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Dear Dr. Moody: ?‘

The Environmental Protection Agency (EPA) has completed its review of the
Department of Energy’s (DOE) planned change request to decrease the amount of
magnesium oxide (MgO) backfill emplaced with radioactive waste at the Waste Isolation
Pilot Plant (WIPP). This request proposed a reduction in the MgO safety factor from
1.67 to 1.2 times the amount of emplaced carbon materials.

We conclude that, based on our evaluation of the supporting documentation
provided with DOE’s planned change request, the uncertainty analysis associated with
MgO backfill performance is reasonable and supports a 1.2 safety factor. Therefore, EPA
approves this ptanned change, but with two conditions. First, DOE must continve to
calculate and track both the carbon disposed and the required MgO needed on a room-by-
room basis. Second, DOE must annually verify the reactivity of MgO and ensure that it
is maintained at 96% as assumed in DOE’s supporting documentation. These conditions
ensure that the WIPP will continue to meet the assurance requirements in our radioactive
waste disposal regulations.

As a result of this evaluation, it is our opinion that further reductions in the MgQ
safety factor are not warranted given the current state of knowledge. We believe that
reducing the safety factor below 1.2, based on our current understanding of the disposal
system, would not be sufficient to comply with the assurance requirement that MgO is
intended to address.

EPA’s review is documented in the enclosures to this letter. They include:

1) Attachment A: Overview and Summary of Planned Change Request Decision;

2) Attachment B: Review of MgO-Related Uncertainties in the Waste Isolation Pilot
Plant;

3) Attachment C: Independent reviewer report: “Letter report review of the SC&A Draft
Report “Review of MgO-Related Uncertamuas in the Waste Isolation Pilot
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4) Attachment D: Response to the indcpehdcnt reviewer comments on MgO segrepation;
and,

5) Attachment E: Stakeholder comments (PECOS Management Services, Inc.) in
Review of the DOE Request for Magnesium Oxide Requirement Reduction.

If you have any question regarding this request, please call Tom Peake at (202)
343-9765.

}cerely,
Juan Reyes, Directo
Radiation Protection Division

Enclosures

Cc (electronic distribution):
Frank Marcinowski, DOE/HQ
Alton Harris, DOE/HQ

Russ Patterson, DOE/CBFO
George Basabilvazo, DOE/CBFO
Steve Zappe, NMED

Nick Stone, EPA Region 6

WIPP Team
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Attachment A

Overview Summary of Planned Change Request Decision
I. - Imtroduction

DOE submitted a planned change request in April 2006 to decrease the amount of
emplaced magnesium oxide (MgO) from 1.67 to 1.2 times the quantity of empiaced
carbon in the disposed waste. EPA’s position on the engineered barrier is that, as the
quantity of magnesiumn oxide is decreased and approaches a one-to-one relationship with
emplaced carbon, a better understanding of system uncertainties are needed. In Apnil
2006, EPA requested that DOE analyze the importance of system uncertainties to gain an
understanding of their impact on MgO performance. In November 2006, DOE responded
with a detailed uncertainty analysis, but also introduced new issues related to MgO and
their impact on the disposal system at the Waste Ysolation Pilot Plant (WIPP) (see
Attachment B for details). Since DOE’s November 2006 response, EPA has been
working to better understand and resolve these issues in order to assess the performance
implications of the proposed change.

IL EPA’s Review

Because of potential uncertainties in predicting future characteristics at the WIPP
and performance uncertainties of WIPP’s only engineered barrier, MgO, EPA is
concerned about any decrease in the amount of MgO emplaced with waste. MgO is
emplaced to control disposal room chemical conditions, absorb carbon dioxide (CO;) gas
generated, and limit radioactive materials transport. Even though EPA has not made ita
specific requirement, EPA has taken great comfort in the excess MgO, or safety factor.
EPA believes that excess MgO overwhelms uncertainties associated with our
understanding of the disposal system performance. Therefore, when DOE requested a
change to the MgO emplacement, EPA wanted to ensure that this action would not be
detrimental.

EPA’s review determined that three areas and their uncertainties nceded to be
clearly understood: 1) How much carbon is in each disposal reom, 2) How much carbon
dioxide gas is generated, and 3) How will the MgO effectively control chemical
conditions and limit radioactive material transport (see Section 1.0 of Attachment B for
details). EPA also had an independent review of its contractor report to assure the
adequacy of their work (see Attachments C and D for details). One final result of this
review is that the approach and assumptions DOE used overestimates the amount of MgO
needed.

ITA. How much carbon is in each room? FEPA examined DOE’s approach
to estimating how much celluloses, plastics, and rubber materials (CPR) (the sources of



carbon at WIPP) are emplaced in the disposal system. EPA determined that DOE’s
approach appears adequate and that DOE reasonably estimates the amount of carbon in
the waste emplaced at WIPP. The non-regulatory WIPP oversight group, PECOS
Management Services, Inc. (PECOS), concluded that DOE’s estimation approach is the
weakest part of DOE’s analysis but may be biased high for many waste streams and
generally appears to overestimate the amount of carbon in the waste (see Attachment E
Conclusions for details). EPA concluded that DOE reasonably estimates the amount of

carbon in waste room when calculating the amount of MgO needed. (See Attachment B
and E for more details)

I1B. How much carbon dioxide gas is generated in a disposal room? EPA
concludes that DOE uses conservative estimates of the amount of CO; gas generated in a
disposal room because it is assumed that all carbon is converted to CO, gas. Carbon
dioxide is generated by microbial degradation of CPR waste materials placed in disposal
rooms. To degrade CPR, microbes need a nurturing environment, sufficient food (CPR),
access to this food source, and sufficient water to sustain the microbes’ existence.
Microbes operate along very particular pathways: first, they will consume along the
denitrification pathway, and then the sulfate pathway, and finally the methanogenesis
pathway (see Section 2.2 of Attachment B).

In addition, microbes may not be able to degrade some of the CPR, thus reducing
the amount of carbon converted to CO» gas. Conditions have to be favorable for CO; to
be generated, and conditions favorable for microbe survival may not occur in the disposal
rooms. To be conservative, presently, EPA requires DOE to assume that ALL carbon in
the waste in a room tums into CQ,. PECOS believes that this approach is “...overly
conservative...” (See Attachment E page 8). The conservative requirement that al} solid

carbon is converted to gas compensates for errors that may be associated with estimates
of CPR mass.

IIC. Reactivity of the MgO DOE provided information on the potential
reactivity of the MgO at 96% from the current supplier. EPA found the information
reasonable, and requires DOE to ensure that the MgO reactivity remains at 96% by
regularly testing MgO samples.

IID. Is this review conservative? EPA believes that this approach is
conservative. EPA notes a number of conservative assumptions during its review
including: conservative estimates of available carbon from the degradation of CPR, and
conservative estimates of the amount of CO, generated. [t is likely that not all available
carbon will react to generate CO, gas, and that CO, may react with other matenials, but
this effect is not included. In addition, methanogenesis is expected to take place but is
not included (see Attachment B, page 5-3). PECOS also believes that DOE’s approach is
overly conservative (see Attachment E Sections [V and V for details).




Attachment B

Review of MgO-Related Uncertainties in the
Waste Isolation Pilot Plant.

[EPA contractor report]




III.  Independent Technical Review of SC&A Analysis (Attachments C and D)

EPA required its contactor, SC&A, to have a documented independent technical
review of their report. SC&A’s quality assurance manager selected Dr. Donald Langmuir
to review SC&A’s work. Dr. Langmuir agreed with SC&A’s conclusions except two
(see Atiachment D, page 4 for details). He had concemns about segregation of MgO and
molecular diffusion. Dr. Langmuir’s comments were diligently considered and SC&A
responded in Attachment D. The final report was miodified as warranted (see Attachment
B) to address and clarify these issues. SC&A and EPA believe that these issues have
been abundantly deait with during the history of the WIPP regulatory process, in
particular during the Compliance Certification Application Conceptual Model Peer
Reviews in 1996 and 1997. PECOS also concurs that these issues are not significant (see
Attachment E, sections “The efficiency of mixing processes” and “The physical
segregation of MgO from CO;”).

EPA also furthered addressed Dr. Donald Langmuir’s main concern that MgO
may make some form of a concrete-like material and not be able to react with CO; ina
waste room (see Attachment E, Section 2.2; also see Attachment B, Section 3.2 and
Attachment D). In summary, EPA reexamined work done during the past fifteen or more
years on the ability of MgO to be available for reaction with CO;. This includes the
experimental work conducted for the conceptual model peer review at time of the WIPP
certification. Based on the existing documentation that addresses this issue, EPA
concludes that if CO, is generated by microbial activity, MgO will be available to react if

DOE continues to use MgO of high purity and calculates the needed MgO on a room-by-
room basis.

1V. Stakeholder Comments:

From August 29, 2007 to October 11, 2007 EPA asked for comments from
members of the public. PECOS Management Services, Inc (see Attachment E for
details), provided a report with the conclusion that the safety factor reduction to 1.2 is
appropriate and could even be reduced further. EPA received no other comments from
individuals or groups on this topic.

V. Conclusion:

EPA approves this planned change with conditions. First, DOE is to continue to
calculate and effectively track both the carbon disposed and the required MgO needed on
a room-by-room basis. In addition, DOE must, on a regular basis, verify that the
reactivity of MgO is maintained at 96% as assumed in DOE’s analyses.




Attachment C

Letter Report of the SC&A Draft Report “Review of MgO-Related
Uncertainties in the Waste [solation Pilot Plant

[Independent Review of Attachment B]
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Silverthomme, CO 80498 Silverthome, CO 80498 Tel & Fax (720) 570-3474 (Denver)
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<d langmuir@comcast.net>

MEMO

To:  Dr. Steven L. Ostrow, Work Assignment QA Manager, S. Cohen & Associates, Vienna
VA, 22182

From: Dr. Donald Langmuir, QA Technical Specialist, Hydrochem Systems Corp.,
Silverthome CO, 80210

Date: November 4, 2007

Subj:  Letter report review of the SC&A Draft Report “Review of MgO-Related Uncertainties in
the Waste [solation Pilot Plant”. Contract No. EP-D-05-002, Work Assignment No. 3-07

1.0 Introduction

This is my letter review of the Draft Report. As charged, in this review I will address the
following questions:

a. Does the work product contain a sound and thorough discussion of the problem under
investigation, the methodology employed, and the significance of the resuits?

b. Have uncertainties been appropriately considered in the review?
¢. Does the review/analysis support the final recommendations/conclusions?

d. Does the review contain proper documentation of any codes, spreadsheets, problems,
data sources, inputs and outputs?

The principal focus of the subject SC&A drafi report is to determine if, as the DOE has
requested, the excess (safety) factor (EF) for MgO (total moles emplaced MgQ/total moles
COz consumed) can be decreased from 1.67 to 1.2, where the CO; consumed equals the
maximum amount of CO; that can be produced by breakdown of the estimated amount of
carbon disposed of in the Waste Isolation Pilot Plant (WIPP). This decrease in EF if agreed
to, should not unacceptably compromise the safe performance of the repository. In support of
their request to reduce the EF from 1.67 to 1.2, the DOE has addressed the following four
sources of uncertainty in their calculations of EF (Vugrin et al., 2006) which are either quoted
or paraphrased here:

¢ Uncertainty in the quantity of CPR (total organic matter, which occurs in
¢ellulose, paper and rubber)



» Uncertainty associated with the quantities of CO; produced by microbial
degradation of CPR

¢  Uncertainty related to the amount of MgO available 1o react with CO;

® Uncertainty in the moles of CO, consumed per mole of available MgO, and in the
moles of CO; that could be consumed by reaction with other materials

These uncertainties were addressed by DOE (Vugrin et al, 2006; 2007) using the Effective
Excess Factor (EEF) which is given by:

(M )
(8xM o, )

where Mo is the total moles of emplaced MgO and M, the maximum number of moles of
CO, that could be generated by microbial breakdown of all carbon in the CPR. Among the
other terms, g is the uncertainty in the moles of CO; produced per mole of consumed CPR, m
the uncertainty in the moles of MgO available for CO, consumption, and r the uncertainty in
the moles of CO, consumed per mole of emplaced MgO.

EEF = (1)

The Draft Report evaluates DOE’s quantification of the uncertainties through Eq. (1). A
fundamental approach taken to the uncertainties in this equation by the DOE and largely
agreed to by the Draft Report has been to incorporate, in general, highly conservative
assumptions in the calculations.

20 Uncertainty in the Quantity of CPR

The author of the Draft Report has reevaluated the inventory of total moles of CPR carbon
proposed for emplacement in the repository. This reevaluation included a review of the
probable chemical composition of the CPR, and calculation of reasonable upper and lower
range estimates of the total moles of CPR carbon, which are 1.32x10° moles and 1.18x10°
moles, respectively (p. 2-4). These upper and lower range estimates are 9% greater and 3%
lower respectively than estimates of the moles of CPR calculated using the assumptions of
Wang and Brush (1996). The assumptions and calculations of the author of the Draft Report
appear reasonable.

2.1  Uncertainty in the Quantity of CO; Produced by Microbial Degradation of CPR

The DOE (Kirchner and Vugrin, 2006) and the Draft Report conservatively assume that all of
the CPR will be microbially degraded to CO;. This is in spite of expert opinion that the rubber
(7% of the C in CPR) and plastics (61% of the C in CPRYDraft MgO Review, 2007) may
experience little or no breakdown during the 10,000 year WIPP regulatory period (Draft
Report, 2007, p. 6-1; and SCA, 2006a, Expert Panel Report p. 3-1).

The microbial degradation reactions of CPR may include denitrification, sulfate reduction, and
methanogenesis. If for simplicity CPR is assumed to be in its most reactive form, which is
cellulose (assumed formula CgH;Os) these reactions are (Draft Report, p. 2-5 & 2-6):



CeHioOs+ 48 H +48 N0y — T4 H,0+ 6 CO, +2.4N;  (denitrification) 2

CatligOs +6 H' +3 SO — SH0 + 6 CO, + 3 Hy8 (sulfate reduction)  (3)
CeHi190s +H,0 — 3CHy + 3 CO» (methanogenesis) (4)
4H + CO; — CHy +2 HyO (methanogenesis) (5)

Denitrification and sulfate reduction reactions yield 1 mole of CO; for every mole of carbon in
CPR. The first methanogenesis reaction produces 0.5 moles of CO, per mole of carbon in
CPR, whereas the second methanogenesis reaction actually consumes CO,.

There is little nitrate in the repository, however sulfate occurs in the waste and brines and in
minerals in the Salado Formation including anhydrite, gypsum and polyhalite. Vugrin et al.
(2006) and EPA (2006) have concluded that there is sufficient sulfate present and available
from these sources to degrade all of the carbon in CPR via sulfate reduction. This would
suggest a CPR-C to CO;-produced ratio of 1:1. The occurrence of any methanogenesis, which
may be unlikely, would reduce the amount of CO; produced. Thus, assuming as does the
DOE and the Draft Report, that 1 mole of CO» is produced by the microbial breakdown of 1
mole of carbon in CPR is conservative, not just because most of the CPR is relatively
unreactive, but because its microbial degradation may produce less than 1 mole of CO; on
average per mole of C in the CPR..

22  Uncertainty in the Amount of MgO Available to React with CO;

A number of studies have examined the composition and reactivity of commercial MgO used
or considered for emplacement in the repository. The MgO currently being emplaced and
projected for future emplacement, which is manufactured by Martin Marietta, is described as
MagChem® 10 WTS-60 MgO. Repeated chemical analyses listed in the Draft Report (p. 3-1)
indicate that this product contains 98.5 wt% MgO with an uncertainty of 2.5 wt% or less.
DOE has established a performance specification that 96+2 (16) mole% reactive MgO plus
CaO be present in 10 WTS-60 MgO. The Draft Report reasonably concludes that 10 WTS-60
MgO will probably continue to meet this specification. Conservatively, the DOE ignores the
" expected consumption of CO- by the lime in WTS-60 MgO.

Several scenarios have been considered that could potentially reduce (or increase) the percent
of commercial MgO that would be available to react with CO, from the breakdown of CPR.
These include: (1) MgO physical segregation from the brine and COy; (2) loss of MgO to
brines that might leave a waste panel because of a drilling intrusion; (3} incomplete mixing of
the waste, brine and COy; (4) partial carbonation of the MgO before emplacement; (5) the
likelihood that a significant number of MgO supersacks will not rupture; (6) that the
supersacks contain less MgO than assumed; and (7) reaction of dissolved Mg in the Salado
brine with the CO;. Among these (1) through (6) could reduce, and (7) could increase the
percent of MgO available to react with the CO; from CPR.

The Draft Report (see also Vugrin et al., 2007) concludes:
(1) Physical segregation of the MgQ is unlikely to be significant;



(2) MgO loss to brine outflow will be less than 1%;

(3) Mixing in the disposal rooms by molecular diffusion alone will assure that all of the MgO
and the CO; have a chance to react during the 10,000 yr regulatory period;

(4) Partial carbonation of the MgO prior to emplacement is likely to consume less than 0.1%
of the Mg(;

(5) The MgO supersacks will rupture because of lithostatic load (cf. DOE, 2004) and
microbial degradation; and

(6) Uncertainty in the amount of MgO in each supersack (4,200£50 lbs, WIS, 2005) is
probably random and insignificant,

(7) Calculation of the amount of CO, that could be precipitated as hydromagnesite because of
high Mg concentrations in the GWB (Salado) brine, suggests that possibly 2.2% of the COy
from CPR breakdown could be so precipitated. This, of course, is conservative, and leaves
more unreacted MgQ available to consume the remaining CO, from CPR.

I agree with the conclusions expressed by DOE and the Draft Report with regard to items (2)
and (4) through (7), and consider them properly documented and supported. However,
physical segregation of the MgQO (Item (1)) may occur (see below), and the calculation of
mixing in disposal rooms assuming molecular diffusion (Ttem (3)) (cf. Kanney and Vugrin,
2006) presumes that such diffusion of H;O and CO, will readily occur through supersack
MgO and through its reaction products in the disposal rooms during the 10,000 y regulatory
period. This assumes that the initial porosity of 10 WTS-60 MgO (commercial MgO) will
remain open to diffusive transport at all times after emplacement. Further discussion of Item 3
is presented later in this review.

23 Uncertainty in Moles of CO, Consumed per Mole of Available MgO, and in
Moles of CO; Consumed by Reaction with Other Materials

It is generally assumed that most of the CO; from microbial breakdown of CPR will be
captured by reaction with MgQ (actually with Mg (OH),) forming either hydromagnesite or
magnesite. If this is the case and the reaction product is hydromagnesite, the ratio of CO;
produced to MgO consumed is 4 to 5, or 0.8. If the product is magnesite the CO; to MgQO
ratio is 1. As discussed below, there are reasons to doubt that all of the MgO in supersacks
will be available to react with all of the CO, from CPR assuming all of the CPR is
biodegraded.

The Draft Report notes that other reactions and processes in the repository may consume some
of the CO; (cf. Brush and Roselle, 2006; Vugrin et al., 2006). Reducing conditions and
dissolved ferrous iron can be expected because of the presence of iron metal in waste
containers and in TRU wastes and their corrosion products. This should lead to precipitation
of a substantial amount of the CO, in siderite (FeCQ;) (Brush and Roselle, 2006). Lead
materials may also result in minor amounts of lead carbonate precipitate. Also, dissolution of
calcium mmcrals, anhydrite, gypsum and polyhalite in the salt formations will contribute
dissolved Ca® to repository brines which can be expected to react with dissolving COq,



Larecipitaﬁng calcite, and possibly pirssonite [Na;Ca(CO3),.2H,O)Draft Report, p. 4-7).
Other possible sinks for the CO; from CPR are unreacted lime in Portland cements that have
lbeen used to solidify wasic studges, and incorporation of the carbon of CO; in biomass (Drafl
r\Report, p. 412). Because the significance of all of these potentially’ COz-consuming
secondary processes and reactions has been assessed theoretically but not experimentally, the
DOE has decided conservatively to ignore them, This conservative approach is reasonably
‘also adopted by the Draft Report.

390  Assumed Reactions of MgO with Water and CO; in the Repository

There is a general consensus that in brine or humid environments MgO rapidly hydrates to
form Mg(OH), (cf. Smder and Xiong, 2002)..

MgQ + H,0 — Mg(OH), (6)

It is now generally agreed also (Snider and Xiong, 2002; DOE, 2004) that under repository
conditions the first Mg carbonate to precipitate by reaction of the brucite with CO; from CPR
breakdown (other than unstable nesquehonite, MgCO3.3H,0, which subsequently alters to
: hydromagnesite) will be hydromagnesite, which forms according to the reaction:

Mg(OH); + 0.8 CO,= 0.2 Mgs(CO3)4(OH)y 4H,0 (7

and that later during the 10,000 yr regulatory period, an unknown fraction of the
hydromagnesite will react with additional CO, and convert to thermodynamically more stable
magnesite (DOE, 2004; Brush and Roselle, 2006) by the reaction:

0.2 Mgs(CO3)(OH)y4H,0 + 0.2 COy — MgCOy + HyO )

31  Experimental and Geologic Analog Evidence Related to the Hydration and
Carbonation of MgO

MgO Hydration

Sandia National Laboratories has performed a number of small-scale laboratory experiments
to study the hydration and carbonation of MgO (Zhang et al., 2001; Bryan and Snider, 2001;
Xiong and Snider, 2003; EPA, 2006). In some of these, termed humid-condition experiments,
pellets of MgO or commercial powdered MgO were suspended over salt sojutions that defined
different relative humidities ranging from 35 to 95%, and temperatures from 25 to 90°C. In
other experiments MgO was immersed in DI water and in different salt solutions from 25 to
90°C.

Results of some of these experiments have been inconsistent and others ambiguous in part
because of a lack of quantitative identification of the brucite (EPA, 2006). However,
generally, they show that the MgQ hydrates readily above 35% relative humidity and in
solution to form brucite. Hydration rates increase with temperature and relative humidity and
decrease with increasing ionic strength. In GWB brine a magnesium-chloride-hydroxide




hydrate salt [Mg>Cl(OH)y'4H;0] was formed initially, although it converted to brucite with
time.

Some of the comments and findings of the Sandia researchers regarding their laboratory
hydration results are noteworthy. In her inundation experiments at 90°C, Snider (2003)
observed that hydration ceased once 85% of the commercial MgO had been hydrated. The
unreacted 15% of material which was apparently not MgO, was not identified.

In the discussion of agitation in their experiments, Snider and Xiong (2002) observed:
“Sample agitation was performed to eliminate the formation of lithified hydration products,
minimizing the likelihood that cake formation would inhibit hydration by limiting brine access
to unhydrated MgO”. And “however, hydration products may still inhibit hydration by coating
individual particles, or by plugging the intemnal pores in the MgO grains”. Nevertheless,
Snider (2002) did observe that in experiments with GWB brine, hydration rates were simnilar
in agjtated and unagjtated experiments, even when some cementation of the unagitated solids
occurred. Regardless, it is important to remember that agitation will not occur in the
repository.

Carbonation

Laboratory experiments involving carbonation have been performed for inundated conditions
only, using DI water, 4 m NaCl, GWB brine and ERDA-6 brine. Carbon dioxide pressures
used have ranged from near atmospheric (10~ bars) to 5% CO,. At atmospheric pressures,
Snider and Xiong, (2002) detected hydromagnesite and calcite after 327 days of reaction.
Carbonation rates decreased with increasing ionic strength. Nesquehonite was only formed in
experiments with 5% COx, and it tended to convert to hydromagnesite with time (Snider and
Xiong, 2002).

Deng et al. (2006, p. 29) has described presently ongoing DOE studies of carbonation of
brucite “to gain a more mechanistic understanding of Mg carbonation”. The authors are
performing additional laboratory inundation experiments using WIPP brines. As with the
experiments described above, their experimental conditions are not realistically related to
conditions in the repository which will involve MgO supersacks, aml considerably higher
MgO solid to brine ratios than have been used in any of the laboratory experiments.

Natural analog studies are consistent with thermodynamic calculations, and show that
magnesite is the likely long-term carbonation product of periclase and brucite, and that
hydromagnesite is unstable relative to magnesite (Draft Report, p. 4-1; Brush and Roselle,
2006). However, such studies also show that hydromagnesite can persist unaltered for
thousands of years (Vance et al., 1992).

Magnesite is found in the Salado Formation. However its occurrence in the Salado, which is
about 200,000 million years old, provides no information on the rate of conversion of
hydromagnesite to magnesite during the 10,000 y regulatory period.

A number of researchers have studied the kinetics of conversion of hydromagnesite to
magnesite in laboratory experiments as a function of ionic strength and temperature in
different salt solutions (Sayles and Fyfe, 1973; Zhang et al., 2000). The conversion rate has




generally been found to increase with temperature, ionic strength and CO, pressure, and
decrease with increasing Mg®* concentration. Because of the slow rate of conversion at the
low temperatures and CO; pressures expected in the repository, rates have been extrapolated
to assumed repository conditions, The assumption of different kinetic models for the
extrapolation has led to ambiguous conclusions regarding the conversion rate to be expected at
lower repository temperatures,

Because the rate of conversion of hydromagnesite to magnesite is not well defined, the Draft
Report (p. 4-7) assumes conservatively and reasonably, that the 7 parameter in Eq. 1 ranges
from 0.8 (hydromagnesite only) to 1.0 (magnesite only), with a uniform distribution across
this range.

3.2  Applicability of DOE’s Experimental Results for MgO Hydration and
Carbonation to the WIPP Repository

Vugrin et al. (2007, Table 3) have listed twelve issues that affect “the fraction of MgO
available for Sequestration”. All but two of these issues have no impact or have a
conservative impact on the calcutated EEF in Eq. 1. The remaining two issues, if incorrectly
Jjudged by the DOE, could have a major negative impact on the ability of the MgO backfil! to
sequester CO, from CPR breakdown. The first of these is the ability of periclase to react to
completion (with CO,). DOE assumes that all of the periclase will react with and consume al!
of the CO; . The second issue is the segregation of MgO from CQ,. DOE assumes no
physical segregation of the MgO, and thus that all of the MgO remains available for reaction
with CO,,

It seems highly dubious that the resuits of DOE’s small-scale laboratory experiments can be
extrapolaied to conditions in the WIPP repository to support these two assumptions. An
obvious difference between the experiments and repository conditions is the solution to MgO
ratio in the inundated experiments, where brine volumes vastly exceed the volume of MgO,
versus in the repository were brines may only occupy (if they can access them) pore spaces in
the MgQ or its hydration product Mg(OH);.

The DOE has not performed any hydration or carbonation experiments under conditions or at
a scale that attempts to reproduce the conditions under which hydration and carbonation
reactions will occur in the WIPP repository,

Regarding the applicability of the laboratory hydration and carbonation results to the
repository, Brush and Roselle (2006, p. 8) state “...al] results to date imply that the periclase
and lime present in MgO will be available to react — and will continue to react -until ajl CO,in
the repository has been consumed...” Note they do not say that the experimental results
obtained to date prove that the periclase will be available to react.

Others have also questioned the confidence with which DOE has extrapolated the results of its
laboratory experiments to repository conditions. An expert panel quoted by SC&A (2006)
states as its 4" finding, that the environment within a disposal room is likely to be
heterogeneous and pockets of unreacied MgO are likely to persist. In its 9 finding the same
expert panel recommends the formation of an expert elicitation panel to “...address the



fraction of MgO likely to react in the repository environment, and the possible consequences
of a partial or complete shortfall in the MgO buffering capacity”.

Further, SC&A (2006, p. vi.) comments that “Uncertainties identified during the course of this
investigation include the possibility of physical segregation of small quantities of MgO....”
“The goal of eithier. .. literature review or experimental studies would be to adequately quantify
or capture system uncertainties, including....chemical reaction uncertainties related
t0....reactions with MgO backfill”.

4.0  Volume Changes that Accompany MgO Hydration and Carbonation

Nothing has been said by the DOE regarding the massive increase in the volume of Mg salis
that will result from the hydration and .carbonation of MgQ. This volume increase will
undoubtedly affect the performance and reactivity of the MgO backfill.

The density of the commercial MgQ is 87+5 1b/ft’ (WTS, 2005). This is equivalent to a
density of 1.39 g/em’, The density of pure, solid MgO is 3.58 g/lem® (Weast, 1976), which
indicates that the porosity of the commetcial MgO is 61%. This porosity may be completely
filled and clogged by the hydration and carbonation products of MgO alteration .

Shown below are changes in the molar volume of periclase (MgO) when it is hydrated to form
brucite [Mg(OH);}, and when the brucite is later carbonated to form hydromagnesite
[Mgs(CO3)a(OH),; 4H;0] or magnesite (MgCO3). To permit direct comparison, the changes in
molar volume of the solids and the cumulative volume increases starting with MgO are shown
in terms of one mole of Mg in each solid. Molar volumes of periclase, bruclte and magnesite
are from Weast (1976). The molar volume of hydromagnesite (207.84 cm 3) is from Mincryst
info, card No. 2070 (http://database.iem.ac.r/mincryst/s_carta2.php?2070+MAIN).

Periclase (11.25 cm®) + H,0 — Brucite (24.63 c’) 9)
(219% solids volume increase)

Brucite (24.63 cm”) + 0.8 CO; — 0.2 Hydromagnesite (41.57 cm?) 10
(169% solids volume increase from brucite,
370% solids volume increase from periclase)

0.2 Hydromagnesite (41.57 cm’) + 0.2CO, — Magnesite (28.02 cm”) + H:O (1)
(67% solids volume decrease from hydromagnesite,
249% volume increase from periclase)

If in fact the MgO emplaced in the repository becomes coated or armored with Mg(OH),, and
that Mg(OH); clogs its porosity because of the 219% volume increase, then some MgO and
some Mg(OH); may be unavailable for further reaction.

50  Calcite/Hydromagnesite Versus Bruce/Hydromagnesite Controls on pH and CO;
Pressure




-

The DOE and the Draft Report express confidence that the pH and CO, pressure in the
repository will be buffered by the reaction between brucite and hydromagnesite or brucite and
magnesite. However, if the Mg(OH), produced by hydration of periclase reacts with CO, and
becomes coated or armored with a Mg carbonate, which initially is likely to be
hydromagnesite (a net 370% volume increase from MgO to hydromagnesite), then some of
the brucite may not contact the brine and so not buffer repository pH as assumed. In this case
repository pH is likely to be buffered by the hydromagnesite/calcite reaction which is:

Mgs(CO3)y(OH),4H,O +4Ca™ + 2H" = 4CaCO; + 5 Mg?* + 6H,0 (12)
+74 +12
for which o GV (13)
[ Mg 2+ ] 5

Equation (13) shows that at calcite/hydromagnesite equilibrium, the pH is a complex function
of the Ca’* to Mg** ratio in the brine. The likelihood that this reaction will control pH and
CO, pressures in the repository, is suggested by the results of Snider and Xiong (2003) who
ran MgO carbonation experiments in DI water, 4 M NaCl, GWB brine and ERDA-6 brine,
bubbling humidified air through the solutions to maintain atmospheric CO; pressures. After
327 days in all four sets of experiments they detected hydromagnesite and caicite by XRD
analysis.

51  Geochemical Modeling of Brine Geochemistry

A number of computer runs were performed using PHREEQC and the Pitzer approach
(Parkhurst and Appelo, 1999) to address possible mineral reactions in the Castile and Salado
Brines, in part with the purpose of comparing computed results to DOE’s results from such
calculations performed using the Pitzer EQ3/6 data base (Wolery, 1992: Draft Report, p. 4-8).
In the PHREEQC runs, based on the reported mineralogy of the Salado Formation, it was
assumed that Brine A was equilibrated with an excess of halite, gypsum, calcite, polyhalite
and hydromagnesite, with or without brucite. The DOE did not inciude polyhalite in their
geochemical modeling calculations. However, given the composition of this salt (it contains
no carbonate), its inclusion in the PHREEQC modeling should not have significantly affected
computed pH and CO; equilibrium values.

Assuming equilibrium of the brine with brucite and hydromagnesite PHREEQC computed
that pH and Pco;, values were buffered at about pH 8.2 and 10”* bars. This roughly agrees
with results of the same calculation performed with the FMT model (DOE, 2004) that
indicates buffered pH and Pco, values of 8.69 and 10°™ bars, respectively for the
brucite/hydromagnesite reaction. In contrast, if we assume that brucite is armored and not in
contact with the brine, the PHREEQC calculations indicate that the calcite/hydro esite
reaction buffers the pH and Pco, at more troublesome values of pH 7.2 and 103 bars.
Similar results are obtained from PHREEQC modeling of ERDA-6 (Castile) brine.

6.0 Effective Excess Factor Calculations

The Draft Report (p. 5-1) modifies and reevaluates the effective excess factor (EEF) equation
(Eq. 1), to incorporate the uncertainty associated with a revised chemical composition of the
— =4 ), o moorporate e unc



CPR. The result is an EEF value of 1.0+£0.0775 (lo), in which the uncertainty differs
negligibly from the value of +0.0719 computed by Vurgin et al. (2006, 2007). This EEF value
indicates that sufficient MgO will be present to react with all the CO; that might be derived
from the breakdown of CPR. Assuming this assessment is correct, the DOE’s proposed

reduction of the EF from 1.67 to 1.2 would not significantly affect WIPP groundwater
chemistry.

The Draft Report reiterates the conservative assumptions inherent in this computed value of
the EEF and its uncertainty. These include that: no calcite with precipitate resulting from
sulfate mineral dissolution; methanogenesis will not occur (CPR degradation will be via
microbial nitrate and sulfate reduction), and every mole of C in CPR will be degraded and
form COz; and no other carbonate minerals including those of Fe, Pb and Ca will form. As
noted previously, these are all highly conservative assumptions. However, the EEF calculation
retains the non-conservative and inadequaiely supported assumption that all of the emplaced
MgO will be carbonated.

70  Concluding Concerns and a Suggestion

In this review | have argued that the DOE’s extrapolation of available laboratory experimental
results related to MgO hydration and carbonation, to confidently predict the course of these
reactions in the WIPP repository, seems questionable. Others have also disputed the certainty
of DOE’s predictions which are based only on laboratory experiments and theoretical
calculations, pointing out the need for field validation at the WIPP site. The expert panel
reported on by SC&A (2006, p. 3-3) in fact recommends that “DOE consider performing a
single-room “realistic” analysis of the processes related to the performance of the MgO
backfill, including gas generation, chemical reactions, biodegradation, and mechanical creep”.

8.0 References

Brush, L H., and Roselle, G.T. 2006, Geochemical information for calculation of the MgO
effective excess factor. Memorandum to E.D. Vugrin, Sandia National laboratories, Carlsbad,
NM, Nov 17, 2006.

Bryan, C.R., and Snider, A.C. 2001, MgO Experimental Work Conducted at SNL/CB:
Continuing Investigations with Premier Chemical MgQ, Sandia Natl. Laboratories Tech.
Baseline Reports, WBS 1.3.5.4. Repository Investigations, Milestone R1020, July 31, 2001.
Sandia Natl. Laboratories, Carlsbad, NM, ERMS 518970. p. 5-1 to 5-15.

Deng, H., Nemer, M., and Xiong, Y. 2006, Experimental Study of MgO Reaction Pathways
and Kinetics. Rev. 0. Task 1.4.2.5. Sandia Natl. Laboratories. Waste Isolation Pilot Plant
(WIPP) Test Plan TP 06-03. 47 pp.

DOE (U.8. Department of Energy) 2004, Title 40 CFR Part 191, Subparts B and C.
Compliance Recertification Application for the Waste Isolation Pilot Plant. Appendix
BARRIERS. U.S. Dept. of Energy Wasie Isolation Pilot Plant, Carlsbad, NM. DOE/WIPP
2004-3231.




EPA (Environmental Protection Agency) 1998, Technical support Document for Section
194.24: EPA’s Evaluation of DOE’s Actinide Source Term. U.S. Environmental Protection
Agency, Office of Radiation and Indoor Air, Washington, DC. Docket A-93-02 Item V-B-17.

EPA (Environmental Protection Agency) 2006, Technical Support Document for Section
194.24: Evaluation of the compliance recertification actinide source term and Culebra
Dolomite distribution coefficient values. U.S. EPA, Office of Radiation and Indoor Ai,
Washington DC. Docket A-98-49. II-B1-3. '

Parkhurst, D.L. and Appelo, C.AJ. 1999, User’s guide to PHREEQC (Version 2), A computer
program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical
calculation. U.S. Geol. Survey Water-Resources Inv. Rep., 99-4259. (Pitzer code available in
Version 2.12 available at: http://wwwhrr.cr.usgs.gov/projects’yGWC_coupled/phreeqc/

Sayles, F.L., and Fyfe, W.S. 1973, The crystallization of magnesite from aqueous solution.
Geochim. et Cosmochim. Acta 37:87-99.

8.C & A. (8. Cohen & Associates) 2006, Preliminary Review of the Degradation of
Cellulosic, Plastic, and Rubber Matetials in the Waste Isolation Pilot Plant, and Possible
Effects on Magnesium Oxide Safety Factor Calculations. Prepared for U.S. Environmental
Protection Agency. Contract No. EP-D~05-002. Work Assignment No. 2-09.

Snider, A. C., 2002, MgO Studies: Experimental Work Conducted at SNL/Carisbad. Efficacy
of Premier Chemicals MgQ as an Engineered Barrier, Sandia Natl. Laboratories Tech.
Baseline Reports, WBS 1.3.5.3, Compliance Monitoring: WBS 1.3.5.4, Repository
Investigations, Milestone RI 110, Jan. 31, 2002. Sandia Natl. Laboratories, Carlsbad, NM.
ERMS 520467, p. 3.1-1 t0 3.1-18.

Snider, A. C., 2003, Hydration of Magnesium Oxide in the Waste Isolation Pilot Plant. Sandia
Natl. Laboratories Tech. Baseline Reports, WBS 1.3.5.3. Compliance Monitoring; WBS
1.3.5.4, Repository Investigations, Milestone RI130, July 31, 2002. Sandia Natl. Laboratoties,
Carlsbad NM, ERMS 526049. p. 4.2-1 to 4.2-6.

Snider, A. C., and Xiong, Y. 2002, Experimental Study of WIPP Engineered Barrier MgQ at
Sandia National Laboratories Carlsbad Facility. Task 1.3.5.4.3.1. Sandia National
Laboratories, Carisbad, NM. TP 00-07. Revision 2.

Vance, R. E., Mathews, R W., and Clague, J.J. 1992, 7000-year record of lake-level change on
the northern Great Plains: a high-resolution proxy of past climate, Geology 20:879-882.

Vugrin, E.D., Nemer, M.B., and Wagner, . 2006, Uncertainties Affecting MgO Effectiveness
and Calculation of the MgO Effective Excess Factor. Revision 0, Sandia National
Laboratories, Carlsbad, NM.

Vugrin, E.D., Nemer, M.B., and Wagner, S. 2007, Uncertainties Affecting MgO Effectiveness
and Calculation of the MgO Effective Excess Factor. Revision 1, Sandia National
Laboratories, Carlsbad, NM. ERMS 546377.



Weast, R. C., editor, 1976, Handbook of Chemistry and Physics. CRC Press, Inc., Cleveland,
OH 44128.

Wolery, T.J., 1992, EQ3/6 A Software Package for Geochemical Modeling of Aqueous
Systems: Package Overview and Installation Guide (Ver. 7.0). UCRL-MA-110662 Pt. 1.
Lawrence Livermore Natl. Laboratory, Livermore, CA.

WTS (Washington TRU Solutions) 2005. Specifications for Repackaged Backfill. Waste
Isolation Pilot Plant Procedure D-0101, Revision 7, May 2005.

Xiong, Y.-L., and Snider, A.C., 2003, Carbonation Rates of the Magnesium Oxide Hydration
Product Brucite in Various Solutions. Sandia Natl. Laboratories Tech. Baseline Repoits,
WRBS 1.3.5.4, Repository Investigations, Milestone RI 03-210, Jan. 31, 2003. Sandia Natl.
Laboratories, Carlsbad, NM, ERMS 526049, p. 4.3-1 to 4.3-11.

Zhang, P.-C., Anderson, H.L., Kelly, J.W., Krumhansl, J.L., and Papenguth, H.W., 2000,
Kinetics and mechanisms of formation of magnesite from hydromagnestite in brine.
Submitted to Applied Geochemistry. Sandia Natl, Laboratories, Albuquerque, NM. ERMS
514868,

Zhang, P., Hardesty, J., and Papenguth, H., 2001, MgO Hydration Experiments Conducted at
SNL-ABQ. Sandia Natl. laboratories Tech. Baseline Reports, WBS 1.3.5.4, Compliance
Monitoring; WBS 1.3.5.4, Repository Inv. Milestone RI 010, Jan. 31, 2001. Sandia natl.
Laboratories, Carlsbad, NM, ERMS 516749, p. 55-65.



Attachment D
Response to Comments By Langmuir

[Contractor Response to Attachment C Issues]



RESPONSE TO COMMENTS BY LANGMUIR (2007)
December 1, 2007

Comments

The comments made by Langmuir (2007) regarding a draft report on the MgO Excess
Factor Planned Change Request by DOE (SCA 2007) can be suramarized as follows:

Comment #1 — It is not certain that all MgO will react to completion with CO,; DOE
assumes that all periclase present in the MgO will react, which may not be adequately
supported.

Comment #2 — Physical segregation of MgO from CO; may prevent complete reaction;
DOE assumes this will not occur.

Comment #3 — It is questionable whether the results of DOE’s small-scale laboratory
experiments can be extrapolated to conditions in the WIPP repository to support the
assumption that all MgO in the repository will be available to react:

= Because of differences in the solution to MgO ratios between the inundated
experiments and repository conditions;

e DOE has not performed hydration or carbonation experiments under conditions or at a
scale that attempts to reproduce the conditions under which hydration and carbonation
reactions will occur in the WIPP repository.

e The environment within a disposal room is likely to be heterogeneous and pockets of
unreacted MgQO are likely to persist;

s There will be a massive increase in the volume of magnesium solids that will result
from the hydration and carbonation of MgQO, which will affect the performance and
reactivity of the MgO backfill. If the MgO emplaced in the repository becomes coated
or armored with Mg(OH),, and that Mg(OH), clogs its porosity because of the large
volume increase, then some MgO and some Mg(OH), may be unavailable for further
reaction.

Response

The performance of the MgO backfill is important to the WIPP performance assessment
under both humid and inundated conditions. Under humid conditions, the amount of brine
present in the repository is insufficient for release of radionuclides by direct brine release.
In the absence of direct brine release, the repository chemical conditions and resulting
actinide solubilities are not important for repository performance. Consequently, the only
important function of the MgO back{ill under humid conditions is to control gas
pressures by reaction with most of the CO,. This issue was specifically addressed by the
Conceptual Models Peer Review Panel; the Panel determined that DOE had sufficiently
resolved the issue of MgO reactivity for the purposes of the Gas Generation conceptual
model by demonstrating that sufficient access of brine and CO; to the MgO would occur
to substantially remove CO; as a pressure source (Wilson et al. 1996b, Section 3.21.3.3).



The questions raised by Langmuir (2007) regarding the effectiveness of the MgO barrier
to control chemical conditions are only relevant to inundated conditions, when sufficient
brine is available for a direct brine release. Under inundated conditions, the MgO must
react to control pH and CO, partial pressures and constrain actinide solubilities; these
inundated conditions may occur after an initial period of humid conditions. The responses
to these comments are organized according to the factors that could affect the availability
of the MgO backfill for complete reaction.

Physical Segregation. Langmuir (2007) noted that the issue of physical segregation of
MgO was raised by an expert panel, who stated that “local pockets of un-reacted MgO
are likely to be present for long periods of time” (RS1 2006, Finding 4, page 63).
However, RSI (2006) did not provide the basis for this finding or an explanation of the
mechanism by which such pockets of MgO might be isolated from brine and gas in the
repository. Physical segregation of MgO as a potential source of uncertainty in the MgO
Excess (Safety) Factor was discussed by SCA (2006, page 6-1). SCA (2006) stated that
this uncertainty was small because of the methods currently used to emplace MgO in the
repository, but that this small remaining uncertainty should be incorporated into the MgO
Excess Factor. Vugrin et al. (2007, page 18) addressed the possible physical segregation
of MgO by roof collapse, and found that physical segregation was unlikely to occur by
intrusion of the roof block into the waste because the roof was likely to lower onto the
waste stacks and MgO. In addition, Vugrin et al. (2007) explained that failures of smaller
portions of the roof (small blocks or spallings) were unlikely to physically segregate
MgO because of the small scale of the blocks and spallings and the likelihood of fractures
and high permeability in these smailer failed portions of the roof.

The assumption of significant physical segregation of part of the waste-gas-brine-MgO
system is inconsistent with the assumption of chemical homogeneity that was accepted by
the Conceptual Models Peer Review Panel (Wilson et al. 1996a). The Conceptual Models
Peer Review Panel found that the assumption of chemical homogeneity “should be
wholly valid over the time frame involved” (Wilson et al. 1996a, page 3-154). No
contradictory evidence has been presented since the Conceptual Models Peer Review,
and DOE has adequately explained why physical segregation is unlikely to occur after

. repository closure (Vugrin et al. 2007). Consequently, the possibility of physical
segregation of MgO does not require reconsideration and it does not appear to be a
significant source of uncertainty. To improve the explanation of the basis for assuming
that physical segregation of MgO would have an insignificant effect on the amount of
MgO available for reaction, the SCA (2007) report was revised to include a discussion of
the Conceptual Models Peer Review Panel’s acceptance of the assumption of chemical
homogeneity (Section 3.4, page 3-9).

Formation of Reaction Rims on MgQ Pellets. The possibility that individual MgO pellets
could become coated by reaction products and thereby be rendered unavailable for
reaction was considered an important source of uncertainty by the Conceptual Models
Peer Review Panel (e.g., Wilson et al. 1996b, Section 3.22.3.3). In response to requests
for additional information from the Panel, SNL (1997) provided experimental evidence
demonstrating that hydromagnesite would nucleate away from the surface of the periclase
grains under inundated repository conditions and that isolating reaction rims would not




form. The evidence reviewed by the Panel included experimental results, optical
microscopy, scanning electron microscopy, modeling predictions, analogue comparisons,
and phase equilibria information. Based on a review of this information, the Conceptual
Models Peer Review Panel agreed that the formation of reaction rims on hydrated MgO
pellets would not significantly affect the function of the MgO engineered barrier (Wilson
et al. 1997b, Section 3.2.3.3); the Panel found the most compelling evidence t0 be “1) the
experimental results indicating that hydrous magnesium carbonate phases could nucleate
away from the pellet surface and in the saturated brine, and 2) SEM photographs showing
partially dissolved cores remaining within reaction rims.”

DOE has continued investigating the reaction of MgQ backfill materials with brine and
CO; (Bryan and Snider 2001a; Bryan and Snider 2001b; Snider 2001; Zhang et al. 2001;
Snider 2002; Snider and Xiong 2002; Snider 2003 ; Xiong and Snider 2003). Hydration
experiments have been conducted under inundated and humid conditions, and
carbonation experiments have been conducted under inundated conditions. Several WIPP
Test Plans (Bynum 1997, Snider et al. 2004, Deng et al. 2006) have described potential
humid MgO/brucite carbonation experiments, but no results have been reported from
these experiments; consequently it appears that these carbonation experiments under
humid conditions have not been performed. In the humid hydration experiments and in
the inundated hydration and carbonation experiments performed since the Conceptual
Models Peer Review, there has been no evidence of reaction rim formation on the MgO
pellets that would hinder complete reaction.

The SCA (2007) report was modified to include a more detailed explanation of the
experimental results that indicate impermeable reaction rims are not expected to form on
individual MgO pellet surfaces. Information was also added to indicate that this issue was
thoroughly reviewed by the Conceptual Models Peer Review Panel, who found that this
issue had been adequately addressed (Section 3.2, pages 3-4 to 3-6).

Reaction Rind Formation on Masses of MgO. The Conéeptual Models Peer Review
Panel expressed concern that the formation of reaction products on the outside of the
MgO backfill packages could seal off a significant amount of the MgO and prevent
complete reaction (Wilson et al. 1996a, page 3-155). This concemn was attributed to the
formation of lower density and lower permeability material upon initial contact with
brine on the outside of the packages (Wilson et al. 1996b, Section 3.21.3.3). The final
Conceptual Models Peer Review consideration of MgO reactivity (Wilson et al. 1997b)
did not explicitly discuss the effects of the volume changes that could occur during the
hydration and carbonation of MgQ. However, these issues were raised in the Panel’s
previous reports (Wilson et al. 1996a, Wilson et al. 1996b, Wilson et al. 1997a).
Consequently, the Panel’s conclusion that the MgO barrier would function as designed
appears to have included consideration of this issue. The basis of this conclusion was the
evidence provided by SNL (1997) that (1) the magnesium carbonate reaction products
would not form in place, but would nucleate elsewhere in the repository; and (2) the
magnesium carbonate reaction products that formed would remain permeable to brine.

During a review of the MgO backfill performance, EPA accepted DOE’s assertion that
the formation of reaction products on the surfaces of the backfill material would not have
a significant effect on the ability of the MgO to maintain predicted repository chemical
conditions (EPA 1997, pages 44-6 through 44-11). EPA stated that, based on a review of



information in Bynum et al. (1996), “The formation of reaction products on the surfaces
of the backfill material do(es) not have a significant, detrimental impact on the ability of
the MgO 1o maintain the predicted chemical conditions.” EPA also noted DOE’s
intention to emplace sufficient MgO backfill in the repository to ensure CO, consumption
would exceed the rate of CO, production.

The possible effects of volume changes and the formation of impermeable masses during
the hydration and carbonation of the MgO backfill were addressed during EPA’s review
of the CCA (EPA 1997, EPA 1998). This issue was raised in Comment 6. W.5 (EPA
1998, page 6-67). EPA stated in their response that the effects of increased reaction
product volume as well as the consumption of water were likely to be beneficial to
backfill performance. Although EPA stated in their response that the formation of dense,
cementitious layers of backfill could limit access of brine to the waste, the evidence
reviewed above shows that such cementitious layers are not expected to form. Comments
5.E.2,5.E5,5.E.9,5E.10, 5.E.15, 5.E.16, 5.E.18, 5.E.23, and 5.E.24 raised questions
regarding the effects of MgO backfill on waste permeability (EPA 1998, pages 5-25
through 5-30). EPA (1998, page 5-31 through 5-33) calculated the change in porosity ina
waste disposal room caused by the precipitation of hydromagnesite; the results
demonstrated that the overall reduction in porosity caused by hydromagnesite
precipitation was likely be only 1.4% of the initial porosity. EPA (1998) related the
permeability to the porosity and concluded that the MgO backfill and its reaction
products were unlikely to significantly affect permeability in the waste region of the
repository.

The possible “lithification” of MgO during hydration under inundated conditions was
investigated in a series of experiments with 5 to 15 mm-thick layers of MgO backfill
material (Snider 2002). Although there was significant scatter in the results, there was no
evidence that an impermeable mass of hydration products formed.

Volume changes will occur as the periclase in the MgO pellets is hydrated and
carbonated, as noted by Langmuir (2007). However, these volume changes would be
unlikely to significantly limit access of brine and gas to unreacted periclase in the MgO
because the carbonation reaction products are expected to nucleate throughout the
repository, not just on the MgO (SNL 1997, Wilson et al. 1997b). The dissolution of
MgO and the ability of magnesium carbonates to nucleate away from the surface of the
MgO pellets were demonstrated by SNL (1997) to the satisfaction of the Conceptual
Models Peer Review Panel and EPA, as described above. In addition, evidence has been
presented that the reaction products will remain permeable to brine (Bynum et al. 1996,
SNL 1997). This evidence was considered and accepted by both the Conceptual Models
Peer Review Panel (Wiison et al. 1997b) and the EPA (EPA 1997, 1998). Other factors
that may limit the formation of a dense, impermeable mass of MgO carbonation products
would be fracturing of the reaction products during room closure or fracturing as a result
of the volume changes that would occur as reaction proceeds. No new evidence is
available indicating that MgO hydration and carbonation products will form impermeable
masses that interfere with the functioning of the MgO engineered barrier. Although DOE
originally planned to include a large excess of MgO in the repository, neither the
Conceptual Models Peer Review Panel nor the EPA state that this large excess was a
critical factor in their determination that the MgO barrier would perform as expected.



Consequently, in the absence of new data, there does not appear to be a basis for revising
the assumption that essentially all MgO will be available for reaction. The resolution of
this issue was clarified in SCA (2007) by including a discussion of the experimental
results reported by Bynum et al. (1996) and SNL (1997) and the consideration of this
issue by the Conceptual Models Peer Review Panel and EPA (Section 3.2, pages 3-4 to 3-
6). The effects of hydromagnesite precipitation on porosity and permeability were
addressed by inserting a discussion of the EPA (1998) calculations in the SCA (2007)
report (Section 3.4, page 3-9).

Applicability of MgO Experiments to the WIPP Environment. Experiments have been
conducted at Sandia National Laboratories to determine the likely reactions of the MgO
backfill in the WIPP repository environment. Some of these experiments were conducted
under conditions designed to accelerate reaction rates over those expected in the
repository to ensure the experiments could be completed within a reasonable amount of
time. Some hydration and carbonation experiments have been conducted at higher
temperatures and CO, partial pressures than those predicted for the repository
environment, with agitation of the samples, and with higher solution to solids ratios than
anticipated in the repository. Conducting the hydration and carbonation experiments at
conditions different from those expected in the WIPP repository could affect the
applicability of the results to repository conditions.

MgO experiments conducted at higher temperature and CO; partial pressures (e.g., SNL
1997) have been supplemented by experiments conducted at temperature and CO, partial
pressure conditions more consistent with expected repository conditions (e.g., Snider
2003, Xiong and Snider 2003). Higher CO; partial pressures (5% CO,) have resulted in
the initial formation of nesquehonite [MgCQ3*3H,0(s)] in some experiments; however,
this nesquehonite was observed to disappear, being replaced by hydromagnesite (Snider
and Xiong 2002). If nesquehonite formed and persisted in the repository, predicted CO;
partial pressures and actinide solubilities would be higher than if hydromagnesite or
magnesite formed. However, experiments conducted at lower CQ, partial pressures (1 03°
atm) produced hydromagnesite (Snider and Xiong 2002), demonstrating that
nesquehonite is unlikely to form or persist under repository conditions.

The results of experiments designed to determine the effects of sample agitation on the
potential formation of reaction rims or impermeable masses were reported by Snider
(2002); these “cemented cake” experiments were discussed above. The experiments
showed that sample agitation did not have a consistent effect on reaction rates. In
addition, because the available evidence shows that impermeable reaction rinds will not
form on MgO pellets, sample agitation is likely to have relatively minor effects on the
results of the inundated hydration and carbonation experiments.

Many of the MgO backfill hydration and carbonation experiments have included
relatively high solution to solid ratios. The larger amounts of solution were used to
facilitate solution sampling. However, Bynum et al. (1996) and SNL (1997) reported a
series of experiments designed to more closely simulate the lower solution to solids ratios
expected in the repository. In these experiments, MgO pellets were placed in a porous
bag that was partially suspended in brine through which CQO, was bubbled. At the end of
the experiments, the porous bag was removed from the brine, placed in a dye solution,



removed from the dye, cemented in epoxy, then sectioned and examined to determine the
ability of the dye to permeate the reaction products. The experimental results indicated
that MgO was likely to continue to react and maintain the required repository chemical
conditions. There is relatively little evidence that the solution to solids ratios of the
experiments had a significant effect on the nature of the solid reaction products. Bryan
and Snider (2001b) reported the results of experiments with varying ratios of GWB brine
to solids. In the experiments with GWB brine, a magnesium-chloride-hydroxide-hydrate
material was observed to form. The proportions of this phase were found to increase with
higher solution to solids ratios in the experiments. Consequently, at the lower solution to
solids ratio in the repository, little of this phase is expected to form, and its formation is
not expected to have a significant effect on the function of the MgO engineered barrier.

There are a number of inherent difficulties in performing large-scale MgO hydration and
carbonation experiments that would more closely reproduce expected repository
conditions, especially given the relatively siow reaction rates and long time frame
involved. These difficuities led to the review of the Chemical Conditions model by the
Conceptual Models Peer Review Panel. Based on a consideration of the experimental
data and the conclusions of the Panel, the available data appear to be reasonably
representative of repository conditions and additional large-scale experiments do not
appear to be required for an understanding of MgQ hydration and carbonation reactions
in the repository environment. The information incorporated in response to the comments
regarding the potential formation of reaction rims on individual periclase granules and of
reaction rinds on masses of MgO more fully describe the available experiments and
address this issu¢ (Section 3.2, pages 3-4 to 3-6).

Reaction Sequence. During additional review of SCA (2007), it appears that the report
may not clearly state that the expected reaction sequence in the repository and in the
carbonation experiments is for the initial hydration of periclase in the MgO to brucite and
in GWB, magnesium-hydroxide-chloride hydrate, followed by carbonation of these
magnesium hydroxide phases. Changes were made on pages 4-1, 4-3, 4-5, and 4-12 of
SCA (2007) to make the discussion of this reaction sequence more consistent throughout
the report.

Summary and Conclusions—The issues raised by Langmuir (2007) in the review of SCA
(2007) include issues that were considered by the Conceptual Models Peer Review Panel
(Wilson et al., 1996a, 1996b, 1997a, 1997b) and by EPA (1997, 1998) during the review
of the CCA and CCA PAVT. These issues relate to the assumption of chemical
homogeneity and the possible formation of hydration and carbonation reaction products
that could limit access of brine and CO; to the interior of the MgO pellets or to the
interior of the masses of MgQ emplaced in the repository. No new data have been
developed since the time of the Conceptual Models Peer Review or the CCA PAVT to
contradict the assumptions that were accepted by the Conceptual Models Peer Review
Panel or EPA at that time. The available documentation clearly states that the formation
of reaction rims on the MgO pellets was not expected to occur and the assumption of
chemical homogeneity was reviewed and accepted. It is also clear that the formation of
cementitious layers by the hydrated and carbonated MgO was considered by the EPA and
Conceptual Models Peer Review Panel and that they determined that formation of



cementitious layers would not prevent the engineered barrier from controlling chemical
conditions (EPA 1998).

The documentation of the Peer Review Panel’s and EPA’s evaluation of the ability of the
MgO barrier to perform as expected to control chemical conditions does not provide
much information regarding the importance of the large excess of MgO that was
originally proposed to be placed in the repository. At the time of the CCA, it was
estimated that complete biodegradation of all CPR in the repository would result in the
carbonation of only 26% of the MgQ backfill because of the large amounts of MgO to be
emplaced and the assumption that methanogenesis will be a significant process in CPR
degradation (SNL 1997). However, recent evaluation of the available sulfate in the
Salado formation resulted in the bounding assumption that all CPR carbon could be
transformed into CO,. This assumption, combined with the proposed reduction in the
MgO Excess Factor from 1.67 to 1.2, makes the assumption that all MgO will be
available for reaction with CO; more critical. For example, if reaction of only 26% of the
MgO was required to maintain chemical conditions in the repository, the segregation of

- less than 74% of the MgO by reaction product formation would not affect chemical
conditions. However, given the theoretical possibility that all CPR degradation could take
place by denitrification and sulfate reduction that would transformed the CPR carbon into
COz, combined with the proposed smaller proportion of the moles of MgO to moles of
CPR carbon to be placed in the repository, even a small amount of MgO segregation, if it
occurred, could affect chemical conditions.

Because of the difficulties associated with developing experiments that would simulate
the behavior of the MgO in the repository environment over 10,000 years, it would be
extremely difficult to design useful, large-scale experiments that would determine
whether a significant fraction of MgO could be sequestered by the volume changes
associated with MgO hydration and carbonation. In cases where experiments cannot be
performed, a peer review must be carried out of the necessary assumptions. The
Conceptual Models Peer Review Panel previously reviewed and approved the Chemical
Conditions conceptual model (Wilson et al. 1997b). Consequently, because it appears that
no new information has been developed that would contradict their conclusions, chemical
homogeneity in the WIPP repository and the essentially complete reaction of the MgO
engineered barrier can continue to be assumed. On this basis, it appears that sufficient
technical information is available for EPA to determine the appropriate Excess Factor for
MgO in the WIPP repository.
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EXECUTIVE SUMMARY

The Waste Isolation Pilot Plant (WIPP) is an underground transuranic (TRU) waste disposal
facility operated by the U.S. Department of Energy (DOE) under the oversight of the U.S.
Environmental Protection Agency (EPA). Cellulosic, plastic, and rubber (CPR) materials are
part of the WIPP waste inventory and are used as waste packaging materials and for waste
emplacement. These CPR materials could be microbially degraded during the 10,000-year WIPP
regulatory period, producing carbon dioxide (CO;) and other gases. Elevated CO;
concentrations in the repository could increase actinide solubilities by reducing brine pH and by
forming aqueous actinide carbonate complexes. Excess CO; generation could also increase gas
pressures in the post-closure repository. Anhydrous, granular, bulk magnesium oxide (MgO) has
been included as an engineered barrier in WIPP to mitigate these possible effects. The MgO
backfill fulfills the repository design requirement for an engineered barrier “to prevent or
substantially delay the movement of water or radionuclides toward the accessible environment”
[40 CFR 194 .44(a)). The MgO backfill is expected to react with COs, reducing gas pressures, as
well as buffering pH and decreasing CQ; concentrations so. actinide solubilities are constrained.

EPA originally calculated the Safety Factor (also referred to by DOE as the Excess Factor or EF)
for the MgO backfill as the moles of MgQ in the backfill divided by the moles of CPR carbon in
the repository. This Excess Factor was equal to 1.95 (EPA 1997). The EF decreased to 1.67
when the MgO minisacks were no longer placed with the waste (EPA 2001). DOE submitted a
Planned Change Request in April 2006 to reduce the MgO EF from its current value of 1.67 to
1.20 (Moody 2006). In response, EPA requested additional information about the uncertainties
related to the effectiveness of the MgO engineered barrier, the size of these uncertainties, and
their potential impacts on WIPP’s long-term performance.

DOE responded with an analysis of the uncertainties associated with the effectiveness of MgO,
and provided an assessment of the effects of these uncertainties on the calculation of the required
quantities of MgO (Vugrin et al. 2006). Vugrin et al. (2006) divided these uncertainties into four
categories:

¢ Uncertainties in the quantity of CPR that will be consumed

* Uncertainties associated with the quantities of CO; produced by microbial degradation of
CPR

* Uncertainties related to the amount of MgO available to react with CO,
¢ Uncertainties in the moles of CO; consumed per mole of available MgO, and in the moles
of CO, that could be consumed by reaction with other materials

To incorporate uncertainties associated with the performance of the MgO backfill, Vugrin et al.
(2006) used the Effective Excess Factor (EEF), defined as follows:

EEF = (mx MMgU)
(gx M)

xr
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where:
g = fraction of CO; produced per mole of consumed organic carbon
m = fraction of MgQ available for CO; consumption
M. = total moles of organic carbon in the emplaced CPR reported by DOE
Mugo = total moles of MgO emplaced in the repository
¥ = moles of CO; consumed per mole of emplaced MgO

Vugrin et al, (2006) provided a summary of the uncertainties associated with calculating the
excess amounts of MgO relative to the amount required to react with CO; and control chemical
conditions in the WIPP repository. This summary and the characterization of the uncertainties
and their effects on the excess MgQ calculations provided a reasonable approach for addressing
the uncertainties. The mean value of the EEF calculated by Vugrin was 1.60, indicating that on
average, 60% more MgO would be available to consume CO; than the amount required.

A review of Vugrin et al. (2006) and supporting information indicated the need for additional
data and further analysis of some issues. In response, Vugrin et al. (2007) provided a revised
evaluation of the EEF. Because of uncertainty regarding the long-term degradation of CPR,
Vugrin et al. (2006, 2007) made the bounding assumption that all CPR could degrade during the
10,000-year WIPP regulatory period. Uncertainty in the CPR inventory masses was accounted
for using the results of an evaluation by Kirchner and Vugrin (2006). The results of this study
indicated that the mean CPR quantity in a disposal room is expected to equal the sum of the CPR
quantities reported by DOE for the individual containers. This study also indicated that the
standard deviation would be relatively small because of the random nature of the differences
between the reported and actual inventory contents,

The reported masses of CPR in the inventory must be converted to moles of carbon to determine
the amount of CO; that could be produced by CPR degradation. These calcuilations require
assumptions regarding the chemical composition of the CPR. Assumptions summarized by
Wang and Brush (1996) have been used in the past to perform these calculations. Vugrin et al.
(2006, 2007) did not consider the possible effects of these assumptions on the EEF. Reasonable
estimates of the compositions of the CPR were used by the author of this report to develop
reasonable upper-range and lower-range estimates of the moles of carbon in the CPR inventory.
Using these estimates, it was determined that the estimated moles of CPR carbon in the inventory
ranged from 0.97 to 1.09 times the value calculated using the Wang and Brush (1996)
assumptions. This range should be included in the EEF caiculations as an uncertain parameter
with a uniform distribution.

Vugrin et al. (2006, 2007) assumed that sufficient sulfate was present in the waste, brines, and
Salado minerals for complete degradation of all CPR carbon in the repository through sulfate
reduction and denitrification. Because of the lower CO; yield from the methanogenic CPR
degradation reactions, this assumption conservatively bounds the uncertainties related to the
microbial reactions that may degrade CPR in the repository.

The WTS-60 MgO that is currently being used as backfill has been reasonably well

characterized. Preliminary hydration data provided by Wall (2005) indicates the WTS-60 MgO
will likely hydrate and carbonate more rapidly than MgO from previous suppliers. DOE has
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proposed hydration and carbonation experiments that would be expected to provide additional
information regarding the reactivity of this material; in particular, by providing carbonation data
for the WTS-60 MgO. The current specifications (WTS 2005) are unlikely to identify MgO
shipments with reactive fractions less than the fraction (96 + 2 mole %) used in the EEF
evaluation. Information regarding the production process and feedstock materials for the
WTS-60 MgO has indicated that the variability of different shipments should be relatively low.
Because of the high chemical purity of the WTS-60 MgO, it is likely that the WTS-60 MgQ will
consistently have the reactivity specified in the EEF calculation.

There is no evidence that significant physical segregation of MgO by room roof collapse will
occur. Similarly, the MgO supersacks appear very likely to rupture and expose MgO to any
brine that enters the repository. The analysis presented by Clayton and Nemer (2006) of loss of
MgO with brine from the repository is consistent with previous evaluations of the effects of
drilling events on repository performance, and the effects of MgO loss to brine are likely to be
relatively small. A very small fraction of the MgQ appears likely to carbonate before
emplacement, and was accounted for in the EEF calculation. Only a small amount of MgO
dissolved in Salado brine is likely to enter the repository and react with CO4, reducing the
required amount of MgO); this effect was conservatively omitted from the calculations.
Formation of impermeable rims of reaction products on individual periclase [MgQ(s)] grains and
impermeable reaction rinds on the masses of MgO in the repository would have the potential to
limit the availability of MgO for complete reaction. The possible formation of such reaction
rims on individual periclase grains or impermeable rinds on masses of MgO was previously
considered by the Conceptual Models Peer Review Panel (Wilson et al. 1996a, 1996b, 1997a,
1997b). The Panel concluded that formation of magnesium-carbonate reaction products would
not inhibit the access of brine to the surfaces of the MgO and would not render any of the MgO
unavailable for reaction with brine and CO;. No new data have been developed since the time of
this review to contradict this assumption; consequently, it is reasonable to continue to assume
that essentially all MgO in the backfill will be available for reaction with brine and CO;. Kanney
and Vugrin (2006) evaluated aqueous diffusion of CO; in the repository; their results indicate
that the repository will be suffi cnently well mixed to permit contact and reaction of the MgO with
brine and COs.

Upon reaction with brine, periclase in the backfill is expected to hydrate to brucite [Mg(OH)z(s)).
In the presence of CO,, brucite can react to form magnesite [MgCO;(s)], the most stable
magnesium-carbonate phase, or a metastable magnesium-carbonate phase, such as
hydromagnesite [Mgs(CO3){(OH);*4H,0(s)]. The formation of brucite and a magnesium-
carbonate phase in the repository is expected to control both pH and CO; fugacities within
ranges consistent with relatively low and predictable actinide solubilities in repository brines.
Under WIPP repository conditions, hydromagnesite is expected to form first, with eventual
reaction to form the more stable magnesite phase. The rate at which hydromagnesite will
convert to magnesite is important, because it affects the moles of CO; consumed per mole of
MgO reacted, which in turn affects the EEF calculation. Examination of experimental and
natural analogue data indicated that the hydromagnesite to magnesite reaction rate could be
relatively slow, so this reaction may not be complete during the WIPP repository regulatory
period. Consequently, Vugrin et al. (2007) used an uncertain variable with a uniform
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distribution to represent the moles of CO; consumed per mole of reacted MgO. This variable
ranged from (.8 (hydromagnesite only) to 1.0 (magnesite only).

Significant amounts of CPR degradation by sulfate reduction would require dissolution of sulfate
minerals in the Salado Formation, including anhydrite [CaSQ4(s)], gypsum [CaSOs* 2H20(s)],
and polyhatite [K;MgCax(804)4*2H;0]. Disselution of these solid phases would release
relatively large quantities of calcium ion into the brine. Elevated calcium concentrations would,
in turn, be expected to cause calcium-carbonate precipitation and increased consumption of CO,
per mole of MgO in the backfill. DOE carried out EQ3/6 geochemical calculations to estimate
the proportions of CO; that would be consumed by magnesite or hydromagnesite and calcium
carbonate precipitation; however, limitations in the EQ3/6 thermodynamic database resulted in
modeling calculations that inadequately represented repository conditions. Because of the
difficulties associated with quantifying the amount of calcium-carbonate solids that would
precipitate, the limiting assumption was made for the EEF calculation that no calcium carbonate
precipitation would occur. This is undoubtedly a conservative, bounding assumption, and will
lead to an underestimation of the EEF.

Vugrin et al. (2007) calculated a mean EEF of 1.03, with a standard deviation of 0.0719.
Incorporating the effects of uncertainty associated with the chemical composition of the CPR
would reduce the EEF to 1.00, with a standard deviation of 0.078. This EEF would seem to
indicate that if the EF is reduced to 1.20, the average amount of MgO in a disposal room wouid
equal the quantity required to react with CO;. The EEF calculation, however, includes a number
of conservative assumptions, including the assumptions that all CPR will degrade, all carbon in
the CPR will react to form CO,, and carbonate minerals other than hydromagnesite or magnesite
will not precipitate, including calcite, iron carbonates, or lead carbonates. Given these
conservative, bounding assumptions, it is likely that if the EF is changed to 1.20, the EEF in the
disposal rooms will be greater than the average bounding value of 1.00. Consequently, reduction
of the EF to 1.20 is likely to have no significant effects on repository chemistry.

Changes to the conceptual models that relate to repository chemistry from the time of the
Compliance Certification Application Performance Assessment Verification Test to the present
have been relatively minor. These conceptual models have evolved since the time of the original
certification decision because of the availability of additional information about processes such
as microbial degradation and complexation of actinides by organic ligands. At this time, the
available data related to repository performance are consistent with the current chemistry-related
conceptual models, and the conceptual models appear to adequately represent expected
conditions in the repository.

Langmuir (2007) performed an independent technical review of a drafi version of the present
report. The comments provided by Langmuir (2007) were considered and additional information
was incorporated in the final version of the present report to address the issues raised in the
review.. Detailed information supporting the responses to the review comments provided by
Langmuir (2007) is provided in SCA (2008).
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1.0 INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is an underground transuranic (TRU) waste disposal
facility located in southeastern New Mexico. The WIPP facility is operated by the U.S.
Department of Energy (DOE) under the oversight of the U.S. Environmental Protection Agency
(EPA). in 1998, DOE received certification for operation of WIPP from EPA, based on a review
of the Compliance Certification Application (CCA) and supporting information, including the
Performance Assessment Verification Test (PAVT) (EPA 1998a). After receiving this
certification, DOE began accepting TRU waste for disposal in March 1999. EPA recertified
WIPP operations in March 2006, based on EPA’s review of the 2004 Compliance Recertification
Application (CRA-2004) and supporting information, including the Performance Assessment
Baseline Calculation (PABC) (EPA 2006a).

Cellutosic, plastic, and rubber (CPR) are part of the WIPP waste inventory; cellulosic and plastic
materials are also used for waste packaging and for waste emplacement. Microbial degradation
of CPR during the 10,000-year WIPP regulatory period could affect repository performance by
producing carbon dioxide (CO;) and other gases. Elevated CQ; concentrations in the repository
could increase actinide solubilities in repository brines by reducing brine pH and by forming
aqueous actinide carbonate complexes. To limit the potential effects of CO; generation,
anhydrous, granular, bulk magnesium oxide (MgO) has been included as the only engineered
barrier in WiPP. The MgO backfill fulfills the repository design requirement for an engineered
barrier “to prevent or substantially delay the movement of water or radionuclides toward the
accessible environment” [40 CFR 194.44(a)]. The MgO backfill is expected to react with CO,,
buffering pH and decreasing CO; concentrations so that actinide solubilities are constrained.
The MgO backfill is also expected to reduce gas pressures in the post-closure repository by
reacting with gaseous CO. Gas pressures in the repository are expected to affect predicted
radionuclide releases; for example, lower gas pressures should result in lower spallings releases.

DOE originally proposed placing the MgO backfill in the repository as 4,000-1b “supersacks”
positioned on top of each waste stack, with 25-Ib “minisacks” placed around the waste
containers. At the time of the CCA, EPA calculated the Safety Factor for the MgO backfill in
the entire repository as the moles of MgQ in the backfill divided by the moles of CPR carbon.
This Safety Factor was equal to 1.95 (EPA 1997). EPA (2001) later approved DOE’s proposal to
discontinue use of the MgO minisacks to improve worker safety. When the MgO minisacks
were no longer placed with the waste, the calculated Safety Factor decreased to 1.67 (EPA
2001). DOE currently uses MgO supersacks weighing 4,200 lbs in the repository (WTS 2005).

DOE requested approval from EPA to place compressed waste from the Advanced Waste
Treatment Project (AMWTP) in the WIPP repository (Triay 2002). A concern associated with
compressed AMWTP waste was that relatively high CPR densities in this waste could decrease
the Safety Factor. The request to emplace the compressed waste was approved by EPA, with the
requirement that DOE ensure that the Safety Factor equaled or exceeded the approved value of
1.67 (Marcinowski 2004). To comply with this requirement, DOE began calculating the Safety
Factor for each room in the repository as it was filled, adding additional MgO to each room, if
necessary, to ensure that the Safety Factor was 1.67 or higher (Detwiler 2004).
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DOE and EPA documents prepared for the CCA and CRA-2004 used the term “Safety Factor”
for the ratio of the moles of MgO to the moles of CPR carbon in the repository. Recent DOE
documents (e.g., Vugrin et al. 2006, 2007), however, have referred to this ratio as the Excess
Factor (EF), defined as follows:

M
EF = M2 x 1 mole of CO; consumed/l mole of MgO (1)

22
where:

Mo = total moles of emplaced MgO
Mgo; = the maximum possible number of moles of CO; that could be generated by
microbial consumption of all carbon in the CPR

Vugrin et al. (2006, 2007) stated that the EF is equivalent to the Safety Factor. To be consistent
with DOE’s current nomenclature, EF is used in the remainder of this report.

DOE submitted a Planned Change Request to EPA to reduce the MgO EF from the approved
value of 1.67 to 1.20 (Moody 2006). In response to this request, EPA noted the importance of
the MgO backfill as WIPP’s only engineered barrier (Gitlin 2006). EPA observed that during the
original certification decision, it was assumed that excess MgO would compensate for potential
uncertainties related to chemical reactions in the repository. Because DOE was proposing a
lower EF, EPA requested additional information about the uncertainties related to MgO
effectiveness, the size of these uncertainties, and their potential impacts on WIPP’s long-term
performance.

DOE responded to this request with an analysis of the uncertainties associated with the
effectiveness of MgO, and provided an assessment of the effects of these uncertainties on the
calculation of required MgO quantities (Vugrin et al. 2006). Vugrin et al. (2006) divided these
uncertainties into four categories:

s Uncertainties in the quantity of CPR that will be consumed

« Uncertainties associated with the quantities of COz produced by microbial degradation of
CPR

¢ Uncertainties related to the amount of MgO available to react with CO;

» Uncertainties in the moles of CO; consumed per mole of available MgO, and in the moles
of CO; that could be consumed by reaction with other materials

To evaluate the uncertainties associated with the performance of the MgO backfilt, Vugrin et al.
(2006) defined the Effective Excess Factor (EEF) as follows:

EEF = wx r @)
(gx M)
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where:
g = uncertainty in the moles of CO; produced per mole of consumed organic carbon
m = uncertainty in the moles of MgO available for CO, consumption
M. =total moles of organic carbon in the emplaced CPR reported by DOE
r = uncertainty in the moles of CQO; consumed per mole of emplaced MgO

Vugrin et al. (2006) addressed the uncertainties associated with the parameters in Equation (2).
The Vugrin et al. (2006) report and supporting documentation were reviewed to determine
whether DOE had adequately accounted for uncertainties associated with the performance of the
MgO engineered barrier. During this review, EPA requested additional information related to
the proposed change in.the MgO EF. DOE presented this additional irformation to EPA during
technical exchange meetings in September 2006, January 2007, and May 2007. DOE then
provided a revised report describing the uncertainties associated with the MgO EF in the
repository {Vugrin et al. 2007).

The revised information provided by Vugrin et al. (2007) has been reviewed. [n Section 2.0 of
this report, the uncertainties associated with CO; production are evaluated. Section 3.0 addresses
the uncertainties associated with the availability of MgO in the repository, and Section 4.0
addresses uncertainties related to the consumption of CO,. The EEF calculations are reviewed
and modified in Section 5.0, The chemistry-related conceptuai models for WIPP are reviewed in
Section 6.0 to determine whether these models continue to adequately represent expected
repository conditions. The conclusions of this review are provided in Section 7.0, The results of
this review indicate that reducing the EF from 1.67 to .20 is unlikely to significantly affect
WIPP repository chemistry, based on the available information.

Langmuir (2007) performed an independent technical review of a draft version of the present
report. The comments provided by Langmuir (2007) were considered and additional information
was incorporated in the final version of the present report to address the issues raised in the
review. More detailed information supporting the responses to comments provided by Langmuir
(2007) is provided in SCA (2008).
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2.0 CARBON DIOXIDE PRODUCTION

Production of CQ3 in the repository will depend on the CPR inventory, the amounts of CPR
materials that degrade, and the reactions by which the materials degrade. Vugrin et al. (2006,
2007) represented CO; production in the repository using the following equation:

moles of CO2 = yyietd X yepr * M: 3)

In this equation, Vyew is an uncertain parameter related to the moles of CQ; produced per mole of
consumed carbon in the repository; this term also includes the effects of CQ; consumption by
phases other than magnesite [MgCOs(s)]' or hydromagnesite [Mgs(CO3)s(OH); *4H,0(s)]. The
parameter ycpg represents uncertainty associated with the moles of CPR carbon emplaced in the
repository. The parameters y,..iz and ycpr were used to represent the parameter g in Equation (2).
The sources of uncertainties related to CO; production are discussed below.

2.1 CELLULOSIC, PLASTIC, AND RUBBER INVENTORY

Vugrin et al. (2007) related the reported amount of CPR in WIPP waste (M) to the amount
actually present in the repository (M ):

M, - ycer * M; 4

The total inventory of CPR in the repository includes materials in the waste; packaging
materials, such as drum liners; and emplacement materials, such as polyethylene slip sheets used
to support the MgO supersacks, The CPR inventory is calculated using information about wastes
that have been emplaced in WIPP, and information about stored and anticipated (projected)
wastes {Leigh et al. 2005a). The inventory of CPR waste and emplacement materials is reported
in terms of the masses of (1) cellulosic materials, including paper, cloth, and wood; (2) plastic
materials, including polyethylene and polyvinylchloride (PVC); and (3) rubber materials, such as
ncoprene and Hypalon®.

Kirchner and Vugrin (2006) examined the uncertainties associated with the mass of CPR in the
inventory. In this analysis, they compared CPR estimates obtained using real-time radiography
(RTR) for 200 drums to CPR estimates for the same drums based on visual examination (VE).
The results showed no significant bias. Although relatively large differences between the VE
and RTR measurements were observed for some individual drums, these errors did not
significantly affect the total CPR inventory in a room, because of the random nature of the
differences between the two sets of measurements. Kirchner and Vugrin (2006) found that the
uncertainty assoctated with the mass of CPR in a disposal room would be no more than 0.3%.
SCA (2006b) performed a technical review of the information presented by Kirchner and Vugrin
(2006). SCA (2006b) determined that there was a relatively small bias in the RTR versus VE
measurements, with RTR slightly underestimating the VE values. However, this bias was found
to have negligible effects on the calculated uncertainty of approximately 0.2% for CPR in a room
(SCA 2006b).

' As part of a chemical formula, (s) indicates a solid phase.
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Vugrin et al. (2006) set the mean value of ycrr equal to 1, consistent with the conclusion that the
mean CPR quantity in a room will equal the sum of the CPR quantities in the individual
containers reported by DOE. The standard deviation, ocpg, was set equal to 0.003, the upper
bound on the relative uncertainty associated with the amount of CPR in a single room (Vugrin
et al. 2006). This formulation of the ycpr parameter and relative uncertainty is consistent with
the available data.

The reported mass of CPR in the inventory must be converted to moles of carbon for the
calculation of the amount of CO; that could be produced by CPR degradation. This calculation
was carried out for the CCA and CRA-2004 using assumptions about the nature of the materials
that make up the CPR. The assumptions about the chemical composition of the CPR were
described by Wang and Brush (1996):

(1) The chemical composition of all cellulosics could be approximated by cellulose monomer
(CsH100s)

(2) Plastics in the inventory were 80% polyethylene and 20% PVC
(3) Rubber in the waste was 50% neoprene and 50% Hypalon®

Using these assumptions, Vugrin et al. (2006) calculated that the total reported WIPP CPR
carbon inventory (M) was 1.1 x 10° moles; however, this value did not include the moles of
carbon from emplacement cellulosics and plastics. The correct total CPR carbon inventory in the
repository based on PABC information and the assumptions of Wang and Brush (1996) is 1.21 x
10° moles (Leigh et al. 2005b), an increase of about 10% over the values used by Vugrin et al.
(2008).

Vugrin et al. (2006, 2007) did not consider the possible effects of the CPR chemical composition
assumptions on the EEF calculations, Wang and Brush (1996) assumed that the cellulosic
materials present in the repository could be approximated by the chemical formula for cellulose
monomer (CsH100s). Using this formula, approximately 44% of cellulosic materials are carbon
by weight (Table 1). Using the chemical composition of cellulose is reasonable for materials
such as cotton cloth, because it is nearly 100% cellulose (Lynd et al. 2002). However, wood is
composed of cellulose, hemicellulose, and lignin, with an overall elemental composition of about
50% carbon, 6% hydrogen, 44% oxygen, and trace amounts of several metal ions (Pettersen
1984). Using this elemental composition, wood contains 41.6 moles of carborvkg, whereas
cellulose contains 37.0 moles carbonvkg. As a consequence, use of the cellutose monomer
formula for all cellulosic materials could lead to a slight underestimation of the amount of carbon
in the cellulosic material inventory.

Wang and Brush (1996) assumed that plastic materials in the WIPP waste and emplacement
materials were 80% polyethylene and 20% PVC. Other plastics reported in the repository waste
and emplacement materials include polypropylene from the MgO supersacks, polystyrene
(Styrofoam™), plexiglass (Lucite®) and Teflon® (DOE 2004, Appendix DATA). Polyethylene
has a relatively high'carbon concentration (Table 1), so assuming that polyethylene comprises
the majority of the plastics would tend to maximize the estimated carbon content of the plastics
inventory.
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Wang and Brush (1996) assurned that rubber in the WIPP waste is composed of 50% Hypalon®
and 50% neoprene. In addition to these materials, the presence of latex gioves is commonly
noted in the inventory descriptions (DOE 2004, Appendix DATA). If the composition of the
latex gloves is approximately equal to that of isoprene, the presence of latex could slightly
increase the carbon content of the rubber in the inventory over the estimated value (Table 1).

Table 1. Compositions of Cellulosic, Plastic, and Rubber Materials
Material Monomer formula Moles carbon per kilogram
Cellulose CgH 100 370

Wood not available 41 6
Polyethylene CL 713
Polyvinylchioride CH;Ci 320
Polypropylene CsHe 713
Polystyrene Csls 76.8
Plexiglass CsOzH, 499
Teflon® C.F, 20.0
Hypalon® (CH,;C-{CHSO,CN), 28.8
Neoprene CHC 452
Latex {isoprene) CsHe 734

The relative amounts of CPR carbon in the WIPP inventory were calculated using the
assumptions outlined by Wang and Brush (1996), and inventory and waste emplacement
materials information reported for the PABC (SCA 2006a). Results of these calculations
indicated that the majority of the CPR carbon would be present as plastics (61%) and cellulosics
(32%), with only a minor amount (7%} present in the form of rubber materials. As a result, the
chemical compositions of the materials in the plastics and cellulosics will be the most likely to
affect the amount of CPR carbon in the repository that could degrade and form CO,.

Because of the nature of WIPP waste, the exact proportions of materials in the CPR inventory
cannot be quantified. Limiting assumptions could be used to calculate the maximum and
minimum amount of CPR carbon in the inventory., For exampie, to calcuiate the maximum
amount of carbon that could be present, it could be assumed that all cellulosics are wood,; all
plastics, besides the polyethylene and polypropylene packaging and emplacement materials, are
polystyrene; and all rubber is isoprene. However, such a calculation would be inconsistent with
what is known about the WIPP inventory. For example, although it is known that polyethylene
and polypropylene are present in large quantities in the inventory, packaging, and emplacement
materials, other plastics such as PVC, Teflon® and plexiglass are present in the waste, and these
materials have lower carbon concentrations by weight.

To determine the possible effects of different CPR compositions on predicted total CPR carbon

in the repository, the following assumptions were made to produce 2 reasonable upper-range
estimate:

MgO-Related Uncerainties 2-3 Final — January 24, 2008



(1} Cellulosic wastes are composed of 50% cellulose and 50% wood. This proportion
accounts for the presence of wood and the composition of paper, which is likely to be
intermediate between that of wood and pure cellulose.

(2) Plastic wastes are 90% polyethylene and polypropylene, and the remainder is composed
of equal percentages (2.5%) of PVC, polystyrene, plexiglass, and Teflon®.

(3) Rubber wastes consist of equal proportions (33.3%) of Hypalon®, neoprene, and
isoprene.

Using these assumptions and the compositions listed in Table 1, a reasonable upper-range
estimate for the total moles of CPR carbon in the inventory is 1.32 x 10° moles. This value
represents an increase of approximately 9% over the CPR carbon inventory calculated using the
Wang and Brush (1996) assumptions.

To provide a reasonable lower estimate for the total moles of CPR carbon in the repository, the
following assumptions were made:

(1) Cellulosic wastes are composed of 75% cellulose and 25% wood.

(2) Because of the polyethylene and polypropylene used for waste packaging and
emplacement, the minimum percentage of these materials in the plastics inventory will be
37.4%, based on the PABC inventory. Therefore, plastics are assumed to be 60%
polyethylene and polypropylene, 20% PVC, and the remainder made up of equal
percentages (6.7%) of polystyrene, plexiglass and Teflon®.

(3) Rubber wastes consist of 45% each of Hypalon® and neoprene, and 10% isoprene.

These assumptions and the compositions listed in Table 1 yielded a lower-range estimate of 1.18
x 10° moles of CPR carbon in the inventory. This value is about 3% lower than the CPR carbon
value calculated using the Wang and Brush (1996) assumptions.

Thus, if M. is the moles of carbon reported to be in the CPR inventory, calculated using the
assumptions of Wang and Brush (1996), the uncertainty in M. can be represented by the
following:

M,. - yerr * ycpre * M, &)

[n this equation, ycpr.c is a parameter representing the ratio of the moles of CPR carbon in the
waste to the moles calculated using the assumptions of Wang and Brush (1996). The CPR
carbon inventories calculated using the different assumptions about the chemical composition of
the wastes fall within a range of 0.97 to 1.09 times the moles of CPR carbon calculated using the
assumptions of Wang and Brush (1996), and provide a reasonable range for the value of ycpa.c.
The mean value of ycpgc is 1.03, and because there is little information about the precise
chemical composition of the CPR, the uncertainty of ycpg.c should be represented by a uniform
distribution.

MgO-Related Uncertainties : 2-4 Fina! — lanuary 24, 2008



2.2 CELLULOSIC, PLASTIC, AND RUBBER DEGRADATION PROBABILITY

The probability of CPR degradation in the WIPP repository was qualitatively addressed by
Vugrin (2006, 2007). The information considered by Vugrin et al. (2006, 2007) was previously
presented by Brush (1995, 2004) and evaluated by EPA (2006b) during the CRA-2004
evaluation. The conclusion of EPA’s previous evaluation was that at least some microbial
degradation of CPR is likely to occur.

The potential CPR degradation reactions that could occur within the WIPP repository and the
possible extent of these reactions during the 10,000-year regulatory period were examined in
SCA 2006a. It was concluded that cellulosic materials were relatively likely to be microbially
degraded in the repository environment if sufficient brine is available. However, plastics and
rubber materials are likely to degrade relatively slowly, and might not degrade completely during
the repository regulatory period. Uncertainties associated with the degradation rates of plastics
and rubber in the repository include the potential effects of long-term radiolysis on the extent of
biodegradation of these materials, and whether short-term aerobic radiolysis and biodegradation
reactions could affect long-term degradability of plastic and rubber in the repository.

Because of the uncertainties associated with the likely extent of CPR degradation in the
repository environment, Yugrin et al. (2006, 2007) assumed for the EEF calculations that all
CPR would be microbially degraded. This assumption is bounding, in that it provides a
maximum estimate of the amount of CO, that could be generated by microbial degradation of
CPR.

2.3 CARBON DIOXIDE YIELD

Vugrin et al. (2006) included both CO; production by CPR degradation and CO; consumption by
precipitation of carbonate phases other than magnesite and hydromagnesite in the calculation of
the term yyers. The value of yyie1s depends on the microbial degradation and carbonate
precipitation reactions in the repository, and the upper limit on yyezis 1. [f a fraction of the CPR
carbon is degraded to form compounds other than CO», or if carbonate phases other than
magnesite or hydromagnesite precipitate, then the CO; yield would be less than 1. The potential
precipitation of calcite [CaCOs(s)] and its inclusion in yy. is discussed in Section 4.0, along
with other reactions that may remove CO, from repository brines.

In the Gas Generation conceptual model developed for the CCA that was also used for the CRA,
it was assumed that the major pathways for microbial degradation of CPR are the following
reactions:

CeH100s + 4.8 H + 4.8 NOy — 7.4 Hy0 + 6 CO; + 24 N; (6)
CeH 1005 + 6 H" + 3 805 — 5 H;0+ 6 CO; + 3 HoS (N
CeH1005 + H;0 — 3 CHy + 3 CO; ®)

In these reactions, C¢gH 005 s the assumed chemical formula for cellulose. In (6} and (7),
referred to respectively as the denitrification and sulfate reduction reactions, one mole of COz is
produced for each mole of organic carbon consumed. Therefore, if all CPR degradation occurs
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through these reactions, the COz produced per mole of CPR carbon will equal 1. On the other
hand, the methanogenesis reaction (8) produces only 0.5 moles of CO; per mole of CPR carbon
consumed. Significant amounts of CPR degradation via reaction (8) would result in a CQ, yield
between 0.5 and 1. Anocther methanogenesis reaction occurs in the natural environment in
addition to reaction (8); this methanogenesis reaction is as follows:

4 Hy + CO; — CHy + 2 H;0O 9)

This is commonly referred to as the CO; reduction pathway (Chapelle 1993). Reaction (9)
consumes CO; and could significantly reduce yyies if it occurred in the WIPP repository. It is
uncertain whether methanogenesis would be more likely to occur by reactions (8) or (9).

Methanogenic microbes that could degrade CPR via reactions (8) and (9) typically predominate
in subsurface environments where other electron acceptors, such as nitrate (NO3") and sulfate
(SO4%), are absent and reactions (6) and (7) cannot occur (Chapelle 1993). Relatively limited
amounts of nitrate and sulfate are present in the WIPP waste inventory, which would be expected
to result in methanogenesis if the waste was the only possible source of electron acceptors for the
CPR degradation reactions. However, sulfate is present in the Salado and Castile brines, as well
as in minerals present in the Salado Formation surrounding the repository, including anhydrite
(CaSO0y), gypsum [CaSO,4*2H,0] and polyhalite [K;MgCax(S04)a*2H20]. Vugrin et al. (2006,
2007) assumed that sufficient sulfate was present in the waste, brines, and Salado minerals for
complete degradation of all CPR carbon in the repository through sulfate reduction. This
assumption is consistent with the Chemical Conditions conceptual model, which includes the
assumption that brines remain in equilibrium with anhydrite. Because of the lower CO; yield
from the methanogenesis reactions (8) and (9), this assumption conservatively bounds the
uncertainties related to the microbial reactions that may degrade CPR in the repository.
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3.0 MAGNESIUM OXIDE AVAILABILITY IN THE REPOSITORY

The performance of MgO as an engineered barrier will depend on the physical and chemical
characteristics of the MgO, and whether it is available to react with brine and CO;. DOE
provided additional information regarding these issues to support its Planned Change Request to
reduce the MgO EF to 1.20.

3.1 CHARACTERIZATION OF MAGNESIUM OXIDE

Three different sources of MgO have been used since WIPP waste emplacement began in March
1999 (Brush and Roselle 2006). Magnesium oxide was provided by National Magnesia
Chemicals from March 1999 to mid-April 2000, and by Premier Chemicals from mid-April 2000
to December 2004 or January 2005. Since that time, MgO has been provided by Martin Marietta
Magnesia Specialties LLC (Martin Marietta). Only the characteristics of MgQ being supplied by
Martin Marietta now and in future shipments are directly relevant to the requested change in the
MgO EF. However, some of the available data on MgO chemical reactivity were obtained using
MgO from other sources, and these data were considered where appropriate.

The MgO currently being emplaced in the WIPP repository is referred to by the supplier as
MagChem® 10 WTS-60 MgO.” The typical chemical composition of this material and the
material specifications reported by the supplier are summarized in Table 2; more detailed
chemical data are provided in Appendix A. Analysis of a shipment of WTS-60 MgO indicated
that 100% passed through a 9.5 mm (3/8™ inch) sieve (Martin Marietta 2006), which meets the
specification that 99.5% should pass through this sieve size (WTS 2005). WTS-60 MgO was
initially characterized by Wall (2005), with additional, more detailed characterization data
reported by Deng et al. (2006a).

Table 2. Reported Chemical Composition of Martin Marietta WTS-

60 Magnesium Oxide’
. Average Chemical Analysis
T’é’"" WTS-60 Suecificai (Martin Marietta) Chemical Analysis
Constituent emposition pecifications wt % (Deng et al. 2006a)
(Martin Marietta) wt % Y
wt % 12/1/2004 to /172006 to wt %
12/172005 5/31/2007
MgO 98.2 97.0 minimum 985 £ 0.166 98.5 + 0.169 985+25
Ca0 09 1.0 maximum 0904 £0.112  0.904 +0.107 0.874 + 0.025
$i0; 04 0.5maximum 03490075  0.348+0.083 0311 £ 0.008
Fe,0y 0.2 0.3 maximum 01620022  0.1540.029 0.115 + 0.009
ALO, 0.1 02 maximum  0.125+0024  0.134:0.014 0.130 4 0.018
Total 99.8 - 100.0 100.0 99.9

? MagChem®!10 is the Martin Marietta designation for hard-bumed, high-purity, technical grades of MgO
processed from magnesium-rich brines. WTS-60 is a grade specially formulated to meet DOE specifications.
? Stated uncertainties are + 1a.
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The WTS-60 MgO characterized by Wail (2005) had a bulk density of 87 Ib/ft’, equal to the
specified minimum of 87 + 5 [b/ft* (WTS 2005). Wall (2005) performed hydration tests at 90°C
to determine the rate of brucite [Mg(OH),(s)] formation from WTS-60 MgO and other MgO
samples. These samples may also have formed small quantities of portlandite [Ca(OH),(s)] from
lime [CaO] present as an impurity in the MgO. The amount of brucite plus portlandite formed
duting the hydration tests was determined through loss on ignition {LOI) of the reacted samples
at 500°C and 750°C. Based on the LOI tests at 500°C, Wall (2005) found that the WTS-60 MgO
contained 90 + 3 mole % reactive periclase [MgO(s)]. Loss on ignition tests could not be
performed successfully at 750°C with the WTS-60 MgO, because of sample decrepitation at this
temperature. However, comparison of LOI results at 500°C and 750°C using hydrated samples
of Premier MgO or another Martin Marietta MgO sample (WTS-30) indicated that the 500°C
LOI results underestimated the amount of brucite plus portlandite by approximately 4 to

9 mole %.

Deng et al. (2006a) reported a chemical analysis of WTS-60 MgO performed at Sandia National
Laboratories (Table 2); Martin Marietta reported analyses of samples performed for two different
time periods (Table 2 and Appendix A). The MgO and CaO reported in the chemical analyses
represent all magnesium and calcium present in the material, including magnesium and calcium
incorporated into relatively unreactive phases, such as silicates. To determine the amounts of
reactive periclase and lime in the WTS-60 MgO, Deng et ai. (2006a) pecformed LOI and
thermogravimetric tests on WTS-60 samples that had been hydrated at 90°C for at least 3 days.
Deng et al. (2006a) used the chemical analysis results, the LOI, and thermogravimetric results
that indicated the weights of water in the hydrated WTS-60 MgO, and reasonable assumptions
regarding the nonreactive phases in the MgO to calculate the amounts of reactive periclase and
lime. The results indicated that the WTS-60 MgO contained 96 + 2 (15) mole % reactive
periclase plus lime, with periclase making up 95 mole % and lime making up 1 mole % of the
WTS-60 MgO. Vugrin et al. (2006) used the random variable yzc to represent the reactive
fraction of the MgO placed in the repository, with a mean of 0.96 and a standard deviation (ozc)
of 0.02, based on the Deng et al. (2006a) results,

Carbonation rate data are not available for the WTS-60 MgO. DOE has proposed to carry out
experimental studies of the hydration and carbonation of WTS-60 MgQ (Deng et al. 2006b).

The results of these investigations are not yet available. However, results of hydration
experiments reported by Wall (2005) indicate that WTS-60 MgOQ hydrates more rapidly than
Premier MgO, and the chemical analysis results of Deng et al. (2006a) indicate that WTS-60
MgO contains a higher percentage of reactive periclase plus lime than Premier MgO. Pending
the results of the proposed experiments, it is reasonable to assume that WTS-60 MgO will be as
effective for controlling CO; fugacities and pH in repository brines as Premier MgO, and may be
more effective.

The WTS-60 MgO sample tested by Deng et al. (2006a) was found to contain 96 + 2 mole %
reactive periclase plus lime. This mean and uncertainty were based on LOI and
thermogravimetric analysis of eight samples from a single shipment; Deng et al. (2006a) did not
provide information regarding the possible variability between different shipments of this
material. The feedstock characteristics and manufacturing process for the WTS-60 MgQ may
provide some indication of its potential physical and chemical variability. Brush and Roselle
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(2006) described the process used to manufacture the WTS-60 MgO from brine and dolomitic
limestone. The materials used 1o manufacture the MgO are calcium-magnesium-chloride brine
and dolomitic limestone. Martin Marietta calcines the dolomitic limestone to produce a
Ca0-MgO solid called dolime. The dolime is mixed with the brine and water to obtain a slurry
of brucite plus a calcium-chloride solution. The brucite solid is separated from the solution and
washed to remove the caleium chloride and other brine solution components. The brucite is then
calcined at 1,000°C to 1,500°C (hard-burned) to produce MgO.

Patterson (2007) provided additional information regarding the brine, dolime, and production
process for the MagChem® 10 WTS-60 material. The brine is obtained from the Filer Sandstone
in Michigan. The brine reservoir extends over 300 square miles and the Martin Marietta wells
span 40 square miles of this area. The cations in this chloride brine primarily consist of calcium
and magnesium, with minor concentrations of sodium, potassium, and strontium. The MgCl,
concentration in the brine is approximately 10% on a mass basis. The production wells have
different concentrations of the various constituents, so Martin Marietta mixes water from the
wells to maintain a constant brine composition in their feedstock. The brine reservoir in Martin
Marietta’s operating area is relatively large, and only about 25% of the brine has been depleted
during more than 50 years of operation. Consequently, a stable brine source is anticipated for the
foreseeable future. Martin Marietta provided brine feedstock chemistry data from 2004 to
mid-2007, which roughly corresponds to the period that WTS-60 has been used as WIPP backfill
(Appendix A). The chemistry of the brine has been relatively stable, with average annual MgCl,
concentrations ranging from 107 to 110 g/liter, with annual standard deviations of 3 to 5 g/liter.

Martin Marietta also provided a summary of the calcined dolomitic limestone (dolime) feedstock
chemistry from 2004 to mid-2007 (Appendix A). The concentrations of MgO and CaO in this
material remained constant at average values of 40.4 + 0.214 (1o) wt % and 58.2 + 0.335 (lo) wt
%, respectively. Martin Marietta has ample reserves of the dolomitic limestone feedstock, and
expects these reserves will last in excess of 45 years. Chemical analysis of 146 samples of the
WTS-60 MgO over one year (mid-2006 to mid-2007) yielded an average MgO of 98.5 + 0.085
{15} wt %, with CaO as the largest impurity at less than 1 wt % (Table 2).

The information about the chemical processes and feedstock for the production of the WTS-60
MgO indicates that the composition of the feedstock materials has been and is likely to remain
relatively constant. The available chemical data for the WTS-60 MgO used for the WIPP
backfill indicates that the total chemical composition, on a wt % basis, has also remained stable.

DOE has established specifications for the MgO backfill (WTS 2005). The specifications related
to the chemical composition of the material are as follows:

The sum of magnesium oxide (MgQO) plus calcium vxide (CaQ) shall be a
minimum of 93%, with MgO being no less than 90%. The remainder of the
material shall not contain any items considered hazardous to people or the
environment.

This specification applies only to the total chemical analysis on a wt % basis and does not
directly apply to the reactive portion of the materials, which is expressed in the EEF calculation
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on a mole % basis. The reactivity test inciuded in the MgO specifications (WTS 2005,
Attachment B) was based on information provided by Krumhansl et al. (1997). 1t appears
unlikely that this specification is sufficient to ensure adequate reactivity of the materials in each
MgO shipment. For example, the Premier MgO previously used as backfill passed the reactivity
test, but Premier MgO contained only 85 wt % reactive periclase (Snider 2003). However, the
high chemical purity and consistency of the feedstock materials and production process for
WTS-60 MgO indicates that the chemical reactivity is likely to remain relatively constant over
time. Consequently, the Martin Marietta WTS-60 MgO appears likely to meet the performance
specification of 96 + 2 (10) mole % reactive MgO and CaO in the EEF calculation, based on the
available information.

3.2 MAGNESIUM OXIDE SEGREGATION

if a significant portion of the MgO backfill became segregated from brine and CO,, MgO
hydration and carbonation reactions could be limited and the MgO engineered barrier might not
function as designed. Reaction of the MgO backfill with CO; is important to WIPP performance
assessment under both humid and inundated conditions. Under humid conditions, the amount of
brine present in the repository is insufficient for direct brine release. Consequently, the
important function of the MgO backfill under humid conditions is to control gas pressures by
reaction with most of the CO2. The Conceptual Models Peer Review Panel concluded that DOE
had resolved the issue of MgO reactivity for the purposes of the Gas Generation conceptual
model! by demonstrating that sufficient access of brine and CQ; to the MgO would occur to
substantially remove CO; as a pressure source (Wilson et al. 1996b, Section 3.21.3.3).
Consequently, the potential segregation of MgO backfill under humid conditions is of limited
concern in this analysis.

The effectiveness of the MgO barrier to control chemical conditions and actinide solubilities is
important under inundated conditions, when sufficient brine is available for direct brine release.
Under inundated conditions, the MgO must react to control pH and CO; partial pressures to limit
actinide solubilities. Three possible processes have been identified that could result in the
segregation of the reactive periclase in MgO from brine and CO;: physical segregation by roof
collapse; formation of impermeable reaction rims on individual MgO granules by the
precipitation of hydration and carbonation reaction products; and formation of cementitious,
impermeable reaction rinds on the surfaces of larger masses of MgO.

Vugrin et al. (2006, 2007) considered the potentiai for physical segregation of MgQ from brine
by roof collapse. They concluded that segregation of MgO was unlikely because of the
following:

¢ Collapse is most likely to occur by lowering of the roof beam onto the MgO and waste
stacks, which would not segregate the MgO

* If coliapse of smaller blocks occurs, these blocks would tend to be fractured and
permeable to brine

* Small-scale spailing from the roof would be unlikely to segregate MgO
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» The current practice of ensuring the EF is maintained in each room minimizes the
potential for segregation of MgO from brine

For these reasons, roof collapse is unlikely to cause significant amounts of MgO to be physically
segregated from brine and unavailable for reaction with CO,.

The Conceptual Models Peer Review Panel evaluated the potential formation of impermeable
reaction rims on individual MgO granules and the possible effects of such reaction rims on the
ability of the MgO backfill to control chemical conditions in the repository {Wilson et al. 1996a,
1996b, 1997a, 1997b). SNL (1997) demonstrated that hydromagnesite would nucleate away
from the surface of the periclase grains under inundated repository conditions and that isolating
reaction rims would not form. The evidence presented by SNL (1997) and reviewed by the
Conceptual Models Peer Review Panel included experimental results, opticat microscopy,
scanning electron microscopy, modeling predictions, analogue comparisons, and phase equilibria
information. Based on their review of this information, the Conceptual Models Peer Review
Panel agreed that the formation of reaction rims on hydrated MgO granules would not
significantly affect the function of the MgO engineered barrier (Wilson et al. 1997b). EPA
(1997) considered the experimental evidence and the Conceptual Models Peer Review Panel’s
conclusions during their evaluation of the effectiveness of the MgO enginecred barrier. EPA
(1997) concluded that the reactions would occur as predicted to control chemical conditions in
the repository, although EPA also cited as additional justification the large excess of MgO to be
placed in the repository.

DOE has continued investigating the reaction of MgO backfill materials with brine and CO,
(Bryan and Snider 2001a; Bryan and Snider 2001b; Snider 2001; Zhang et al. 2001; Snider 2002;
Snider and Xiong 2002; Snider 2003; Xiong and Snider 2003). In the hydration and carbonation
experiments performed since the Conceptual Models Peer Review, there has been no evidence of
reaction rim formation on MgO granules that would hinder complete reaction. Consequently, the
conclusions of the Conceptual Models Peer Review Panel (1997b) remain valid, specifically, that
formation of impermeable reaction rims on individual periclase granules is unlikely to
significantly affect the amount of MgO backfill available for reaction with brine and COs.

The reaction of periclase to form brucite and hydromagnesite results in a significant change in
mineral volume; in theory, formation of these reaction products on the outside of the masses of
empiaced MgO during initial contact with brine and CO; could segregate a significant amount-of
MgO and prevent complete reaction. This process might not occur in small-scale laboratory
experiments; however, it would be difficult to design large-scale MgO hydration and carbonation
experiments that reproduce expected repository conditions because of the relatively slow
reaction rates and long time frame involved. Consequently, the possible formation of
impermeable reaction rinds on the outside of the emplaced MgO packages was evaluated by the
Conceptual Models Peer Review Panel (Wiison et al. 1996a, 1996b, 1997a, 1997b).

In response to concerns expressed by the Panel regarding the possible formation of impermeable
reaction rinds, Bynum et al. (1996) and SNL (1997) presented data from a series of experiments
designed to more closely simulate the brine to MgO ratio anticipated in a partially inundated
disposal room. [In these experiments, MgO was placed in a porous bag that was partially
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suspended in brine and CO, was bubbled through the brine. After reaction for up to 25 days, the
bag of MgO was removed from the brine and placed into a dye solution for three days. The bag
and its contents were then dried, impregnated with plastic, and sectioned. Examination of the
reacted material showed that dye penetrated below the base of the reaction product surface layer,
indicating that the surface reaction products did not prevent contact between the brine and
remaining periclase. Because of the relatively high CO; partial pressure used in this series of
experiments, the magnesium hydroxycarbonate phase formed was nesquehonite.
Hydromagnesite formation is anticipated in the repository because of lower CO, partial
pressures; hydromagnesite has a looser, more platy crystal morphology (SNL 1997). Based on
this morphology, SNL (1997) concluded that hydromagnesite was even less likely to inhibit
continued reaction between brine and periclase than nesquehonite. The Conceptual Models Peer

. Review Panel reviewed the information presented by Bynum et al. (1996) and SNL (1997) and
concluded that formation of impermeable reaction rinds on the MgO emplaced in the repository
would not prevent the MgO barrier from functioning as designed. Although the expected
presence of a large excess of MgO in the repository was noted by the Panel, this information was
not cited in support of the Panel’s judgment that impermeable reaction rinds would not form on
the masses of MgO (Wilson et al. 1997b).

During their CCA review of the MgO backfill performance, EPA accepted DOE’s assertion that
the formation of reaction products on the surfaces of the backfill material would not have a
significant, detrimental impact on the ability of the MgO to maintain predicted repository
chemical conditions (EPA 1997). EPA (1997) stated that, based on a review of information in
Bynum et al. (1996), “formation of reaction products on the surfaces of the backfill material
dofes) not have a significant, detrimental impact on the ability of the MgO to maintain the
predicted chemical conditions.” EPA (1997) also noted DOE’s intention to emplace sufficient
MgO backfill in the repository to ensure CO; consumption would exceed the rate of CO;
production.

The possible formation of solid masses of MgQ reaction products during hydration under
inundated conditions was investigated by DOE in a later series of experiments with 5 to 15 mm-
thick layers of MgO backfill material (Snider 2002). Although there was significant scatter in
the results, there was no evidence that an impermeable mass of hydration products formed.
There is no new evidence since the Conceptual Models Peer Review or the CCA review by EPA
that impermeabie layers of reaction products wiil fonm and prevent the reaction of brine and CO2
with periclase in the interior of the masses of MgO in the repository. In the absence of new
information, the conclusion of the Conceptual Models Peer Review Panel and EPA that this issue
has been fully addressed remains valid (Wilson et al. 1997b, EPA 1997).

3.3 LOSS OF MAGNESIUM OXIDE TO BRINE OUTFLOW

MgO dissolved in brine that flows out of the repository in the event of an intrusion would affect
the amount of MgQ available to react with CO,. Clayton and Nemer (2006) estimated the
amount of MgO that could leave a waste panel due to outflowing brine caused by drilling
intrusions. The analysis included a Monte Carlo simulation of 1,000 drilling “futures,” modeled
as a Poisson process with an assumed human-intrusion drilling rate of 5.25 x 10” intrusions per
km? per year. Using the total berm area of the repository, this translated to an expected rate of
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33 intrusions in one 10,000-year drilling future, spaced 300 years apart, on average. This rate
includes all intrusions that hit the entire repository footprint defined by the berm; only a fraction
of these intrusions actually intersects a waste panel.

Each drilling future thus contains a randomly generated number of drilling intrusion ¢vents over
the 10,000-year analysis period. The probabilities in Table 3 were used to characterize each
intrusion. Approximately 20% of the intrusions were assumed to penetrate waste panels, based
on the ratio of panel area to the area of the berm (probability of 0.202 in row 1 of Table 3). The
intrusions identified as hitting a waste panel were assigned randomly to one of the 10 panels.
The intrusions were also randomly identified as either intersecting or not intersecting a Castile
brine pocket, and the boreholes were assigned randomly to being plugged with one of the three
standard plug types. After the characteristics of each intrusion were assigned, the intrusions that
enter a waste panel were classified as either an E1 intrusion (a brine packet is hit with plug

type 2), E2 intrusion (no brine pocket is hit, or brine is hit, but plug type is 3), or determined to
have no effect on brine flow. This classification was based on the randomly assigned
characteristics of the intrusion (Table 4).

Table 3. Intrusion Characteristics and Probabilities
Characteristic Probability
Hit Waste Panel 0,202
Hit Brine Pocket 0.01 - 0.60
Hit Panel 1-10 ¢.10
Plug Type | 0.015
Plug Type 2 0.696
Plug Type 3 0.289
Table 4. Intrusion Classification Matrix
. . . Hit Brine
Chlassification Hit Waste? Pocket? Plug Type
No Change No Yes or No 1,20r3
Yes Yes or No l
El Yes Yes 2
B2 Yes Yes 3
Yes Mo 2o0r3

The CRA-2004 PABC included calculations of three replicates of 100 vectors each (300 total
vectors). The results of the PABC calculations included the cumulative volumes of brine
expected to flow from the intruded waste panel under the repository conditions for each vector,
The amount of MgO that would leave the repository due to El and E2 intrusions was calculated
using these volumes, with the mass of MgO assumed equivalent to the total MgQO solubility in
Castile brine (157 molcs/ma) or Salado brine (578 moles/m’), depending on the release scenario.
In this analysis, it was conservatively assumed that no MgO reacts with CO; before brine
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outflow occurs. The amount of MgO leaving the panel was adjusted for the length of time
between the drilling future intrusion and the end of the 10,000-year compliance period. This
calculation was performed for all 300 PABC vectors for each of the 1,000 drilling futures. The
300,000 calculated MgO values were summarized using a cumulative distribution function
(CDF), complementary cumulative distribution function (CCDF), and probability density
function (PDF).

The PDF was used to estimate the average fraction of the available MgO predicted to leave the
panel. The average percentage of MgO backfill lost to brine flow out of the panel was calculated
to be 0.8 + 1.9 (1) % of the available MgO (Clayton and Nemer 2006). This fraction was
calculated using the underestimated CPR carbon inventory (Section 2.1) and an assumed EF of
1.20; Nemer (2007) revised this fraction to 0.7 + 1.7 (16) %, using the corrected CPR carbon
inventory and the assumed EF of 1.20. Vugrin et al. (2007) used this mean and standard
deviation for the parameters y; 23 and g5 to represent the mean and standard deviation of the
MgO lost to brine.

3.4  MIXING PROCESSES

Mixing processes in the repository brine will occur through advection, dispersion, and molecular
diffusion in the aqueous phase. Agueous diffusion is likely to be the slowest of these processes.
An assessment of the length and time scales of diffusion processes in the repository can provide
a conservative analysis of mixing that will allow contact and reaction of CO; with MgO in the
repository. Wang (2000) calculated the time necessary for aqueous COy; diffusion to occur over
the expected final repository room heights, using information from the CCA; these calculations
were reviewed and summarized by Vugrin et al. (2006). The amount of time necessary for
diffusion to occur over the final room heights was less than the expected residence time of the
brine, indicating that diffusion alone would be adequate for mixing to occur on the length scales
present in the repository. Wang (2000) also calculated a range of characteristic diffusion
distances that would be consistent with the expected residence time of brine in the repository.
This diffusion distance range equaled or exceeded the range of the expected final room height at
closure. Consequently, it was determined that mixing would be adequate to allow reaction of
CO; with MgO backfill, even'in the absence of advective or dispersive processes.

The mixing analysis carried out by Wang (2000) was updated using technical baseline data from
the PABC for waste panel porosities, brine flows, and pore volumes (Kanney and Vugrin 2006).
Kanney and Vugrin (2006) found that the range of diffusion distances bracketed the range of
final room heights, and the characteristic diffusion times were less than the hydraulic residence
time. These results indicate that molecular diffusion alone should be sufficient to allow contact
and reaction of CO; with the MgO backfilf in the repository. Because of differences in waste
characteristics, Kanney and Vugrin (2006) aiso evaluated the potential effects of AMWTP
compressed waste and pipe overpack waste on calculated diffusion lengths and time scales. The
calculations were catried out for various loading schemes, which included different mixtures of
standard waste, pipe overpack waste, and AMWTP compressed waste. The range of
characteristic diffusion lengths was greater than the range of room heights for all non-standard
waste loading scenarios. Characteristic diffusion times were shorter than the residence time for
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all non-standard waste loading schemes, which also indicates that molecular diffusion alone
should be sufficient for complete mixing in the repository.

EPA (1998b) calculated the change in porosity in a waste disposal room caused by the
precipitation of hydromagnesite; the results demonstrated that the overall reduction in porosity
caused by hydromagnesite precipitation was likely be only 1.4% of the initial porosity. EPA
(1998b) related the permeability to the porosity and concluded that the MgO backfill and its
reaction products would be unlikely to significantly affect permeability in the waste region of the

repository.

These evaluations of mixing processes in the repository are consistent with the Chemical
Conditions conceptual model. The Chemical Conditions model inciudes the assumptions of
chemical homogeneity and solubility equilibrium, and that brine and waste are well mixed. Asa
consequence of these assumptions, chemical microenvironments are not believed to persist in the
repository (Wilson et al. 1996a).

3.5 OTHER FACTORS

Other factors that could affect the amounts of MgO available to react with CO; in the repository
include the possibility that MgO could carbonate before emplacement, the likelihood that a
significant number of supersacks will not rupture, or the uncertainties associated with the amount
of MgO in the supersacks. In addition, Salado brine has a magnesium ion concentration of

1.0 M, and this magnesium ion could react with CO;3.

For the CCA, DOE evaluated the ability of MgO supersack materials to prevent carbonation of
MgO prior to emplacement, and predicted that less than 0.} % of the MgO would be carbonated
by CO. penetrating the bag materials over 30 years (Vugrin et al. 2006). Vugrin et al. (2006),
therefore, used this fraction of MgO that could be lost to carbonation prior to emplacement in
their evaluation of the available MgQ backfill.

Supersack rupture is likely to occur through lithostatic loading, which will apply stresses that are
hundreds of times greater than the maximum loading specifications for supersack rupture
(Vugrin et al. 2006). Microbial degradation of the polyethylene supersacks may aiso contribute
to supersack rupture. Accordingly, it is reasonable to assume that the supersacks will rupture
and allow the exposure of all MgQ backfill materials to brine and CO,.

The weight of each MgO supersack is specified for procurement as 4,200 + 50 lbs (WTS 2003).
Vugrin et al. (2006) calculated the contribution of the uncertainty in the individual supersack
weights to the uncertainty in the MgO in an individual room. The random variable ywas used
to represent the uncertainty in the amount of MgO present in the repository relative to the
amount tracked; this random variable had a mean value (1) of |, because there is no expectation
of bias in the weights. The standard deviation (g,,) of the relative amount of MgO in each room
was determined to be ¢.00037.

The concentration of magnesium ion in unreacted GWB (Salado) brine is 1.0 M; Vugrin et al.
(2007) indicated that assuming that magnesium in the brine would not carbonate has a

MgO-Related Unceriaintie: 3-9 Final - January 24, 2008



conservative effect on the calculation of the EEF. Examination of the concentrations of
magnesium in GWB brine before and after equilibration with the MgO backfill under WIPP
repository conditions {in equilibrium with hydromagnesite) indicates that the concentration
declines from 1.0 M to 0.58 M (EPA 2006a). The maximum volume of Salado brine per panel
was calculated as 7,763 m’, which is equivalent to 7.763 x 10’ liters in the 10-panel repository.
Consequently, the amount of magnesium that would carbonate in this volume of Salado brine
would be 3.26 x 107 moles, which would consume 2.61 x 107 moles of CO, through
hydromagnesite precipitation. This quantity of CO; represents approximately 2.2% of the total
CPR carbon in the repository, indicating that neglecting the magnesium ion in the Salado brine is
likely to have a relatively minor, conservative effect on the EEF calculation.

3.6 INCORPORATION OF MAGNESIUM OXIDE AVAILABILITY IN EFFECTIVE
EXCESS FACTOR CALCULATIONS

DOE calculated the fraction of MgO available to react with CO; using the foliowing equation:
m = ysg X ygc % 0.999 — vy (10)

In this equation, yss is an uncertain parameter representing the. MgO present in a room telative to
the amount tracked by DOE (Section 3.5), yrc is an uncertain parameter that represents the
reactive fraction of the MgO (Section 3.1), 0.999 represents the MgO fraction that remains
uncarbonated after emplacement (Section 3.5), and y;2y iS an uncertain parameter representing -
the amount of MgO lost to brine outflow (Section 3.3). This formulation includes the reasonable
assumptions that mixing processes will be suffictent to allow contact of MgO with CO; in the
repository, and that the MgO supersacks will rupture and allow contact between the MgO and
brine, as discussed in Sections 3.4 and 3.5, respectively.

3.7 SUMMARY OF MAGNESIUM OXIDE AVAILABILITY ISSUES

The WTS-60 MgO backfiil material has been reasonably well characterized. Preliminary
hydration data provided by Wall (2005} indicate that the WTS-60 MgO will likely hydrate and
carbonate more rapidly than MgO from previous suppliers. Proposed hydration and carbonation
experiments would provide additional information regarding the reactivity of this material; in
particular, by providing carbonation data obtained with the WTS-60 MgOQ. Information
regarding the production process and feedstock for the WTS-60 MgO indicates that the
variability of different WTS-60 shipments should be relatively low. The current specifications
(WTS 2005) may not adequately identify MgO shipments with reactive fractions less than the
fraction {96 + 2 mole %) specified in the EEF evaluation. However, the consistency of the
chemical processes and feedstock materials used to produce the WTS-60 MgO and the high
chemical purity of this material indicates that WTS-60 MgO is likely to have a chemical
reactivity consistent with the fraction specified in the EEF calculation.

There is no evidence that significant physical segregation of MgO by room roof collapse will
occur. After a thorough review of the available data, the Conceptual Models Peer Review Panel
and EPA concluded that the formation of reaction rims on periclase granules or cementitious
outer layers of reaction products on the emplaced MgO would not be expected to limit the
availability of periclase in the MgO for reaction (Wilson et al. 1997b, EPA 1997). The MgQ
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supersacks appear likely to rupture and expose MgO to brine and CO,. The analysis presented
by Clayton and Nemer (2006) of the likely loss of MgO due to outflowing brine is consistent
with previous evaluations of the effects of drilling events on repository performance. The effects
of MgO loss to brine are likely to be relatively small, based on the Clayton and Nemer (2006)
analysis results. A very small fraction of the MgO appears likely to carbonate before
emplacement, and only a relatively small amount of magnesium dissolved in Salado brine is
likely to enter the repository and react with CO,. Kanney and Vugrin (2606) evaluated diffusion
in the repository; their results indicate that the repository will be sufficiently well mixed to
permit contact and reaction of the MgO with brine and COx.
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4.0 CARBON DIOXIDE CONSUMPTION

According to the Chemical Conditions conceptual model used for the CCA and CRA-2004, the
MgO backfill will react with brine to produce brucite [Mg{OH)x(s)]. The following brucite
dissolution reaction is expected to control brine pH at values of approximately 8.5 to 9 (DOE
2004, Appendix PA Attachment SOTERM):

Mg(OH)y(s) + 2 H" — Mg™ +2 H,0 an

In the presence of brine and CO;, brucite can react to form miagnesite, the most stable
magnesium-carbonate phase, or a metastable hydrous magnesium-carbonate phase, such as
hydromagnesite. The formation of brucite and a magnesium-carbonate phase in the repository is
expected to control both pH and CO; fugacities within ranges consistent with relatively low and
predictable actinide solubilities in repository brines.

4.1 MAGNESIUM OXIDE CARBONATION

The temperature in the WIPP repository is expected to remain close to the ambient value of 28°C
{DOE 2004, Appendix PA, Attachment SOTERM). The available thermodynamic data indicate
that magnesite is the most stable magnesium carbonate phase at this temperature (Lippmann
1973, Kdnigsberger et al. 1999). However, because of siow nucleation and growth rates of
magnesite at low temperatures, metastable hydrous magnesium carbonate phases such as
hydromagnesite and nesquehonite [MgCO; *3H,0(s)] are the only magnesium carbonate phases
that form in low-temperature laboratory experiments. The relatively low rates of conversion of
metastable hydrous magnesium carbonate phases to magnesite at low temperatures have been
attributed to the strong bonds between the magnesium ion and its associated waters of hydration
(Christ and Hostetler 1970).

Experimental investigations of brucite carbonation and MgO hydration and carbonation reactions
carriedout with WIPP backfill materials and reagent-grade MgO have indicated that
hydromagnesite forms readily under the low CQ; partial pressure conditions expected in the
WIPP repository (Bryan and Snider 2001a, Snider and Xiong 2002, Xiong and Snider 2003). in
some expenments carried out at higher CO; partial pressures, nesquehonite formed initially, but
its conversion to hydromagnesite was observed over time (Snider and Xiong 2002).

Hydromagnesite that forms in the WIPP repository should eventually convert to magnesite.
However, the reaction rate at the low temperatures expected in the WIPP repository is uncertain.
If hydromagnesite persists in the repository for thousands of years, higher CO; fugacities and
actinide solubilities would be predicted than if magnesite formation occurs. In addition,
hydromagnesite formation would result in the consumption of less CO; per mole of reacted MgO
than the formation of magnesite.

The number of moles of CO; consumed per mole of reacted MgO depends on the chemical
formula of hydromagnesite. The hydromagnesite chemical formula has been reported in the
literature as both Mgs(CO3)s(OH), * 4H,0(s) and Mgs(CO3)3(OH);*3H,0(s). The moles of CO,
consumed per mole of MgO for the different formulas are 0.8 and 0.75, respectively. The
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consensus in the scientific literature is that the two chemical formulas represent the same phase
(e.g., Langmuir 1965, Lippmann 1973). Lippmann (1973) attributed the different formulas to the
difficulty of analytically determining the precise ratio of CO; and water in the mineral structure.
The hydromagnesite chemical formula currently accepted by the International Mineralogical
Association is Mgs(CO4)4(OH), *4H,0(s) (IMA 2007), and this formuia was identified by DOE
as the composition of the hydromagnesite formed in the MgO carbonation experimeats (DOE
2004). This formula, referred to by DOE (2004) as hydromagnesites4z4, is the composition
assumed for hydromagnesite in the remainder of this report.

The rate at which hydromagnesite will transform to magnesite during the 10,000-year regulatory
period will affect the EEF calculation. The formation of magnesite consumes one mole of CO;
for each mole of magnesium:

Mg(OH)(s) + CO; — MgCOs(s) + H0 | (12)

On the other hand, only 0.8 moles of CO; are consumed for each mole of magnesium during
hydromagnesite formation:

5 Mg(OH)s(s) + 4 CO, — Mgs(CO3)s(OH), * 4H,0(s) (13)

The conversion of hydromagnesite to magnesite presented below consumes additional COg, so
that the overall ratio of MgQ and CO: consumed equals one if MgO reacts completely to
magnesite:

Mgs(CO3)a(OH),*4H,0(s) + CO2 — 5 MgCO3 + 5 H,O (14)

Because the rate of conversion of hydromagnesite to magnesite is uncertain, it was assumed that
the brucite-hydromagnesite reaction would control CO; fugacities for the calculation of actinide
solubilities for the CCA PAVT and the CRA PABC (Leigh et al. 20035a).

Brush and Roselie (2006) assumed that the replacement of hydromagnesite by magnesite wouid
occur relatively rapidly, and that magnesite would be the dominant magnesium carbonate phase
for most of the 10,000-year WIPP regulatory period. Consequently, Vugrin et al. (2006)
assumed that one mole of CO; would be consumed per mole of MgO. Brush and Roselle (2006)
determined that the conversion of hydromagnesite to magnesite would be relatively rapid under
repository conditions, based on the thermodynamic stability of magnesite under WIPP
conditions, the presence of magnesite in the Salado Formation, extrapolation of reaction rate data
from experiments carried out for WIPP (Zhang et al. 2000), and an evaluation of natural
analogue data. The factors :Fonsidemd by Brush and Roselle (2006) are examined below.

4.1.1 Thermodynamic Stability of Magnesite and Its Occurrence in the Salado Formation
As stated at the beginning of Section 4.1, magnesite is expected to be the stable magnesium-
carbonate phase under WIPP repository conditions. EPA previousty considered the presence of

magnesite in the Salado Formation (EPA 1998c). Brush and Roselte (2006) indicated that the
presence of magnesite in the Salado is evidence that it will form in the repository as a result of
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MgO hydration and carbonation; however, they also stated that there is some ambiguity
regarding the origins of this magnesite, and it is uncertain whether the magnesite was formed in
situ or was transported as sedimentary material. In addition, the Salado Formation is
approximately 200 million years old (Lambert 1992}, so the presence of magnesite does not
provide insight on the conversion rate of hydromagnesite to magnesite within the 10,000-year
WIPP regulatory period. The presence of magnesite in the Salado Formation and the available
thermodynamic data indicate that magnesite is likely to remain stable after it forms in the
repository, but do not provide information regarding the rate of conversion of hydromagnesite to
magnesite.

4.1.2 Experimental Rate Data for the Conversion of Hydromagnesite to Magnesite

Sayles and Fyfe (1973) and Zhang et al. (2000) experimentally investigated the rates at which
hydromagnesite converts to magnesite. Because of extremely low reaction rates at low
temperatures, reaction-rate experiments were carried out at temperatures of 110°C to 200 °C.
However, there is evidence that magnesite can form at lower temperatures, because Usdowski
(1994) observed magnesite formation in experiments conducted for up to 7 years at temperatures
as low as 50 °C.

Sayles and Fyfe (1973) investigated the conversion of hydromagnesite to magnesite at 126°C as
a function of magnesium ion concentration, CO; partial pressure, and ionic strength up to

0.05 M. The results were characterized by an induction period with no detectable crystallization,
followed by a period of crystal growth with a fourth-order reaction rate as a function of time.
Increased CO; partial pressure or an increased hydromagnesite solid-to-solution. ratio shortened
the induction period, whereas increased MgCl; concentrations in solution increased the induction
period. Increased ionic streagth and CO; partial pressure increased reaction rates.

Zhang et al. (2000) conducted a series of experiments to determine the conversion rates of
reagent-grade hydromagnesite to magnesite plus brucite at 110°C, 150 °C, and 200°C.
Experiments were carried out in saturated NaCl and GWB (simulated Salado) brine. In these
experiments, the conversion of hydromagnesite to magnesite exhibited an induction period,
during which conversion was relatively slow. After approximately 4% to 5% of the
hydromagnesite had converted to magnesite plus brucite, more rapid conversion rates were
observed. Rates were higher in the NaCl solutions than in GWB brine, and reaction rates
increased with temperature. Zhang et al. (2000) determined reaction rate coefficients for the
high-growth-rate period by assuming first-order reaction kinetics. An Arrhenius equation was
used to extrapolate the rates to 25°C. Based on the extrapolated data, Zhang et al. (2000)
determined half times for the reaction, defined as the time required for half of the
hydromagnesite to convert to magnesite plus brucite. These half times were 4.7 years and

73 years in saturated NaCl and GWB, respectively. Zhang et al. (2000) determined conversion
rates during the induction periods and used the Arthenius equation to extrapolate these rates to
25°C; the resulting 25°C induction periods were found to be 18 years and 200 years in the NaCl
and GWB brines, respectively.

Zhang et al. (2000) performed additional experiments to qualitatively assess the effects of ionic
strength, MgClz concentrations, and MgSO, concentrations on the hydromagnesite conversion
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rate. These experiments were performed in solutions with various NaCl concentrations, GWB
with various MgCl; concentrations, saturated NaCl solutions with various amounts of MgCly,
and saturated NaCl with various amounts of MgSQy4. Increasing ionic strength increased the rate
of formation of magnesite in the NaCl solutions, whereas increased magnesium or sulfate
concentrations decreased the magnesite formation rate in both the NaCl solution and GWB.

When extrapolated to low temperatures, the results of Zhang et al. (2000) suggest that complete
conversion of hydromagnesite to magnesite will occur relatively early during the 10,000-year
WIPP regulatory period. However, there are a number of uncertainties associated with this
conclusion. For example, the maximum percentage of reaction reported in GWB brine was 77%.

- Zhang et al. (2000) did not explain why the GWB experiments were not carried out to

completion, particularly at 200°C, where the reaction rate was relatively rapid. Therefore, these
data may suggest that complete conversion of hydromagnesite to magnesite may not occur in
GWB brine at the rates determined in the experiments. There is also significant uncertainty
associated with the extrapolated rates and induction periods. Zhang et al. (2000} pointed out that
there were order-of-magnitude uncertainties associated with the induction period calculations
because of the small amounts of reaction and uncertainties in the method used to determine
reaction extent. In addition, Sayles and Fyfe (1973) observed the following in their discussion of
the conversion of hydromagnesite to magnesite:

Induction periods are very sensitive to extraneous influences such as impurities
and changes in surface area, surface characteristics and solution volume. Where
such influences are important, the lengths of observed induction periods are
usually not reproducible.

Because the experiments were not carried out with hydromagnesite created from the hydration
and carbonation of MgO backfill materials under W1PP-relevant conditions, it is uncertain
whether the induction period measured in the Zhang et al. (2000} experiments would be
representative of actual repository conditions. Vugrin et al. (2006} did not incorporate the
uncertainties in the induction period in their EEF calculations,

Zhang et al. (2000) demonstrated that assuming a different reaction order, i.c., the fourth-order
kinetic equation consistent with the equation used by Sayles and Fyfe (1973), resulted in 25°C
reaction half times of 40,000 years in NaCl and 30,000,000 years in GWB. These results show
that the extrapolated rates at 25°C are sensitive to the assumed form of the rate equation. These
uncertainties were not considered in the analysis of Vugrin et al. (2006). The low reaction rates
‘calculated using the fourth-order kinetic equation were rejected by Zhang et al. (2000) based on
natural analogue information, but the cited studies by Graf et al. (1961} and von der Borch
(1965) do not appear to support this conclusion (see Section 4.1.3).

The magnesium ion must be dehydrated for the formation of magnesite to occur; this process
could become progressively more difficult at lower temperatures, resuiting in a higher activation
energy barrier at lower temperatures. This effect could significantly decrease predicted lower-
temperature reaction rates. However, Zhang et al. (2000) assumed that the activation energy
remained constant when they extrapolated their rate constants to [ower temperatures.
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The experiments performed by Sayles and Fyfe (1973) and Zhang et al. (2000) provide
qualitative indications of factors that could influence rates at lower temperature conditions.
Sayles and Fyfe (1973) performed laboratory experiments at relatively low ionic strength and
found that the formation of magnesite from hydromagnesite occurs more rapidly at high CO;
pressure. The low CO; fugacities in the repository, therefore, may result in a relatively low rate
of magnesite formation. Both Sayles and Fyfe (1973) and Zhang et al. (2000) demonstrated that
higher magnesium concentrations slowed the rate at which hydromagnesite converted to
magnesite. Consequently, the presence of magnesium in the WIPP brines after reaction with
MgO, halite, and anhydrite (Brush et al. 2006) may result in a slower reaction rate. The presence
of sulfate in WIPP brines may also decrease the hydromagnesite-to-magnesite conversion rate.
However, Zhang et al. (2006) found that increasing ionic strength increased the conversion rate,
so the high ionic strength of WIPP brines could increase the rate at which hydromagnesite
converts to magnesite in the repository.

4.1.3 Natural Analogues

The occurrence of magnesite in low-temperature sediments is not always the result of
dehydration of hydromagnesite, because magnesite appears to form directly from low-
temperature solutions in a limited number of envitonments. Sayles and Fyfe (1973) noted that
most modern low-temperature occurrences of magnesite are associated with solutions that have
salinities greatly in excess of seawater, in which the lower activity of water favors dehydration of
the magnesium ion, This association of magnesite with hypersalinity is consistent with its
apparent direct precipitation in relatively recent deposits, including the Tuz Golii seasonal salt
lake in Turkey (Irion and Miiller 1968}, playa basins of the Cariboo Plateau of British Columbia
(Renaut and Stead 1990), and a sabkha in Abu Dhabi (Evans et al. 1969). Based on these
occurrences, direct precipitation of magnesite from solution appears to occur in highly saline
conditions generated in seasonal salt lakes or mudflats that experience evaporation to dryness or
near dryness.

Direct precipitation of magnesite at low temperatures appears to be favored by extremely high
Mg/Ca ratios, with reported ratios up to 300 in Cariboo Plateau waters (Renaut and Stead 1990),
and ratios of 85 to 149 in the porewaters and overlying brines of the Tuz Gblil salt lake (Irion
and Miiller 1968). In comparison, the Mg/Ca ratios in WIPP brines after reaction with MgO,
halite, and anhydrite fall into a lower range; 14.7 for ERDA-6* and 64.6 for GWB. There also
may be evidence that direct precipitation of magnesite is influenced by bacterial
biomineralization (Thompson and Ferris 1990). Formation of magnesite directly through the
carbonation of brucite formed from MgO is unlikely to occur in the WIPP repository, because
laboratory experiments performed for the WIPP program have indicated that metastable
hydromagnesite formation will precede magnesite formation under expected repository
conditions (Bryan and Snider 2001a, Snider and Xiong 2002, Xiong and Snider 2003).

? The magnesium concentration in ERDA-6 brine was erroneously listed as 157 M in Table 3 of Brush
et al. (2006). The correct concentration is 0.157 M. This typographical error did not affect any iater calculations,
such as the calculation of MgO lost with outflowing brine, because Clayton and Nemer (2006) used the correct
magnesium concentration,
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Natural analogues may provide evidence regarding the rate at which hydromagnesite will
transform to magnesite. Although descriptions of natural occurrences of hydromagnesite can be
found in the literature, most descriptions of these deposits do not establish the length of time it
has persisted without converting to magnesite. For example, Brush and Roselle (2006) cited the
occurrence of hydromagnesite as a weathering product of the New Idria serpentinite body to
show that brucite will carbonate. However, they did not provide information regarding the
length of time over which weathering and hydromagnesite formation had occurred. If the
hydromagnesite in this deposit has persisted for thousands of years, it would indicate that
hydromagnesite conversion to magnesite can be relatively slow in some environments.

Zhang et al. (2000) cited the occurrence of magnesite at Lake Bonneville and in southeastern
Australia as evidence that hydromagnesite-to-magnesite conversion would be relatively rapid.
Graf et al. (1961) described a mixture of fine-grained aragonite and a “magnesite-like material
with a significantly expanded unit cell” in the sediments of Glacial Lake Bonneville on the
Bonneville Salt Flats. The age of these sediments, determined using carbon-14 measurements,
was established as 11,300 + 250 years. The unit cell of the magnesite-like material was
expanded relative to synthetic magnesite; this effect was attributed to residual water in the solid
phase. Graf et al. (1961) stated that the hydrated magnesite may have formed by conversion of
hydromagnesite that originally precipitated with the aragonite, or that the hydrated magnesite
may have precipitated with aragonite. Thus, this “magnesite-like” material could have been
directly precipitated and may not show that hydromagnesite will completely convert to
magnesite within the 10,000-year W{PP regulatory period. The magnesite described in
sediments from an ephemeral lake in southeastern Australia had an expanded unit cell similar 1o
the material from Lake Bonneville (von der Borch 1965). The origin of the magnesite from the
ephemeral lakes in southeastern Australia was unclear, and von der Borch (1965) stated that the
magnesite may have either formed directly from solution or been transformed from
hydromagnesite.

Stamatakis (1995) reported the occurrence of relatively thick hydromagnesite deposits (4 to

10 meters) in Neogene (< 23 million years) sediments. At the time of the CCA, EPA noted the
apparent persistence of hydromagnesite in these sediments over potentially long periods of time,
indicating that hydromagnesite conversion to magnesite could be relatively slow. Brush and
Roselle (2006) stated that the deposit described by Stamatakis (1995) is irrelevant to WIPP,
because the hydromagnesite was described as being of composition Mgs(CO3)3(OH)z * 3H,0(s),
which differs from the composition of Mgs(CO1)s(OH)2*4H20(s) observed in WIPP experiments
and used in WIPP geochemical calculations. However, as noted in Section 4.1 above, there is no
evidence that the two reported formulas for hydromagnesite represent different phases. Brush
and Roselle (2006) concluded that this evidence does not show that hydromagnesite has persisted
longer than expected, based on the results of Zhang et al. (2000); on the other hand, Brush and
Roselle (2006) did not provide any evidence that the hydromagnesite deposits described by
Stamatakis (1995) are significantly less than 10,000 years old.

Evidence that hydromagnesite can persist for significant time periods is provided by Vance et al.
(1992). This investigation describes the sediments associated with Chappice Lake, a saline lake
in southwestern Alberta. The sediment core data span 7,300 years; the chronology of these
sediments was determined from radiocarbon ages of seeds from upland plants and the presence
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of plant pollen. The mineralogical data from the sediment cores indicate that hydromagnesite
was present in sediments with ages up to approximately 6,200 years, with magnesite observed
only in sediments in excess of 3,600 years in age. The presence of hydromagnesite betow some
magnesite in the core may indicate that the magnesite formed as a direct precipitate, rather than
by conversion from hydromagnesite. The apparent persistence of hydromagnesite for as long as
6,200 years appears inconsistent with the extrapolated 25°C rate data of Zhang et al. (2000).

4.1.4 Conclusions Regarding Conversion of Hydromagnesite to Magnesite

Based on the information reviewed above, there is significant uncertainty regarding the rate at
which hydromagnesite can convert to magnesite, and whether all hydromagnesite will convert to
magnesite during the WIPP regulatory time period. There are many uncertainties associated with
the extrapolation of the Zhang et al. (2000) laboratory data to WiPP conditions, including the
form of the rate equation, the effects of the hydromagnesite chemical and physical properties on
the induction period, the uncertainties in determining the rates during the induction period, and
whether the activation energy will remain constant at lower temperatures.

The available natural analogue data show that magnesite may form relatively quickly under some
conditions, particularly in hypersaline environments with high Mg/Ca ratios. This information
was considered during EPA’s review of the CCA (EPA 1998c). However, DOE has not
demonstrated that ali hydromagnesite that forms under WIPP conditions will convert to
magnesite within 10,000 years. In fact, information from one natural analogue indicates that
hydromagnesite can persist for time periods on the order of 6,200 years. Such a slow rate of
hydromagnesite to magnesite conversion in WIPP could result in the persistence of
hydromagnesite throughout much, if not all, of the 10,000-year regulatory period. Because of
the uncertainties associated with the rate at which hydromagnesite can convert to magnesite, it is
more defensible to assume that the 7 parameter in equation (I) is equal to a range 0 0.8
(hydromagnesite.only) to 1.0 (magnesite only), with a uniform distribution across this range.

42 CALCITE AND PIRSSONITE PRECIPITATION

Microbial degradation of CPR is likely to proceed via the sulfate reduction reaction (7) after the
limited amount of nitrate in the waste is consumed. Suffate reduction could lead to dissolution of
sulfate minerals in the Salado Formation, such as anhydrite, gypsum, and polyhalite, as sulfate
solution concentrations decline. Dissolution of these sulfate minerals would release calcium
tons, and increased calcium concentrations could result in calcite [CaCOs(s)} and pirssonite
[Na;Ca(COs); *2H;0] precipitation and CO; consumption:

Ca?* + CO, + H;0 — CaCOs(s) + 2 H' (15)
2 Na’+ Ca® + 2 COz + 4 HyO — 2 NayCa(COs),*2H,0 + 4 H' (16)
If significant precipitation of carbonate phases such as calcite or pirssonite occurs, it will

increase CO, consumption per mole of MgO in the repository. Calcite precipitation generally
occurs readily from oversaturated solutions at low temperatures, so calcite formation in the
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repository is very likely. Brush et al. (2006) considered the potential effects of calcite and
pirssonite precipitation on CO; consumption, and used these resuits to calculate yy. values.

4.2.1 Geochemical Calculations

Brush et al. (2006) used the EQ3/6 geochemical software package to calculate the effects of
sulfate mineral dissolution, sulfate reduction, and precipitation of calcite and pirssonite on Vyield-
The EQ3/6 software package is well documented and widely used (Daveler and Wolery 1992,
Wolery 1992a, Wolery 1992b, Wolery and Daveler 1992). Most of the thermodynamic data
used in the calculations were from the EQ3/6 database provided with the software package, and
may differ from the FMT thermodynamic databases reviewed by EPA during the CCA and
CRA-2004.

The Pitzer EQ3/6 thermodynamic database used by Brush et al. (2006) did not include the sulfide
species in reaction (7). In addition, the database did not include iron and silica species that could
be important for buffering pH at higher pH values. Consequently, the reaction-path calculations
performed by Brush et al, (2006) predicted pH values as high as 11.3 for many of the
calculations. These extremely high pH values significantly exceeded previously predicted values
(e.g., Brush 2005) and the Chemical Conditions conceptual model used in the WIPP PA (DOE
2004, Appendix PA Attachment SOTERM). Brush et al. (2006) attributed the high pH values to
the inclusion of polyhalite in the Salado mineral assemblage. However, the high pH values
predicted by the modeling calculations appear to be the result of the way in which the reactions
were formulated in the EQ3/6 calculations. Brush et al. (2006) limited the amount of anhydrite
to that necessary for CPR degradation by the denitrification reaction (6) and sulfate reduction
reaction (7). In the EQ3/6 calculations that resulted in high pH values, all anhydrite was
dissolved prior to the completion of the reaction path simulations. Consumption of all anhydrite
in the modeled system is inconsistent with the Chemical Conditions conceptual model, which
includes the assumption that WIPP brines remain in equilibrium with halite, anhydrite, and
brucite (Wilson et al, 1996a). In addition, because of the lack of thermodynamic data for
constituents such as ferrous iron [Fe?'], sulfide [S*], bisulfide [HS"), and hydrogen sulfide
[HaS{aq)], these potentially important species were not included in the modeled reactions.

Because of the limitations in the EQ3/6 database used by Brush et al. (2006), the geochemical
modeling calculations that resulted in high predicted pH values are not representative of the
WIPP repository chemistry. In addition, the assumption that all available anhydrite could be

" consumed is inconsistent with the peer-reviewed Chemical Conditions conceptual model. After

consideration of EPA’s comments on the EQ3/6 calculations and the database limitations, DOE
requested that the Brush et al. (2006) evaluation should not be included in the technical basis for
EPA’s decision regarding the MgO Planned Change Request (Moody 2007). Because of the
difficulties associated with quantifying the precipitation of calcite, Vugrin et al. (2007) assumed
that y;..s Was equal to 1 for the revised EEF calculations. This is a conservative and bounding
assumption, because it is likely that caicite precipitation will occur in the repository if significant
CO; is produced by microbial CPR degradation.
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4.2.2 Effects of Limited Sulfate

The sequential use of electron acceptors from denitrification, then sulfate reduction, and finally
methanogenesis has been assumed in evaluations of microbial gas generation in the WIPP
repository. Consequently, if limited amounts of nitrate and sulfate are available for microbial
respiration, significant amounts of CPR degradation could occur by the methanogenesis reactions
(8) or (9). Significant methanogenesis would result in a lower )14 value, because only half of
the CPR carbon would be transformed into CO; via reaction (8), instead of the 1 mole of CO; per
mole of CPR carbon produced in reactions (6) and (7). Methanogenesis by reaction (9) wouid
result in an even lower yy.u value,

Whether nitrate and sulfate in the WIPP waste and intruding brines wouid be sufficient for
microbial degradation of CPR only through denitrification and sulfate reduction can be
determined by evaluating the amounts of nitrate and sulfate in these sources relative to the CPR
carbon in the repository. WIPP waste is the only significant source of nitrate in the repository.
The PABC inventory included 4.31 x 107 moles of nitrate (Leigh 2005). Because 0.8 moles of
nitrate is consumed for each mole of CO; produced during denitrification, this amount of nitrate
would result in the transformation of 4.5% of the carbon in the CPR into CO; via reaction (6).
The estimated sulfate in the inventory was 4.61 x 10° moles (Leigh 2005). Because sutfate
reduction produces 2 moles of CO; per mole of sulfate consumed, this amount of sulfate could
react with 9.22 x 10° moles of CPR carbon, or 0.8% of the carbon in the inventory.

In addition to sulfate in the waste, sulfate will be present in the brine that enters the repository.
Based on the PABC results, the maximum volume of brine expected to enter a panel is

13,267 m® of ERDA-6 brine (Clayton 2006). Because there are 10 panels in the repository, this
volume would be 132,670 m’ in the entire repository. The sulfate concentration in ERDA-6
brine is 0.170 mole/L, so the amount of sulfate in 132,670 m’ of ERDA-6 brine is 2.26 x 107
moles. Reduction of this quantity of sulfate would consume an additional 3.7% of the CPR
carbon in the inventory. In total, microbiai consumption of the nitrate and sulfate in the waste
and the maximum sulfate in the intruding brine would consume only about 9% of the CPR
carbon in the repository. Consequently, sulfate reduction can be the dominant microbial
degradation reaction only if significant quantities of sulfate are available from the dissolution of
sulfate-bearing minerals in the Salado Formation.

EPA has previously considered the possibility that adequate amounts of sulfate may not be
transported from the DRZ to CPR in the waste by reviewing the analysis presented in Kanney
etal, (2004). This review was documented in TEA (2004). Whether methanogenesis will occur
in the repository will depend on the relative rates of CPR degradation and transport of sulfate
from dissolution of DRZ minerals to the waste. If the rate of sulfate transport by advection or
diffusion is less than the rate of sulfate consumption, sulfate in the waste regions could become
sufficiently depleted and methanogenesis could occur. Kanney et al. (2004) evaluated the
possible diffusive transport of sulfate. Kanney et al. (2004) used the following equation to
estimate the characteristic diffusion length:

Ly = J4D3'T,, (7
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where:
Ly = characteristic diffusion length for sulfate (m)

DZ* = effective sulfate diffusion coefficient (1.413 x 10™* m’/yr)
T4io = time period over which CPR degradation may occur (yr)

Using this equation, the characteristic diffusion length over 10,000 years is 2.38 m (7.80 ft).
Consequently, sulfate from DRZ minerals present within 2.38 m of the repository walls could be
transported to the waste by diffusion and be available for sulfate reduction. Based on
information provided by Brush et al, (2006, Excel file calcite.xls), the thickness of the DRZ
below the repository is 2.23 m, the DRZ thickness above the repository is 11.95 m, and the waste
area is 1.12 x 10° m%, which yields a total DRZ volume of 1.58 x 16° m*>. The sulfate mineral
content of the DRZ has been estimated, based on Brush’s (1990) evaluation of data reported by
Stein (1985). These data were obtained from two 50-foot cores drilled above and below Test
Room 4, located near the repository horizon. This estimate, reported by Kanney et al. {2004) and
Brush et al. (2006), was 93.2 wt % halite (NaCl) and 1.7 wt % each of magnesite, gypsum,
anhydrite, and polyhalite. Using these percentages of the different minerals and the sulfate
content of each mineral, Brush et al. (2006) calculated that the Salado Formation contains

3.23 wt % sulfate. The amount of sulfate required from the DRZ minerals for sulfate reduction
to take place after sulfate in the waste has been consumed is 5.68 x 10° moles. This represents
49% of the total estimated amount of sulfate in the DRZ minerals.’

The amount of sulfate contained in DRZ minerals within the 2.38 m diffusion distance can be
determined using the average Salado sulfate content of Brush (1990). The results of this
calculation indicate that within the 2.23 m thick DRZ below the repository and the 2.38 m DRZ
abave the repository, 66% of the required sulfate is available for consumption of CPR. carbon by
sulfate reduction. However, use of the average sulfate content in the two 50-foot sections
reported by Stein (1985) does not tzke into account the heterogeneous distribution of sulfates in
the Salado Formation. Currently, disposal rooms are excavated up to Clay Seam G, and the
Anhydrite B tayer is removed to improve roof stability. Examination of the lithologic logs in
Stein (1985, Appendix A) indicates that the Anhydrite A layer is located within approximately

2 meters of the top of the disposal rooms; the Anhydrite B material at the sides of the repository
would also be available for sulfate dissolution and transport into the disposal rooms. The halite
layer between the top of the disposal rooms and Anhydrite A contains anhydrite stringers and
laminae. These anhydrite inclusions have been visually observed in the walls and roof of the
disposal rooms and were noted in the cores by Stein (1985). Consequently, it appears that the
sulfate content of the Salado Formation closest to the repository could be higher than the average
values calculated by Brush (1990), and sufficient sulfate may be available for CPR degradation
by sulfate reduction. The possible advective transport of sulfate and the effects of sulfate coming
into direct contact with waste due to disposal room collapse may also increase the availability of
sul fate.

* Brush et al. (2006) calculated that the amount of sulfate required was 44% of the sulfate in the DRZ;
however, this number was corrected in the present report to account for the additional CPR carbon in emplacement
cellulosics and plastics.
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The results of the TEA (2004) review indicated that DOE had not conclusively demonstrated that
sulfate in the DRZ will be unavailable for sulfate reduction. It was pointed out that DOE
assumed a 2,000-year time period for diffusion instead of 10,000 years (Kanney et al. 2004).

i This limited time period has since become more significant, because of the use of lower long-
term CPR degradation rates in the PABC than in the PAVT. In addition, TEA (2004) found that
DOE had not adequately accounted for potential structural failure, such as a roof collapse that
could bring sulfate-bearing minerals into direct contact with repository brine or even settling of
the roof directly onto the waste stacks. DOE has not provided any additional information since
the analysis of Kanney et al. (2004). Consequently, it is still appropriate to conservatively
assume that all carbon in CPR could be completely converted to CO,, and that no
methanogenesis will occur for the purposes of calculating required amounts of MgQO in the
backfill.

However, it should be recognized that assuming that all CPR carbon will be completely
converted to CO; is a bounding assumption. Although there may be sufficient suifate in the
Salado Formation minerais to prevent widespread methanogenesis, heterogeneous waste
emplacement or heterogeneity in the mineralogy of the Salado Formation could lead to limited
methanogenesis, even if the overall rate of sulfate transport is relatively high. Any
methanogenesis that occurs would reduce yyiqis and increase the EEF.

4.2.3 Potential Effects of Inhibitors

Although geochemical modeling calculations have not been carried out to quantify the effect of
calcium-carbonate precipitation on y,., precipitation of a calcium-carbonate solid is tikely to
occur in the repository if significant CO; is produced by CPR degradation. Precipitation of a
calcium-carbonate solid is particularly likely if a significant amount of microbial sulfate
reduction occurs and sulfate concentrations decrease. Decreased sulfate concentrations would
result in anhydrite or gypsum dissotution; dissolution of these phases would resuit in increased
dissolved calcium concentrations that would promote calcium carbonate precipitation.
Precipitation of a calcium-carbonate phase would consume CO; and cause yyi.w to be less than 1.

A number of constituents present in the WIPP waste and brines are known to inhibit the
formation of various calcium-carbonate phases. As summarized by Brush et al. (2006), these
potential inhibitors include magnesium, phosphate, sulfate, iron, citrate, EDTA, oxalate, and
humic acid. Brush et al. (2006) evaluated the available information related to calcium carbonate
inhibition to determine if any of these inhibitors could prevent calcium carbonate precipitation.
The resuits of their review indicated that individual inhibitors, such as magnesium ion, could
prevent the formation of calcite, which is the most thermodynamically stable calcium-carbonate
phase. However, when calcite formation is inhibited, other calcium-carbonate phases that are
more soluble, such as aragonite, vaterite, and amorphous CaCQ;(s), have been precipitated in
many experiments.

A large number of calcite inhibition studies have been reported in the literature. Many of these
studies focused on relatively short-term effects related to systems such as water processing
equipment and cooling towers. Because of the abundant potential nucleation sites in the
repository and the 10,000-year regulatory period, it is unlikely that any inhibitor or combination
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of inhibitors would completely prevent nucleation and growth of a calcium-carbonate solfid
phase. Brush et al. (2006) identified aragonite and magnesium calcite (Cag7sMga 22CO3) as the
calcium-carbonate phases most likely to form in the repository, based on the predicted
concentrations of magnesium and citrate in repository brines and experimental data reported by
Meldrum and Hyde (2001).

4.3 FORMATION OF OTHER CARBONATE PHASES

Brush and Roselle (2006) included weathered serpentinite bodies as natural analogues for the
discussion of brucite carbonation. Brush and Roselle (2006) noted that in addition to
hydromagnesite formation in parts of the weathered serpentinite bodies, pyroaurite

[MggFe (CO3)(OH)16*411;,0] and coalingite {MgioFe:(CO3)(OH)4 2 2H20] were observed as
weathering products. These phases incorporate CO; in much lower proportions to magnesium
than either magnesite or hydromagnesite. If coalingite or pyroaurite formed in the repository
because of the presence of iron, this could SIgmf' cantly reduce the value of the » parameter in
equation (1). These phases incorporate iron in the +[II oxidation state. Because of the presence
of iron metal and CPR degradation reactions, reducing conditions are expected to prevail in the
repository, and iron is likely to be present in solution only in the +1I oxidation state.
Consequently, pyroaurite and coalingite are unlikely to form in the repository.

Iron and lead in the repository may consume microbially produced CO; and H;S through the
precipitation of iron-carbonate, lead-carbonate, iron-suifide, and lead-sulfide phases. Formation
of significant quantities of iron- or lead-carbonate phases could decrease the amounts of CO;
available to react with the MgO backfill; however, the stability of iron- and lead-carbonate
phases under WIPP conditions is unknown. In addition, the rates of formation of these phases
have not been determined under anticipated WIPP conditions, and the possibility of passivation
of the steel or lead surfaces cannot be completely ruled out (Brush and Roselle 2006). DOE has
proposed experimental investigations to determine the stability and rates of formation of iron-
and lead-carbonate and iron- and lead-sulfide phases under repository conditions (Wall and Enos
2006). Pending the results of these investigations, the potential effects of iron- and lead-
carbonate phase precipitation were not included in the determination of yy;..s values.

WIPP waste can contain no more than 1% free liquid on a volume basis, so WIPP waste
generators use Portland cement to solidify waste sludges and liquids before shipment. Reaction
of Portland cement results in the partial hydration of lime [CaQ] in the cement to portlandite
[Ca(OH)z] These phases can carbonate and consume CO,. Brush and Roselle (2006) estimated
1.9 x 10° moles of lime would be available to react with CQOs, based on (1) an estimated amount
of free lime (unreacted to form silicates) in Porttand cements, (2) the mass of cement in the
WIPP waste inventory, and (3) the molecular weight of lime. Brush and Roselle determined that
reaction of this amount of lime to form calcite could consume 0.177% of the CO; produced by
complete microbial consumption of all CPR materials in the repository. The effect of lime in
Portland cement was not included in the evaluation of the EEF because of its relatively small
magnitude.
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44 CONSUMPTION OF CARBON DIOXIDE BY OTHER PROCESSES

Other processes that could limit the amount of CQO; available for reaction with MgQ include
dissolution of CO; in brine and incorporation of carbon in biomass, Vugrin et al. (2006) did not
include the potential effects of CO; dissolution in WIPP brines in their calculations of the EEF,
based on the results of an analysis by Brush and Roselle (2006). Brush and Roselle (2006)
determined that the amount of CO; likely to be dissolved in brine would be insignificant, because
of the low total dissolved carbon predicted for GWB and ERDA-6 brines for the PABC and the
relatively small volumes of brine likely to flow through the repository.

Biomass carbon would include carbon incorporated in microbial cells. The amount of CPR
carbon that could remain sequestered in the biomass is uncertain. Sources of this uncertainty
include the amounts of cellular material likely to be present in the repository, and whether other
microbes could consume dead or dormant microbes. Because of the uncertainties associated
with the amount of carbon that could remain in the biomass, the effects were not considered in
the calculations. The effects of neglecting carbon in the biomass are likely to be at least slightly
conservative.

45 CALCULATION OF CARBON DIOXIDE YIELD

Vugrin et al. (2006, 2067) defined yyieis as the moles of COz produced per mole of consumed
CPR carbon. Vugrin et al. (2006) included the effects of caicite precipitation in their
determination of y..s. However, because the EQ3/6 calculations used to predict the amount of
calcite precipitation were found to be unrepresentative of the repository chemistry, Vugrin et al.
(2007) did not include the effect of calcite precipitation on Vs and assumed a value of 1 for this
parameter. This is a conservative, bounding assumption, because it is likely that calcite
precipitation and methanogenesis will occur in the repository, although the relative extents of
these processes have not been quantified at this time.
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50 EFFECTIVE EXCESS FACTOR CALCULATIONS

The EEF calculation is affected by uncertainties associated with CO; production, the availability
of MgO for reaction with COz, and the moles of CO; consumed per mole of available MgO. The
equation used by Vugrin et al. (2006, 2007) to represent these uncertainties can be modified to
incorporate the uncertainty associated with chemical composition of the CPR:

(Vs X Ve X 0999~ y 1, )% My < F (18)

EEF =
(Y ot X Yopu® Yopr-c )X Mc

The values used by Vugrin et al. (2007) for these variables are summarized in Table 5, along
with the revised values determined during this review. The only significant revision to the
formutation of Vugrin et al. (2007} is the addition of the ycpg.c uncertainty parameter; this
parameter accounts for uncertainty in the CPR chemical composition.

Substituting the mean values in Table 5 into (18) results in the following:

{1x0.96x 0.999—0.007)x 1.44x 10’

; x0.9=1.00 (19}
(Ix1x1.03)x1.2x10

EEF =

The result of this calculation indicates that the average EEF equals the value needed to ensure
that an adequate amount of MgQO is emplaced in the repository. Vugrin et al. (2007) calculated

" oeer equal to 0.0719. Because of the effect of uncertainty related to the CPR chemical

composition, oggr was recalculated and found to equal 0.0775. Given the uncertainty associated
with the EEF, it might appear that it would be possible that an inadequate amount of MgO would
be present in some repository disposal rooms. However, a number of significant, conservative
assumptions were included in this calculation of the average EEF:

e No calcite will precipitate as a result of DRZ sulfate mineral dissolution

* No methanogenesis will occur, and every mole of CPR carbon that is microbially
degraded will form COz

o All CPR carbon will be degraded

¢ No other carbonate minerals will form in the repository, including iron-carbonates, lead-
carbonates, or calcite from lime and portlandite in cements
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Table S. Variables and Parameters used in Effective Excess Factor Calculation
Variable Description Vugrin et al. (2007) Comments
Fa Uncertainty in amount of  uge= 1.00
CPR in a room relativeto gy =3.7 % 10
the amount tracked by DOE
Yo Concentration of reactive lige=0.96 This value is based on analysis of a single
constituents in MgQ oge-=0.02 shipment. It appears that current acceptance
criteria may not jdentify MgO with
unacceptably low reactivity. However, the
high chemical purity and consistency of the
WTS-60 feedstock and production process
indicates that WTS-60 MgO is likely to
maintain this level of reactivity.
iy Loss of MgO to brine A =0.007
O'LZB = 0.0]7
0.999 Fraction of MgO that will  0.999
remain uncarbonated afier
emplacement
Mygerr Total moles of emplaced 1.20 x M
MgO
Vyickt Effective CO; yield (moles 1.0 The CO; yield has been assumed equal to 1.0,
CO;, per mole of consumed because of difficulties associated with
CPR carbon) quantifying the effects of precipitation of
calcite or other carbonate phases besides
hydromagnesite or magnesite. If significant
sulfate reduction occurs, however, calcite
precipitation is likely, and this parameter will
be less than 1.0. Alternatively, if insufficient
sulfate is available, methanogenesis will be
likely and this parameter will be less than |.0.
York Uncertainty in CPR. mass Heer = 1.00
estimates Gepp =3 x 107
Yorre Uncertainty in CPR carbon  picpge- = 1.03 Uniform distribution from 0.97 (reasonable
estimates — multiplier for Ocagc = 0.03464 low-range estimate) to 1.09 {reasonable
estimated CPR. carbon upper-range estimate. This uncertainty
moles estimated using parameter was introduced to account for
assumptions of Wang and potential variations in the chemical
Brush {1996) composition (moles carbon/kg) of the CPR.
M, Reported inventory of CPR  1.21 x 10° moles Calculated using CPR chemical composition
carbon assumptions of Wang and Brush {(1996)
r Moles CO, consumed per 1, =09 Uniform distribution from 0.8
mole of MgO reacted a,=0.0577 (hydromagnesite) 10 1.0 (magnesite). This

parameter incorporates the uncertainty in the
rate of hydromagnesite to magnesite
conversion.
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There is considerable uncertainty assoctated with the assumption that all CPR will be microbially
degraded. A recent review of this issue indicated that microbial degradation of cellulosics in the
repository is reasonably likely if brine is present (SCA 2006a). However, it is less certain that
plastics and rubber will fully degrade during the 10,000-year regulatory period. Short-term data
for plastics such as polyethylene and PVC, the two most abundant plastics in the WIPP
inventory, indicate that these materials may not be readily degraded. However, there is
considerable uncertainty regarding the long-term degradability of plastics and rubber because of
the potential effects of radiolysis and the possible adaptability of microbes over the 10,000-year
regulatory time period. Because the uncertainties associated with the long-term degradation of
CPR materials cannot be quantified at this time, a conservative, bounding assumption has been
made that all CPR carbon will be microbially degraded. The effect of this assumption is likely to
be significant. To illustrate the possible magnitude of the conservatism associated with this
assumption, the mean EEF was recalculated assuming that none of the plastics and rubber would
degrade to form CO;. The mean EEF calculated using this assumption was equal to 3.0. Thus, if
plastics and rubber do not degrade to form CO;,, an EF of 1.20 in the repository would resuit in a
threefold excess of MgO.

Another conservative, bounding assumption is that all CPR degradation will take place through
denitrification and sulfate reduction, producing only CO; instead of a mixture of CO; and
methane that would be produced by methanogenesis. Based on diffusion calculations and the
amounts of sulfate minerals in the DRZ, it may be possible for sulfate to be transported to the
waste in sufficient quantities to prevent widespread methanogenesis. However, methanogenesis
may occur in waste areas where relatively rapid microbial degradation of CPR occurs or where
the adjacent Salado Formation has relatively low sulfate mineral concentrations.

The formation of carbonates other than hydromagnesite or magnesite, particularly a caicium-
carbonate phase such as calcite, is very likely. The effects of calcium-carbonate mineral
formation on yy,.s were not included in the uncertainty analysis because of difficulties
encountered by DOE in their effort to quantify the amount of calcium-carbonate mineral
precipitation that couid occur. Significant quantities of DRZ sulfate minerals such as anhydrite
or gypsum must dissolve and release calcium ions to the brine for CPR degradation to occur only
through denitrification and sulfate reduction. Dissolution of these sulfate minerals would
generate large quantities of calcium ions that will result in calcium-carbonate precipitation and
an increase in the EEF. Because the effects of calcium-carbonate mineral precipitation were not
included in this EEF uncertainty calculation, the results of this calculation are very conservative.
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6.0 CHEMICAL CONDITIONS CONCEPTUAL MODEL

The repository geochemistry and solubility of actinides in brine can be affected by CPR
degradation reactions, corrosion of metallic waste, brine compositions, and the mineralogy of the
Salado Formation. The original Chemical Conditions conceptual model was described in CCA
Appendix SOTERM (DOE 1996) and by the Conceptual Models Peer Review Panel (Wilson et
al. 1996a). Key features of the CCA Chemical Conditions conceptual model are as follows:

The Salado Formation is predominantly halite, with accessory anhydrite, gypsum,
polyhalite, and magnesite. Small quantities of intergranular and intragranular brines are
associated with the salt at the repository horizon. These brines are highly concentrated
{up to 8 molar}, with a composition of mostly sodium, magnesium, potassium, chloride,
and sulfate, with smalfer amounts of calcium, carbonate, and borate.

The underlying Castile Formation is composed of bedded anhydrite and contains
localized brine reservoirs under sufficient pressure to force brine upward to the land
surface if penetrated by a borehole. Castile brines are concentrated solutions containing
predominant]y sodium chloride with calcium and sulfate, and smaller concentrations of
other elements.

Brine that dissolves actinides under any intrusion scenario will have a composition equal
to that of Salado brine, Castile brine, or a mixture of Salado and Castile brines. Because
the Salado and Castile brines bracket the possible brine compositions, experiments and
modeling performed only with end-member brine compositions are adequate for
describing the geochemistry of the repository. At the time of the CCA, Brine A was used
to simulate Salado brines and ERDA-6 brine was used to simulate Castile brines.

Equilibrium is assumed between repository brine and the Salado minerais halite,
anhydrite, brucite, and magnesite. Polyhalite is not included explicitly in this equilibrium
assumption, and it is not included in geochemical modeling calculations of actinide
solubilities.

Brine in the repository will be well mixed with waste.

There is a 50% probability of no significant microbial degradation of CPR, a 25%
probability that only cellulosics will degrade, and a 25% probability that cellulosics,
plastics, and rubber will degrade.

CPR degradation can occur by denitrification, sulfate reduction, and methanogenesis.
Because of the limited amounts of nitrate and sulfate in the waste, methanogenesis is
expected to be the primary CPR degradation reaction. A relatively large excess of MgO
will be emplaced with the waste, with 1.95 moles of MgO per mole of CPR carbon.
Consequently, the identity of the dominant CPR degradation reaction and the resulting
proportions of CO; or methane produced (i.e., sulfate reduction or methanogenesis) will
not affect repository performance because of the large excess of MgO.

In the absence of MgQ backfill, low pmH (~log, of the hydrogen ion molality) and high
CO; fugacity could be achieved in the repository brine, increasing the solubilities of
actinides relative to neutral or slightly basic pmH and low CO; fugacity conditions.
However, conditions that might lead to high actinide solubilities should not occur in the
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repository because excess MgO emplaced as an engineered barrier will buffer the pmH
and CO, fugacities of the brine to values where the actinide solubilities are minimized.

» Hydrated MgO will react with CO; to form magnesite. Cementitious material will
contain Ca(OH); that could also react with CO; to form calcite. This latter reaction could
buffer pmH at relatively high values. However, the effect of Ca(OH); is expected to be
minimal because of calcite precipitation and reaction of the Ca(OH); with MgCl; in the
brine to form CaCl,.

« Carbon dioxide fugacities that will prevail in the repository can be modeled using the
brucite-magnesite buffer. :

e Microbial degradation of CPR and/or steel corrosion will result in a reducing
environment within 100 years of repository closure.

e Oxidation-reduction equilibrium with waste materials (including iron metal and CPR) is
not assumed. Steel corrosion and CPR degradation are represented by reaction rates
instead of equilibrium.

s Steel in the repository will corrode and reduce the oxidation states of some actinides,
affecting their solubilities and binding constants.

e At Jow temperatures, a system-wide Eh is not always useful for describing oxidation-
reduction conditions because of possible disequilibrium between various oxidation-
reduction couples. Consequently, the expected oxidation states of the actinides are
determined based on experimental data. Americium is assumed to occur in the +III
oxidation state, thorium in the +1V oxidation state, plutonium in the +1II or +IV oxidation
state, neptunium in the +IV or +V oxidation state, and uranium in the +1V or +VI
oxidation state.

» Although it is possible that microbial consumption of organic ligands in the waste could
occur, because of uncertainty about the presence or viability of these types of microbes, it
is assumed that organic ligand concentrations will not be reduced by microbial
degradation.

e Steel corrosion will release iron and nickel ions into solution. These metal ions will bind
with organic ligands and limit the ability of organic ligands to increase actinide solubility.

o High pressure in the repository is not expected to significantly affect actinide solubilities,
so its effect is not considered in the geochemical calculations. Temperature in the
repository is not expected to vary significantly from ambient, so temperature effects on
solubility also are not considered.

* Brine radiolysis could produce reactive species, such as peroxide (H,O02). Any oxidized
species such as peroxide are expected to react quickly with iron metal and dissolved
iron(1[) species in solution. Consequently, radiolysis is not expected to affect the
oxidation-reduction conditions in the repository.

EPA reviewed the CCA conceptual model, and the only significant change was to the reaction

expected to buffer CO, fugacity for the purpose of calculating actinide solubilities. Because of
the potentially slow rate of conversion of hydromagnesite to magnesite, EPA required the
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assumption that the brucite-hydromagnesite reaction would buffer CO, fugacities at higher levels
than the brucite-magnesite buffer. The potential occurrence of methanogenesis was not
considered important, because of the large excess of MgO in the backfill.

DOE (2004) made some changes to the Chemical Conditions conceptual model for the CRA-
2004: '

* A minor change was made to the simulated Salado brine composition, from Brine A to
GWB, because GWB was believed to better represent the composition of intergranular
brines. The effects of this change in brine composition on actinide solubilities were
reviewed and found to be negligibly small (EPA 2006b).

s Because of the availability of thermodynamic data for the organic ligands, the interaction
of the actinides and ligands were modeled using FMT and the newly available
thermodynamic data. DOE stated that the solubilities of the +1II and +[V actinides would
not be significantly affected by acetate, citrate, oxalate, or EDTA complexation.

EPA (2006b) reviewed the CRA-2004 information, and on the basis of this review and additional
data developed since the PAVT, required the following changes to the Chemical Conditions
conceptual model for the PABC:

e Microbial degradation experiments carried out for the WIPP program indicated that
microbial degradation of cellulosics was more likely because of the presence of microbes
in WIPP that were capable of effectively degrading cellulosics. These data also indicated
that the long-term rates of CPR degradation were likely to be significantly lower than the
rates used in the CCA PA, the PAVT, and the CRA-2004 PA. Therefore, the probability
of cellulose degradation was increased to 100%, and lower long-term degradation rates
were used to model gas generation.

¢ The results of geochemical modeling indicated that the solubilities of the +111 and +V
actinides were increased by EDTA and oxalate complexation, respectively.

= Because of information developed during the review of the AMWTP (TEA 2004), EPA
believed that sulfate dissolved in brine and the dissolution of DRZ minerals such as
anhydrite and gypsum could cause sulfate reduction to be the dominant CPR degradation
reaction. As a result, the occurrence of significant amounts of methanogenesis should not
be assumed for the purposes of calculating the required amounts of MgQ in the repository
backfill.

Since the time of the CCA, the WIPP Chemical Conditions conceptuat model has been updated
as additional data became available. These changes to the Chemical Conditions conceptual
model have been relatively minor. At this time, the current Chemical Conditions conceptual
model appears to be consistent with the available data, and the model appears to adequately
represent expected conditions in the repository.
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7.0 CONCLUSIONS

Vugrin et al. (2006) summarized the uncertainty analysis associated with the amount of MgQ
required to react with CO; and control chemical conditions in the WIPP repository. This
summary and the characterization of the uncertainties and their effects on the EEF calculations
provided a reasonable approach for addressing these uncertainties. However, a review of Vugrin
et al. (2006) and the supporting information indicated that some uncertainties were not
adequately considered. DOE provided a revised evaluation of the uncertainties based on
comments from EPA and additional analysis (Vugrin et al. 2007).

Uncertainties associated with the required amount of MgO backfill were divided into four
general categories (Vugrin et al. 2006, 2007). These uncertainties were the amount of CPR
carbon that would be consumed, the quantities of CO; that would be produced by CPR
degradation, the amount of MgO that would be available to react with the CO;, and the moles of
CQ; that would react per mole of MgQ. Characterization of the latter uncertainty included the
possible formation of carbonate phases other than magnesium carbonates.

The amount of CPR carbon that will be consumed in the WIPP repository will depend on the
total available amount of CPR carbon and the likelihood of its microbial degradation during the
repository regulatory period. Vugrin et al. (2007} adequately characterized the uncertainty
associated with the mass of CPR in the WIPP inventory, based on a statistical analysis by
Kirchner and Vugrin (2006). However, the molar quantity of CPR carbon calculated from this
CPR mass inventory was based on assumptions about the chemical composition of the CPR. The
uncertainty related to the CPR chemical composition appears to have a relatively small effect on
the EEF uncertainty. There is considerable uncertainty associated with the long-term microbial
degradation rates of plastics and rubber in the repository environment. This uncertainty was
addressed by making the bounding and conservative assumption that all available CPR materials
would be microbially degraded.

The quantities of CO; that could be produced by CPR degradation will depend on the microbial
respiration reactions. Because of the abundant sulfate minerals in the Salado Formatton, it was
assumed that all CPR degradation would occur by denitrification or sulfate reduction, and one
mole of CO, would be produced for each mole of CPR carbon consumed. This is a bounding
and conservative assumption, because if any CPR degradation occurs via methanogenesis, the
ratio of CO2 produced per mole of CPR carbon consumed will be smaller.

Uncertainties related to the amount of MgO available to react with CO; include the mass of MgO
per supersack, the amount of MgO that could carbonate before emplacement, and the amount of
MgO dissolved in brine that could flow out of the repository during a human intrusion event.
These uncertainties were adequately incorporated in the EEF calculations based on an analysis of
the available data. Magnesium in inflowing Salado brine could carbonate and remove a
relatively small fraction of the CO; from solution; this process was evaluated and conservatively
omitted from the uncertainty calculations. The potential for MgO segregation from brine and
CO; was not found to be a likely source of uncertainty, because it is very likely that the MgO
supersacks will rupture and it is very unlikely MgO will be physically segregated by rcom roof
collapse. The Conceptual Models Peer Review Panel (Wilson et al. 1997b) and EPA (1997)
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considered the available data regarding the possible formation of reaction rims on periclase
grains or impermeable reaction layers on larger masses of MgO to determine whether such
reaction rims or layers could make a significant amount of the MgO unavailable for reaction.
Based on a consideration of these data, both the Conceptual Models Peer Review Panel and EPA
(1997) concluded that essentially all MgO would remain available for reaction with brine and
CO,. However, both the Conceptual Models Peer Review Panel (Wilson et al. 1997b) and EPA
(1997) cited the large excess of MgO in the backfill during their consideration of the ability of
the MgO backfill to control chemical conditions in the repository. Diffusion calculations have
indicated that mixing caused by aqueous diffusion will be sufficient to maintain a well-mixed
repository and permit contact and reaction of MgO, brine, and CO,. Advection and dispersion
processes, which were not accounted for in the calculations, are likely to provide an even greater
level of mixing.

The reactive fraction of MgO in the repository backfill was quantified by analyzing samples
from one shipment of the WTS-60 MgO supplied by Martin Marietta; the results indicated the
reactive fraction was 96 + 2 mole %. This mean reactive fraction and uncertainty were used to
calculate the EEF. {nformation on the manufacturing process and feedstock materials for the
WTS-60 MgO indicates that the chemical variability of different shipments of this material will
be low, and it appears likely that the WTS-60 MgO will consistently contain this fraction of
reactive material. The hydration and carbonation experiments proposed by Deng et al. (2006b)
would help confirm that different shipments of the WTS-60 MgO have the required fraction of
reactive material, and that this material will carbonate at a rate that is sufficient to control CQ,
partial pressures in the repository.

The moles of CO; consumed per mole of reacted MgO wiil depend on the carbonate phases that
form in the repository. Magnesite is.the stable magnesium carbonate phase under repository
conditions, but metastable hydromagnesite is expected to form initially and may persist
throughout much, if not all, of the repository regulatory period. Because of the uncertainties
associated with the hydromagnesite-to-magnesite conversion rate, the ratio of the moles of COy
consumed per mole of MgO was parameterized as a uniform distribution from 0.8 to 1.

If a significant amount of CPR degradation takes place via sulfate reduction, dissolution of
Salado sulfate minerals such as anhydrite and gypsum will release calcium ions to solution. The
increased calcium concentration should result in the precipitation of a calcium-carbonate phase,
such as calcite, which would increase the moles of CO; consumed per mole of MgO reacted.
However, because of difficulties in quantifying calcium carbonate precipitation, the conservative
and bounding assumption was made that no calcium carbonate precipitation would occur. On
the other hand, if insufficient nitrate or suifate is available, CPR degradation is likely to proceed
by methanogenesis, rather than denitrification or sulfate reduction. Either calcium carbonate
precipitation or methanogenesis would reduce the quantity of MgO required to control CO;
fugacities in the repository. The effects of COz dissolution in brine are likely to be small, and
were neglected in the calculation of the amount of CO; consumed per mole of MgQ); the
incorporation of carbon in biomass conservatively was not considered in the EEF calcutation
because of uncertainty regarding this process.
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Because of revisions to the parameters describing the moles of CO; consumed per mole of
reacted MgO and to the CO; yield per mole of degraded CPR carbon, plus a small increase in the
CPR carbon inventory estimates because of emplacement cellulosics and plastics, the average
EEF of 1.60 calculated by Vugrin et al. (2006) was reduced to 1.03 in the evaluation by Vugrin
et al. (2007). Incorporating the uncertainty associated with the chemical composition of CPR
materials in WIPP inventory uitimately reduced the average EEF to [.00; however, this
calculation of the EEF includes a number of conservative assumptions, as noted above. The
most important conservative assumptions are that all CPR carbon will degrade, no
methanogenesis will occur, and no precipitation of a calcium-carbonate solid phase will take
place. Given these conservative, bounding assumptions, it is likely that the EEF will be greater
than the average calculated value of .00, and an excess of MgO will be present if the EF is 1.20.
Consequently, reducing the EF from 1.67 to 1.20 is unlikely to significantly affect W1PP
repository chemistry, based on the available information.

During their respective reviews of the Chemical Conditions conceptual model and the
effectiveness of the MgQ engineered barrier at the time of the CCA and the CCA PAVT, both
the Conceptual Models Peer Review Panel (Wilson et al. 1997b) and EPA (1997) took into
account the presence of a large excess of MgO relative to the amount of CPR carbon in the
repository when considering the reactivity of the MgO engineered barrier. The extent to which
the conservative assumptions used to calculate the average EEF of 1.00 provide an adequate
margin that offsets the reduced excess MgQO is somewhat uncertain. Although the effects of
these conservative assumptions have not been quantified, they are potentially significant: an
example calculation indicates that up to a threefold excess of MgO over the amount required
would be present if the EF was 1.20 and no plastics and rubber degraded to form CO,.

The Chemical Conditions conceptual model has evolved since the CCA because of the
availability of additional information about processes, such as microbial degradation and
complexation of actinides by organic ligands. The changes to the Chemical Conditions
conceptual model from the time of the CCA PA to the present have been relatively minor, and
the current Chemical Conditions conceptual model remains consistent with expected repository
conditions.
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APPENDIX A: WTS-60 MAGNESIUM OXIDE INFORMATION FROM
MARTIN MARIETTA MAGNESIA SPECIALTIES



Martin Marietta Specifications Sheet for WTS-60 MgO

DESCRIPTION

AAA Lg Hard Burned

. ! I Technical Grade

Magnesium Oxide

MagChem® 10 grades are high purity technical grades of magnesium oxide processad from
magnesiumn-rich brine. They have relativeaty high density and tow reactivty. The granular grades are
essentially dust free.

USES

Milled MagChem 10 grades have a combination of low reactivity, high purity and line pacticie size,
which makes lhem suilable for the production of magnesium salts, particuiarly i reaction with
strong ecids, Mitlied MagChem 10 grades aiso find applications in fiberglass, aluminum metal
procassing and fual addilives. Screened MagChem 10 protucis ara widsly usad as a mw material
inmanufaciuring refractories and ceramic products.

COMPOSITION Typical _Specifications
Magnesium Oxide (MgQ}, % as2 87.0  mn.
Calciwm QOxide {Cad), %= 0.9 1.0 max,
Silicon Cxide {510y, % 0.4 0.5 max,
Iron Oxida (Fe,0.), % 0.2 0.3  max
Aluminum Oxide {ALD,}, % 0.1 0.2 max.
Chioride (C), % 0.01 0.02 max.
Sulfate (S0,), % 0.01 0.02 max,
Loss on Ignition. % 0.25 05 max.
MagChem 10 grades are available in a wide variety of screened and milled sizes, from a
powder minus 325 mesh to a granular 6 X 16 mesh. Loose bulk densities range from 65 to
120 b1,
[=5:] Milled es
Tnp Slze Bollom Sn:a Tnp Ske Medlan Particle

6 X 18 aa 6 rnuh 1Il 16 muh !0 e SE 20 muh 50

12 X40 95 -1Zmesh 10 4l mash 200 05 -200 mash 10
PR.38 98" i8mesh 15 -100 mash -328 99 -225 mash to

3255 99 325 mesh 9
PACKAGING Available in bulk carload, iruckioad, and 2000-b buik sacks.
* Bulk carloads and truckioads only.
STORAGE Store in dey place. Exposure 10 moisture may cause caking.

Martin Mariettz Magnesia Speciaities, LLC Martin Marietta

195 Chesapeake Park Plaza, Suite 200 Magnesia Specialties
Baltimore, MD USA 21220-0470 ———

Phone: 800 648-7400 .

QOr 410-780-5500 MagChoin is a irsdemark of

FAX: 410-780-5777 Martin Maretta Magnesie Spaciaities, LLC

4iot www.magspecialties.com Capyright G201 Iy Martin MdrisfDy Ragnesla Speciaiivs, LLC
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WTS-60 Brine Feed Chemistry Data (from Patterson 2007)

Brine Feed Chemistry Summary 2004-2007 ANALYSIS of "C"
HEAD TANK BRINE 2004 - 2007

2004:
Average:

Std. Dev.-
Variance:

Max:
Min:

2005;
Average:

Std. Dev..
Variance:

Max;
Min:

2006:
Average:

5id. Dev.:
Variance:

hax;
Min:

2007:
Average.

Sid. Dev.:
Variance.

Max:
Min:

Specific
CaCi2 MQCIZ NaCi pH Gravi

206 108 a4 513 1.272
5 5 1 0.12 0.004

21 27 2 0.02 000002
216 135 50 5.52 1,280
197 Q92 413 497 1.261
211 110 45 507 1.271
4 3 1 0.16 0.002
18 7 1 0.02 0.000004
219 19 47 570 1.280
196 105 41 484 1.267
210 107 45 507 1.265
5 4 | 0.08 06.004
20 15 2 001 0.00004
222 15 48 526 1.275
198 99 42 488 1.258

(Through 6/14/07)

208 108 44 5.00 1.270
5 3 2 0.05 0.002
26 T 3 0.003 0.000004
220 113 47 511 1272
198 103 42 4 .86 1.263

2004
2005
2006
2007

Averages

Avg. Avg. Avg. Avg.

CaCl2 MgCi2 NaCl pH  Specific Gravity
208 108 44 5.1 1.212
211 119 45 507 1.2714
210 107 45 507 1.265
208 108 44 500 1.270



WTS-60 Dolime Feed Chemistry Summary 2004 to 2007

MgzO-Relatad Uncertainties

(from Patterson 2007)
LOAD DATE CAD NGO SIfa FEZ0)  ALIOD
23-0sn-04 (55.5 |40.4 [0.37 | D.14 5.14 |
22 -Jan-94 |56.8 (41.2 (0.33 | 0.15 Q.08
30-Jan-04 |56.5 [40.2 [0.49 | 0.24 G.12
31-Jan-04 [6G.4 |4D.5 [0.37 | 0.12 0.a7
15 -Feb-04 |53 _= [30.3 [0.35 ] 0.18 D12
11-Feb-54 |58.2 (40.3 [6.22 | €.17 0.11
18-Feb-24 [E2.4 [40.5 {0.37 | 6.16 0.13
[ 18-Feb-04 (5R.4 (40.5 [0.25 | G.15 4.0a
2% -Peb-i3 |53.3 |40.4 |0.27 | D.13 0,10
94 Peb-04 |50.3 [40.4 [0.25 | 0.13 &.08
D4 -Ma=x-04 152.4 j4D.5 |0.2¢ 0.16 & .09
04-War-04 [S5&.4 [40.5 [0.35 | 0.14 0.09
0% -Mar-04 |5G.3 |40.4 |0.35 | 0.14 a.1d
1C-Mar-04 |55.3 (30.4 [0.32 | 0.14 0.1%
13-Mar-24 |58.2 [40.3 0.41 {1.23 0.14
15-Mar-g4 |58.2 |40.3 (0.45 | 6.20 0.18
06 -Bpr-5a 156.3 (40,4 [0.38 | 0,18 &.11
06-fpr-04 [58.5 (0.4 [0.34 | 0.18 &.11
14 -Epr-04 (69.5 |40.% [0.38 .17 G.11
13-Bpr-04 |58.65 (40.5 [0.32 | 0,1 0,00
18-Apr-04 |58.4 la0.2 Jo.32 | 0.16 D.11
1§-Apr—o4 |63.4 [40.4 (0.36 | 0.00 6.07
28 -Epr-04 58.3 [40.5 [0.37 0.19 0.12
29-Apr-04 |58.3 [40.5 (0.28 | 0,12 0_1i0
03-May-04 |58.2 |40.3 |0.28 | 0.14 ¢.08
03-May-04 |58.2 (40.3 [0.29 | 0.14 0.00
09-Mav-04 |58.2 |40.3 |o.3=% 0.13 ¢.10
09-May-04 (58.2 |44¢.3 J0.37 | 6.18 0.1I1
1€ -May-0d [59.%2 |40,.3 (0.20 | 0.1: .07
16 -Blay-94 |55.2 |4¢.3 (0,33 | 0,16 0.11
21-May-04 [S8.2 [40.3 j0.34 | 0.19 9.12
24-May-4d |58.2 [40.3 |0.45 | 0.26 0.16
30-May-84 (53.0 |40.2 |0.41 ] 0.14 g.15
31-Hay-44 |58.0 [48.2 (0.47 | 0.4 0.14 |
23-Jun-D4 [68.3 [40.4 [0.44 | 0.1 Q.18
23-Jun-04 (582.3 |45.4 [0.42 | 0.17 ¢.14
08-Jul-G4 |57.8 [40.1 [0.44 | 0.16 B.12
05-Jul-c4 [57.5 |40.1 '0.39 | G.09 .10
| 14-Jul-04 |52.0 {40.2 0.32 0,14 .12
1i-Jul-904 |58.4 |40.4 [D.29 | 0.1l 9,30
20-Jul-04 58.1 [40.2 [0.66 | 0,33 9.17
2%-gul-04 |bB.L [40.3 |6.51 | 0.2 0,14
26-0ul-04 |52.5 |40.3 [0.39 | G.14 .13
27-Jul-C4 |58.4 |40.4 [0.41 | 8.17 0.14
04-Bng-03 |GB.3 [40.4 [D.60 | 0.24 .21
04-Png-04 [56.4 (40,5 0.43 | 0.29 0.13
[ 12-2ug9-0G4 [S58.2 [40.3 0,34 | 0,13 [ ¥]
1Z-Aug-04 |5€.3 |4D.4 |D.34 ] 0.13 .10
15 -Aug-04 [58.1 [40.3 [0.21 | 0.13 C.07
16-Aug-04 [58.1 [40.3 |0.40 [ 0.22 018
21-hag-04 '58.4 [40.5 |¢.36 | 0.14 0,12
A-3
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd)
(from Patterson 2007)

MpO-Related Uncertainties

LOM DATE CAO  KJO  SI02 FE203  AL203
26-Aug-64 [6&.4 130.5 j0.44 | 0.21 6.12
03-Sep-04 [58.4 [30.4 [0.25 | 0.10 0.10
02-Sep-04 [58.3 (40.3 |0.27 | 0.17 0.19
09-Sep-04 |EB.3 (40.4 [0.45 | 0.18 9.11
16-Sep-04 [58.3 [40.4 [6.27 [ o.08 9.1¢
13-Sep-04 |53.3 |40.4 [0.38 | 0.i8 ¢.14
15-Sep-04 |58.2 |40.4 |0.33 | .15 9,18
23-Sep-04 |5B.6 |40.5 |0.37 | 0.18 .10
30-8ep-0G4 |58.6 (40.5 0.3z | 0.1k a.10
04-Oct-04 |58.2 [40.3 [0.31 | 0.17 509
04-Oct—D4 |58.2 (40.3 [0.34 | 0.1% 0. 08
15-0ct-64 |58.5 (40.5 [0.40 | 0.20 2.11
1€-0Oct-04 (EE.E [40.S ]0.43 | 0.20 0,15
20-Oct-04 |EH.6 |40.6 [0.24 | 0.14 0. 08
R-Qct-04 [55.4 [40.4 |o.35 | 8.20 9.11
4E-Oct-04 |5€.% [40.3 [0.20 | 0.21 9.10
26-Oct-04 |SB. 6 |40.6 [0.34 | ©.12 G.14
31-Oot-04 [6B.L |40.2 |0.28 | 0.18 0. 08
31-Oct-&4 |58.1 [40.2 |0.38 | 0.23 a.11
i0-Mov-04 |58.7 [40.6 [0.27 | &.13 B.05
10-Rov-04 |58.7 |a0.6 |0.23 | 0.18 0_08
15-Nov-04 [58.2 [40.3 [0.27 | 0.33 ©.08
15-Hpv-04 |58.6 |40.6 [0.22 | 0.13 G.07
22-Nov-04 |58.4 |40.4 |0.25 | .16 6.09
2L-How-04 |58.Z {40.2 [0.356 | 0.15 2.09
0l-Dec-04 58,2 [¢6.3 [0.30 | 0.12 0.09
29-Hev-04 |58.5 |40.5 |0.28 | 0.1% B.09
05-Dec-04 |68.6 |40.5 [0.23 | 0_13 g.08
D7-Dec-G4 |58.1 [40.3 |0.38 | 0.19 2.11
17-Dec-04 [88.1 [40.3 Jo.20 | 0.14 $.08
17-Dec-04 |58.3 [40.5 |0.25 | 0.20 o.09
21-Dec-04 |58.4 |40.% |0.31 | 0.18 6.11
21-Deo-G4 |S6.3 [40.4 [0.31 .20 G.13
35-Dac-04 |57.7 {a0.0 |D.23 | 0.3 5,08
29-Dec-04 |88.5 [40.5 [0.35 [ ¢.16 4.11
06-Jan-05 |68.5 [d40.5 0.3l | ¢.18 0.11
05-Jan-05 |58.3 [40.4 |0.26 | 0.15 0.09
07-Jan_05 |58.1 [#0.2 [0.2% | 0.12 0.08
09-Jan-95 [58.% [40.3 [0.27 | 0.14 g.07
21-Jan-05 [E8.4 [40.5 [0.24 | 0.14 0.08
21-Jan-05 [69.5 [40.6 |0.27 | 0.18 0.10
2§-Jan-05 |G8.4 [40.4 [0.26 | 0.17 2,09
15-Jan-06 |58.5 |40.5 |0.31 | 0.22 0.12
30-Jan-05 |58.5 |40.5 10.33 | 0.20 0.12
02-Feb-05 |58.1 [40.2 [¢.30 | 0.15 %.09
07-Feh-05 58.6 [40.6 (0.29 | 0.%5 .10
15-Feh-Gk |5€.4 (40.5 |0.32 | 0.15 §.11
15-Feb-05 |508.6 |a0.€ [0.31 | 0.17 0.1t
17-Feb-65 |58.4 |20.5 |0.24 | 0.15 8.08
20-Feb-85 [E8.0 [40.3 15 | 0.08 G.0%
21-Feb-65 [6&.1 [40.2 10.18 | 0.10 0.07 |
Z7-Feb-05 |E8.5 [40.5 [0.29 | 0.17 5.19
03-Mar-G5 |55.3 |40.4 ]0.30 | D.16 G.18
10-War-05 |57.9 |46.1 |0.25 | 0.15 9.10
11-Mar-05 |57.9 [40.1 [0.24 | 6.13 ¢.09
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd)

MgO-Related Uncertaintie

(from Patterson 2007)
LOAD DAYE CAQ M@0 102 FE203 _AL203
18-Mar-05 [58.2 [40.3 [0.39 [ 0.19 [ _0.i3
16-Mar-0b [58.3 [40.% (0,35 | 0.16 | 0.1%
20-Mar-05 [58.5 [40.5 (0.30 [ Q.37 [ 0.1@ |
20-Mar-05 [56.4 (30,5 (0,30 | 0.16 | 0.10
30-Mar-96 [58.1 [40.2 [0.33 [ 0.16 | ©.13
30-Mar-05 (57.9 (30,1 [0.20 | 0.14 | ©.iz
U -Apr-oh (B¥.7 3007 U I3 0.12 0.UY
47-Apr-06 [58.3 [40.4 [0.26 | 0.10 | _0.07
13 3pr-o5 |58.2 |40.3 [p.22 | 0.13 | 0.06
13-Apr-05 [56.2 [40.3 [0.3¢ [©0.31 | 0.06
22-Apr-05 |68.4 46.5 10.32 | 0.0% 0.08
22_Apr-05 [56.4 (a0.4 [0.36 | 0.08 | 0.08
34-Apr-05 [67.7 [39.5 [0.25 | 0.12 | ©.10
26-Apr-95 [55.4 |[40.4 [0.30 | 0.14 | _©6.10
06-May-05 [66.4 |40.4 |0.22 | 0.21 |  ©.07
05 May o5 |5€.3 |40.4 |0.35 | 6.14 | ©.08
10-Way-05 |5E.0 [40.1 |6.30 | 0.14 3.09
12- [E5.5 [40.5 [0.27 [ 013 )
16-Way-05 [58.3 [40.4 [0.32 [ 0.18 | 0.11
16-May 05 |58.1 [46.0 [0.20 [0 .14 | ©.10
21 May-05 [56.2 (40,3 [0.16 | 0.11 | 4.06
35-May-05 |57.8 [40.0 (0.20 | 0.12 | ©.08
02-Jun-05 |E8.6 140.6 |0.34 | .15 .09
02-Jun-05 [56.4 |40.4 |0.46 | 0.22 [ .13
09-Juo-05 [57.6 (36,9 [0.36 { 0.37 [ 0.12
19-Jun-05 |56.2 [40.3 |0.3E | 0.13 9.08
13 _Jun-05 [67.7 [40.0 [0.27 | 0.16 | 0,10
13-Jun-05 [57.6 [39.9 [6.37 | 0.15 | @815
21_Jun-0b [66.2 [40.3 [0.33 | 0.45 | 0.09
22-Jun-0% |H4.4 [40.5 [6.35 0.1G 0.11
25-Jun-05 [58.2 [4¢.3 [0.31 | 0.16 | ©.10
19-Jun-05 {58.5 [40.5 |0.24 | 4.13 2.47
11-Jui-06 (68.6 [40.6 [0.19 [ 0.1G | ©0.07
11-Jui-05 (58.1 [40.3 [0.27 [ 0.13 | 0,08
13-Jul-05 (68.6 [40.6 |0.26 [ 0.36 | 0.9
13-Jul-05 (57.9 [40.1 {0.25 | 0.14 ). 08
17-Jul-05 |56.3 40.5 [0.30 | 0.17 312
18-Jul-65 [57.6 [40.8 (0.21 | 0.10 0.08
23-Jul-05 [58.5 [40.5 [0.27 | 0.45 | 0.6
24-Jul-05 [58.6 |40.6 [0.23 | 0.1% | .08
0E-Aug-05 [58.4 |40.4 [0.36 | 0.18 | 003
- =G |bE.4 |40.5 (U 32 V.14 CIFT]
18- -05 196.0 J40.2 |0.33 | 0.315 9.11
15_Aug-05 [68.6 [40.6 [0.31 [0.18 | 0.12
15-Aug-05 |56.85 |40.6 10.32 | 0.19 | .32
26-Ang-05 [57.8 [40.1 [0.38 [ 0.17 | G.12
36-Aug-05 [56.3 [40.4 [0.28 | 0.16 | @.11
30-fng-05 |58.2 [40.3 [0.38 | 0.18 | .12
31-Aug-0b |57.6 [30.9 |0.25 | 0.10 | .06
07_Sep-05 [58.4 |20.4 [0.41 |0.19 | 6.14
07-Sep-05 [58.5 [40.6 [0.31 | 0.37 | 0132
13-5ep-0k |57.7 [40.0 [0.25 | 0.10 | .08
—Sep-05 |58.2 (86,3 [0.36 [ 0.19 [ 0.13
21-Sep-05 {58.4 [40.4 [0.41 [0.16 | 6.09
21-Sep-0G [58.1 [40.3 [0.36 | 0.16 | 0.1
5
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd)

MpO-Related Uncertainties

(from Patterson 2007)
LOAD DATE CAC NGO SI02 FE203  AL2G
-S9p-05 (505 140.5 [0.32 | 0.14 | 6.0 |
28-5ep-05 |56.5% [40.5 [0.27 | 0.15 | 0.08
05 _Oct-05 |55.5 |20.5 [0.34 | 0.14 |  6.10
05-Cct-05 |68.2 |30 3 |0.31 | 0.14 | ©.10
" 10-Dct-05 |58.5 [40.6 [0.37 | 0.11 0. 15
11-Oct-05 |58.3 |40.4 J0.37 | 0.13 .17
18-Oct-05 |58.1 [40.2 |0.34 | 0.17 12
19-Oct-05 |6B.1 [40.2 [0.51 | 0.18 7.14
22-0et-05 [57.6 |40.0 [0.33 | 0.18 11
23.0ot-08 [5B.4 [40.4 [0.39 | 0.14 | .09
02-Nov-05 |58.6 (40.6 [0.27 | 0,15 0.49
02-Wov-05 |G8.% |40.4 |0.26 | 0.14 | ©.08
10-Nov-0_|58.3 140.4 {0.33 | 0.16 | 6.14
08-Hov-05 |58.5 [40.5 [0.33 | 0.18 12
17-Nov-05 [58.6 [40.6 [0.21 | 0.13 | 6.08
15 Mow-08 |58.0 |40.3 [0.320 | 0.14 | @.11
20-Nov-05_|58.2 [40.3 [0.16 | 0.06 | .04
21-Nov-05 [57.7 |40.0 [0.18 | 0.10 | 0.96
29-Nov-05 |5€.4 [40.4 [0.39 | 010 | .14
29-Hov-05 |58.4 |40.4 |0,28 0.20 0.19
04-Dac-0E [£7.2 |36.§ [0.15 g.07 9.04
05-Dec-05 57,7 [39.8 |6.27 | 0.11 | 9.08
16-Dec-85 [58.3 (4§6.4 [0.3& .21 0.14
16-Dac-05 |58.4 [40.4 [0.27 | 0.25 | 0.10
24-Dec-05 |68.56 [40.6 [0.34 | 0.18 | 0.1
25-Dec-05 {58 3 [40.) [0.43 | 0.16 | 6.10
D5-Jan-G6 [58.4 [44.58 |D.2¢ 0.20 .09
05-Jan-06 (GB8.4 140.5 [0.28 [ D.19 ¢.11
10-Jan-06_|58.6 |40.6 |0.24 | 0.16 | ©.09
11-Jan-06 [57.% [40.1 [0.32 | 0.17 | 0.11
17-Jan-06 [58.4 |40.4 [0.44 | 0.23 | 6.15
18-Jan-06 [57.6 [39.9 [0.27 | 0.27 | 0.10
24-Jan-0% |58.4 |40.4 |0.35 | 0.00 | ©.24
01-Feb-06 |57.0 |40.1 [0.36 | 0.11 | 0.1
01-Feb-06 |58.1 [40.3 |0.31 | 0.23 | .14 |
48-Feb-06 |58.7 |40.7 [0.31 | 0.12 | 0.08
0B_Feb-06_|58.4 |40.5 [0.37 | 0.25 | 0.12
15_Peb-06 |57.6 |39.9 [0.42 | 0.22 | 0,14
16-Feb-0¢ |S8.1 [40.2 [0.36 | 0.20 | .14
20-Pab-06 [SB.0 [40.2 {0.47 | 0.33 | 0.1B
20-Fab-06 |58.4 |40.4 [0.45 | 0.33 | 6.18
25-Feb-06_|E8.0 [40.1 [0.23 | 0.17 | .08
26-Fab-26 |58.3 [4¢.4 [0.32 0.20 9.11
08-Mar-0€ |56.3 [40.4 [0.14 | 0.11 | 4.06
09-Mar-0€ |58.6 |40.6 [0.21 | 0.1 0.07
18-War-06 |56.3 [40.4 [0.18 | 0, 6.06
19-Mar-06 (58.4 [40.5 |0.18 2. 0.06
;3-Mar-06 |58.0 [40.2 [§.23 | 0 11 0.07
[ 26-Mac 66 |56.7 |40.6 [0.24 | 0.14 | 0.07
29-Mar-06 |58.5 [¢0.5 [0.37 | 0.18 | 6.13
79-Mar-06 |58.6 |40.6 |0.31 | 0.17 | 0.12
07-Apr-06_|E8.4 [40.4 |0.32 | G.17 | 9.12
B6-Apr-G8 |E€.5 |40.5 j0.22 G.13 o.08
09-2pr-06 |58.7 [40.7 [0.18 | 0.14 | 0.07
09-Bpr-06 [56.1 |40.2 |0.18 | 0.24 | 0.07
6
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd)
(from Patterson 2007)

LOAD DATE CAD BIO SID2 FE203  ALIOX

16-Apr-06 |6€.) [40.4 [0.42 | 0.17 0,10
3§-Apr-06 |58.7 [40.6 [0.22 | 0.12 0.08
TB-Apr-06_|58.5 (30,5 [0.2F | 0.13 5.07
D4-May_06 |58.6 JaD.6 |D.27 | 0.13 6.08
D5-May-06 [68.0 [40.3 [0.23 | 0.1%2 0.07

T O0R-May-06 [57.5 (30.8 (0.24 [ 0.31 9,07
g8 -May-056 |58.4 |40.4 0.39 0.21 §.13
16 -May-06_|57.5 [39.6 [0.26 | 0.15 .08
16 -May-06 |58.5 140.6 (0.22 | 0.14 0.08

[/}
24-May-06 [58.6 (40.6 (0.28 | 0.14 .08
24-May-06 |57.8 [40.0 16.30 [ 0.14 .09
4
a
']

IR-May-56 |57.6 [39.8 [0.3% .18 G.11
30-May-06 |BB.6 [40.6 [0.3% .15 3.08
0g-Jun-06 (KE8.4 [40.5 [0.22 .11 g.08

04-Jun-96 |58.5 |40.6 |C¢.23 | 0.12 .06
i5-Jun-96 (65.5 |40.5 [0.32 | 0.16 £.08
15-Jurni-¢6 (58.5 (40.5 |0.15 | 0.08 9.05
28-Jun-06 JS8.6 |40.5 [0.40 | 0.17 8.12
20-Jun-&6 58.6 |¢40.6 {0.32 ] 0.13 68.09
27-Jun-06 [58.3 {40.4 [0.32 | 0.21 %.11
27-Jun-06 |58.1 [40.2 0.28 | 0.16 6.09
07-Jul-96 |57.6 [32.9 [0.2]1 | 0.17 0.07

.~ 07-Jul-06 [58.7 [80.7 [0.18 [ 0.12 0.08
12-Jul-06 |68.4 |40.4 J0.26 | 0.20 .11
12_Jyl-06 [58.5 |40.6 [0.20 | 0.12 |  ©.07

—39-Jui-06 [58.3 [40.4 [0.28 [ 0.1f 4,11
20-Jul-66 |58.7 [40.7 |0.34 | 0.08 | 0.06
77-Jul-06_|58.0 [40.3 [0.10 | 0.3 3.07
27-Jul-48 |E5.1 |44.2 |0.16 0.11 .06
9-Ang-06 58.0 [40.2 |0.2¢€ 0.24 0.89%9

" 09-Aug 06 _|58.1 [40.3 [0.28 | 0.1 G.09
18-Aug_ 66 [58.& [40.6 [06.28 | 0.1 9.1l
15-%ugq-06 [58.4 [10.6 [0.31 | 0.15 | 0.1%
23-Aug-06_|57.8 140.0 [0.27 | 0.17 .09
22-2ug-06_|58.5 [40.5 [0.29 | 0.1 0.1%
31 Aug 06 |67.8 [40.1 [0.37 [ 0.13 0.10
T-Aug-06 |58.1 (40.3 |0.26 | 0.13 5. 09
04-Sep-96_|57.0 [38.5 [0.2% | 0,13 | 0,08

07-Sep.06 |58.6 [40.6 |0.24 | 0.18 0,08
11-5_@_2—66 8.5 (48.5 [0.25 0.15 0,089
1i-Sep-06 |57.8 (40.0 0.23 | 0.14 2.07
15-Sep-0b |58.8 [40.6 |0.16 | 0.13 6,06
15-Sep-G6 |58.5 [40.5 [0.48 | 0.37 0. 07
25-Sep-06 {57.2 |30.6 |0.32 | 0.10 D.17
15-Sep-06 [58.7 40.7 [0.16 | §.07 .09
02-Oct-D6 |58.0 [40.2 [0.28 { 0.16 0.07
0Z-Oct~06 |58.4 |40.5 |0.27 ).14 0.08
09-Oct-o6 |58.7 |40.7 0.24 | 0.12 .09
08-OcL-06 58,7 |40.6 [0.25 | 0,12 0.11

_Qot-06 |87.7 |40.0 /0.233 | 0,08 6,14
12-Ock-06 |57.89 [40.0 [0.39 | 0.13 o, 06
22-Oct-06 (58,7 [40.6 [0.19 | 0.09 0.06
22-Oct-0¢ |58.2-|40.3 [0.24 [ 010 .07
29-0ct-D6 |68.1 |40.3 |0.23 | 0.11 6.08
29-Oct-06 |EB.2 [40.3 [0.28 | 0.12 8.11
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd)

MgO-Related Uncertainties

(from Patterson 2007)
DOAD DATRE ChO MIO SLTO2 FE203 AL303
04-Boy-0§ |58.0 [40.2 [0.23 | 0.12 6.08
09-Neov-Bé [£7.0 [40.1 (0.325 | 0.1 0.0%
12-Hov-06 (68.2 [40.3 |0.14 | 0.09 2.405
12-Hov-0§ [58.0 [40.1 [0.36 | 0.09 9.06
23-Hov-0¢é |58.6 [40.5 |0.24 | 0.10 6,08
21-Nov-06 [58.6 |40.6 [0.231 | 0.1} 6.08
30-Bovw-06 [57.8 [40.4 [0.37 | 0.09 6.06
30-Hov-06 |58.1 [40.3 [0.339 | 0.17 2,15
0l-Dec-06 |58.5 |40.6 [0.34 | 0.17 .03
DZ-Dec-06 |58.4 [40.4 [0.28 | 0.10 a.08
13-Dac-06¢ |68.5 |40.5 [0.22 | 0.15 .19
13-Tec-06 (68 2 [40.3 |0.32 | 0.14 G.09
22-Dec-06 (58,2 |40.3 [0.24 | 0.10 6.08
26-Dag-0¢ [EH.8 [40.5 [0.28 [ 0.16 9.10
25-Dac.-06 [58.4 [40.5 [¢.20 | 0.18 0.10
26-Dec-04 [58.6 [40.6 [0.25 [6.19 9.99
02-Jan-07 [58,7 [40.7 [0.26 [ 0.08 0.08
#2-dan-087 [57.5 [39.84 [0.31 | 0.08 8.06
02-Jan-07 [5€.2 [40.3 [0.37 | 0.09 8.07
07-Jan-07 |57.7 |40.0 (0.23 | 0.10 .08
18-Jan-77 |58.56 (40.6 [0.32 | 0.47 .05
19-Jan-07 [57.9 [40.1 [0.22 | 0.05 0.03
23-Jan-87_[58.2 [40.3 [0.30 [ 0.21 0.03
25-Jan-07 |58.6 [40.6 |0.39 | 0.16 8.07
27-Jan-67 [58.4 [40.5 |0.33 | 0.15 0.13
28-Jan-G7 [58.0 [40.2 [0.32 | 0.15 Q.09
0s-Feb-07 |58.3 [40.4 [0.32 [ 0.11 6.08
06-Peb-07 |S8.5 [40.6 ]0.34 | 0.12 0.03
16-Feb-07 |57.6 |40.C 10.39 | 0.18 0.1¢
16-Feb-07 |58.5 |40.5 j0.35 [ 0.22 8.13
22-Feb-G7 [SR.2 [40.3 [0.31 | 0.18 0.12
22-Feb-87 [58.3 [40.4 [0.34 | 0.20 0.13
01-Mar-07 [E5.5 |40.5 {0.31 | 0.16 2.11
02-Map-07 |58.5 |40.5 [0.34 | 0.20 8.12
06-Mar-07 [57.9 [40.1 [0.25 | 0.12 0.09
U6-Mar-07 [57.4 [40.0 o.41 [ 0.19 0.12
17-Mar-07 [62.5 [¢0.5 Jo.28 [0.15 8.19
17-Mar-07 |58.7 40.€ [0.24 | 0.14 8.09
20-Mar-07 [58.4 [40.5 [0.25 | 0.17 9.11
20-Mar-07 |58.6 |40.6 |0.29 | 0.1§ g.09
27-Mar-67 [58.5 [40.5 [0.42 ] 0 19 8.12
28 -Bar-67 [69.6 [a0.6 [0.43 | 0.17 G.11
03-Hpr-57 |58.3 |40.4 [0.79 | 0.13 ¢.11
03-Apx-07 [S8.5 [40.5 [8.39 | 0.15 0.12 |
13-2pr-07 [55.4 [26.4 0,27 | 0.12 0.1¢
13-hpr-07 58.5 [40.6 J0.23 [ 0.10 6.08
18-Apr-07 |52.3 [40.3 Jo.4€ [ 0.28 .22
17-Apr-o7 |58.1 [40.2 |0.44 | 0.22 0.18
27-2pr-07 [68.4 [40.6 [0.44 | 0.23 0.17
27-2pr-67 |58.8 |40.5 [2.37 | 0.19 8.15
04-May-07 [57.5 |38.6 [0.37 | 0.8 0.14
05-May-07 [57.8 [40.0 {0.24 [ 0.1 2.08
11-May-G7 |58.5 {40.5 [0.24 [ 0,10 0.09
12-May-07 [58.5 [40.5 [0.22 | 0.12 0.08
14-May-07 [57.7 [40.9 l0.39 | 0.24 0.14
8
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WTS-60 Dolime Feed Chemistry Summary 2004 to 2007 (contd)

MgO-Related Uncertainties

(from Patterson 2007)

LOAD DATE  CAD  MGO_ S102 FPR20J  ALIOI
14 -Hay-07 |58.5 |40.5 [0.24 [ 0.14 9.10
25 -May-07 |58.7 [20.6 |0.1% | 0.69 8.06
25-May-07 [5B.6 [40.6 [0.25 | 0.12 0.09
20-May-07 |58.5 [40.5 [0.16 | 0.10 9.06
21-May-07 [58.3 [40.4 {0.27 [ d.13 8.1¢
07-Jun-d7 |66.8 (40.7 |0.1€ | ©.12 9,08
07-dun-07 |58.1 |40.3 |0.23 | D.13 6,10

! AVEREGE |58.2 |40.4 |0.30 | 0.35 9,10
aTD DBV [¢.355[0.214]0.085| 0.042] ©.630
DATR POINTS 333] 333] 333 333 333

9
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WTS-60 Chemical Composition Data (from Patterson 2007)

Statistical Summary of MagChem 18 WTS 60 From Martin Marietta for 08/01/2008 through 05/31/2007

Chieride, as Irvan, as Fe;0, Loss On Ignidon,

CL%

146
0.0016589
0.0183789

Q

0.1052
0.0200378
-0.01672

Y

146
0.154306
0.0292273
0.0842
0.1981
0.183533
0125079

Magnesjam, as

% MgO, (en
ignited basls) %
145 146
¢ 142414 o8 4788
0.128398 0.160439
01 28,0009
0.5 98.9057
0.270811 98 6483
0.0140163 983004

Aluminem , as
AlO;, %

146
0.133854
00139122
01069
0.1782
0.147866
0.120042

Sllicon, s
510y, %

146
0.347812
0.0883270
0.1537
04271
0.41614
0.259484

Sulfur, as SO,
%

14§
0.000341781
0 00282362
0

0.011
4.0031654
000248184

Statistical Summary of MagChem 10 WTS &0 From Martin Marietta for 12/01/2004 through 12/01/2005

Chloride, as
CL %

166
000495783
0.00913727
0

0.0583
0.00963305
-0.00864148

Dron, a5 Fey0,, Loss

%

166
0.1619358
0.02123242
0.1331
6.196}
0.184283
0.139634

. Maguesinm, as
On%lgninen, MgO, o

ignited basis) %
166 165
0.166084 54508
0.118895 T 0.156225
406 08.2362
434 93. 7165
028478 98.647
0.0473889 83146

Aluminuem . as
ALO,, %

166
0.125188
0.0235845
0.0006
0.1988
0.148773
0.101604

Silicon, as

8i0y, %

164
0348902
0.0754838
d.24
05175
0.424386
0.27341¢

Sulfur, as S0,
%

166

0

0

1]

Q

¢

0

Calcium, as Ca0, %

146
0.903901
0.106868

0.6221
1.1348
101677
0797033

Calcium . a5 Ca0, %

166
0.903758
0112036

0.7235
1058
101579
¢T3
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Review of the DOE Request for
Magnesium Oxide (MgO) Requirement Reduction

September 2007

I. PURPOSE AND SCOPE

The U.S. Department of Energy (DOE) has requested that the required quantity of magnesium oxide
(MgO) placed in the Waste Isolation Pilot Plant (WIPP) repository be reduced from 1.67 ames the
maximum theorctical requirement to 1.2 times the theoretical requirement assuming all organic carbon is
converted to carbon dioxide (CO;). The purppse of this review and report is to summarize the technical
and opcrational arguments presented, evaluate their basis and validity, and present an indepcadem
opinion as to the merits of the DOE requesﬁ The scope of the review includes the DOE request, the
Environmental Protection Agency (EPA) request for additional information, DOE’s respanse to the EPA
request, additional documents referenced by the two parties, and additional information taken from the
public domain.

1. BACKGROUND

WIPP, located near Carlsbad, New Mexico, is a repository for the disposal of legacy transuranic (TRU
radioactive waste produced by the Department of Defense weapons production activities and associate:
rescarch. The disposal facilitics for WIPP are located 2,150 feet below the surface in the Salad
formation, a 250- million-ycar-old geologically stable salt deposit. TRU waste is characterized an
containerized at several DOE facilities, shipped to WIPP, inspected, and transported underground fc

permanent emplacement.

A primary concem regarding the WIPP project is the assurance that radiation releases are limited to n
more than the release limits or standards established by EPA," information verified through th
Performance Assessment (PA) for the WIPP. EPA has required that in additor to natural geologic an
construction barriers, there be at least one engineered barrier designed to prevent inadvertent hums
accessibility to radiological waste for the 10,000-year period. An engineering barrier is defined by EPA ¢
“any material or structure that prevents or substantially delays movement of water or radionuclid:
foward the accessible environment. For example, a barvier may be a geolpgic structure, a canmister,
waste form with physical and chemical characteristics thar significantly decrease the mobility «

Building Quality, Safety, and Integrity into Eachj Deliverable PECOS Dacument G7-004 — Page
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radioruclides, or a material placed over and around waste, provided that the material or structure
substantially delays movement of water or radiomiclides.”™ DOE proposed Mg0O as an engineered
barrier, because laboratory evidence demonstrates that it can control pH and thus reduce solubility of
actinides. EPA agreed that MgO meets the engineered barrier requirement provided there is sufficient
quantity to satisfy the chemical requirements. EPA did not evaluate seals, shaft seals, or borehole plugs
(i.e., structural attributes of the repository) as engineered barriers.

The analyses and models used to develop the PA bave determined two credible scenarios for significant
human exposure within the next 10,000 years: one entails drilling intrusions that bring to the surface
waste cultings, cavings, and spallings; the other involves actinide components of the waste that dissolve
in the bnne that may occupy the repository following its closure. For long-term, worst-case
considerations, under the disturtbed scenario, iit is assumed that the repository will likely fill with brine,
either from the Salado salt formation or from the underlying Castile formation in a human intrusion
scenario, or from both formations. The extent to which the repository fills depends on several repository
attributes such as pemmeability and Castile I:alinc-reservoir pressure. The solubility of actinides under
repository conditions depends on their chemical forms, oxidation states, the presence or absence of
complexing agents, and the pH of the solution.

As described and referenced in the Compliance Certification Application (CCA)® and Compliance
Recertification Application (CRA)® research has shown that microbial degradation of cellulosics,
plastics, and rubbers (CPR) in the waste will convert some of the organic carbon components into CQ,.
The CO; will dissolve m brine and create an acidic condition, which will greatly increase the solubility of
actinides.

EPA’s certification also established that placement of MgO among the TRU waste containers is an
acceptable engineered barrier for reducing the amount of actinides that might reach the accessible
environment. The MgO will sequester any CO, generated post-closure and will raisc the pH of any brine
inflow to the repository, thereby reducing actinide solubility.

The quantity of MgQ required for an effective barrier depends on numerous factors, including the
quantity of CPR; the organic carbon content of the CPR; possible methanogenesis; the efficiency of
organic carbon conversion to COy, and the effectiveness of MgQ utilization. The guantity of CPR and
associated carbon content is essentially determined during the characterization stage. Because it has not
been shown conclusively that methanogenesis will occur, EPA requires the assumption that all available
ofganic carbon be converted to CO;. A remaining uncertainty involves the effectiveness of the MgO
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based vpon its distribution around the waste and the amount of COzthat may be sequestered by other
substances in the repository.

Due to these uncertainties, DOE agreed, in the CCA, to emplace excess MgO to ensure the adequacy o:
the engineered barvier. Initially, DOE emplaced MgO in a supersack placed on top of each waste stacl
and in mini-sacks placed in the space between stacks and the room walls. This amount was determined «
be cqual to 1.95 times the amount required to sequester the theoretically maximum possible CO
production, The DOE subsequently provided an analysis to EPA that resulted in EPA’s approval of th
elimination of the mini-sacks which reduced the factor (altemately referred to as a load factor, exces
factor, or safety factor) to 1.67 times the theoretical amount required to sequester the CO;. Approval o
this reduction was based on improving the safcty of operatlons in the repository without compromisin;
the engineered barner.

In April 2006, DOE submitted a letter to EPA@ requesting approval to lower the MgO loading factor 1o 1.
from the currently approved 1.67.% This request was submitted in accordance with Tide 40 CFR 194.
along with the opinion that it is 2 non-significant change that does not require a rulemaking,

Along with the letter, DOE provided a supporting statement for the request consisting of a technic:
justification of the proposed change, safety considerations associated with transportation of MgO. an
cost benefits. Emphasis was on both health-related and accident risks associated with transportation o
MgO. Statistical data on emissions, accidents, and route populations were used to estimate safety risk
associated with MgO transportation from Michigan to the WIPP site. These analyses showed that th
pioposed reduction in the loading factor would reduce the expected deaths from any health risk linked t
tuck emissions from one death every five years to one death every seven years. The DOE request als
estimated a cost savings of $15.2 million, including the costs of purchasing and transportation of the Mgt
but excluding emplacement cost.

DOE also argued that the impact of lowering of the MgO loading factor would be non-consequential wit
regard to long-term (10,000 years) WIPP performance after closure. This conclusion was reached afti
evalvating several contributing factors that indicated the 1.2 loading factor would ensure sufficies
amounts of MgO to limit repository gas pressure and minimize actinide solubility. However, no data «
discussion related to the uncertainties of CO; generation or the chemical and microbial impacts of Mg
on the postulated waste/brine mix were provided by DOE.

The EPA responded in April 2006 to the DOE request by acknowledging the merits of the transportatic
safety analysis and the benefits of the cost reduction while expressing concern that the request did

i

[
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not address uncestainties regarding the effectiveness of the MgO.®  In particular, EPA requested an
analyses of the impact of super compacted waste and the uncertainties conceming the amounts of CPR
disposed in the WIPP on the MgO loadisg factor. In November 2006, DOE provided a response to the
EPA that presented further analysis and discussion of its justification for the change request to reduce the

loading factor.”

[II. SUMMARY OF FINDINGS

PECOS concentrated its review on the chemical and microbiological issues associated with the
determination of the necessary amount of Mg0 to be included in the WIPP and associated long-term
affects. A summary of this review follows.

[IIA, Performance Assessment _

The DOE request stated that the proposed reduction in the quantity of MgO will not be a limiting factor in
the PA for two reasons. First, the DOE is emplacing more than enough MgO to ensure the consumption
of essentially all CO, that could be produced in the repository. Second, the reactivity of the MgQ being
emplaced in the WIPP is such that its carbonation rate exceeds the CO, production rate ” Both of these
conditions appear to continue to be met in excess at the proposed 1.2 loading factor. Therefore, there
wauld be ro impact on the PA as a result of changing the loading factor,

-

HIB. MgO Quantity Control

DOE acknowledges that an excess over theoretical quantity of MgQ is appropriate to accommodate
uncertainties in determining the quaatity of CPR and the effectiveness of MgQ as an engineered barrier.
DOE further asserts that the excess MgQ required can be reduced, since these uncertainties have been
minimized because:

= Recent changes to the WIPP waste information system (WWIS) have significantly enhanced
the reliability of DOE’s estimates of the emplaced masses of CPR and MgQ,

= The timeliness of the WWIS information is such that the balance between CPR
emplacement and MgO emplacement remains current. The WWIS now tracks the quantity
of emplaced MgO and CPR on a near real time basis. This coupled with estimates of the
additional CPR 1o be emplaced in the room allows the required additional MgO to be
accurately determined on a room-by-room basis.

*  An inspection and audit by EPA, cited in the DOE request, confirmed that the necessary
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waste emplacement procedures are in place and WIPP personnel are properly trained.

HIC. Uncertainties in Microbial Activity

In its November 2006 response to EPA, DOE presented further apatysis and discussion of its justificatior
for reducing the loading factor. The response provided an updated analysis of the uncertainties and the
application of a mathematical model that predicted the effectiveness of the MgO. However, no new dat:
with respect to the effects of MgO on the chemistry or microbiclogy of the TRU waste/brine mixtun
were included. This is the single biggest weakness in DOE’s efforts with respect to the MgO issue, a
recognized in the 2004 CRA, wiuch states, “]flo microbial experiments kave been carried out with Mg(
since the use of this matenal was proposed iin 1996 to consume CO- and control the fugacity of CO
(fCO,) and pH in the WIPP.” ) |

In addition, the DOE stated that the following conservative assumptions were made for the uncertaint,
analysis:

»  Microbes remain active through the lifetime of the repository.

«  Microbes will consume all of the organic carbon in the CPR matenals that are emaplaced i
the repository.

s  (ther materials in the waste, such as lime aund the corrosion products of iron-base
matenals, do not react with CO,.

The first assumption is arguably realistic given the presence of microbial life in comparably hars
environments. The second has not been supported by any directly applicable research that we found. Th
third contradicts what has been observed in applicable research as reported by Sandia,”™ though Sands
did acknowlcdge caveats conceming differences with actual WIPP conditions. There is no scientifi
justification provided for these assumptions, which have a major impact on the entire MgQ issue. Rathe
the justification provided by DOE is: first, they are necessary to support the EPA required assumption (
one mole of CO, for cach mole of organic carbon; and second, reactions of CO; with other substanc:
have process uncertainties that cannot be quantified at this time. The cumulative effect of the:
conservative assumptions is to significantly overestimate the amount of MgO needed.

HEID. Uncertainties in MgO Effectiveness

As noted above, the uncertainty in the require%d amount of MgO is directly related to the amount of CP
in the TRU waste emplaced in ¢ach room and i:anel of the WIPP. It is also broadly attributable to the
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completeness of conversion of the CPR to CO;, the completeness of the CO; and MgO reaction, and the
physical distribution of the MgO (i.e., the place of need for MgO is accessible to the place of supply of
MgQ). DOE identified 15 contributing uncertainties in its response to EPA’s concerns. The uncentainty
analysis prepared by Sandia ® categorized these uncentainties into three groups: 1) uncertainties related to
the quantity of CQ; produced; 2) uncettainties in the amount of MgQ available to react with CO,, and 3)
uncertainties in the moles of CO; sequestered per mole of MgO available to consume CO.. '

In conducting this analysis, DOE began by defining an effective excess factor (EEF) that starts with an
emplaced MgO quantity based on the loading|factor of 1.2 and modifying it in accordance with the value
" of the other identified uncertaintics. Dcpendi:ig on the nature of the uncertainty of identified contributing
factors, the EEF may be less than or gmtcr than 1.2, However, after accounting for all identified
uncertainties, an EEF of at least 1.0 is required to ensurc an effective engineered barmier.

Sandia assigned a mean and standard deviation to uncertainties modeled as random variables and included
the remaining uncertaintics by assigning assumed values. Using this technigue, they determined an EEF
mean value of 1.03 with a standard deviation of 0.07%

PECOS’ evaluation of the uncertainties is organized below by the three categories identified by DOE.

1. Uncertainties refated to the quantity of CO; produced

The quantity of CPR in the emplaced waste: There are several factors that affect this uncertainty. They
include the accuracy of the formula used to determine the amount of MgQ required for each room and the
accuracy of the estimates of the mass of each component of the CPR emplaced in each room. Our review
of the formula is presented under “Other Observations” below.

The foundation for establishing the amount of MgO nceded in the WIPP is the weight of the CPR being
emplaced. Therefore, the initial question is. “What iz the accuracy of the methods used to determine the
weight of CPR?” This should be an easy question to answer, since there should be a quality control
procedure established for waste characterization that includes the process used to establish the weight of
CPR in each containcr and the accuracy of that determination. Unforwmately, the uncertainty of the
estimates of the mass of CPR 1s unknown, at least from the standpoint of the documents reviewed for this
report. The 1996 cdition of the Transuranic Waste Characterization Sampling and Analysis Manual ©
indicated that the weight of CPR was to be estimated from reference tables prepared by each generator if
radiography was used for waste characterization, If visual examination (VE) was used, it was
recommended (preferred) that the individual éitems of waste be weighed—estimates were only used for
bags of wastes that did not need 1o be operied. The manual also presenied an evaluation of the
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weights estimated using radiography versus VE indicating that radiography consistently estimated greate:
weights for CPR (3 percent higher for plastic, 17 percent higher for rubber, and 64 percent higher fo
cellulosics). There was no discussion in the manual regarding the overall accuracy of the process. A:
discussed below, a second investigation of VE and RTR determinations of CPR quantities using a mucl
larger sample from a vanety of waste streams FMWM close agreement between VE and RTR.

The latest revision of the WIPP Waste Acceptance Criteria (Rev 6)'” simply requires that the generatiny
sites “estimate” the CPR weights without guidance as to how to perform the estimate or the acceptabl
accuracy of those estimates with the cxceptfon of one waste stream, debrs, (S5000). For that wast
stream, the WAC states that the entire waste streamn will be reported as plastic with the weight calculate:
as the volume of the waste container multiplied by 620 kg/m’ up to the weight of the container. The
Quality Assurance Project Plans for various sites (Idaho National Laboratory, Savannah River Site
indicate that the weights of CPR in each container are estimated by identifying the CPR objects in th
container {either by YE or RTR) and using historically derived waste-weight estimating tables to estimat
the weight for each object. The actual weighing of the items in a drum is only done if the waste cannot b
described clearly enough to use the waste-weight estimating tables and if the acceptable knowledge i
insufficient to establish the weight of the items in question. No discussion was found in any documer
that we reviewed regarding the uncertainty {accuracy) of either the waste-weight tables or, in the case ¢
debnis waste, the uniform conversion factor.

There are two concerns about the use of waste-weight tables, First each operator may have a consistes
bias in estimating the volume of the CPR materials which would carry over into the weight estimat
Second, the waste-weight tables may be biased. For exampie, the weight of wood depends on the type ¢
wood (pine, fir, oak, ctc.) and the construction of the wood which may have include a substantial amows
of glue (plywood, particle board) so a simple table that sets one weight value for wood regardless of th
wood type is inherently biased. Similarly, the use of a uniform conversion factor such as is applied to th
$5000 waste stream very probably overcstimates the overall organic carbon weight since most debr
wastes will include some metals, woods, and rubbers, all of which would result in a lower estimate ¢
organic carbon weight than an assumption based upon all plastics. Thus, if any of these biases exis
which it appears they do, then all estimates of CPR weight prepared by using the tables will t
biased—high or low. f

The DOE argument presented in the uncertainty analysis regarding the ability to measure (estimate) tt
amount of CPR in each TRU waste containgr secms to center on the question as to whether real-tin
radiography (RTR) is as accurate as VE for the estimate of CPR when summed over a large number «
containers, such as a room-full'®. The uncertainty in quantity was determined by comparing VE
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results with RTR results, It was assumed that the VE results were the more accurate value and they were
treated as the “true value™'?, which is logical if the cucrent VE practice still includes actually weighing
the waste items. The RTR resuits were found to agree with differences distributed randomly above and
below the VE value. This exercise yiclded:an estimate of plus or minus 0.3 percent error boundary
defined as dividing the standard deviation hy!thc mean. Sandia did not detect a plus or minus bias, thus
confirming the randomness of the diffvf:ntn:mm:i between VE and RTR and supporting the equivalency of
VE and RTR when summed over large sample; sizes,

- ,f
The yield of CO; per mole of emplaced organic carbon: DOE indicated that this was one of the more
dominant uncertainties. However, EPA required that the CO; yield be taken as one mole of CO; per mole
of organic carbon. While DOE takes exception to this requirement in its uncertainty analysis, indicating
that a more realistic assumption is between 0.53 and 0.72 moles of CO; per mole of emplaced organic
carbon, the one mole requirement was still used in the uncertainty analysis. This EPA specification seems
overly conservative as further discussed below.

The role of methanogenesis: The production of methane is also identified as a dominant uncertainty by
DOE. Methanogenesis could reduce the amount of organic carbon converted to CO, by almost 50 percent.
@ However, EPA raised questions regarding the assumptions of sulfate availability made by DOE, Asa
result, it is assumed in the Sandia uncertainty studies that methanogenesis is not a significant factor and
there would be 100 percent conversion of organic carbon to CO; Nevertheless, the uncertainty analysis
does include a discussion of circumstances in which this may not b¢ a valid assumption as well as the
associated impacts on the ratio of moles of CO; to moles of organic carbon.

The requirement imposed by EPA that all organic carbon in the waste be assumed to be converted to CO,
by microbial action requires several concurrent assumptions, including the assumption that the
brine/waste/MgQ solution is always mixed, so the putrients required for ongoing microbial activity are
replenished and waste products that might poison the activity are removed. Complete mixing would also
support an assumption of 100% utilization of the MgO for CO, scquestration, as discussed further below.

In summary, the combination of the conservative assumptions discussed above supports the hypothesis
that if DOE can demonstrate that its methods for determining the weight of CPR consistently
overestimate that mass, then it is reasonable to assume that no more than one mole of MgO pec mole of
organic carbon in the CPR will be sufficient for CO; sequestration,

|

§

2. Uncertainties in the amount of MgO available to react with CO,
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The fraction of reactive constituenis in commercial grade Mg0: Commercial grade products always
contain impuritics or non-functioning componeats that reduce the product’s effectiveness. The
Washington TRU Solutions (WTS$) specifications for MgO require a minimum of 95 weight percent MgC
plus Calcium Oxide with MgO being at least él] weight percent, The original supplier, National Magnesi:
Chemicals, was replaced by Premier Chemicaf,ls. Premier Chemicals notified WTS that they were running
out of ore suitable for meeting this specification at the completion of Panel 2, Room 2. (Panels are fillec
back to front beginning at Room 7). Since t!lcn, MgO has been supplied by Martin Marnictta Magnesi:
Specialtics, LLC. The uncertainty analysis assumes that MgQ with current Martin Marietta specification:
will be available throughout the operating life of the repository. Sandia has studied MgQ from the variow:
suppliers to verfy its effectiveness meets their assumptions."” Further, the WTS quality assuranc
program constantly audits the supplier’s determination of the chemical composition of the Mg(, so then
i3 very low risk that there will be less reactive constifuents available than necessary. Therefore, thi;
yncertainty has no impact on the 1.67 versus 1.2 loading factor issue.

The carbonation of MgO prior to emplacement: Mg0 is bagged in material used for preserving Portianc
cement and is effectively sealed from humidity exposure for long periods of time, especially if stored in .
dry environment, as is the case at the WIPP. Inasmuch as the WIPP appears to consume MgQO regularl
without a large inventory, the Sandia treatment of this factor—namely that there will be minima
carbonation—is deemed appropriate and does not impact the 1.67 versus 1.2 loading factor issue.

The extent of reaction of MgO and/or CaO: Numerous cxperiments have been conducted to determin
the effectiveness of the commercial-grade MgO emplaced in the repository. To date, all results hav
indicated that all MgO and CaO will react to consume CO;. In order to test for any tendency for MgO ¢
lithify, Sandia prepared “cemented-cake” samples by heating a layec of Premier MgO in a beake
containing synthetic brine at temperatures up to 90°C for up to 6 months."? Some indication ¢
lithification was observed, but the results of ongoing tests continue to support the conclusion that all Mg
and Ca0 would remain active. Therefore, this uncertainty has no significant impact on the 1.67 versus 1.
loading

factor issue. !

The loss of MgO to brine outflow from the repository: Sandia"” evaluated the loss of MgO throug
outflow from the repository by relating it to tf}tal brine loss, MgO solubility, and the timing of brine los
corresponding to five human intrusion scenarios. Using a Monte Carlo approach to determing probabilit
distributions for calculations, possible MgO losses from each panel were determined. Losses wes
converted to the fractions of MgO emplaced in each pancl. The results were summed and used to develo
a complementary cumulative distribution function relating maximum losses to probability of
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occurrence. The result was a median of 0.8 percent loss of MgO from the repository with a standard
deviation of 1.9 percent. Thus, uncertainties related to brine loss do not present a significant impact on
the 1.67 versus 1.2 loading factor issue. i

The likelihood of MgO supersack rupture: Thc mechanism of supersack rupture has three possibilities:
bursting by roof pressure, rupture by falling roof pieces, or microbial activity. Given that 100 percent of
plastics are assumed to be consumed through the respiratory process of microbes, the Sandia analysis
assumes any MgO sacks not ruptured by physical processes will be ruptured in the microbial process.
However, given the possibility of a super compacted waste container pier supporting the roof at various
locations, rupture of some supersacks may be delayed or may be dependent upon microbial rupture or
falling roof pieces. In addition, it appears that microbial attack on plastics may be delayed until after the
cellulosics are consumed, which may cause 2 major delay in the breaching of some supersacks. For super
compacted piers to remain structurally sound, their contents must remain isolated from the brine and
associated microbial activity, which would temporarily decrease the MgO requirement. Thus, it seems
highly unlikely that supersack rpture failure will be significant, particularly considering the hundreds of
years that will pass prior to human intrusion. Therefore, this uncertainty has no significant impact on the
1.67 versus 1.2 loading factor issue.

The amount of MgO in each room: As discussed above, it can be reasonably assumed that DOE’s
procedures for determining the mass of CPR in each TRU waste container and empiaced waste unit can
be shown to consistently overestimate the actual mass. Therefore, the ongoing procedure of tracking
waste mass and composition and adjusting MgO quantity accordingly acceptably minimizes the
possibility that an insufficient quantity of MgO will be emplaced in each room and panel.

The efficiency of mixing processes: Sandia ' has studied the efficiency of mixing of the inflowing brine
with the contents of the repository by comparing diffusion times for transport across repository spatial
distances to the hydraulic residence time of brine based upon the repository attributes such as volume and
porosity. The scenanos iacluded panels filled with different mixes of standard waste, super compacted
waste, and pipe over packs. In al} cases, tﬁe mixing by diffusion was predominant and the required
mixing times were much less than residence tu‘ncs Thus, Sandia concluded that the mixing efficiency
will be very high and will not be a limiting ‘factor in MgO utilization. We agree with this conclusion,
particularly since mixing by advection and diépersion in the brine, as well as diffusion in the vapor space
were ignored, which added an element of conservatism. Therefore, this uncertainty has no impact on the
1.67 versus 1.2 loading factor issue.
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The physical segregation of MgO from CO;: Any CO; in the vapor space will have access to any
unsubmerged MgO. Scgregation of solid Mg from brine may result from it resting on top of drums or
other containers, This phenomenon would ler temporary pending drum degradation from anoxic and

anoxic corrosion. Thus, any impact of segreg!ation would be expected to be temporary and not of loag-
term consequence given the 10,000-year pencrd Therefore, this uncertainty has no significant impact on
the 1.67 versus 1.2 loading factor issue.

In summary, the analysis of the above uncertainties indicates that because of the assumption of complete
mixing, a loading factor is not necessary as [ong as the emor in the estimates of mass of CPR can be

shown to have a positive bias.

3. Uncertainties in the moles of CO, sequestered per male of MgO available to consume
CO,

The conversion of hydromagnesite lo magnesite: It is anticipated that the thermodynamically stable
form is magnesite, which will sequester one male of CO; per mole of MgO. Hydromagnesite sequesters
only 0.8 mole of CO; per mole of MgO and will form a1 a faster rate. Over time, the hydromagnesite wil
convert to magnesite and in so doing react with additional CO,. Sandia ™ handled this uncertainty in the
sequestering of moles of CO, per mole of MgO as a random variable distributed uniformly between the
extremes of 0.8 and 1.0. PECOS has found no other basis on which to evaluate the kinetics o
hydrormagnesite conversion to magnesite.

The consumption of CO, by materials other than MgQ: Any consumption of CO; by materials othe
than MgO decreases the demand for MgO, thus increasing the EEF. DOE acknowledges that the waste:
as deposited in the WIPP will contain many possible types of materials that may consume CO; including
iron-based materials and their corrosgion products, lead-based materials and their corrosion products, ans
lime and portlandite products contained in waste sludge. Natural sources of CO, sequestering sources i
the WIPP include dissolved calcium species:that could be produced from the reduction of Ca'™ bearin
minerals as well as the Mg™ ions present m either the Salado formation or the brine from the Castill
formation, The uncertainty analysis preparfpd by Sandia does not take credit for any consumption br
materials other than Mg0.® There will be a very large quantity of iron from the stecl drums as well a
other metals, especially aluminum, and mata] oxides in the waste that likely will form carbonate:
Therefore, taking no credit for CO; sequestetng by this mechanism seems very conservative, In faci
Sandia has estimated that the materials in the wasies alone (iron, lead, aluminum, etc.) could sequeste
close to 30 percent of the CO,® Sandia also recognizes the potential that naturally occurring mineral
will also sequester CO, but does not provide an estimate for the amount of CO, that might b
sequestered by these minerals.
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The Dissolution of COy in WIPP brines: Sandia"™ has calculated, based upon the solubility of CO, and
the volume of the repository, that less than ¢D4 percent of the total CO, could be lost by flow through
the repository of releases equal to the total v%olume of the repository. This small loss has no significant
impact on the 1.67 versus 1.2 loading factor issue.

The incorporation of CO, in biomass: The uncertainty analysis does not assume any organic carbon is
sequestered in microbial biomass. With regard to biomass sequestering organic carbon, the taking of no
credit for this event is very likely correct inasmuch as, again refemng to non-WiPP scenarios in a waste
treatment situation, live microbes invanably consume the dead ones when left with no other choice and
any impact would be minimal. Therefore, this uncertainty has no significant impact on the i.67 versus
1.2 loading factor issue '

In summary, the conservative assumptions presented in the above set of uncertainty analyses indicate
that the amount of MgO required in the WIPP is overestimated.

IIE. Other Observations

PECOS has identified the following information that may also impact the quantity of MgO required in the
WIPP:

1. A study at Brookhaven Natioral Laboratory " with material similar to WIPP CPR but without
the addition of MgO to the test brine found that microbial gas generation rates were initially quite
high but decreased fairly rapidly over time and may have stopped all together by the end of the
study. This suggests that much of the simulated WIPP waste may not be acceptable as substrate
that supports microbial attack. It is also noted that after 7 years, the microbes had not consumed
all of the cellulosics or any of the plastics and rubber. These results raise doubts as to whether the
hypothesis of complete comversion of all carbon in the CPR to CO, is valid (2004 CRA,
Appendix Barriers).” This argues for 2 modification of the EPA assumption of the conversion of
all organic carbon. However, since no data exist for the periods associated with possible

microbial action in the WIPP (1000+i years), a worst-case assumption is justifiable but probably

conservative.

2. The presence of sufficient essential nutrients to support life even at the microbe level has not been
established. In the treatment of some industrial wastewaters, for instance, phosphorous and
nitrogen must be added to sustain microbial activity.*” An insufficiency of nutrients would stop
or at least slow down the microbial activity since they would necessarily have 1o be recycled
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through microbe cannibalism. An a.:*.rsumption of unlimited nutrient supplies in the WIPP i
difficult to justify since there is not expected to be any significant brine movement in the
repository once equilibrium is rea.chcd by the brine inflow from the Castile formation. Hence, it
is doubtful that the total amount of prgamc carbon will be converted to CO;. Further, if it i
assumed there is sufficient and contiﬁuing brne inflow to provide the nutrients for 100 percen
organic carbon conversion to CQ., then it must also be recognized that there will be additiona
amounts of cations available to react with the CO; as discussed in more detail in point 5. below.

The uncertaintics cxamined above address the loading factor and subsequent EEF. The loading
factor relates to the quantity of MgO to be emplaced by the equation:

Mueo =LF(Mc + Mg + 1.7Mp) 6MWpz0/MWean
where '

M = mass

LF = loading factor

MW = molecular weight, and

C, R, and P = cellulosics, rubber, and plastic.

The implied MR multiplier of 1 is based upon a mbber mixture of 30 percent neoprene and 5
percent hypalon, and the 1.7 multiplier for piastic is based upon 80 percent polyethylene and 2!
percent.polyvinyl chioride ™ In practice, rubber and plastic objects include fillers and additive
to impart specific characteristics. These added materials may range from 5 to 50 percent of th
product with 10 to 20 percent being typical. The significance is that the filler may be cithe
carbon black or an inorganic such as sifica or calcium sulfate, the extender will likely be
hydrocarbon, and the dispersant an inorganic such as lead oxide. Hydrocarbons are likel
biodegradable but inorganics are not, Additionally, Rook™® determined that carbon black is nc
biodegradable though the study involged copditions different from those of WIPP.

Compounding substances will havcgeither a positive or a negative impact depending upo
whether they contain organic carboﬁ and are biodegradable or not. Neither carbon black nc
inorganic materials meet these cri:teria The overall impact of not excluding the nor
biodegradable materials results in a bias and an over-estimate of the amount of organic carbo
available. The size of that over-estimate depends on the amount {(percentage) of rubber an
plastic. From a review of the CRA (Appendix Data) and the Transuranic Waste Baselin
Inventory Report,"” it appears that mbber plus plastic averages about 50 percent of the CPI
Consequently, the impact of overestimating the organic carbon in CPR leads to the formuia likel
overestimating the required amount of MgO by 3 to 10 percent.
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5. An assumption that the brine inflow has the chemical characteristics of the Castile formation does
not recognize the fact that as the brinie comes in contact with the salts of the Salado formation it
will exchange chemicals from those salts. In other words, since the mixing efficiency is high and
the repository surfaces will fracture and break up in response to creep stress, the chemical
composition of the Castile brine will, over time, become similar to the pore brine in the Salado
formation. The net result will be that the magnesium concentration (19millimoles {mM]) in the
Castile brine that flows into the WIPP wiil approach the 1.0 M magnesium concentration found in
the Salado bnne. Consequently, this increase in the naturally available magnesium will reduce
the amount of MgO required.

6. The assessment of methanogenesis is accepted as presented with a couple of notes from other
situations. First, in anacrobic waste treatment processes pH is maimtained near neutral because
production of methane is an objective and at pH 9 or above no methane is produced. Second, sea
floor rescarch has shown that in a bottom silt containing sulfate, the methane is oxidized to CO,.
Thus, even if methane is produced in the repository carly on it may convert to CO; given enough
sulfate in the brine from the Castile formation that is introduced by human intrusion.

IV. CONCLUSIONS

Of all of the uncertainties considered in determining the amount of MgO needed in the WIPP, the two that
are the easiest to accurately determine are the weight of CPR in each room and panel and the chemical
composition of the MgO. It appears that DOE has established a satisfactory procedure for both.
However, no data have been presented as to the accuracy of the methods (physical measurements or
estimating tabies) used 10 make those determinations for the weight of CPR. In fact, DOE essentially
considers all CPR estimates as ‘true values’ %md assumes there are no positive or negative biases in the
estimates. However, our review indicates thkat it is very likely that the weight of CPR is continuously
overestimated.

;
The complete conversion of the organic carbon in the CPR to CO; is possible, but not proven for the
conditions expected in the WIPP over the future hundreds to thousands of years. Therefore, the
conservatism of this assumption alone is sufficient to mitigate any need for a load factor greater than one.

The assumption of taking no credit for sequestering of CO, by metals or other cation sources in the waste

or by the minerals present in the sak or brine is very conservative even though it is difficult to quantify.
We notc that even if sequestering is limited by iron pacification, that pacification will likely be by

Building Quality, Safety, and Integrity into Each Deliverable PECOS Documant 07-004 ~ Page 14




PECOS MANAGEMENT SERVICES, INC,

iron carbonate, which in, of ntself, acknowledi_ges some CO, sequestering, and thus reduces the amount of
MgO needed for complete sequestration. [

Sufficient sulfate to assure complete carbon conversion to CO, will be accompanied by cations that will
be available to sequester CO; on the basis of one mole of CO; sequestered per two moles generated. This
will reduce the amount of MgO needed for complete scquestration.

The treatment of CPR as consisting only of the named chemical substances ignores the fact that the mass
of some of the components includes fillers, extenders and other additives. To the extent that these
materials are not biodegradable, the current practice overestimates the mass of CPR and the associated
quantity ol
MgO required.

PECOS believes the guantitative evaluation by Sandia showing a mean EEF of 1.03 with a standarc
deviation of .07 represents a2 worst-case scenario.

Given the consisient approach of assigning comservative values to cach contributing attribute o
conservatively not including attributes that are not amenable to quantifiable evaluation with cusrren
knowledge, PECOS belicves it is appropriate to reduce the load factor to the proposed value of 1.2.

V. RECOMMENDATIONS

PECOS further believes that there is a significant potential for further lowenng the required quantity o
MgO emplaced based upon the use of a more likely case scenario rather than the worst-case scenario. Wi
recommend that DOE continue to research and gather information toward the goal of establishing
defensibte proposal for further lowering the MgO emplacement requirements. In a stochastic approach
the most probable requircment could represent a more likely scenario. Once the amount of MgO necde:
was more realistically determined, then the safety or load factor could then be based upon a multiplier o
a statistically sound value such as the standa;*d deviation. PECOS belicves that such an approach woul
likely result in further lowering (or eliminating) the amount of MgQ required which would lower th
current operational health and safety risk as wetl as providing additional cost savings without jeopardizin
long-term protection.

PECOS also belicves that there is a consistent positive bias in the estimates of the weight of CPR bein

emplaced in the WIPP based upon the description of the procedures used for those estimates. As a resul
DOE is continuously emplacing more MgO than required irrespective of the required load or safety
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