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1.0 ABSTRACT

The formula for saltstone includes ~25 wt% slag to create a reducing environment for
mitigating the subsurface transport of several radionuclides, including technetium-99. Based
on laboratory measurements and two-dimensional reactive transport caleulations, it was
estimated that the Z-Area salistone waste form will maintain a reducing environment, and
therefore its ability to sequester technetium-99, for well over 10,000 years. For example, it
was caleulated that ~16% of the saltstone reduction capacity would be consumed after
213,000 years. For purposes of comparison, two additional caleulations, based on entirely
different assumptions, were discussed. The first calculation conducted by Lukens et al.
{2004), based on spectroscopy considerations (sans diffusion or aqueous transpori.
considerations), vielded near identical results as above. The second caleulation conducted as
a first approximation and using unrealistically high groundwater flow rates (discussed in
Versions 0 and 1 of this document), concluded that the Z-Area saltstone waste form will
maintain a reducing environment likely for more than 10,000 years. Obtaining similar
conclusions by three extremely different types of caleulations and sets of assumptions
provides additional credence to the conclusion that the Z-Area saltstone will likely maintain a
reducing environment in exeess of 10,000 years.

This version differs from version 1 {WSRC-RP-2003-00362, Ver, 1}in that it mciu;ies a
more rigorous treatment of the movement of oxygenated groundwater into the simulated
reducing saltstone. The calculations in version 1, which are included in Appendix A, were
designed to provide a first approximation and early guidance, until the more detailed
caleulations included in this report were available.

Rev. 2 , ‘ vii
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2.0 INTRODUCTION

The nominal blend composition of saltstone is 3 wt% litne source, 25 wi% fly ash, 25
wit% slag, and 47 wt% salt solution (Heckrotte 1988). The addition of slag to the saltstone
formulation provides a chemical reductant [iron(11)] and a precipitating agent [sulfide] that
chemically binds several contaminants as insoluble species, thus reducing the tendency of
~ these contaminants to leach from the solid waste form. Experimentation has shown that

- leaching of chromium and technetium was effectively reduced to a level that enabled all

projected salt solution compositions to be processed info a non-hazardous solid waste
(MMES 1992). Long-term lysimeter studies have shown that the addition of slag into the

- saltstone formulation essentially stopped technetium-99 %ﬁa{;’{zmg, but did not reduce nitrate
i lea{:ﬁmg {(MMES 1992).

2 I QBJEC’I’IV&&

The ebgaciw& of this study was to estimate hew lmxg reducing (;cmdmons would exist

inthe saltstone subsurface environment. Ambient ccmd:iu}ns in the Z-Area subsurface are
- oxidizing, due to the omnipresence of oxygen in air. It is expected that eventually, the
. rﬁdawng capacity of the slag will be exhausted by a number of naturally oceurring processes,
_the most important being the oxidation of the slag’s reduction La?amt}f by dissolved oxygen

| {(}g} ”by infiltrating rainwater.

3.0 MODELING

3.1 CHEMICAL CONCEPTUAL MODEL

.  Electron equivalents are the units med to descnbe the concentration (more precisely,
i the activity) of free electrons that can parixczp'zte in an oxidation-reduction, or redox,
4‘63&&911 The generalized redox equation is prﬁsﬁrﬁ;ﬁd in Eq. (1),

O+e=R (H
,whem::
0 oxidizing agent, meq e fﬂ; s
R reducing agent, meq ¢ L™ cand
@ “electron.

The greatest concentration of reduclant w:ii cxzsi in the disposal facility when it is
initially placed in the ground and then over time, the concentration of: reductant will slowly

| “decrease as more dissolved oxygen in groundwater, {}gfggg} ‘consumes the saltstone reductant

o ‘{d;swssad in more detail below in reference to Eq. (3). Once the reduction capacity is
 exhausted, the saltstone will no longer be able fo bind the targeted radionuclides, such as ' Tc

. ‘{thmngh the reductive precipitation of Te(VID) to the spanﬂgiy soluble Te(1V) solid). Itis
:mpar{am to note, ﬁmi the theoretical redox ;mtem;a“l i.e., the intensity term to describe the

“Rev. 2
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redox status in a system, will remain at a low fixed value until the last mole of reductant in
the slag is consumed, at which point the redox potential will make a step-wise increase to a
value controlled by the next dominant redox couple, which is likely iron{II/111}. Once all the
irms(ﬁ} has been oxidized to iron (11D then mangaﬁﬁse({‘xfﬁ 1) will likely control the redox
status in the system. This step-wise increase in redox potential will continue until the systen
is m equilibrium with the surrounding soil/water/air system.

The amount of reductant in the saltstone was calculated by subtracting the amount of
oxidant in the salt solution from the amount of reductant in the slag:

R.s?ag = Ogatt sotution = Reoalestonies (2)
where:

Ouatesomsion ~ electron equivalents of oxidizing agent from salt solution, meq e mn*ﬁ

Riatistone electron sf:quivalems of reducing agent in the saltstone, meq g’ em™,
Ripg electron equivalents of reducing agent from slag, meq ¢ cm™.

The total oxidizing capacity was set equal to the amount of dissolved oxygen introduced into
the system by infiltrating rainwater and the salt solution used to create the saltstone.

The concentration of reductant present in the slag decreases over time as more
dissolved oxygen in groundwater consumes the saltstone reductant, Based on Eq. (1), the
consumption of the reduction capacity is presented in the following reaction.

{32 fay + R{&z&ﬁmsze} - Q»{}Z(sa%mm} (3)
where:
Osagy - Oy dissolved in water (meq e‘fem? of the fluid),
Risatistone) ‘reduction capacity of the saltstone(meq e/gram of solid), and

ROspaienney ~ OXxygenated saltstone (meq ¢7/gram of solid; shown in
~traditional stoichiometric chemistry as a product of the two
reactants, rather than as an oxidized fspm[es)

The expression usefi to calculate the rate of oxidation (Ro; (mx:q e f{:m?‘iifyr) for the
above reaction (Eq, {“i)) is: j

Ro=k-Cos - Cr ( i ;(‘3)

where k is the oxidation rate coefficient in units of V(yrmeq e/em’), Cm isthe mncmtmﬁm
of Oyqy and Chp is the concentration of reductant in the saltstone.

Previous data (Lﬁkﬁ:ﬁs et al. 2004) indicates that oxidation of slag is a fast reaction.
Hence, a simplificd one-dimensional (vertical direction) saltstone model was initially
established to assess the value of & to be used to represent a fast reaction. These tests
estimated the time required to consume all the saltstone reductant by setting the advection
rate very high (40 em/yr) to expedite calculations, and the oxidation rate coefficient, k, was
varied, }Impar‘twtiy, only advection was considered, no diffusion. Table 1 shows that by

Rev. 2 ' : e ' ; 2
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varying k values between 1E+03 to 1E+27 1/(yr meq &/cm’), that the time required for
complete consumption of the slag reduction capacity remained fairly constant, ~400 years.

Table 1. Effect of the Oxidation Rate Coefficient, k, on the Consumption of Slag Reduction

Capacity
k  Time for Complete Consumption
(/yr (meiz e"icml , - {yn
E+01 BT
1EH02 a 610
1E+03 c - 380
1E+04 Lo 350
1E+05 30
1E+06 : 386
1E+07 - 400
1EH08 - 410
IE+10 . 21
1B+l2 ‘ 430
1B+15 i 440
1E+20 - 460
1E+25 | 465
1B826 460
dpEe27 ‘ . 3806

; ‘The oxidation rate coefficient z:}f 1E+06 was selected in the PORFLOW™
321&&1&%}%& to support the assumption that oxygen is instantancously consumed to oxidize

S siag G.c, vr}ry fast reaction) before being carried downstream to the next node. importantiy,~

 1E+06 em }{yr-meq €) is a more z:ot;sewalm selection than iargz:r values: :

. : :3*3 ?i%ﬁYﬁiC%L AND iiYBRQLQG&ﬁM {I{}NCX?EWUAL MQI}E&

- ?*’Jgure 1 illustrates the ;mysmai and i;ytiwlogwai cam:epiua% model. Halfof the ‘
saltstone block was modeled %}ﬁ{:ause a crack was wsumed 1o exist in the block at time zero,

S creating two equally sized blocks, The crack was assumed fo be consistent withpast kk
- performance assessment calculations and it offered another means to provide greater

area for oxygen diffusion. Therefore, the
| mﬁd ﬂm distance from the crack (on the left) to the

conservatism by perniitting greater
_ horizontal direction in Figure 1 rep

o vault concrete side. Diffusion of infiltrating, i’{sﬁy s}xygeﬁaieé water, occurred at all sides,
~ Advection however took place only in the vertical direction from the top side to the bottom

 side. The average velocity value o f;z 5;5,-3 cmfyr was obtained from the Saltstone

~ performance assessment revision.
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Figure 1. Conceptual Model (Vault is assumed to be cracked in half, i.e., the vault is twice
the x-axis. Diagram represents one of the two equally sized vault fragments. Crack is

located on the left edge above.)

3.3 ASSUMPTIONS

In addition to the assumptions listed in Appendix A, iiw following major assumptions

were made in the PORFLOW™ simulations:

Rev.2

Since the final Saltstone design has not been ﬁnaﬁzeé the problem is currfmtiy
assumed to be adequately represented in a two-dimensional model. .
Oxidation of the slag by oxygen in infiltrating water is a very fast reaction,

The advection is primarily in the vertical direction. ﬁm& negligible velocity

component in the horizontal direction is assumed.

Simulations start at the time when cracks are fbm}e@i in the sait&tane Consumption
of the slag feéuemg capacity by oxygen prior to this amf: is assumfzd 1o be negligibly
small.

~ Except for one crack down the center of the saltstone monolith, which exists as an
 initial boundary condition (i.c., exists at time zero), the stmcium of s‘aksizme is intact

during the course of stma}fmems
The saltstone is saturated with water.

The water in the sediment in contact with the saitsiz;me is saturai:@d with Os(g), ~8
mg/L. This is an important conservative assumption. Our laboratory has measured
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ﬁ)@{acy) SRS groundwater concentration that are “ii)pl‘é;{}iably I&wari barely ciaismabie
in subsurface groundwater.

¢ The mltsmﬁc waste is buried in an unsaturated sediment that has an endless: sxspply of
Ox(g) to diftuse ;z}t() the groundwater.

3.4 NUMERICAL MODEL, ﬁﬁﬁfﬁﬁ MARKING TESTS, AND INPUT VALUES

The PC-based ?{}RFL{}WW Version 4.0 (dated 14 September 2000) was %&& ‘;:{z ‘
these simulations. PORELOWM is developed and marketed by Anal ytic & Computational
Research, Inc. to solve problems involving transient and steady-state fluid flow, heat and f
mass transport in multi-phase, variably saturated, porous or fractured media with %:iynamﬁ:
phase change. The porous/fractured media may be anisotropic and heterogencous, arbitrary
sources (injection or pumping weiis} may be present and, chemical reactions or mdwa@tgve
decay may take place. PORFLOWT™ has been widely used at the SRS and in the DOE
complex to address major issues related to the g gf}undwatu and nuclear waste mamgemmt

The governing mass tmngport equation of species 4 in the fluid phase is given by

§C : E;? f:f{“ik o
— b F R, 5y

C {Eezz{;entfamn :3? s;:»eczes k

Vi  Fluid velocity in the i" direction

Dy Effective diffusion coefficient for the species
Rx  Reaction rate of s;mm&s k

1, ] Direction index

The governing mass mﬁgpert eqguation of species k in the solid phase is similar to that
in the fluid phase except that the convective term is zero and the accumulation term pertains
only to the solid phase. (Please note that the symbol £, identifies a different param&ier than
the symbol k, the oxidation ram mn}fﬁcmﬁz described in Eq. (4). This equation is wrzitzm as;

éﬁw e: %} SRy ©

a 7 E?

Coy f ‘{;‘f&mfzmrath; {;fsgecws k in the solid phase
Dy Effective diffusion coefficient for the species
Ry Rﬁ?ﬁﬁi] on mtc: Qf sehd speem% k

Figure 2 dmpiays the maﬁi&img grid asmi for PORFLOW™ mmuiatwﬁs ’}’h& gmis
are X- and Y-coordinates o enodes. To provide numerical stability, the meshes have a
gradual transition from wider grids to narrower gmis near the boundaries and where thfzre are

changes in material gr&;}emes o
Input values used in the PORFLOW™ szmuiatmﬁs are listed in Table 2 anzi ‘}Z*able 3

. Tliese valueg are mnsmtmi with ﬂmw asaé in ::im PA xfmsxxm

Rev.2 k B ; 8
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Vertical Distance; cm

200 400 600 800 1000 1200 1400 1600
Horizontal Distance; cm

Figure 2. Modeling Grid

PORFLOW™ {5 capable of modeling chemical reactions. These capabilities were
tested by benchmarking the PORFLOWT™ results against those obtained from Aspen Custom
Modeler™ (ACM), a software package for chemical process modeling provided by Aspen
Technology, Inc. The benchmark testing shows excellent agreement between the
PORFLOW™ and ACM results. The testing of PORFLOW™ ig described in detail in
Appendix B. The material properties used in the PORFLOWT simiulations are summarized
in Table 2. : :

Table 2. Model Input Values for Materials

o Vanult Conerete Grout/Saltstone
Dry Density (g/em™) 265 3.148
Porosity 0.18 0.46
Diffusion Coefficient (cm™/yr) 0.315 0.158
Reduction Capacity (meq €7/geia) 92583 9.25E-03

* Reduction capacity in concrete and grout/saltstone is based on slag m}mgriging 25 wi-% of
the nominal blend: slag has a reduction capacity of 37 meq ¢ -+ [kg slag]™.

Rev. 2 P 6
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4.0 %&ﬁﬁ%@f?ﬁ’Y MEASUREMENTS OF REZ%}UCTK}ﬁ POTENTIAL

The i)i)jﬁi’&ii?c cxf the laboratory work was to measure ihe reduction capacity of the

slag used to make saltstone and of a sediment collected from the Barnwell/McBean
formation, the geological formation where the Z-Area Saltstone Disposal Facility is located.
“The re{iﬁéiszm capacity of the sediment was not used in these calculations, but was used in
the preliminary advection calculations presented in Appendix A. f‘ai?owmg isa deiazl@&
ﬁmﬁm;&ﬁﬁﬁ af i%za ;irmedﬁre adapis,d from Lee and Batchelor (2003). '

4‘} Mffi ERLALS

L

2&&3 Siaa* ?‘mwded by Chris Langton, who in turn gﬁi 11 fhm{:ﬁy from ﬁm ,‘aaiistm}e

Silos.

{zicvebag : _
1000-mL 10 mM NaHCOx: Add 0.84 ¢ NaHCO; (F.W. = 84} ig al Lvﬁ%nmetrirs

ﬁas% and then bring it up to volume W]ih water,

100-mL 51.5 mM Cr(V1) in 10 mM NaHCOs: Place 1.000 & i}f Kgéxﬁ; (I“ W=
194.2) in a 100-mL volumetric flask and then bring up to voimm with [0 mM
NaHCO;.

100-mL I M H>80;: Add 50-mL water to 100-mL volumetric flask. Then add § 58
mL of ijl‘wﬂntmted H,80, to water. Bring to volume with water,

)-mL | M NaOH: Add 4-g NaOH (FW =40) to a ii}(}«ami miamfzmc ﬂaﬁk and

~ bring up to volume with water.

www

"»‘2{@23(}4 }?’rf:uweigh 6 aliquots into weighing bfmts cmtammg 0. %2 g z)f NazSO,

9 50-ml. centrifuge tubes

: melyszmeier sediment, a sandy loam soil described in Haw kms {i%}&?}

4.2 METHOD

Label 9 tared 50-mL centrifuge tubes as described in Table 5

Add 1.00 g slag to Tubes #21, #22, and #23. Add 1.00 g Minilysimeter mdimeﬁi to
Tubes #27, #28, and #29. Only liquid will go into the 3 controls, Tub@s #24 #’3’5 and

~ #26. Record weight to Table 5.

~ Place tubes, solutions #3, #4, #5, and #6, six 0.142-g Nag’:‘i(:g aixqmts, and }mms

 paper into glovebag for 2 days before proceeding to next step. After one day in ﬁm

o ww%w «f%

;;’i{}

Rev. 2

- Add
‘Adjust the pH of cach tube to 7 £ 1 by addmg NaOH or iﬁzé}m
_ Shake by hand every ~3 hours for | day. ;
‘Add 0.142-g Na,S0O; aliquots to each tube.
- Shake and leave in bag for >0.5 days. ¢
 Pull tubes out of glovebag, record weight of “tubé: + soiai + hqma” on T&bie i

glovebag stir things up to help O; gas diffuse out of solids aund lzqmég B
mL of ii}@ 51.5-mM Cr(VI) in 10-mM NaHCO;4 sokman to cach tube. o

centrifuge, and pass through a 0.45-pm filter.
Sf:mi to AI‘}S for Cr anaiyms by ICP-ES.
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Table 5. Sample Desmptmm and Weights Used to Measure Reduction Capacity (Example
Data Table)

ID | Description | Tube Tare Tube + Tube + solid +
Wi(g) Selid wit (g) liquid (g)

21 | Slag, Rep. 1
22 | Slag, Rep.2
23 | Slag, Rep. 3 »
24 | Control (just liquid), Rep. 1 C |
25 | Control (just liquid), Rep. 2 1
26 | Control (just liquid), Rep. 3
27 | Sediment, Rep. 1

28 | Sediment, Rep. 2

29 | Sediment, Rep.3

5.0 RESULTS
5.1 LABORATORY MEASUREMENTS

Laboratory measurements of the reducing capacity of an SRS sediment and slag are
presented in Figure 3, These values indicate that the slag has a very high reducing capacity.
Furthermore, it shows that SRS sediments also have a measurable reducing capacity. This
reducing capacity is likely the result of naturally occurring iron(1l) phases in the sediment.
By way of comparison, Lee anci Batchelor {2(3(33) reported thata Texas loam and pyrite (FeS)
had a reducing capacity of 6.1 and 32 meq kg’ , respectively. These values are certainly
-consistent with the values m;}g)ﬁed in Figure 3.

Also shown in Figure 3 are the reduction potential (Eh) values of 1:1 solid:water
suspensions. Reduction potential is an intensity term, i.¢., it does not express the total
concentration of reducing agents in a system, instead it provides an estimate of the
concentration of reducing agents in solution in equilibrium with a solid. Alternatively, and
less accurately, it can be thought of as a measurement of the free electron activity, as defined
in Eq. (1). The soil and slag had reduction potentials of 196 £ 3 and 247 + 1 mV, .

respectively. Reducing systems have lower, more negative, L‘ﬁ:{iﬁ(}iion potentials. i3y wayof

- comparison, Kaplan et al, (2{}@2) reported that metallic iron reh had a reduction capacity of
-173 £ 6 mV. This value is mnazsimi with the slag reduction potential value reported in
Figure 3.

 Rev.2 - g : 0
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3.2 MODELING

PORFLOW™ simulations were carried out at varying times ranging from 1000 years
to 250,000 years. The simulation result at 250,000 vears is shown in Figure 4 in which
saltstone concentration in {meq €/ g is contour-plotted over the Saltstone geometry. The
slag concentration level ranging from 0 to 9.25E-3 meq €/gsaq is colored accordingly.

The c:z:mfsum;ﬁien of saltstone reduction potential by oxygen in infiltrating water over
time is displayed in Figure 5. These data were determined by using the two dimensional
PORFLOW ™ calculations and the modeling grid presented in Figure 1. Onee the final
configuration of the saltstone facility has been completed, the values presented in Figure 1
will have to be modified to represent the third dimension. It is expected mai these
corrections will result in only slight changes in Figure 3.

Vertical Distance, cm

0 1000 1200 1400 1600
Hanzarztai Distance, cm

Figure 4. Simulation Result at 250,000 Years (Units in meq €/gqi0): Red Indicates no
Oxidation of Saltstorie Occurred and Blue Indicates that Full Oxidation of the Saltstone
Oceurred.

Rev.2 | - | 12
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20

18 - # PORFLOW Simulations i
2 Lukens of al, 2004 : L
15 : o » o

4 -

12+

10 4

Slag Reduction Potential Consumed (%)

i S— e L e ; —
0 50000 100000 150000 200000 250000 300000
 Time (years)

‘ ﬁﬁgum 5. {?szsn:mpﬁon of Slag Rﬂdﬁgtion Pazeixtiaigigy Oxygenin Infiltrating Water

In Figure 6, the penetration ﬂﬁipih is §€)1f;§;’(i vs. time for all sides. I‘hese data can be
used to adjust the data in Figure 5 to be consistent with the final dimensions of the saltstone

~facility. The penetration depth is defined as the distance in the saltstone where oxidation

 oceurred, i.e., the reduction capacity was <9,25F-3 meq € Ygeona. The penetration depth at the
- midpoint of the side is presented in Figure 6. The data are not smooth due to the very slow
nature of the modeled process and the long time required for changes to move from one node
1o the next. Atthe expense of a;}preambiy longer simulation times, data smoothness could be
improved by rerunning the simulations using a finer mesh size. Also, Figure 6 clearly shows
that the left and right sides exhibit different penetration depth. On the left side (cracks), ’
oxygen di fluses directly through grout. On the right side, oxygen diffuses through the vault
~ conerete side first before reaching grout, Conerete and grout have different transport
_properties as shown in Table 2, hence, resulting in different diffusion pattern.
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Figure 6. Penetration Depth

6.0 DISCUSSION

* There have been two other recent valeulations of the Iex;gev;iy of the reducing conditions
of Ehe« SRS Saltstone waste form. The first was described in the first version of this
document and is included in Appendix A, It prmfided a first approximation of the longevity
of the saltstone’s mduemg conditions until the more rigorous and less conservative diffusion
calculations prﬁs&ﬁi&ii in this report could be conducted. Two important a&sumptmns in this
caleulation were that 1) the waste form crumbled at time zero into infi initely small particles
that all the reductant was immediately available for oxidation, and 2) that advection, and not
diffusion, controlled the movement of dissolved oxygen to the waste form. In this
exceedingly conservative calculation, the reduction capagcity of the saltstone was not
consumed for several thmsami years (assuming reasonable unsaturated groundwater flow
rates).

1n the second :;ai(:u}mmn Lukens et al. (2004) estimated based on a combination of
spectroscopic and diffusional considerations (specifically, the spectroscopic method used to
caleulate X-ray self-absorption developed by Troger et al., 1992 and the empirical diffusion
model &iaveiﬁpe{i by Smith and Walton, 1993). In their si:miy, the top of the cuvette was left
exposed to air and the T oxidation state was measured as a function of time from a 5- to 10-
mL cuvette containing simulated SRS reducing saltstone. They observed that Te(IV)
eventually was converted to Te(VII). Their conclusion was that ~4% of the reduction
capacity of the saltstone would be consumed in 213,000 years. This value is shown in F; gure
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5 and represents the amount of reductant consumed through one-dimensional
considerations/measurements. To adjust this value to be compatible to our two-dimensional
(four side diffusion) calouiatmrxsg we multiplied this percentage by four {an approximation},
yielding 16% of the total saltstone reduction capacity would be consumed i in 213 {}{30 years,
This value is surprisingly similar fo our value of 15.8%.

In summary, obtaining similar conclusions by three extremely dszexm{ iy;ms {3{
caleulations and sets of assumptions provides additional credence to the conclusion that the
Z~Area saltstone will Tikely mmnmm a re:dumna environment in excess of 10, i}f}t} year&
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9.0 APPENDIX f’& CALQEELATiOﬂ& PRESENTED IN VERSION 1 ()? ,
THIS DOCUMENT (WSRC-RP-2003-00362, VER. 1): ~
PRELIMINARY ADVECTION MODEL
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9.1 APPROACH: PRELIMINARY ADVECTION MODELING

An equivalent mass balance was conducted to calculate the duration that the Z-Area
Saltstone Disposal Facility would remain reduced (Figure 7). Electron equivalents are the
units used to describe the concentration (more precisely, the activity) of free electrons that
can participate in an oxidiation-reduction, or redox, reaction. The generalized redox equation
is presented in Eq Al-1. '

O+e=R (Al-1)
where:
o = oxidizing agent, meq e L,
R = reducing agent, meq ¢ L', and
e = electron. /

The greatest concentration of reductant will exist in the disposal facility when it is
initially placed in the ground and then over time, the concentration of reductant will slowly
decrease as more dissolved oxygen in groundwater consumes the saltstone reductant. Once
the reduction capacity is exhausted, the saltstorie will no longer be able to bind the targeted
radionuclides, such as technetium-99, in the less mobile reduced form. It is important to note,
that theoretically the redox potential, i.¢., the intensity term to describe the redox status in a
system, will remain at a low fixed value until the last mole of reductant in the slag is
consumed, at which point the redox potential will make a step-wise increase to a value
controlled by the next dominant redox couple, which is likely rron( LI/} Once all the
iron(11) has been oxidized to iron (111) then manganese(IV/I1) wi 11 likely control the redox
status in the system. This step-wise increase in redox potential will continue until the system
is in equilibrium with the surrounding soil/water/air system,

For these calculations, it was assumed that the reducing capacity of the saltstone
equaled that provided by the slag and the overlying geological material in the moisture
barrier. The oxidizing capacity was set equal to the amount of dissolved oxygen introduced
into the system by infiltrating rainwater and the salt solution used to create the galtstone,
Once the cumulative amount of oxidizing agent equaled the reducing capacity of the slag and
overlying moisture barrier, the capacity of the saltstone to chemically (as opposed to
physically) immobilize reducible radionuclides was assumed to be exhausted. The mass
balance equation describing these reactions is presented in équation Al-2,

Otfitirating grounwater + Ogatr sotuion = Rooy + Ritug (Al-2)
where:
Oinitirating groundwezer = €lectron equivalents of oxidizing agent from infiltrating
groundwater, meq ¢ m™,

Osatisotuion = clectron equivalents of oxidizing agent from salt
solution, meq ¢ m™,
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Rsoit = electron equivalents of reducing agent from soil, meq ¢

2
ﬁxfag ‘

: electron equivalents of reducing agent from slag, meq ¢

i

The %m;}mtam i&ﬁgﬁmpiiﬂa made for these calculations are presented in }fab:iﬁj{i,

’i{’abk: 6. img}cﬁaﬁt A‘;sumpimm for the Preliminary Advmhon Mﬂ{%{”}f

1 [ The 5ys£sm 1s well mixed, such that all saltstone m{izxci‘mls at IQG% eﬁ?awnfzy are

available for oxidation by infiltrating water. 100% e:f%imemy of oxygen reducing the

slag will not happen; some of the oxygen will not react or will be channeled past

| reducing areas, thereby leaving some Te in the redueed form. This is perhaps the most.
: mﬁservaﬁve %szm}pzma iimwwer, it is necessary bmaxzse thf:re 18 no dam qzmmxfymg

- i]capaczty cf 121{% 8 a;'g .mé naiwa smi wauld “ham bem} hxgimr iheréby mcreasmg the
| ﬁsﬁmﬁaé hm wz af t}ze m&m;m gr{)m . : - \

o .a::idfii};, ! uné s:s}:t Qm essﬁs alnwnh the chemical reacnoﬁg usm“i in se ealcuiatwnsz.,
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The electron equivalents of O;x;dt?mg agent from infiltrating rainwater was asstumed
to be equal to that provided by dissolved oxygen. Dissolved oxygen concentrations were set
equal to 2.65E-4 M, a value calculated using Henry’s Law and one that is quite similar to
those commonly measured in SRS surface saﬁzmgm porewater (Kaplan and Serkiz 2000).
The amount of oxygenated groundwater that came into contact with the saltstone was
estimated using infiltration rate and porosity (equation A1-3).

Oinfitvrating growdwatr = Gfngiizra:frzggm;méinwgrx 1000 X Leatistone X Visadrstone X 1 {55;%3} o
where ‘

Olnpittrating grousdwater = electron equivalents of oxidizing a%;eni from

infiltrating groundwater, meq e m’

Conpittrating growndwuer = axidant concentration m gmmdwa%ﬁr meqe L7,

1000 = conversion fastor, L m”
Lsatistone = saltstone infiltration mw m oy,
Nutistore = saltstone porosity, m® m 3, and

The electron equivalents of eﬁ;{izfmg agent in the salt solution were based on the
concentration of constituents that are likely reduced by the slag in the nominal blend of [TP
and ETF feed solutions at 8:1 mixing (Heckrotte 1988). Molybdenum and chromate in the
salt solution were considered reducible. Nitrate and sulfate in the salt solution were not
considered reducible because nitrates have been shown {o leach from saltstone lysimeters and
sulfate is not reduced in grout (MMES 1992). There were several trace constituents,
including several radionuclides (e.g., cobalt, iodine, plutonium, and technetium) that were
not included in these calculations because their concentrations are extremely low. Their sum
contribution to the saltstone electron equivalents is <0.001 wt%. The details for calmiaim&
the total concentration of Qxiﬁiwrzg agents is presented in Table 4 and the mass balance
equation is presented in equation Al-4,

Osatesolistion = Cot solution % 1000 x 1/, Doty soliiion xﬁak solution % Prattsione X Diatistone {Ai"g)
where ;

Osattsomtion = electron equivalents of f)};;zdmng agent from salt soiuiwn,

~ mege m?, ,

Cialt sohution = oxidizing %@E’l&iﬁﬁﬁms concaﬁtramrx in salt solution, meq ¢’ L™, !

1000 = conversion factor, L m™,

Jiate sotusion - ‘weight fraction of salt saluncm in saltstone, kg kg™,

Psalt solution e density of salt solution, kg m>

Psalistone = density of salistone, kg m? axzﬁ

Datestons ; = saltstone height, m.

The reduction eapamt:y of the geological materials above the vaults, Ry, was
calculated using Eq. A1-5. Ry, was calculated using a value, Cy,, measured from a
McBean/Bamwell formation wciimmt the same geologic formation as the Z-Area Saltstone

Rev. 2 SRR 20
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Disposal Facility. Being a measured value, as oppose to a caleulated value, provides added
- eredibility to it. At this writing, the design for the moisture barrier has not been finalized, but
1t will likely contain a number of different layered materials. ‘The use of only the one native
- sediment to approximate these various materials provides a reasonable long term average,
~ and not necessarily a conservative value. More details about this measurement are provided
 in the next section, Section Laboratory Measurements of Reduction Potential.

Ryop= ﬁs&}:‘i?{ ?Jsi;ii;": Do :’ . s (Eq. Al-3)

. where - G

R = reduction capacity of soil, meq e m”,
C G = reduction capacity of soil, meq e kg',
- P = density of soil, kg z’:}f’i and S
Dot & soil height, m. ‘

-2

The value used in these caloulations for tle reduction capacity of the slag, Ry, was
based on a laboratory measurement (described in ‘more detail in the next section, Section

 Section Laboratory Measurements of Reduction Potential.).

Ks[ag = C&mg X Pulstone xfﬁizxg X f)xalls:bné F (Eq Al "6:; ‘

L Re = reduction capacity of slag. meq ¢ m”.
. Caug = - roduction capacity of slag, meq ¢ kg'!,
. Pt = density of saltstone, kgm™, T
B s ‘weight fraction of slag in saltstone, ;is:g\kg“*, and
'fg}mfis{a& : = gaiismmh&;gﬁt,m ~ .

. | N e 21
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Moisture Barrier; Upper &
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Liner, Soil, Gravel, and Sand
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Figure 7. Schematic Repmaenia%m; of the Saltstone System Desceribed i}y the Preliminary
: Advection Model

9.2 RESULTS: ?R%JIMH%KY ADVECTION MODELING :

At this writing, the infiltration rates to be used for the various layers at the disposal
site (Figure 7) have not been finalized. So to calculate the reducing lifespan of the saltstone
system, infiltration rate was used as a dependent variable (Figure 8). Figure 8 shows that the
reducmg, lifespan, if limited by the infiltration rate of the intact saltstone vault (2.54E-07 m
yr''; Phifer 2003), would be 1.29 billion years. Obviously, this infiltration rate will not last
for such a long duration because the saltstone vaults will have physically degraded. At the
other cximme, the reﬁmmg lifespan, if limited by the infiltration rate of intact sediment (0.4
m yr MMES 1992), would be 800 years. This latter scenario is akin to assuming that water
will fh}\’? through the moisture barrier and vaults at the same rate as water flows through
native sediment. A more iii@:}y and still reasonably conservative estimate is o assume that
the upper geosynthetic clay liner will eventually degrade and then water wgii flow through
the vault at a rate limited by the lower geosynthetic clay liner, 0.0016 m yr* (Phifer 2{}93}
At this rate, the reducing lifespan of the vault system would be 180,000 years.

Regardless of the infiltration rate, the reducing capacity of the saltstone will account
for 77% of the total z*eém;mg capacity, whereas the overlying moisture barrier (assumed to
have the rﬁéﬁcmg capacity of native sediment) will account for 14%, and the vault, made
from reducing grout, will account for 9% of the total reducing capacity (Figure 9). Thus,
relatively little rrz{iﬁf:;mg aa;}amty is gained by including slag in the vault cement. ““i*ha data
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presented in Figure 8 assumed that the system contained a reducing grout vault. To assume
that the vault was not made with reducing grout, all the values shown in Figure 8 would be
reduced by 9%. Native sediment offers a reiatzveiy large amount {)f’ reduction capaczty Butit
is important to distinguish between capacity, in units of meq ¢ L' and intensity, in units of
mV. SRS soil has been shown to reduce oxygen (O, Kaplan and Serkiz 2000) and chromate
{CrO4%; Kaplan and Serkiz 2000), but not pertechnetate (TeOy Kaplan 2003) or iodide (T;
Kaplan 2003). So although SRS soils have a measurable reduction capacity, the resulting
- reduction potential is not sufficiently low fo reduce pmzﬁxsimei{ﬁe oriodide. Therefore, it~
would be incorrect to assume that the reducing capacity of the soil bencath the vaults would

S : offer additional protection against }’)ﬁ}’f.ﬁﬁhﬂ&tﬁi& or zc:zizé@ mxgmtmn
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Figure 8. Infiltration Rate Versx,zs Years Until System Becomes Oxidized: (A) Identifies the
Infiltration Rates of the Intact Saltstone Vault, Lower Geosynthetic Clay Liner, Upper
Geosynthetic Clay Liner, and Intact Sediment; (B) Close up of the Data
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10.0 APPENDIX B: TESTING OF PORFLOW™
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10.1 TESTING OF ??QRFLQW 3

WSRC-RP-2003-00362

PORFLOW™ provides capabilities to model chemical reactions, These cag}ahzhi:es
were tested by benchmarking the PORFLOW™ results against those obtained from Aspen
Custom Modeler™ (ACM), a soflware package for chemical process mcsdfzkng provided by
Aspen ’f‘mimomgy, Inc. ACM has been extensively used to model major facilities at the

SRS.

Two test cases relevant to the reactions considered in the current study were set up.
In the first test case, a spﬁzmes A in the liquid phase precipitates to the solid species B. In the
second case, a species A in the liquid phase reacts with a solid species B to form a solid
species C. The two test cases show excellent agreement between the PORFLOW™ and

ACM results,

10.1.1 Test Case 1

Asiguia = Beotia

Rsammn rate: 0. €}1 C,&
Porosity: 0.4

Total volume: 1 cm’

Liquid volume: 0.4 cm
Solid volume: 0.6 cm®
Liquid density: 1.5 g!em
Solid density: 2.65 gffsm
Initial Ca: 1.06 mol/em® Tiquid

PORFLOW

Time ?QRFLC)W ACM ACM
(hours) Ca (molem’ i) Ca (moVerm’yud)  Cp (mol/gsyia)  Ci (mol/gsora)
0 1.06000000E+00  1.0600000E+00 - 0.00000000E-+00  0.0000000E+00
] 1.04940563E+00  1.0495141E+00  2.66534451B-03  2.6379728F-03
2 LO3BY7671E+00  1.0390702B+00  5.28919199E-03  5.2653480E-03

3 L02863923E+00  1.0287288E+00  7.89007512B-03  7.8669729E-03
4 1.01840461E+00  1.0184906E+00  1.04650803E-02  1.0442626E-02
5 1.00827182E+00 ~ 1.0083552B+00  1.30144651E-02  1.2992401E-02
6 9.98239845E-01  9.9831744E-01  1.55384843E-02  1.5517625E-02 -
7 9.88307687E-01 9.8838026E-01 ~ 1.80373903E-02  1.8017545E-02
8 9.78474350E-01 9.7854366E-01  2.05114330E-02  2.0492160E-02
9 9.68738852E-01 9.68806198-01  2.29608599E-02  2.2941839E-02
10 9.59132068E-01  9.5915966E-01  2.53779021E-02  2.5368640E-02
Rev, 2
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10.1.2 Test Case 2
Asiguia + Baotia — Csotia

Reaction rate: 0.01 C5 Cp

- Porosity: 0.4 _
Total volume: 1 cm®
Liquid volume: 0.4 cm’
Solid volume: 0.6 cm’
Liquid density: 1.5 g/em’
Solid density: 2.65 g/em®
[nitial Ca: 1.06 mol/em’ liquid
Initial Cy: 9.25 mol/gag

WSRC-RP-2003-00362

?GRF‘ LOW

" Time PORFLOW ACM ACM
(hours) Ca (molem’iguia)  Ca (mollem i) Cp (molgwe)  Cp (mol/geyo)
0 1.06000000E+00 1.06000000E+00  9.25000000E+00  9.25000000E+00
I 9.66052207B-01  9.66507790E-01  9.22636393E+00 9.22647990E+00
2 8.81069383E-01  8.81395690E-01 9.20498501E+00 9.20506810E+00
3 8.03632649E-01  8.03980640F-01 9.18550446E+00  9.18559260E+00
4 7.33138278E-01 7.33495440B-01  9.16777036E+00  9.16786050E+00
5 6.68941042E-01  6.69304190E-01 9.15162038E+00 9.15171170E+00
6 6.10459488E-01  6.10825020E-01  9.13690827E+00  9.13700000E+00
7 557169007E-01  5.57533610E-01  9.12350204E+00  9.12359340E+00
8 5.08595759E-01  5.08958140E-01 9.11128251E+00 9.11137310E+00
9 4.64311325E-01  4.64663470E-01 9.10014190E+00  9.10022980E+00
10 4.24056243E-01  4.24258730E-01  9.09001490E+00  9.09006510F-+00
28
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Design Check Instructions to Robert Hiergesell (Geo-Modeling Group)

Perform a design check for the report, Estimated Duration of the Subsurface Reducing
Environment Produced by the Z-Area Sultstone i}zgpomi Faeility (U), WSRC-RP-2003~
00362, Rev. 2, following the general guidance provided in WSRC-IM-2002-00011, Rev.1.

Specific instructions for this design check are as follows:

t. Check the overall modeling approach to judge if it is reasonable.
2. Check to ensure that the INPUTS are correct for the following:
a. Dimensions of the Saltstone shown in Figure 1 and Figure 2 are accurately
transcribed into the PORFLOW™ input files.
b. Material and transport properties as shown in Table 2 are accurately
transeribed into the PORFLOW™ input files,
3. Check to ensure that the OUTPUTS are correct for the following:
a. Spot check mass balance information produced by PORFLOW™ simulations.
b. Check that Figure 5 and Figure 6 correctly represent the output data,

Design Check Instructions to Kim Powell (Waste Processing Technology Group)

Perform a design check for the report, Estimated Duration of the Subsurface Reducing
Environment Produced by the Z-Area Saltstone i}wpz}sal Facility (U), WSRC-RP-2003-
00362, Rev. 2, following the genﬁmi guidance provided in WSRC-IM-2002-00011, Rev.1.

Specific instructions for this design check are as follows:

1. Check the scientific logic, especially with the deseription of the models and the
assumptions.

Check that the calculations are in fact conservative, where we state they are,
Check grammar, clarity, data presentation, and appropriate use of graphics.
Check interpretation and conclusions are supported by data

Be aware that we have asked Robert ﬁxergsssezii to conduct the following design
check to supplement your design check.

il ol

Perform a design check for the report, Estimated Duration of the Subsurface -
Reducing Environment Produced by the Z-Area Saltstone Disposal Facility
(1), WSRC-RP-2003-00362, Rev. 2, i’ﬁiiawmg the general guidance provided
in WSRC-IM-2002-G0011, Rev.1.

Specific instructions for this design check are as follows:

1. Check the overall modeling approach to judge if it is reasonable.
2. Check to ensure that the INPUTS are correct for the following:

Rev.2 TR e 30
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a.  Dimensions of the Saltstone shown in Figure 1 and Figure 2
are accurately transcribed into the PORFLOW™ input files.

b. Material and transport properties as shown in Table 2 - 3 are
accurately transcribed into the PORFLOW™ input files.

- 3. Check to ensure that the E}U’?Pi}”iﬁ are correct for the following:

a.  Spot check mass balance. mfomzaﬁm; produced by
PORFLOW™ gimulations,

b. Check that Figure 5 and Figure 6 correctly represent the output
data.
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- Kim Powell’s Design Check

Kim Poweli/WSRC/Srs

D2/20/2004 08:43 PM ;
To: Daniel Kaplan/WSRC/Sts@Srs

oo ~ Tom BulcheWSRC/Srs@Srs ‘
SBubieet: Review of W&R&R%ﬁﬁ)ﬂ&(}ﬁ)&fﬁz Rov 2

- ki? ixave compfeteﬁ the review of your document W$RC~RP»2Q(§3»QSI3§2 Rev 2 "Estimated f}ufaizzan of

o _the Subsurface Reducing Environment Produced by the Z-area Saltstone Disposal Facility.”

- adzfr&ss the specific design check instructions éelnw with a number of racammematzms foll awmg

- i scxer;m‘“ iclogic Is clear as are %?m descriptions of ﬁ}a mz}dﬁhs; am} assumpizms in the description

o of the assumptions, the use of the terminology “one crack down the center” and "Simulations start at

‘the time when wac,ks are formed o the saltstone” in. Sectmn 3, 3is confusmg

2 (’33 ai;ms appear to be reasonably cm*sawafwe
: ‘ 3 Grammar data presentation and graphics are. addressad inthe recommendahons below:

4 Cmcﬁasmns follow wai} from tiw dala presamad af}d are further ramiwced by addzimnai Supporting
refgmnces

Rawmmmﬁaiiﬁms“

1. Clarify that modai input for Slag reduction ﬁapacxty in Table 2 (9.25 E-3 meqig solid)) is: based on
25% Slag in the solid matrix. ‘Slag reduction capacity in Tabl e 3 (37 meul/kg slag) is based on 100%
slag. | would suggest taking Slag outof the name in. Reduction Capacity i in Table 2 since this is a
matrix (mai happens to camam 25% slag) rather than siag aiam i

2. No axpafimwia data is currently reported far ihe maasﬁremem of Crin the reduction Gapacity
. axgmmerzzﬁtq verify the calculation of slag and soil reduction capacity. As a further design check, 1 .
mmend including the experimental data set a(m}g with ihe caie&a aimn used Qata for the

nhﬁm was msasuraﬁ as we 1l but net reported

3 #ignrﬁ 4iin éfagfam make location of crack ev giémx

4 Eror Bars on Fignm‘:i are inconsistent.

5. Tabled. a} raiim: than f;‘:sim:iafwns for &”si:mar:ﬁg {L‘-‘x d&ftﬁx} capacity of Salt 80 uﬂoa Jwolld

- suggest Estimation of Oxidation Capacity of Salt Solution based on Oxidizing Constituents (or

ingredients). Should be "Used in equation 2" not equanon 3 Fuainotﬁ b} sfwufz:s read <1£:04
- m&e&t&} - ;

- - & @fze s%andard format for sclentific notation fo be used throughout the: f}oaumenf would add: Clarity.
“t‘ab!es 1 3 and 4 use different variations such as 1 E? verses mm vefses AE+D1. Tabte 4 mixes

Rﬁ’% 2 : 24
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Scientific and standard where it would be clearer to use Scientific throughout (eg 2.00E+00 instead of
2 inone columnand 3000 iﬁs‘i&a{i ©of 3E#3 in the next).

7. Equation4: Rior {3&8 is z;enfusmg because R is used for reducing capacity iveq 2and S and for
reducing agentin eqt :

8. Table 1: I mustbe m%ssing_siemeihingmfor the k=0{no reaction)... ime for‘zmﬁsum;}tiﬁn is the
shortest,. . 20yr?

9. Redox potential measurements: Are these measurements v. SHE? Discussion of Redox
potential and capacity in the Iaboratory measurements section is somewhat confusing since red
potential values were not used in the model nor to calculate capacity. Perhaps breaking into s&mmze
paragraphs,

10. 4.2 Method: -#3 spelling of litmus

Kimberly R. Powell, Ph.D.
kim.powell@srs.gov

773-43A212

Waste Disposal & Env:mnmen%a! Development
Waste Processing Technology

Savannah River Technology Center

Aiken, SC 29808

(803)725-8107
(803)725-4704(fax)
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12.0 APPENDIX D: SLAG REDUCTION CAPACITY CALCULATIONS
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