity of contaminant released during interval n, A0 is the total quantity of 

contaminant initially present in the sample being tested, ∆tn is the duration of the n
th

 interval, V is the 

volume of the sample (cm
3
), S is the surface area of the sample (cm

2
), and T is the generalized mean 

square root of the leaching time: 

  

𝑇 = [
√𝑡𝑛+√𝑡𝑛−1

2
]

2

      [2] 

 

where tn is the elapse time at the end of the current sampling interval and tn-1 is the elapsed time at the 

end of the previous sampling interval. The approach outlined above using the incremental fraction of 

the contaminant leached during each interval provides an estimate of diffusivity that is independent of 

the other sampling intervals, and not subject to any bias that may occur during early sampling times. A 

specific solution that accounts for the geometry of the specimen is required when more >20% of the 

contaminant has leached from the sample (ANSI/ANS, 2003). When greater than 20% of the initial 

contaminant inventory has been leached, the release data become non-linear with the square root of 

time. 

 

For comparison, the leachability index (LI), a unit-less parameter derived from the effective 

diffusion coefficient, i.e., De (cm
2
/s), was calculated using the equation presented in Serne et al. 

(2015): 

 

𝐿𝐼𝑛 = − log[𝐷𝑒]      [3] 

 

where LIn is the leachability index for sampling interval n. It is important to note that the “diffusional” 

release of retained contaminants from cementitious waste reflects a combination of both chemical and 

physical transport processes, such as dissolution or desorption in response to changes in pore solution 

composition combined with advective and diffusional transport. 

 

2.3 Saturated Hydraulic Conductivity 

The SHC of the I/Re saltstone monoliths cured for 6, 9 and 12 months was determined per 

ASTM D5084, Standard Test Methods for Measurement of Hydraulic Conductivity of Saturated 

Porous Materials Using a Flexible Wall Permeameter (ASTM, 2010), using a flexible-wall 

permeameter (ELE International, Inc. Loveland, CO 80539) equipped with a Hg permometer 

(Trautwein Soil Testing Equipment, Houston, TX). The permometer makes it easier to evaluate small 

changes in head loss across the sample when compared to the typical graduated water burette on a 

Flexible-Wall Permeameter. Additionally, the high density of Hg makes it easy to apply the higher 

pressure gradient required when testing materials with low SHCs (<1 x 10
-8

 cm sec
-1

), like 

cementitious materials. The deaerated AGW was used as the permeant solution (Table 4). 
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2.4 Dynamic Leaching Method 

The Dynamic Leaching Method (DLM) is based on ASTM D5084 for determining the SHC of 

cementitious materials using a flexible-wall permeameter to develop the necessary hydraulic gradient 

and ensure internal flow. Darcy’s Law was used to establish the initial leaching conditions: 

 

 𝑞 =
𝑄

𝐴
=

𝐾∆𝐻

𝐿
        [4] 

 

where q is the flux density (i.e., volume flowing through a specific cross-sectional area), Q (cm
3
 sec

-1
) 

is the discharge volume per unit time (i.e., V/t), A is the cross sectional area (cm
2
), K (cm sec

-1
) is the 

hydraulic conductivity, ∆H is the hydraulic head difference between the column inlet and outlet (i.e., 

∆H= Hi – Ho; cm), and L is the length of the column (cm) (Hillel, 1980). 

 

Given a two-inch diameter saltstone monolith (i.e., cross-sectional area of 20.27 cm
2
) with a 

core length of one inch (2.54 cm), and an assumed SHC of 5 x 10
-9

 cm sec
-1

, the pressure required to 

achieve a leaching rate of approximately 5 mL per day (i.e., 5.79 x 10
-5

 cm
3
 sec

-1
) can be calculated as: 

 

 𝑞 =
𝑄

𝐴
=

5.79×10−5𝑐𝑚3𝑠−1

20.27 𝑐𝑚2 = 2.86 × 10−6𝑐𝑚 𝑠−1 =
𝐾∆𝐻

𝐿
     [5] 

 

The equation is then solved for ∆H, the required hydraulic gradient in cm. 

 

∆𝐻 =
𝑞𝐿

𝐾
=

2.86×10−6𝑐𝑚 𝑠−1𝐿

𝐾
=

2.86×10−6𝑐𝑚 𝑠−1×2.54 𝑐𝑚

5×10−9𝑐𝑚 𝑠−1 = 1453𝑐𝑚    [6] 

 

The hydraulic gradient is then converted to psi.  

𝑝𝑠𝑖 =
1453𝑐𝑚

70.38 𝑐𝑚 𝑝𝑠𝑖−1 = 20.61 𝑝𝑠𝑖      [7] 

 

Changes in the relative SHC during the course of leaching can be estimated using Darcy’s equation 

based on the set hydrostatic pressure at the column inlet and the observed effluent flow rate. The 

porosity of each sample was determined by the mass loss of water upon heating samples to 105 °C in a 

laboratory oven, with samples measured repeatedly until the mass change on consecutive days was 

<5% (Westik et al., 2013). For the current saltstone materials, the average % moisture content ≈ 58%, 

consistent with other estimates for similar materials (Westik et al., 2013). This was used as an estimate 

of sample Pore Volume for comparing sample monoliths of differing dimensions. 

 

In the current study, two three-inch diameter 
99

Tc spiked monoliths were created for 

comparison with earlier results for I/Re spiked monoliths. The three-inch diameter 
99

Tc spiked 

monoliths were removed after three and six months of curing for testing by dynamic leaching methods. 

Saltstone cores were initially cut into ≈ 2.54 cm long sections for testing by hand, and stored in a moist 

state in sealed plastic bags under a reducing atmosphere (2% H2) until testing. Prior to testing, the 

monoliths sections were placed in a shallow pool (≈ 0.5 cm) of degassed AGW solution (Table 4) to 

facilitate initial saturation. The samples were then mounted in a flexible-wall permeameter test cell 
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with a confining pressure of 25 psi (Tri Flex 2 Permeability Test System (ELE International, Inc. 

Loveland, CO 80539) and initially leached in an upward flow at 10-12 psi using laboratory air until 

steady effluent flow was observed. 

 

As reported in Seaman and Chang (2014) the effluent Re samples were stabilized by addition 

of HNO3 (2%) prior to analysis by ICP-MS according to standard protocols outlined in EPA Method 

6020A (USEPA, 2007). The effluent 
99

Tc samples were analyzed using the LSC method noted above. 

The use of flow-through electrodes to evaluate pH and dissolved O2 proved unreliable because of the 

relatively slow flow rates and the presence of degass bubbles in the effluent. Thus, the pH of discrete 

effluent samples was determined prior to acidification for preservation.  

 

3.0 RESULTS 

3.1 EPA Method 1315 

A summary of the data for all leaching tests is provided in Appendix A.  The measured 

concentrations of Re and I in the eluent solution for saltstone monoliths cured for 6 months is provided 

in Figure 3. The leaching patterns for the two contaminants are quite similar regardless of the test 

atmosphere or the curing duration, with the highest concentrations for any leachate treatment generally 

observed in the 28 day sample eluents, the first eluent sample in contact with the saltstone for 14 days.  

Maximum eluent concentrations of ≈ 12 and 8.5 µg L
-1

 (ppb) were observed for Re and I, respectively.  

In general, the amount of Re and I in the eluent initially increases with increasing test duration up to 28 

days, and then begins to decrease somewhat with continued leaching. However, the leach rates (i.e., µg 

released per unit contact time for a given sampling interval) decreased for all test constituents.  The 

apparent low Re and I recovery observed for day 49 reflects the shorter leaching duration between 

samples, with only seven days of equilibration compared to the 14 day intervals for the previous 42 

day sample and the subsequent 63 day sample. As noted by Seaman et al. (2014) for materials cured 

for 30 and 90 days, there was no clear response in terms of the amount of Re or I extracted under the 

three different test atmospheres, with the highest concentrations of Re and I concentrations often found 

for samples tested in the Coy Chamber under a reducing atmosphere (98% N2/2% H2). However, the 

overall scatter in the data makes such comparisons tenuous at best.  

 

Plots of the cumulative masses of Re and I released over the course of the leaching tests for 

samples cured 6 months are provided in Figure 4A and 4B, respectively. The EPA Method 1315 results 

for longer curing durations are very similar to those for three and six months (see Appendix A), so 

only the results for the three and six months are presented here. For Re, a slightly higher amount is 

released in the Coy Chamber, but the differences were not dramatic. The differences for I are even less 

dramatic. As noted above, both Re and I display a decrease in the rate (i.e., flux) of contaminant 

release with increasing test time (Figures 5). Plots of the logarithm of cumulative release rate as 

function of the logarithm of leaching time yielded slopes of - 0.5 ± 0.15, indicative of a “diffusion” 

controlled process (USEPA, 2013). Adherence to the linear release model simplifies comparison of 

different data sets, without necessarily providing mechanistic information concerning the chemical 

mechanisms of constituent immobilization and release. 
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In a study using Cast Stone, Serne et al. (2015) observed that iodine leached more rapidly than 
99

Tc(VII) and Cr(VI), at a rate similar to that observed for Na, NO3
-
, and nitrite (NO2

-
). The similar 

behavior of I and Re in the current study suggests that reduction is not playing a major role in 

controlling the leaching of Re. Efforts to improve both I and Tc retention in grout materials has led to 

recent studies evaluating the use of specific getters, additives for cementitious materials that improve 

the retention properties for a specific contaminant (Neeway et al. 2014; Qafoku et al. 2015).   

 

Figure 3. EPA Leaching Test for Re/I-spiked monoliths cured for 6 months. 
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Figure 4. Cumulative Re and I extracted during EPA Leaching Test for monoliths cured for six 

months.  
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Figure 5. Rhenium (A and C) and iodine (B and D) flux from spiked monoliths cured for three 

and six months prior to testing. 
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The leaching histories for 
99

Tc spiked monoliths cured three and six months are displayed in 

Figure 6. The leachate concentration of 
99

Tc in pCi mL
-1

 is given in Figure 6A, while the cumulative 

amount of 
99

Tc, i.e., total pCi, extracted over the entire test is provided in Figure 6B.  The leaching 

pattern for 
99

Tc is very similar to that observed for Re and I, with the level of contaminant in the eluent 

determined by the overall length of the test and the relative time the monolith is exposed to any given 

eluent fraction. As noted before for Re and I, the relative rate of contaminant leaching generally 

decreases over the course of the test, Figure 7, with no clear response due to the extraction atmosphere. 

It appears that a somewhat greater amount of 
99

Tc was extracted from the monoliths cured 6 months 

compared to the samples cured 3 months; however, the difference between the two treatments is within 

the general data spread observed for Re and I.    
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Figure 6. EPA Leaching Test for 
99

Tc-spiked monoliths cured for three and six months.   
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Figure 7. Technetium-99 flux from spiked monoliths cured for three and six months prior to 

testing. 
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It is important to note that the two saltstone batches were spiked at a comparable molar 

concentration of Re and 
99

Tc, which was based on the 
99

Tc levels in Tank 50 saltwaste (Bannochie, 

2012). For direct comparison with Re, the concentration of 
99

Tc in the leachate must be converted from 

activity to either a mass or molar concentration based on the relative activity and the radiological half-

life of the isotope in question, i.e. t1/2 = 2.13 x 10
5
 years for 

99
Tc. The relative mass of Re and Tc in the 

EPA test leachates for spiked monoliths cured for 6 months is displayed in Figure 8A, with the 

cumulative mass of each extracted over the course of leaching provided in Figure 8B.   
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Figure 8. Re and 
99

Tc extraction by EPA Method 1315 based on mass concentration in each 

sample (A) and the cumulative mass in all samples (B). These monoliths were cured for three 

months prior to testing.  
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On a simple mass basis (i.e., µg/L), the Re appears to be leached at a much higher rate than 
99

Tc (Figure 8); however, this fails to consider the differences in the molar weight of the two elements, 

i.e., 99 gm for Tc vs 186 for Re. Thus, the mass of Re leached would be approximately twice that of 
99

Tc if their molar flux rates were the same. The more appropriate comparison is based on the relative 

percent of the two elements leached during the course of a given test, Figure 9. The relative mass of Re 

leached from the monoliths is much greater than 
99

Tc and quite similar to that of I and NO3 (I data not 

shown for figure clarity). It is important to note that the concentrations of 
99

Tc observed in the current 

EPA test leachate (6.8 x 10
-10

 to 4.3 x 10
-9

 M 
99

Tc) are much lower than those observed by Cantrell and 

Williams (2012) and Cantrell et al. (2013) for ground 
99

Tc-spiked saltstone when leached under O2 free 

conditions (1.5 x 10
-6

 M 
99

Tc), which they attributed to reduced precipitate TcO2 
. 
1.6 H2O based on 
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thermodynamic solubility calculations for their system. The lower 
99

Tc levels in the current test may be 

attributed to the lower pH values of the current system (pH ≈ 10-11) compared to the higher pHs (pH ≈ 

13-14) of their system, under which the 
99

Tc precipitate is more soluble.  

 

Figure 9. Cumulative percent of Re, 
99

Tc, and NO3 extraction by EPA Method 1315 from spiked 

monoliths cured for three (A) and six months (B) prior to testing. 
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A summary of the total mass of contaminants leached from all the tests is presented in Table 6. 

The % of Re and I leached from each test ranged from 6.16 to 9.06 % and 5.86 to 8.38 %, respectively. 

The % of NO3 leached from the 
99

Tc spiked monoliths ranged from 5.96% to 9.06%, similar to 

recoveries observed for Re and I.  In contrast, the mass of 
99

Tc leached during the test ranged from 

0.54 to 0.71%, much lower than Re and I. Although identifying definite trends associated with curing 

duration is difficult, it does appear that the leachability of Re may be decreasing with longer curing 
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times. However, the same trend is not obvious for 
99

Tc, in part due to the limited data for only two 

curing durations.    

 

Table 6. Summary of cumulative extraction results for EPA 1315 leaching tests. 

Curing 

Duration 

(Days)

µg % µg % µg %

Re 1 Month 10.6 7.26 11.1 7.60 13.2 9.06

3 Months 10.5 7.18 10.9 7.47 12.6 8.62

6 Months 10.4 7.13 11.2 7.66 11.4 7.81

9 Months 8.99 6.16 9.51 6.51 9.52 6.52

12 months 9.05 6.20 9.09 6.23 11.4 7.80

Avg 9.91 6.78 10.4 7.09 11.6 7.96

Std. Dev. 0.82 0.56 0.98 0.67 1.42 0.97

I 1 Month 6.33 5.86 6.74 6.66 6.94 6.42

3 Months 7.75 7.18 7.20 6.65 8.75 8.10

6 Months 7.86 7.28 7.93 7.77 8.07 7.47

9 Months 8.23 7.62 5.79 5.36 8.02 7.42

12 months 6.97 6.45 7.06 6.53 9.05 8.38

Avg 7.43 6.88 6.94 6.59 8.17 7.56

Std. Dev. 0.77 0.71 0.78 0.85 0.82 0.76

pCi % pCi % pCi %
99

Tc 3 Months 5949 0.62 5153 0.54

6 Months 7168 0.68 6043 0.60 7226 0.71

mg % mg %

NO3 3 Months 1073 9.06 826 6.99

NO3 6 Months 767 6.07 753 5.96ND

ND

EPA 1315

Atmosphere

Oxic Anoxic Reducing

ND

 
 

 

The estimated effective diffusivities and LI values for all test constituents present in saltstone 

monoliths cured for three and six months are provided in Table 7.  The effective diffusivities for Re 

and I ranged from 2.8 x 10
-8

 to 3.5 x 10
-8

 cm
2
 s

-1
 and 2.2 x 10

-8
 to 3.4 x 10

-8
 cm

2
 s

-1
, respectively. These 

values are consistent with values observed for I and other poorly retained constituents (e.g., Na, NO3
-
, 

NO2
-
) in laboratory tests of Hanford Cast Stone formulations (Westick et al. 2013; Serne et al. 2015). 

The LIs for Re and I ranged from 7.5 to 7.7 and 7.6 to 7.8, respectively, again consistent with other 
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studies for poorly retained constituents.  In contrast with Re and I, the effective diffusivities for 
99

Tc 

ranged from 2.0 x 10
-10

 cm
2
 s

-1
 to 3.7 x 10

-10
 cm

2
 s

-1
, with LIs ranging from 9.7 to 10, which is 

consistent with values observed by Westick et al. (2013) and Serne et al. (2015) for 
99

Tc in Hanford 

Cast Stone. The effective diffusivities and LI values for NO3
-
 in the 

99
Tc spiked saltstone are consistent 

with values observed for Re and I, indicative of a poorly retained constituent.  

Table 7. Summary of effective diffusivities and leachability indices (LI) derived from EPA 1315 

leaching tests for saltstone batches cured three and six months before testing. 

Curing 

Duration 

(Days)

De (cm
2
/sec) LI De (cm

2
/sec) LI De (cm

2
/sec) LI

Re 3 Months 2.8E-08 7.7 2.7E-08 7.7 3.5E-08 7.5

6 Months 3.3E-08 7.7 3.3E-08 7.6 3.4E-08 7.6

I 3 Months 3.4E-08 7.7 2.2E-08 7.8 3.2E-08 7.6

6 Months 3.3E-08 7.7 2.8E-08 7.7 3.1E-08 7.6

NO3
-

3 Months 4.8E-08 7.5 4.0E-08 7.7

6 Months 1.5E-08 7.9 1.7E-08 7.8

99
Tc 3 Months 2.9E-10 9.8 2.0E-10 10.0

6 Months 3.7E-10 9.7 2.4E-10 9.7 2.4E-10 9.7

Atmosphere

EPA 1315

ND

ND

ND

Oxic Anoxic Reducing

 

3.2 Saturated Hydraulic Conductivity 

The SHC of select Re/I spiked monolith sections cured for 1 to 12 months was evaluated using 

a flexible-wall permeameter according to ASTM D5084 (ASTM, 2010). As seen in Table 8, the SHC 

for all cores ranged from 1.7 x 10
-9

 to 8.9 x 10
-9

 cm s
-1

 with an average SHC of 4.6 x 10
-9

 cm s
-1

, 

consistent with previous values reported by Seaman et al. (2013; 2014) for saltstone simulant produced 

in a similar manner. No clear trend in SHC as a function of the curing duration is evident from the 

current data. 
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Table 8. Summary of SHC results for 2-in diameter cores based on the flexible-wall 

permeameter method (ASTM D5084). 

SREL Sample ID Analysis Date Permeant Average Ksat (cm/sec) at 20 °C

cured for 1 month

S030.1 3/24/2014 AGW 8.94E-09

S030.2 3/27/2014 AGW 5.02E-09

cured for 3 months

S012 7/10/2014 AGW 3.18E-09

S016 7/14/2014 AGW 1.70E-09

cured for 6 months

S015.1 8/11/2014 AGW 2.74E-09

S015.2 8/13/2014 AGW 2.58E-09

cured for 9 months

S021.1 11/5/2015 AGW 7.72E-09

S021.2 11/10/2015 AGW 2.65E-09

cured for 12 months

S004.1 2/3/2015 AGW 4.55E-09

S004.2 2/5/2015 AGW 7.11E-09

Avg. 4.62E-09  
 

 

3.3 Dynamic Leaching Method 

In a related study, Seaman and Chang (2014) developed the DLM to evaluate contaminant 

partitioning within intact cementitious materials. Two-inch diameter, I/Re spiked monoliths were 

leached with AGW at a constant inlet pressure of ≈ 20 psi using the standard permeameter setup with 

the leaching solution in contact with the source gas used to pressurize the system, in this case the lab 

atmosphere, i.e., ≈ 21% O2. The pore volume for the saltstone monoliths was based on porosity 

estimates derived from moisture loss at 105 °C, accounting for about 58% of the monolith volume. 

While this makes it possible to directly compare data from monolith samples of differing sizes, it is 

unclear if this measure of porosity is actually indicative of the conductive volume within the saltstone 

materials.  

 

Typical results for the test system are provided in Figure 10. The initial concentration of Re in 

the effluent was approximately 210 µg L
-1

 and increased to 240 µg L
-1

 before leveling off around 100 

to 150 µg L
-1

 for the remaining leaching duration.  The initial hydraulic conductivity was consistent 

with the assumed value (≈ 5 x 10
-9

 cm s
-1

) used in estimating leachate flux, but generally decreased 

with increasing leaching duration. Over the course of leaching the daily flow rate decreased from 4-5 

mL d
-1

 to < 0.8 mL d
-1

. At the same time the conductivity was decreasing, air bubbles were observed 

forming in the outlet tubing, presumably due to leachate degassing associated with the change in 

pressure across the column. The presence of bubbles in the effluent and the relatively low flow rate 

(0.1-0.2 mL hr
-1

) tended to confound the use of flow-through electrodes for monitoring pH and 
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dissolved O2. The formation of bubbles within the grout and additional mechanisms such as the 

formation of secondary precipitates within the saltstone matrix and the suspension and transport of 

colloidal materials that clog pore constrictions are potentially responsible for changes in conductivity 

over the course of leaching. 

 

Figure 10. Effluent rhenium (A) and hydraulic conductivity (B) of 2-in. diameter saltstone core 

leached continuously with AGW at an inlet pressure of 20 psi (Seaman and Chang, 2014). 
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For FY15, two three-inch diameter 

99
Tc spiked saltstone monoliths were created to address 

some of the experimental obstacles identified in Seaman and Chang (2014), i.e., low flow rates at 

relatively high inlet pressures. After curing for three months, one of the three-inch monoliths was 

removed from the curing oven and sectioned for dynamic leaching. The sample was then mounted on 

the flexible wall permeameter for saturation and testing.  

 

The initial confining pressure was set at 25 psi and the inlet pressure was gradually increased to 

initiate flow. From the onset of leaching it became obvious that something was wrong in that very 

limited backpressure developed, indicative of an anomalously high SHC. The concentration of 
99

Tc in 
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the effluent was also quite low (Figure 11), and fairly large effluent volumes were collected on the first 

day of testing.  The permeameter cell was then disassembled in an effort to see if any obvious side-

wall channels had developed. It then became obvious that the sample had split down the middle after 

having been mounted in the permeameter cell (Figure 12).  

 

Figure 11. Effluent 
99

Tc for three-in. diameter saltstone core leached continuously with AGW. 
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Figure 12. Split three-in. diameter saltstone core after removal from permeameter. 

 

 
 

Although it is unclear what caused the sample to split, a closer examination of remaining 

portions of the three-inch monolith identified an apparent fault that coincided with the fracture. 

Therefore, the second three-inch monolith was then sectioned for additional testing. As noted above, 
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the initial confining pressure was set at 25 psi and the inlet pressure was gradually increased to initiate 

flow. While initial flow was much slower than the previous three-inch monolith sample, it was still 

much greater than expected based on estimates of SHC for similar materials. The SHC based on the 

effluent flow at a fixed hydraulic pressure started out at about 3.0 x 10
-5

 cm s
-1

 and quickly decreased 

to around 1.0 x 10
-6

 cm s
-1

 (Figure 13). The 
99

Tc levels were also somewhat lower than expected, but 

increased with decreasing flow rate. As before the sample was disassembled to check the integrity of 

the monolith and identify any evidence of side wall flow. The monolith was observed to be intact and 

no obvious side-wall channels were identified.    

 

Figure 13. Effluent 
99

Tc (A) and saturated hydraulic conductivity (B) of three-in. diameter 

saltstone core leached continuously with AGW at an inlet pressure of 10 psi. 
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A two-inch diameter monolith was then tested in an effort to resolve the problems in achieving 

stable flow through the 
99

Tc spiked saltstone samples. Figure 14 displays the data collected from the 

two-inch diameter 
99

Tc spiked monolith that has to date been leaching (0.4 to 0.6 mL d
-1

) for almost 

three months at an inlet pressure of 10 to 12 psi. The effluent 
99

Tc concentration was initially ≈ 150 

pCi mL
-1

 and has since decreased to around 40 pCi mL
-1

, with almost 2,000 pCi of 
99

Tc having been 
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leached from the sample to date. Throughout the ongoing DLM test, the SHC has remained generally 

stable at approximately 1 x 10
-9

 cm s
-1

. The current plan is to continue leaching the sample to see the 

long-term 
99

Tc leaching patterns. 

   

Figure 14. Effluent 
99

Tc levels (A), cumulative 
99

Tc levels (B), and SHC (B) of two-in. diameter 

saltstone core leached continuously with AGW at an inlet pressure of 10 psi. 
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 Despite initial problems in achieving stable flow during DLM testing of the three-inch 
99

Tc 

spiked saltstone, there are several comparisons that can be made with the DLM results for the previous 

I/Re spiked samples.  Figure 15 contains the effluent concentrations for Re and 
99

Tc (converted to 

mass) as a function of leachate volume, which accounts for differences in the size when comparing two 

monolith samples. The Re data was presented previously in Figure 10 and the 
99

Tc data is from Figure 

14. It is important to note that both Re and 
99

Tc were at similar molar concentrations in the two spiked 

saltstone materials. When presented on an effluent mass basis (i.e., µg L
-1

), Re was leached from the 

saltstone at a much faster rate than 
99

Tc, even though the flow rate for the Re test was a bit higher, i.e., 
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2-3 vs 0.5 mL d
-1

.  If Re and 
99

Tc release is controlled by similar dissolution and/or desorption 

mechanisms, one would expect higher contaminant concentrations with the longer pore-solution 

residence times for 
99

Tc when compared to Re.  However, on a percent basis, approximately 8% of the 

total Re mass has been leached from the sample while only about 0.3 % of the 
99

Tc has been leached 

with the first 40 to 50 mL of leachate.  These results are quite consistent with the results from the EPA 

1315 Mass Transfer results. 

 

Figure 15. Effluent concentration and cumulative percent of Re and 
99

Tc leached from two-inch 

diameter spiked monoliths as a function of leachate volume. 
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The cumulative percentages of Re and 
99

Tc leached as a function of the estimated monolith 

pore volumes are provided in Figure 16. As noted above, almost 10% of the Re in the sample has 

leached within the first two pore volumes, while only a very small amount of 
99

Tc (≈ 0.3%) has been 

leached.     

Figure 16. Cumulative percentage of Re and 
99

Tc leached from two-inch diameter spiked 

monoliths as a function of monolith pore volume. 
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4.0 Discussion 

 

As noted in the introduction, laboratory batch extraction methods for evaluating contaminant 

release from monolithic materials such as grouts and concrete are somewhat unrealistic because such 

methods fail to account for the physical structure of the materials, properties that control exposure to 

water and oxidizing agents (i.e., O2) that impact constituent mobility. Laboratory methods for 

evaluating the inherent reductive capacity of such materials suffer from similar limitations which also 

make it difficult to produce consistent results. In the current study, Re, I, NO3
-
 and 

99
Tc leaching from 

saltstone simulants was well described by “effective” diffusivity and apparently insensitive to curing 

duration and the atmosphere under which the EPA leaching test was performed, with very similar 

relative amounts of Re, I, and NO3
-
 released over the course of testing. Results from the DLM tests 

were also consistent with Re leaching at a much greater rate than 
99

Tc when starting at equivalent 

molar concentrations within the saltstone. 

 

The similar leaching behavior observed for Re, I, and even NO3
-
 suggests that initial Re 

reduction may have been limited, and therefore insensitive to subsequent O2 diffusion into (termed 

ingress) the saltstone as controlled by the test leaching atmosphere, consistent with previous studies 

that have demonstrated the difficulty in reducing perrhenate (ReO4
-
) (Icenhower et al., 2010; Lukens et 

al., 2007; Maset et al., 2006). Similar studies by Westick et al. (2013) and Serne et al. (2015) 

evaluating contaminant release from Hanford Cast Stone formulations observed very similar 

“effective” diffusivities for I and other mobile constituents, including Na
+
, NO3

-
, NO2

-
, supporting this 

conclusion. 

 

Although no clear response to extraction environment was observed for 
99

Tc as well, the 

relatively low rate of leaching when compared to Re suggests that reduction and enhanced 

immobilization of 
99

Tc has occurred. Westick et al. (2013) and Serne et al. (2015) observed similar 

“effective” diffusivities for 
99

Tc from Hanford Cast Stone formulations. Recent work by SRNL 

suggests that the ingress of O2 controls the release of 
99

Tc (and Cr in a similar manner as well) from 

saltstone and Cast Stone, with more rapid oxidation occurring under unsaturated conditions (Almond et 

al. 2012; Langton and Almond 2013; Langton 2014). Therefore, the lack of 
99

Tc leaching response to 

the three extraction atmospheres, i.e., oxic, anoxic and reducing, may be due to the fact that the EPA 

Method 1315 test is conducted under saturated conditions in sealed test vessels, with the water acting 

as a barrier to continuous gaseous diffusion that hinders oxidation within the monolith when compared 

unsaturated conditions, even at the typical air saturation levels (i.e., O2 ≈ 8 mg L
-1

).  

 

In leaching tests using ground samples of 
99

Tc spiked saltstone under controlled atmospheres, 

Cantrell and Williams (2012) and Cantrell et al. (2013) found that limited exposure to O2 was enough 

to result in significant Tc release from saltstone. However, the residual reductive capacity of saltstone 

can overcome short-term exposure to a limited amount of O2. The DLM tests were developed as a 

better method for evaluating the residual reductive capacity of intact saltstone monoliths. Attempts to 

increase leaching flow rates and reduce inlet pressures by using larger diameter saltstone samples were 

unsuccessful due to monolith cracking and apparent side-wall flow observed for three-inch diameter 
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samples. However, additional tests using two-inch diameter 
99

Tc spiked samples suggest that moderate 

inlet pressures can used to achieve stable, continuous advective flow, albeit at relatively low flow rates, 

< 1 mL d
-1

. While the DLM test still has obvious advantages over other test methods when evaluating 

monolithic materials, much longer test durations are required for any specific sample, necessitating 

additional permeameter vessels when testing multiple samples and/or leaching treatments.  

 

Given the lack of response to leaching atmosphere in the current study, subsequent tests 

planned for FY16 with 
99

Tc-spiked saltstone simulants and recently collected saltstone cores from the 

SDF will evaluate the impact of saturation and storage atmospheric conditions on the subsequent 

leachability of 
99

Tc and other saltstone constituents. The impact of atmosphere will be evaluated using 

both EPA Method 1315 and the revised DLM test procedure. 
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Appendix A1: Data Summary for EPA Method 1315: I/Re Spiked Saltstone 

Curing Duration 90 Days 6 Months

days pH EC Re I pH EC Re I

mS/cm mS/cm

0.08 10.6 1.53 5.14 4.64 10.5 1.70 6.32 4.43

1.00 10.8 1.65 4.75 4.30 10.7 1.89 4.86 4.13

2.00 10.7 1.04 2.88 2.19 10.5 1.04 2.73 2.37

7.00 11.0 2.57 7.74 5.03 10.8 2.54 8.28 5.42

14.00 10.8 2.35 6.70 4.89 10.8 2.44 6.99 5.55

28.00 10.8 3.55 10.0 8.17 10.8 3.28 10.4 7.68

42.00 10.9 3.01 10.0 6.52 10.6 2.64 8.04 6.64

49.00 10.6 1.42 3.84 2.98 10.6 1.34 3.67 2.60

63.00 10.9 2.23 7.14 4.33 10.7 2.14 6.53 4.84

Curing Duration 90 Days 6 Months

days pH EC Re I pH EC Re I

mS/cm mS/cm

0.08 10.7 1.59 4.55 3.08 10.5 1.67 5.82 3.71

1.00 10.9 1.76 4.75 2.96 10.8 2.06 5.51 3.56

2.00 10.6 1.07 2.81 1.76 10.5 1.11 2.44 1.94

7.00 11.1 2.65 8.27 5.37 10.9 2.75 8.09 5.95

14.00 10.9 2.45 6.75 5.38 10.8 2.56 7.35 5.15

28.00 11.0 3.61 11.1 8.18 10.9 3.75 12.0 8.51

42.00 11.0 3.14 10.5 6.71 10.8 2.96 9.60 6.87

49.00 10.5 1.57 4.38 3.04 10.8 1.58 4.05 2.87

63.00 11.0 2.34 7.48 3.44 10.7 2.44 7.24 5.52

Curing Duration 90 Days 6 Months

days pH EC Re I pH EC Re I

mS/cm mS/cm

0.08 10.7 1.52 5.08 3.73 10.5 1.67 5.81 4.02

1.00 10.9 1.83 5.63 3.85 10.8 2.06 6.33 4.09

2.00 10.7 1.30 3.38 2.45 10.5 1.11 2.96 2.16

7.00 11.0 3.02 8.92 6.20 10.9 2.75 8.03 5.74

14.00 10.9 2.87 8.34 6.15 10.8 2.56 7.78 5.19

28.00 11.0 4.08 12.9 9.27 10.9 3.75 11.8 8.49

42.00 11.0 3.33 11.0 8.01 10.8 2.96 9.11 6.75

49.00 10.5 1.72 4.89 3.70 10.8 1.58 4.23 2.97

63.00 11.0 2.80 9.78 5.26 10.7 2.44 7.30 5.42

µg/L µg/L

Anoxic Reducing Atmosphere

µg/L µg/L

Oxic Atmosphere

µg/L µg/L

Anoxic Atmosphere
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Appendix A1 Continued: Data Summary for EPA Method 1315: I/Re Spiked 

Saltstone 

Curing Duration 9 Months 12 Months

days pH EC Re I pH EC Re I

mS/cm mS/cm

0.08 10.4 2.18 8.67 6.37 9.8 1.58 6.24 4.41

1.00 11.0 2.13 6.33 4.64 10.4 1.82 5.71 4.04

2.00 10.9 1.60 4.38 3.42 10.4 0.91 2.46 2.18

7.00 11.0 1.96 5.41 4.56 10.6 2.15 6.64 4.90

14.00 11.0 2.10 5.94 5.17 10.8 1.97 5.73 4.73

28.00 10.7 2.99 4.33 7.53 10.5 2.69 7.62 6.07

42.00 11.0 2.30 5.36 6.06 10.4 2.27 6.98 5.44

49.00 10.3 1.33 3.56 3.07 9.8 1.21 3.15 2.54

63.00 10.3 1.97 5.95 4.90 10.1 1.91 5.77 4.39

Curing Duration 9 Months 12 Months

days pH EC Re I pH EC Re I

mS/cm mS/cm

0.08 10.2 2.06 8.40 3.25 10.0 1.86 7.28 5.19

1.00 11.0 2.10 6.42 3.24 10.5 1.83 5.83 5.34

2.00 10.9 1.63 4.77 2.10 10.5 0.89 2.41 1.96

7.00 11.0 2.06 5.91 3.05 10.7 2.11 6.46 4.62

14.00 10.9 2.17 6.47 3.83 10.3 1.81 5.29 4.18

28.00 10.7 2.99 4.69 6.13 10.6 2.51 7.40 5.57

42.00 10.9 2.49 5.79 4.66 10.5 2.24 6.83 5.33

49.00 10.2 1.40 3.88 1.77 9.4 1.16 3.15 2.49

63.00 10.4 2.05 6.51 4.14 10.1 1.85 5.87 4.52

Curing Duration 9 Months 12 Months

days pH EC Re I pH EC Re I

mS/cm mS/cm

0.08 10.4 2.57 9.54 6.78 9.9 1.73 6.82 4.41

1.00 11.1 2.07 6.22 4.95 10.5 2.06 6.35 4.37

2.00 11.1 1.80 5.05 3.52 10.5 1.13 3.08 2.34

7.00 11.1 2.06 5.70 4.18 10.6 2.57 7.90 5.67

14.00 11.0 2.08 5.69 4.53 10.8 2.43 7.02 5.64

28.00 10.7 2.62 5.04 6.33 10.8 3.45 10.7 8.88

42.00 10.9 2.43 5.67 5.88 10.5 2.98 9.18 8.29

49.00 10.3 1.33 3.70 3.20 10.0 1.63 4.42 4.08

63.00 10.5 1.95 6.26 5.15 10.3 2.45 7.81 6.61

Anoxic Reducing Atmosphere

µg/L µg/L

Oxic Atmosphere

µg/L µg/L

Anoxic Atmosphere

µg/L µg/L
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Appendix A2: Data Summary for EPA Method 1315: 
99

Tc Spiked Saltstone 

Curing Duration 90 Days 6 Months

days pH EC
99

Tc pH EC
99

Tc

mS/cm pCi/mL mS/cm pCi/mL

0.08 9.7 1.39 3.92 10.4 0.99 2.10

1.00 10.6 1.57 3.53 10.6 1.34 2.74

2.00 10.6 1.09 2.16 10.4 0.95 6.94

7.00 10.9 2.49 6.66 10.7 2.33 3.70

14.00 10.8 2.03 4.71 10.7 2.06 5.45

28.00 10.6 2.38 4.38 10.8 2.45 6.38

42.00 11.0 1.91 3.90 10.6 2.10 5.36

49.00 10.6 0.86 1.50 10.4 1.01 3.62

63.00 10.2 1.20 2.28 10.9 1.55 3.55

Curing Duration 90 Days 6 Months

days pH EC
99

Tc pH EC
99

Tc

mS/cm pCi/mL mS/cm pCi/mL

0.08 10.0 0.95 2.59

1.00 10.6 1.38 3.09

2.00 10.4 0.99 2.96

7.00 10.7 2.35 5.16

14.00 10.6 1.98 4.46

28.00 10.8 2.42 3.95

42.00 10.6 1.91 5.00

49.00 10.2 0.87 2.53

63.00 10.7 1.40 3.81

Curing Duration 90 Days 6 Months

days pH EC
99

Tc pH EC
99

Tc

mS/cm pCi/mL mS/cm pCi/mL

0.08 10.1 1.64 3.05 10.4 0.91 2.32

1.00 10.4 1.50 3.45 10.7 1.76 4.00

2.00 10.5 1.03 1.90 10.4 1.13 4.38

7.00 10.8 2.38 5.21 10.7 2.52 6.18

14.00 10.8 1.99 5.40 10.6 2.19 7.22

28.00 10.7 2.37 4.25 10.8 2.57 5.82

42.00 11.0 1.88 2.33 10.6 1.95 4.54

49.00 10.6 0.83 0.97 10.3 0.99 2.56

63.00 10.1 1.13 2.06 10.8 1.45 3.11

NA

Anoxic Reducing Atmosphere

Oxic Atmosphere

Anoxic Atmosphere

 

 

 




